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Abstract. Flow in fractured porous media represents a challenge for discretization methods
due to the disparate scales and complex geometry. Herein we propose a new discretization, based on
the mixed finite element method and mortar methods. Our formulation is novel in that it employs
the normal fluxes as the mortar variable within the mixed finite element framework, resulting in a
formulation that couples the flow in the fractures with the surrounding domain with a strong notion
of mass conservation. The proposed discretization handles complex, nonmatching grids and allows
for fracture intersections and termination in a natural way, as well as spatially varying apertures.
The discretization is applicable to both two and three spatial dimensions. A priori analysis shows
the method to be optimally convergent with respect to the chosen mixed finite element spaces, which
is supported by numerical examples.
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1. Introduction. Fractures are ubiquitous in natural rocks and in many cases
have a leading order impact on the structure of fluid flow [1, 12]. Due to great
differences in permeability, the fractures may either conduct the flow or act as blocking
features. Due to their significant impact, detailed and robust modeling of coupled flow
between fractures and a permeable rock is essential in applications spanning from
enhanced geothermal systems to COs storage and petroleum extraction.

Because of the complex structure of natural fracture networks [12], it remains a
challenge to provide robust and flexible discretization methods. Here, we identify a
few distinct features which are attractive from the perspective of applications. The
method formulated in this work is specifically designed to meet these goals.

First, we emphasize the importance of mass conservative discretizations. This is
of particular significance when the flow field is coupled to transport (of, e.g., heat
or composition), as transport schemes are typically very sensitive to nonconservative
flow fields [23]. The second property of interest is grid flexibility. This is important
both in order to accommodate the structure of the fracture network, but also in
order to honor other properties of the problem, such as material heterogeneities or
anthropogenic features such as wells [25]. Third, it is necessary that discretization
methods are robust in the physically relevant limits. In the case of fractures, it is
imperative to allow for arbitrarily large aspect ratios, that is to say, thin fractures
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with arbitrarily small apertures, including the aperture going to zero as fractures
terminate. Finally, our interest is in provably stable and convergent methods.

Since their aspect ratios frequently range as high as 100-1000, it is appealing to
consider fractures as lower-dimensional features, as was first explored in [2, 3]. In
this setting, we consider a three-dimensional domain of permeable rock, within which
(multiple) fractures will be represented by (multiple) two-dimensional manifolds. In
the case where two or more fractures intersect, we will naturally also be interested
in the intersection lines and points. Our approach handles such manifolds, lines, and
points in a unified manner.

Several methods have been proposed to discretize fractured porous media, some of
which are reviewed below. However, to our knowledge, no method has been presented
which fulfills the four design goals outlined above.

A natural discretization approach to obtain conservative discretizations is to con-
sider finite volume methods adapted to fracture networks (see, e.g., [22, 32]). Here,
the fractures are added as hybrid cells between the matrix cells. The small cells which
are formed at the intersections are then excluded with the use of transformations in
order to save condition numbers and computational cost. However, the formulation
requires the grids to match along the fractures. The incorporation of nonmatching
grids along faults was analyzed in [34] and in a different setting in [17]. While the
presented finite volume formulations are formally consistent methods, convergence
analyses of these methods are lacking.

Alternatively, the extended finite element approach [11, 15, 33] is a method in
which the surroundings are meshed independently from the fractures. The fracture
meshes are then added afterward, crossing through the domain and cutting the el-
ements. Although this may be attractive from a meshing perspective, the cut ele-
ments may become arbitrarily small such that special constructions are needed to
ensure stability. Such constructions are typically introduced whenever multiple frac-
tures, intersections, and fracture endings are considered in the model. Our aim is
to develop a method with a unified approach to such features and a different ap-
proach is therefore chosen. Admittedly, the construction of meshes will be more
involved for complicated cases but we aim to relieve this by allowing for nonmatching
grids.

The mixed finite element (MFE) method [9, 10] is employed in this work, since
it provides two important advantages. The method defines the flux as a separate
variable and mass conservation can therefore be imposed locally. Furthermore, the
tools necessary to perform rigorous analysis can be adapted from those available in
the literature.

Mortar methods, as introduced in [8], form an appealing framework for fracture
modeling, since both nonmatching grids and intersections are naturally handled. The
combination with MFE has since been explored extensively (see, e.g., [5, 29]). The idea
of conductive fractures was first exploited in [16, 26], where Darcy flow is allowed inside
the mortar space based on the pressure variable. However, in previously developed
mortar MFE methods, the choice of using the pressure variable in the mortar space
does not allow for strong flux continuity.

Herein we propose a new method, based on the structure of mortar MFE methods.
Our formulation is novel in that it employs the fluxes as the mortar variable within
the MFE framework. Thus, the proposed method couples the flow in fractures with
the surrounding domain using a stronger notion of mass conservation. For domain
decomposition with matching grids, a flux Lagrange multiplier for MFE methods was
proposed in [21]. To the best of our knowledge, this technique has not been explored in
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the context of mortar MFE methods on nonmatching grids. The method is designed
with the four goals outlined above in mind.

We formulate the method hierarchically, which allows for a unified treatment of
the permeable domain, the fractures, intersection lines, and intersection points in ar-
bitrary dimensions. We show through rigorous analysis that the method is robust
with respect to the aspect ratio, but we exclude the case of degenerate normal per-
meability from our analysis. The numerical results verify all the analytical results
and furthermore indicate stability also in the case of degenerate normal permeabil-
ity.

The paper is organized as follows. Section 2 introduces the model in a continuous
setting and explains the concept of composite function spaces formed by function
spaces with different dimensions. Section 3 is devoted to the discretized problem
and the analytical proofs of properties such as stability and convergence. Finally,
results of numerical experiments confirming the theory in two and three dimensions
are presented in section 4. We point out that a full numerical comparison to the
alternative discretization methods discussed above has been conducted separately as
part of a benchmark study [14].

2. Model formulation. In this section, we first describe the notion of working
with subdomains with different dimensions and introduce the notation used in this
paper. Next, the governing equations for the continuous problem are derived and
presented. The section is concluded with the derivation of the weak formulation of
the problem.

2.1. Geometric representation. Consider an n-dimensional domain €2, which
is decomposed into subdomains with different dimensionalities. Here, we consider the
ambient dimension of the problem n equal to 2 or 3. The subdomains of dimension
n — 1 then represent fractures, whereas the lower-dimensional domains then represent
intersection lines and points.

We start by establishing notation. Let N¢ denote the total number of d-dimensional
subdomains, which are d-manifolds denoted by Q¢ with 0 < d < n and counting
index i € {1,2,..., N4}. For notational simplicity, the union of all d-dimensional
subdomains is denoted by Q¢

Nd
ol = o
i=1

A key concept in the decomposition is that all intersections of d-dimensional subdo-
mains are considered as (d — 1)-dimensional domains. In turn, the domain Q41 is
excluded from Q7. For example, the point at the intersection between two lines be-
comes a new, lower-dimensional subdomain ° which is removed from Q!. In turn, all
subdomains ¢ are disjoint. An illustration of the decomposition in two dimensions is
given in Figure 1 (left). The procedural decomposition by dimension applies equally
well to problems in three dimensions.

In our model, we consider flow between domains of codimension one (e.g., be-
tween fracture and matrix). We therefore introduce interfaces between subdomains
of successive dimension. We will only consider interfaces of dimension d between Q¢
and Q3+, Thus, for each subdomain Q¢ with d < n— 1, we define J¢ as a set of local
counting indices which enumerates the adjacent d-interfaces to Q9*!. In turn, each
d-dimensional interface is denoted by Ffj with j € J&. Analogous to the notation

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/20/18 to 129.177.169.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

2206 W. M. BOON, J. M. NORDBOTTEN, AND I. YOTOV

QZ

Fl
1] — — — —

l—‘12

Fic. 1. (Left) The domain is decomposed into subdomains where the dimensionality of each
subdomain is given by the superscript. This decomposition allows us to model fractures and inter-
sections as lower-dimensional features in the domain. In this particular illustration, we have four
fracture segments, thus N' = 4. (Right) The interface T'! in the case of a single, immersed fracture.
We define I' as the union of interfaces between domains of codimension one.

introduced above, we define the following geometric entities as

N n—1
rf = U F?jv Fd:UFf, I'= UFd.
jegd i=1 d=0

Note that each interface Ffj coincides spatially with Qf, but its importance lies
in being an interface to an adjacent (d + 1)-dimensional domains. For example, in
the case a fracture Qf is completely immersed in Q3 then I'f will consist of two
sections corresponding to the two sides of the fracture. An illustration of I'' in a
two-dimensional setting is given in Figure 1 (right).

At this point, we have the necessary entities to introduce the dimensional decom-
position of the domain 2 and its boundary:

(2.1) QUIN = (CJ Qd> U <O an\rd—1> .
d=0

d=1

Let v denote the outward unit normal to Q%, defined on 9Q¢. By definition, v on
I'? is thus directed from Q%! to Q2 i.e., toward the lower-dimensional subdomain.

The boundary of the model domain will enter naturally with the governing equa-
tions below. We emphasize that domains of any dimension may contact the domain
boundary. Also, the case of subdomains with codimension two will not be considered
in this work (e.g., line wells in three dimensions or two planar fractures meeting at a
point). Nevertheless, it is possible to fit those cases into this framework by introducing
specifically constructed subdomains of intermediate dimension.

As a minor comment we note that the geometric representation, as well as much
of the analysis below, can be generalized to calculus on manifolds. However, while
the framework of manifolds does increase the mathematical elegance, and in some
places simplifies and makes the exposition more precise, we believe that the current
presentation is accessible to a wider readership. As an immediate consequence of this
choice, we will from here on assume that all domains Q¢ are flat.
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2.2. Governing equations. The model considered in this work is governed by
two physical relationships, namely, mass conservation and Darcy’s law. In particular,
it is assumed that Darcy’s law holds not just in the porous material, but also in all
lower-dimensional subdomains. This corresponds to the physical situation of either
thin open fractures (Poiseulle flow) or fractures filled with some material. The mathe-
matical representations of these relationships have been well established and employed
by several models [4, 5, 11, 16]. Here, we will introduce these relationships within
the dimensional decomposition framework. Starting with the governing equations in
the surrounding regions, we then continue with their analogues in lower-dimensional
subdomains and finish with the coupling equations.

First, let us consider the surroundings Q™. We aim to find the flux " and
pressure p" satisfying

(2.2a) u" = —-KVp" in Q"
(2.2b) V-u"=f in Q",
(2.2¢) pt=g on 00},
(2.2d) u"-v=>0 on 0Ny

Here, K is a bounded, symmetric, positive definite, n X n tensor representing the mate-
rial permeability. Equation (2.2a) is known as Darcy’s law and (2.2b) is conservation
of mass in the case of incompressible fluids.

Moreover, we assume that the boundary of € is parititioned as 02 = 0Q2p U0y
with 0QpNIN Ny = @ and 9N p with positive measure. We assume that each subdomain
QF of Q™ has a nonempty Dirichlet boundary, i.e., |0QF N dQp| > 0. The following
notation is then employed within the dimensional decomposition framework:

0% = 004 N oQp, 0% =097 N oy, 1<d<n.

We continue with the governing equations defined on the lower-dimensional sub-
domains. In order to derive these equations with the correct scaling, two physical
parameters are introduced, inherent to the geometry of the problem. First, on each
interface Ffj, 0<d<n-—1,let %‘-jj denote the virtual length from the interface to the
central plane, line, or point of the physical feature which has been reduced to Q¢. On
the matrix-fracture interface I‘Z_l, for example, the parameter ’yi”j_l represents half
the width of the physical fracture. For brevity, we will generally omit the indices on
~ and all other parameters.

Second, on each subdomain Qf with 0 < d < n—1, let € represent the square root
of the cross-sectional length if d = n — 1, area if d = n — 2, or volume if d = n — 3.
Ergo, € scales as 'ynTﬂi by definition. We assume that both € and « are bounded and
known a priori and are extended to the surroundings by setting e = =1 in Q".

We allow for € and v to be spatially varying. As such, we are particularly inter-
ested in the case of closing fractures, i.e., where € and v decrease to zero. Regarding
the rate at which this is allowed within our setting, we assume that the following
inequality holds almost everywhere in the sense of the Lebesgue measure:

(2.3) Vel < €2

with | - | denoting the Euclidean norm.

Here, and onward, the notation a < b is used to imply that a constant C' > 0
exists, independent of €, 7y, and later the mesh-size h such that a < Cb. The relations
> and ~ have analogous meaning.
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The hat-notation € is used to denote the trace of € onto Ffj from one level higher,
i.e., € defined on Q+1:
éflj = e, jeJ, 0<d<n-1.
ij
Due to the construction of the dimensional decomposition, we assume that Qg
borders on at least one subdomain Q?H with strictly positive aperture. We then

introduce the index jyax € Jid:

Jmax = arg max [ min édA(x) for each O¢, 0<d<n-—1.
jegd \zerd, ¥ ‘

We use the above assumption to conclude that é;’{ jmas 18 strictly positive. Let

(2.4)  emax(z) =€ (x) >0, x e, 0<d<n-—1.

i, Jmax

In the setting considered in this work, the relationship between € and €, is then
assumed to satisfy

(2.5) €2 el <1, 1<d<n.

il ey

Le=(Q)

Remark 2.1. Property (2.5) can be justified as follows: for d > 1 and n < 3, we
have

n—(d+1 n—d n—
SRS age o mmagd ooy

Since this relationship will later be used for the fluxes in Q¢, (2.5) is not necessarily
imposed for d = 0.

With the defined €, we introduce the scaled flux u¢ in the tangent plane of Q¢
1 < d < n, such that
(2.6) ul == eug,,
with ul,  as the average, tangential flux in Q. In other words, u? can be described

avg
d .
avg and the integrated flux

(given by eu?). Tt is reminiscent of the scaled flux presented in [6].

In order to derive the conservation equation on a lower-dimensional surface, the
fluxes entering through the boundary I'? must be accounted for [28]. Let A%, 0 <
d <n —1, denote udtl .y on T'¢. Here v is the normal vector associated with T'? as
defined in subsection 2.1.

Mass may enter the fracture from one side and continue tangentially through the
fracture creating a (pointwise) difference in normal fluxes. To capture this jump, A%
will consist of multiple components )\?j, each representing a scaled flux across Ffj.

as an intermediate definition between the average flux u

Recall the set J of local indices at Q¢ as defined in subsection 2.1. The jump
operator is then given by

(2.7) [1: L (1) — L*(Q9), Migz == > A%, 0<d<n-1.
jeTs

The definitions introduced in this section allow us to deduce the mass conser-
vation equation for the lower-dimensional domains. Let us consider Q! with n = 2

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/20/18 to 129.177.169.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

ROBUST DISCRETIZATION OF FLOW IN FRACTURED MEDIA 2209

1
B!
w Vi ———
l T, L
Jw, Q4
6(1)[ Vipg e e
1

F1G. 2. Local geometry for derivation of the conservation law. Q! represents the reduced,
lower-dimensional manifold whereas the boundary between the fracture and matriz is given by T.

and integrate the mass conservation equation (2.2b) over a quadrilateral region w
illustrated in Figure 2.
We apply the divergence theorem on w to derive

(2.8) /V-u:/ u-‘r—/ u~T—/ u-v.
w Ow,- Owy owNIl

Next, we let the width of w, given by [, decrease to zero. The definition of the
scaled fluxes from (2.6) and the factor é = 1 gives us
éu? - uﬂ

2
hmrl/v.u:vf.euw ﬂ(u’vﬂ’ >
1—0 w 2

2\ Z
(2.9) =V, eul + ﬂ(1+ ‘v%] ) €>\1H

with V. the nabla operator tangential to Q. Note that the term (1 4 |V, 2[?)? is
close to unity since the changes in aperture are small by (2.3). We will therefore omit
this factor for simplicity of exposition, while understanding that it can be subsumed
into the definition of € at no additional theoretical complexity, and thus state the
resulting conservation law as

Nl

(2.10) V-eud + [eXT] =€ ¢ inQ 1<d<n-1.

Here, f? represents the averaged source terms within Q¢. From here on, we denote
V as the d-dimensional vector differential operator in Q¢. The case d = 0 deserves
additional attention since there is no tangential direction in which flow is possible. In
turn, the mass conservation equation is reduced to

(2.11) [eX’] =€ ° in Q°.

Equation (2.10) is simplified by introducing the semidiscrete differential operator
D:
(2.12) D [u® A" =V u?+ [A].

Continuing with the constitutive relationships, we consider Darcy’s law in lower
dimensions as described by the following linear expression:

(2.13) e tu? = —KVp? inQ4 1<d<n-—1.
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Note that we abuse notation once more by defining the permeability K as a positive-
definite d x d tensor in Q.

The required boundary conditions for the lower-dimensional problems are chosen
in the following way. First, the fracture may cross the domain and end on the bound-
ary 0. In that case, the imposed boundary condition in Q¢ is chosen to coincide with
the boundary condition defined for the corresponding portion of 2. In other words,
if the fracture ends on 99y, a no-flux condition is imposed. On the other hand, if it
ends on J€p, the pressure value is set to the average of g across the cross section of
Q¢ which we denote by g%

p? = ¢4 on 8QdD,

ul - v=0 on@Qﬁl\,, 1<d<n-1.

The remainder of 9Q? either borders on a lower-dimensional domain or represents
an immersed tip. In the former case, a flux boundary condition is imposed on I'*~1
using the previously defined variable A¥~1. In the case of immersed tips, we assume
that the mass transfer through the tip is negligible due to the large ratio between the
fracture aperture and length. Therefore, in accordance with [4], a no-flux boundary
condition is imposed. The boundary conditions are summarized as

ud v =)\"1 onT4 1 1<d<n,

ul v=0 onﬁﬁd\(Fdflan),lgdgnfl.

We will also allow for € | 0 at fracture tips, leading to a degenerate equation wherein
the boundary condition is mute.

Analogous to [4, 26], Darcy’s law is assumed to describe the flow normal to the
fracture. For this, we introduce the normal permeability K¢ in Q¢ and impose the
following relationship between the scaled, normal flux A\¢ and the pressure difference
on I‘fj:

d _ pd+1|
(2.14) eI = —KVW 0<d<n-—1,

where we use the notation pf = pd|mz. Moreover, sufficient regularity of p is assumed
in order to take such traces. l

The above represents the full description of the model equations considered herein
and is the setting in which the numerical method is constructed and validated. How-
ever, the analysis of both the continuous and discrete settings is restricted to the case
where we have two further constants ¢y and ¢; such that the normal permeability is
not degenerate in the sense

(2.15) 0<co <YK, <¢ < oo,

similar to [26]. We note in particular that the lower bound is needed for the com-
pleteness of the solution space under the chosen norms; see Lemma 2.2.

The above equations comprise our model problem for flow in fractured porous
media.

2.3. Weak formulation. Let us continue by deriving the weak formulation of
the problem. For this, we introduce the function spaces associated with the dimen-
sional decomposition introduced in subsection 2.1. For each value of d denoting the
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dimensionality, let the function space V¢ contain the (tangential) flux, let A¢ con-
tain the flux across subdomain interfaces, and let Q% contain the pressure. For the
continuous weak formulation, we define these function spaces as

Vi= {v € (L (29): V- ewe L2 (%), (v - v)|pga (-1 upm) = o} , 1<d<n
A= 12 (1Y)
Qd — L2 (Qd) ,
The key tool used to create a succinct method is to create dimensionally structured

function spaces by applying the direct sum over all different dimensionalities. Partic-
ularly, we define the composite function spaces

n—1

(2.16) Y = é v, A=A, 2= é Q7.
d=1 d=0 d=0

The dimensionally structured space A will contain the normal flux across I' and
act as a mortar space. To avoid doubly defining the normal fluxes across I' with
functions from ¥ and A4, a final function space is defined containing functions with
zero normal flux across I':

V(')d:{veVd:ev~U:()oan71}, 1<d<n,
n
(2.17) % =PV
d=1

To rigorously impose the essential boundary condition on I', a linear extension
operator R is introduced for functions belonging to A. The construction of this
operator is done using the dimensional decomposition. For 0 < d < n — 1, let the
operator R? : A4 — V41 be defined such that

A% on T4
2.18 RIN . v = '
(2.18) Y {0 on 9NN\,

in which v represents the unit normal vector associated with I'Y. The image of R¢ has
slightly higher regularity than H(div;Q9t!) with normal trace in L?(9Q%*!). Now,
let us define the operator R : A — ¥ as

n—1
RA =PRI
d=0
At this point, some freedom remains in the choice of R. Even though the result-
ing method is not affected by the eventual choice, a specific extension operator is
constructed later in (2.24), which has favorable properties for the sake of the analysis.

Due to this construction, the flux will always be composed of a pair (ug, A) which
gives rise to the space %2 given by

(2.19) 2 = é (Vg x A%71) .
d=1
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With the appropriate function spaces and operators defined, we continue with
the derivation of the weak form of the problem. The derivation is standard for all
equations except for (2.14), which requires some additional attention. For a given Qf,
0 <d<mn-—1,let us test (2.14) with a function u¢ € A% After summation over
j € J¢, we obtain

(220) Z <7K 1)‘zga,u’zg> Z <pd+1a g/u’flg>1ﬂ:i7 + (p;iv |I€:u‘dﬂ)ﬂff )
jeTg jeTg ;

where (-,-)pa and (-,-)ga denote the L2-inner products on Fd and Q¢
4

¢, respectively.
A useful aspect of this relatlonshlp is that the first term on the right-hand side is
exactly the boundary term which appears in the weak form of Darcy’s law (2.13)
after partial integration. The notation is simplified by introducing the inner products

and the associated norms in the dimensional decomposition framework:

n n N¢
(e = 2(7 Jad = Z (s ')an ||L2(Q) Z - ||L2(Qd)7
d=0 d=0 i=1
n—1 n—1 N¢
(= Z<» Jra = Fd HL2(1‘) Z - ||L2(Fd)
d=0 d=0 i=1 Jejd

We are now ready to state the variational form of the problem:
The weak solution (ug, A,p) € ¥ x A x 2 satisfies

(2.21&) (Kﬁl(uo + R/\) ’UQ)Q — (p, V  evg)a = (g, €V - >3QD Yvg € %,

)
(K~ (uo + RA), Rp)a — (p, V - €Rp)o
(2.21b) + (YK, '\ wr — (p, Heﬂ]]) Vi € 4,
(2.21¢) — (V- e(ug +RN), @) — ([EA], @)a = ( 2f, ¢)a Vg e 2.

We set all functions not defined for certain indexes (such as u) and A\") to zero such
that the unified presentation is well-defined. Equation (2.21a) follows from (2.2a)
and (2.13), whereas (2.21b) follows additionally from (2.20). Finally, (2.21c) follows
from (2.2b), (2.10), and (2.11). In the above, we assume that g € H=(9Qp) and
f € L*(Q) which guarantees that the right-hand side terms in (2.21a) and (2.21b) are
well-defined. In particular, since evd € H(div; Q¢) and evd - v = 0 on 909\ 9Q%, then
evd v e H 2 (909); see, e.g., [19].

We note that for fractures which have ¢ = v = 0 uniformly, this model reduces to
a domain decomposition method which uses A as a flux mortar to impose continuity
of pressure in a weak sense.

The next step is to observe that the system (2.21) can be classified as a saddle-
point problem. For this purpose, we rewrite the problem into a different format by
using the divergence operator D from (2.12) and the bilinear forms a and b given by

(2.22a) a(uo, A; vo, 1) = (K~ (uo + RA),v0 + Rpn) , + (VE, A, ).
(2.22b) b(vo, p; p) = —(p, D - [e(vo + Rp), €u)) -

These definitions allow us to rewrite system (2.21) to the following, equivalent
problem:
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Find the functions (ug, A,p) € % x A x 2 such that
(223) a(u()a )‘7 ’Uo,/j,) + b(v()vM; p) - b(’U,O, )‘7 q) = _<976U0 . V>3QD + (€2fv CI)Q

for all (vo,p,q) € %o x A x 2.

2.4. Well-posedness. Before proceeding to the discretization, it is important
to analyze the variational problem (2.23) in the continuous sense. To that end, we
present a proof of the well-posedness of this problem within the dimensional hierarchy
setting.

For the purpose of the analysis, let us introduce a specific extension operator
R:A— 7. Forl<d<n,let R&IN"1 € V¥ and an auxiliary variable p§ € Q% be
defined as the solution to the following problem:

(2.24a)  (K'REINT wd)ga — (p, V - ev)ga = 0 Vol € Vi,
(2.24D) (V- eRTINTY g% ga + (epf, %) a =0 Vgt € Q7

(2.24¢) RATINIL Ly = it on M4t
(2.24d) RNy =0 on QN1

Note that the boundary conditions are chosen such that R4 1A~1 is a suitable ex-
tension compliant with (2.18).

LEMMA 2.1. The solution (R4=IA4"1 pd) € V4 x Q4 to problem (2.24) satisfies
the following bounds:

—l5d—1yd—1 1.d d—1
(2.25a) HK TRYTA ‘ L) + ’ €2px‘ L2(99) < ||L2(Fd*1) ’
 pd—1yd—1 < ||,z ya—1
(2.25b) [V eRTEA HLQ(Q”’) S ||emaxA ‘ L2(ri-1y’
where €max|aa = [l€]| L (@)

Proof. Let us introduce the function v{ as the H(div)-extension of A¥~! described
in [30, section 4.1.2]. In particular, v§ -v = X1 and it satisfies the following bound:

(2.26) HUAHM(Qd) +]|v- 'UAHLZ(Qd) ~ H)‘d 1HL2(I‘d 1y

Inequality (2.25a) is formed by setting the test functions in (2.24) as v =
RE-1 =1 _ 'Uf and ¢ = pf\. After summation of the equations, we obtain
S
L2(Qd) L2(Qd)
:( le 1)\d 1 ’U)\) (p)\,v 61])\)

= (K '"R&IN! 'v/\) + (piVe, v,\)m + (epf\l,V-'uf)Qd.

1
6zp§\

The Cauchy—Schwarz inequality is then used followed by the positive-definiteness of
K, the bound on Ve from (2.3), and (2.26) to give

2 2
|- ra-tae-1] B
L2(Qd) L2(Q4)
< —1pd—1yd-1 i d d—1
(227) S (HK 2R A ‘ L2(04) + ‘ ezp)\’ L2(Qd)> H)\ HLz(Fd’l) .
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Second, we obtain (2.25b) by setting ¢¢ = V - eR4™IA4~1 in (2.24b):

|V - ERd_lAd_luL%Qd) < HEP(iHL?(Qd) =

1
E%axAd_ ! ‘

6% p eépd ‘ <
B L2 (qay L2(ra-1)
The constructed extension operator R allows us to form the norms as used in the
subsequent analysis:

2 2

2 _ || gt K
”[UOaMH%R - HK 2(’00 +R’u)‘ L2(Q) T HPWKV 2”‘ L2(T)
1 ~ 1112
(2.28a) + [|eman D - [e(vo + Ru), éul | 1y
(22811)) ||qHQ = HémaquLz(Q)'

Here, €max is used as defined in (2.4). The energy norm is created as the combination
of these norms:

2
(2.29) (o, A )1 = ll[wo, Alll %, + 2l %-

In order to show well-posedness of the problem in this energy norm, we present
three lemmas, which provide the necessary tools to invoke standard saddle-point the-
ory.

LEMMA 2.2 (completeness).  With the extension operator R from (2.24), the
space X from (2.19) is a Hilbert space with inner product

([an )‘]» [UO, /”LD%R = (Kﬁl(uo + R>\), vy + ,R'/J)L2(Q) + (’szjl)‘a IU’)LQ(F)
(2.30) + (EmaxD - [e(ug + RA), €N], émay D - [e(vo + Rp), é44])

max L2 (Q) ’

which induces the norm from (2.28a).
Proof. 2" is a linear space and (-,-) 2, is an inner product. In order to show

completeness of £ with respect to the induced norm (2.28a), we consider a Cauchy
sequence {[vo k, k|52 C 2 . In other words, as [,k — oo, we have

(2.31) 1[0k — 0,1 sk — )| — 0.

By completeness of the L2-spaces, there exists a v € L?(£2) such that vo ,+ R —
v and a p € L*(T) such that px — p, using (2.15) for the latter. Thus, we can define
vo = v — Ru € L*(Q). Using the same argumentation, £ € L?(Q) exists such that
emixD - [€(vo k + Rk, éur] — €. It remains to show how & is connected to [vg, u)].

Let us consider a test function ¢ with 99 € L2(Q°) and ¢? € C§°(Q4) for d > 1
and derive
(é:néxD ' [e(vo,k} + Ruk)a é/.tk-,}, 1/1)9
= (él:l;xv : €(v0,k + ,R‘,uk)v w)ﬂ + (ér;éx[[éu’k]]’ w)Q
= —(e(wo,r + Rpn), Vémath)a + (Emaclénn], ),
= - (UO,/C + R/J/k)a _€€;§X(V€max)¢ + eé\l:hlix(v,(/)))ﬂ + (€I:1ax [[gl’[’k]]’ w)Q
B2 — (w0 + Rty —€bm2y (Vemax) ¥ + ebmbe (V) o, + (emielénd, ¥,
(2.32) = (EmaxD - [evo, 4], ¥)g -
Hence, we have shown that & = é_1 D [evy, éu]. Moreover, since u € L%(T), it follows
that [u] € L?(Q). With £ € L?(Q2), we obtain V - evy € L%(2) and therewith vy € .
Thus, £ is complete. ]
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Remark 2.2. The above proof exploits the lower bound on vK, ! stated in (2.15).
In order to avoid this restriction, weighted Sobolev spaces would need to be considered
similar to, e.g., [20].

LEMMA 2.3 (continuity and ellipticity). The bilinear forms a and b from (2.22)
are continuous with respect to the norms given in (2.28). Moreover, a constant Cy > 0
exists such that if the pair (ug, \) € 2" satisfies

(2.33) b(ug,A; q) =0 Vg € 2,
then
(2.34) a(uo, A; ug, A) > Cal| (1o, A, 0)]|>.

Proof. Continuity of the bilinear forms follows directly from the Cauchy—Schwarz
inequality. Let us continue with assumption (2.33), which translates to

(¢, D - [e(ug + RA),éN])a =0 Vg € 2.
Since D - 2" C 2, it follows that
1D+ (o + RA), N[220y = 0.
Using the definition of a from (2.22a) and épax > 0 from (2.4), we obtain

a(uo, A; ug, A) = (K~ (ug + RA), uo + RA), + (vE, 'A \)

— | K (o + RN Sy (SET-oR b i
L2(Q) L2(T)
|| EmanD - (o + RA), N[ 72
= [l (w0, A, 0)]]*
Thus, the result is shown with C, = 1. ]

LEMMA 2.4 (inf-sup). Let the bilinear form b be defined by (2.22b). Then there
exists a constant Cy > 0 such that for any given function p € 2,

b(vo, 11; p)
(2.35) sup  ———=o > Cy[(0,0,p) .
[vo,n]€X |||(U()7N70)|”

Proof. Assume p € 2 given. We aim to construct a pair [vg, u] € Z such that
the inequality holds. The construction is done by sequentially ascending through the
dimensional hierarchy. For convenience, we recall the definition of b:

—b(vo, i1; p) = (p, V- €(vo + Rp))a + (v, [éu])a-

The function g € A is constructed in a hierarchical manner. Let us start by
choosing u® such that the following is satisfied:

(2.36) [e1°] = &, 11 2 oy = maxl| 2 ) -

We construct a suitable p° for a given index i by finding jmax, where €. = €max
and setting N?jmax = €maxp? while choosing ,u?k =0 for k # jmax-
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The next step is to generalize this strategy to 1 < d < n — 1. In this, we need to
counteract the contribution of the extension operator. Let us construct u such that
it satisfies

(2.37) [en?] = &,0p® — V- eR“H pd

. d .
Again, only Kijumax 18 DONZETO. We now have

HMdHLz(Fd) N Hémaxpdnm(m) + [|émaxV - 6Rd_l/‘dl_lHLi’(Qd

max )
1 —
S HémaxdeLz(Qd) + g;éxel?nax,ud 1‘ L2(0d)
(2.38) S H€maxpd||L2(Qd) + ||Md71||L2(Fd*1) )

where we used Lemma 2.1 and property (2.5).

Next, we set the functions ’U‘Oi with 1 < d < n—1 to zero and continue with d = n.
Let us construct v§ € V;* and a supplementary variable p}y € Q™ using the following
auxiliary problem:

(K™ g, wi) g — (93, V- wi)gn = 0 Ywg € Vg,
(V-vg,qaon = (" = V- R " q"),. V" €Q"
This problem is well-posed since |0Q7 NIQp| > 0 for each i and thus each subdomain
borders on a homogeneous, Dirichlet boundary condition. Standard stability argu-

ments for this mixed formulation combined with the estimate from Lemma 2.1 and
the defined € =1 in Q™ then give us

L 2
— 5N
HK 2

n2 n n—1, n—1
L2(am) + IV - evgl2(amy S 1P"22(0m) + |V Ry HLQ(QW/)

(2.39) Sl ez + 16" | Loy -

The choice [vg, p] € ¥ x A is now finalized and two key observations can be made.
First, we recall the positive-definiteness of K, and the boundedness of R given by
Lemma 2.1. Combined with the bounds (2.36), (2.38), and (2.39), we derive using
(2.5)

_1 2 i L 12
o0, 11 < || K2 w0+ Ru) [, lacey + [lenheD - elwo + Rin), 0]
2
n 2 -1
<"z + oy + | K2R,

A1 2 Al A 2
+ [|EaxV - 6RP‘HH(Q) + Hemax[[E“HHLz(Q)
S ™M1 20m) + 1272
n n—1
(2.40) S ™17 20m) + 20

Moreover, substitution of the constructed [vg, p] in the form b gives us

~ 2 2
fmaxdeLQ(Qd) = |||(070=p)||| :

(.9 - (o + R 0+ 0 [T = oy 0 A
Thus, after summation over all dimensions, we obtain

(2.41) b(vo, 15; p) = [1(0,0,p)]I>.
The proof is concluded by combining (2.40) and (2.41). d
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We emphasize that the constants used in the previous lemmas are independent
of v and e. In fact, the dependency on the aperture is completely reflected in the
definition of the norms.

THEOREM 2.5. Problem (2.23) is well-posed with respect to the energy norm (2.29),
i.e., there exists a unique solution such that

(2.42) Il (20, + [[émaxgl

L2(Q) HZ (09p)°

e%f‘

Proof. We first show the continuity of the right-hand side of (2.23) by considering
each term separately. We derive, using a trace inequality, for the first term

7(97 €Yy - V>(99D = 7<ga 6(’UO + R:U‘) : V>3QD
(2.43) S Nemaxdll 3 oo,y émaxe®o + R | g gy

We further bound the final term by applying (2.5) and (2.3):

Emaxc(vo + Rp) HH(div,Q) S

e!/2(vg + Ry

pagey T (V) - ewo + Rin) 2

+ |e;1;xv e(vg —|—R,u)HL2

2 (w0 + Ry

2(0) + Hemax vemax) . E(UO + R/”L)HLZ(Q)

+ |e;1;,(v e(vg + Rpy) HL2

< llvo + Rullz2(0) + [|€maxV - €(vo + Ru)| 12
< |lvo + Rullz2() + [|EnaxD - [e(vo + Rpr), énl| 2
+ Hér;;x[[g“]mm(ﬂ)
(2.44) S Mo, w1l 27 -

In the final step, we have used the positive definiteness of K! and (2.15).
For the second right-hand side term in (2.23), we use (2.5) to derive

L R 3
(2.45) (€F,0)q < llemax€ [l 2 (@) lémaxall L2) S lle2 fll 22y llall 2-

Using Lemmas 2.2 to 2.4, the well-posedness of problem (2.23) follows from saddle-
point problem theory; see, e.g., [9]. d

3. Discretization. In this section, the discretization of problem (2.23) is con-
sidered. First, the requirements on the choice of discrete function spaces are stated.
We then continue by showing stability for the discrete problem and end the section
with a priori error estimates.

3.1. Discrete spaces. In order to properly define the discrete equivalent of
(2.23), we start by introducing the mesh. Let 7¢ with 0 < d < n be a finite element
partition of Q% made up of d-dimensional, shape-regular affine elements. Second, let
7}d with 0 < d < n —1 be a partition of I'? consisting of d-dimensional, shape-regular
affine elements. We will commonly refer to 7}d as the mortar mesh. Furthermore, let
h denote the maximal mesh size for both 7¢ and T over all d.

The discrete analogues of the function spaces are constructed using the dimen-
sional hierarchy. Let us introduce Vhd C V9 and V(J% C Vod for 1 < d < n and
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Q% € Q* with 0 < d < n. Finally, the mortar space is given by

Nd
Ag ), C L (1), M =P P AL 0<d<n-—1.
=1 jegd

The discrete, dimensionally composite function spaces are then defined in analogy to
(2.16) as

n n—1 n
% =PV, Yon =D Vi A= P A, 2 =D
d=1 d=0 d=0

Finally, the combined space containing the fluxes is given by

n

%= €D (Vi x A1)
d=1

Before we continue with the analysis in subsection 3.2, let us present a total of four
conditions on the discrete function spaces. The first is necessary, while the remaining
conditions provide attractive features of the numerical method.

First, it is essential that the pair ¥}, x 2}, is chosen such that

(3.1) QL =v- -V, 1<d<n.

This can be satisfied by choosing any of the usual MFE pairs [5, 9].

The second condition concerns the space Ap,. For simplicity, we assume that the
function spaces defined on different sides bordering Q¢ are the same. In other words,
we have

d d . d
A = Nins JkeJl.

Third, conventional mortar methods (e.g., [5]) require that the mortar mesh 74
is a sufficiently coarse partition of I'¢ when compared to T{;H. Let us define f[z :
Ad — Vh”l"'1 -v|pa as the L2-projection from the mortar mesh onto the trace of the
bordering, higher-dimensional mesh. In the unified setting, the projection 11, is then
given by @Z;é ﬁi and the mortar condition can be described for up € A as

(3.2) I TTh | 2y 2 Nl p2 (-

This can easily be satisfied in the case of matching grids by aligning the mortar grid
with the trace of the surrounding mesh. Otherwise, it suffices to choose ’719 as slightly
coarser.

As shown in [16], the introduction of a flow problem inside the fracture guarantees
a unique solution even if the mortar mesh is finer, thus removing the need for (3.2).
The same principle applies here. However, in this work we choose the mortar variable
as the normal flux, instead of the fracture pressure, in order to have a stronger notion
of mass conservation. Due to this choice, the control on the L?-norm of the mortar
variable is weighted with v, as is apparent from (2.28a). Since 7 is typically small, the
main control on p comes from Rpu, which only sees f[h,uh as boundary data. Thus,
in order to eliminate the possible nonzero kernel of IIj,, which may result in numerical
oscillations of the mortar flux, it is advantageous to satistfy (3.2) in practice.
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Fourth, we let all lower-dimensional meshes match with the corresponding mortar
mesh, such that

(3.3) [An] = 25.

In the discretized setting, we have need of a discrete extension operator Ry, : Ay —
¥,. In accordance with (2.18), the function Ry is such that Ry pu-v|r = I, and has
zero normal trace on the remaining boundaries. A particularly attractive choice is to
construct Rpp with a predefined support near the boundary. The bounded support
then results in a beneficial sparsity pattern.

With the discrete spaces chosen satisfying the above restrictions, we are ready to
define the discrete functionals. In the remainder, we will omit the index h in most
places for notational simplicity.

(3.4a) an(wo, A; vo, ) = (K (ug + RpA), vo + Rap)g, + <’yK;1)\,,u>F ,
(3.4b) b (vo, 5 p) = —(p, D - [e(vo + Rap), épu))a-

The finite element problem associated with (2.23) is now formulated as follows:
Find (wo, \,p) € %, X A, X 2y, such that

(3.5)  an(uo, A; vo, 1) + b (vo, i p) — bu(uo, A; q) = —(g,evo - VYoo, + (€£,9)

for all (vo, p,q) € Yo.n X Ap X Dy,

3.2. Stability and convergence. With a choice of discrete function spaces
and the formulation of the finite element problem (3.5) in subsection 3.1, we continue
to study the stability of the scheme. The analysis is similar to that presented in
subsection 2.4 and we particularly emphasize the issues arising from the discretization
in this separate presentation.

First, the incorporation of varying apertures requires some additional attention.
For this purpose, we introduce the maximum value of € on each element of the grid.
More specifically, let us define €. as a piecewise constant function such that

(3.6) €e = sup €(x) on each eq € Tq.

reeqn

By definition, this parameter equals one in 2".

Second, for the purpose of the analysis, a specific discrete extension operator
Ry : A — ¥, is constructed similarly to R from (2.24). In particular, let the pair
(R‘,ffl)\d’l,p‘i) € Vhd X QZ with 1 < d < n be the solution to the following problem:
(3.7a) (KRN 0f) 0 — (05, V - evf) g = 0 Yo§ € Vih,
(3.7b) (V- eRyIAT g% u + (€eph. 4% ga =0 V¢ € QF.
The corresponding boundary conditions are chosen to comply with the desired con-
dition given in (2.18), namely,
3.8a) Ry AT w =TI A on 791,
(3.8b) RITINTLp =0 on QNI

The estimates on Ri_l/\d’l, analogous to Lemma 2.1, are given by the following
lemma.
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LEMMA 3.1. The solution (REA=1, pd) € Vi¢xQf to problem (3.7) with bound-
ary conditions given by (3.8) satisfies the following bounds:

—ld—1yd—1 5 d < [|yd-1
(3.9a) HK 2Ry TA ‘ L2(0) Eé“px‘ L2(ad) ~ A ||L2(Fd—1)’
d d—1yd—1 3 yd—1
(3.9b) [T, V - €R, 1A ||L2(Qd) S [ emaxA ‘L?(F(H)

with €max|ga = ||€]| L= (qe) and H‘éh the L?-projection onto Q4.

Proof. Let H“i/h be the Fortin interpolator related to Vhd [9]. Moreover, let vf\l, n=
Hf,hvf with Uf\l € V% such that

v -V:ﬁifl)\d_l on 41,
vl v =0 on 9NN,
while also satisfying for some s > 0 (see [30, section 4.1.2])
d d d—1
|’U>\HHs(szd) + HV ’ U>\HL2(Qd) S H)‘ HL2(F4*1) :
It follows that
'uih V= (H?,hvf) V= ﬁzfl ('ug\i . 1/) = ﬁgfl)\d_l on 41,

Hence, we may set the test function v§ = R}~ 'A?"1 — v{ , € V. By continuity of
the interpolator II{, (see [5]),

(3.10)

||vihHL2(Qd) = ||H€l/hU§HL2(Qd) S ||”gHHs(Qd) +|v- v§HL2(Qd) S H)‘dile(rd—l)'

Furthermore, the interpolator has the property V- 1I{, v = IT§ V- v with 11§ the
L2-projection onto Q;f. From this, we obtain

B1) [V oSl 2oy = IV -1, 05 2 ey < 1V - 08| 2oy S 1Al ooy

Now, let us set the test functions in (3.7) as v§ = R} 'A%~ —v{, and ¢? = p{. This
gives us, as in (2.27),

2

1
iRy e ps

L2(Q%) ‘
= (K_lR;iL_l)\d_l, v;\i}h)ﬂd - (pji\a v : 6’”3\1,}1)911

< (e tmiae

L2(Qd)

Here, we have used (3.10), (3.11), and the fact that e(z) < e.(z) for all z € Q. The first
bound (3.9a) is now shown. Second, (3.9b) follows by setting ¢% = I}, V- eRITINA1
and using (3.9a):

115, V - ER;izil)‘d_lup(Qd) < Heepl)i\HL%Qd)

11 1
= egegpfl\ ; d_l‘

max

< \ .
L2(Qd) L2(Dd-1)
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We emphasize once more that this extension operator is only constructed for
the sake of the analysis. Since we are continually interested in the combined flux
ug + RpA instead of the individual parts, it is generally more practical to choose
R as any preferred extension operator which incorporates the essential boundary
conditions.

Let us continue by defining the norms in the discrete setting, which differ only
slightly from the norms defined in (2.28). For [vg, ] € Zh, let us introduce the
following norm:

2 2

1 1 _1
o0, 11, = [ Kot Rum)[, o+ 72520

L2(Q
(3.12) + g, D - [e(vo + Rap), épll|72(q)-

L)

Here, I1 9, is the L?-projection onto 2;,. The flexibility in the choice of Ry, is apparent
in this definition since the norm depends on the combined flux, instead of its separate
parts ug and RpA. The norm on the pressure ¢ € 2}, remains unchanged, and we
recall it for convenience:

(3.13) lall 2, = llall2 = l[émaxqllL2(e)-

The discrete energy norm is formed as the combination of (3.12) and (3.13):

2
(3.14) (w0, X, DI, = N0, A%, + [Pl

Next, this energy norm is used to prove an inf-sup condition on by, as shown in
the following lemma.

LEMMA 3.2 (inf-sup). Let the bilinear form by be defined by (3.4b) and let the
function spaces Yo, An, and 25, comply with the restrictions from subsection 3.1.
Then there exists a constant Cy, > 0, independent of v, €, and h such that for any
given function p € 2y,

br(vo, ;
(3.15) sup 0P S o 0,

[vo,u]eﬁbfh ||| (’UO, H, O) |||h

Proof. A similar strategy to that used in Lemma 2.4 is employed. First, the
function p® € AY is constructed. For each index i, recall that jmax denotes the index
for which €; ;. = €max. We then set p?k = 0 for k # jmax and choose

0 _ ~ 0
NiJmax = —€maxpP -

The following two properties then follow readily:

([r°] 2% g0 = (=Emaxttf g P o = (<110 1m0 = lEmat® 720,

2 R 2
11 oy = lEmaxp® [z o) -

Using a similar strategy, we construct p¢ with 1 < d < n — 1 such that ,ufk = 0 for
k # jmax- The remaining function ,uﬁ jmax 18 defined such that

(3.16) (émaxu(‘i ,@k)Q? = (—éfnaxpd +V. €RZ—1ud—1, ‘Pk)Q?

%, Jmax
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for all basis functions ¢ € Afj’ - We show that uﬁ jmax 18 Well-defined by rewriting it
as the linear combination uf’ e = > & @x@x. The matrix for solving oy, is then given
by Ak = (émax@i, @k)Q? which is symmetric and positive definite given €.« > 0 by
(2.4). ’

Moreover, the chosen u? has the following properties where we use (3.3) and the
bounds (2.5) and (3.9b).

(317&) ([[‘E//Ld]] ,pd)Qd = émaxdeiz(Qd) - (v . GRi_lﬂd_lapd)Qd )

(3.17b) HﬂdHLz(pd) S ||émaxpd||L2(Qd) + HﬂdilHL"‘(Fd—l) ’

The functions 'vg with 1 < d < n now remain to be constructed in order to obtain
additional control on the pressure. As in Lemma 2.4, we set

(3.18) vl =0 for1<d<n-1.

For the final case d = n, we recall that Q} x Vi, is a stable MFE pair as given by
(3.1). Keeping this in mind, v{ is constructed such that it forms the following solution
together with py € Q}

(K_lvg’wg)gn —(pZ,V-’wg)m :O’ wg € ‘/OTfhv
(V : USL?qn)Q" = (pn - v : Rz_lﬂnilvqn)gn ) qn S Q;}a
vy v =0, on 9Q™"\0Qp.

We note that € = €. = 1 in Q" and it follows by construction that
—bn(vo, 5 p) = (p, V- €(vo + Rpp))a + (0, [ép])
(3.19) = Hgmapo%?(Q) = ”pHg@h

The corresponding bounds on v are derived using standard MFE arguments and
(3.9b):

-1 n n n -1 n n
HK 2 . + ||HQ}LV cevy || L2 any = HK 2] Leam + IV vyl L2 am
S ||P"||L2(Q") + Hv : Rzilﬂn_luLz(pnfl)
(3.20) S " za@my + (6" | fo sy -

The construction of (v, ) is now complete and the bounds (3.17b) and (3.20) in
combination with (3.9) give us

oo mOlE < |55l ||k R, s
v v v
05 My h ~ 0 £2(9) hit L2(0) Y 1% L2(I)
+ e, (V- e(vo + Ripr) + [enl)lI72 ()
(3.21) S lemaxplliz (o) = P12, -
The proof is concluded by combining (3.19) and (3.21). ad

With the previous lemma, we are ready to present the stability result, given by
the following theorem.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/20/18 to 129.177.169.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

ROBUST DISCRETIZATION OF FLOW IN FRACTURED MEDIA 2223

THEOREM 3.3 (stability). Let the mesh and function spaces Yo.n, Ap, and 2y
be chosen such that they comply with the restrictions from subsection 3.1. Then the
discrete problem (3.5) has a unique solution satisfying the stability estimate

+ gl

(3.22) | (wo, A, ), < ‘ L) 3 090)"

e2f‘

Proof. Starting with Lemma 3.2, let (ug, Ap) be the constructed pair based on
the pressure distribution p with the following two properties:

(3.23a) —(p, D - [e(uop + RuAp), éXp))a = [Pl %,
(3.23b) [[wop: Aplll 2. < llPll25-

We then introduce the following test functions with 6; > 0 a constant to be determined
later:

’l)o:uO—i—(Sl’UQW, u:)\—i—él)\p, qu—|—thD~[e(uo+Rh/\),é)\].

Substitution of these test functions in (3.5) gives us

HK (uo + Rh)\)’

+ nyz - + g, D - [e(ug +Rh)\)7€)\]||%2(9)

L2(Q)
+ (51Hp||3h

= —(g,€(up + d1u0 ) - V)oa, + (e2f,p + 1o, D - [e(ug + RpA), é/\DQ
- (K”(uo + RN, 61 (w0 + Ridp)) g — (VKA 610,01

1
IIQH2

o N 90
)+5||6(’U/0 + 51u0,p) VHHfi(SQD) + <(51€)2 + 2) Hé fHL2(Q)

max

- 25
62 1 R
+ 71||€maxp||%2 (Q) + 7||H=@hD ’ [E(UO + Rh)‘)’ 6)‘]”%2(9)

AP 2
+ || K o, + Ra)

K- R )\‘
2” u0+ n) L2(Q)

L?(Q
2 12
2

L+ S

L2(D) Pllze (o)

with d > 0 a constant.

Let us consider the second term after the inequality. The fact that the extension
operator Ry, has zero normal trace on 9%, the positive definiteness of K, and the
trace theorem give us

e(uo +01top) Vil g o,

S HE(UO + Rh)\) : V”H*%(BQD) + 51"6(1‘1‘0»1’ + Rh)‘ﬁ) : V”H*%(BQD)

St o+ RN g, + 19 - el + RaV 2o

2(Q

(3.24) + 0 | K (wo +RhAp> + 01V - e(uo,p + Radp) | z2(@)-

L2(9)

Considering the second term, let €, be the piecewise constant approximation of €
given by its elementwise averages. We then use V - ¥}, C 2}, from (3.1) and the L™
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approximation property of €, from [13] to obtain
[V - e(uo + Ru) L2
<|[[(Ve) - (wo + RpA)|z2(0) + [[€V - (w0 + RpA)[|L2()
5|

1
€2

L (@) lwo + RuAllL2(0) + [[(€ — 1)V - (w0 + R L2(0)

+ e, enV - (w0 + RuA) || L2(0)
S llwo + RuAllLz) + (e =€)V - (uo + RuA) | L2 ()
+ g, (en — €)V - (wo + RuA)|[2(0) + T2, eV - (w0 + RaA) || 220
S llwo + ReAlz2 o) + Vel Lo @) IV - (wo + RaA)| 22 )
+[[Tl2, eV - (ug + RpA) | 22(0)
(3.25) S llwo + RuAllz) + e, eV - (w0 + RuA) | 22(0),

using an inverse inequality. Finally, we use assumption (2.15) and the positive defi-
niteness of K to derive

Mo, eV - (uo + RpA)| 2
S Mg, (Ve) - (uo + RaM) || 20) + (112, V - e(uo + RpA) | 220
S llwo + RrAlz20) + 1112, V - €(uo + RpA) || L2(0)
S llwo + RuAllz2) + [MLe, D - [e(vo + Rap), épll 2(0)
+ [T, [éulll 2 (o)
(3.26) S wos Alll 2 -

The steps from (3.25) and (3.26) are then repeated for ug, + RpA, and we
conclude

321 llelwo+droy) Iy S o i, + 00 M-
By setting d, sufficiently small and using the properties of (ug p, A,) from (3.23), we
obtain

2

+llgl? 4 +07[lpl%,

2 2 <
(328) oo, Al + 01l <[], o #1002y

G%f‘

Choosing a sufficiently small value for §; then concludes the stability estimate. Since
we are considering a square linear system, this estimate implies the existence and
uniqueness of the solution. 0

With the stability result from Theorem 3.3, we continue with the basic error
estimates. The true solution, i.e., the unique solution to (2.23), will be denoted by
(ug, A,p) and the finite element solution will be called (ugp, An,pp). Since we are
interested in the combined fluxes, we reintroduce

u=uy + R, up, = ug,p + RpAp.

These definitions show the flexibility in the choice of extension operator. In fact,
for a given w with normal trace A on I', the above decomposition is possible for an
arbitrary choice of R satisfying (2.18). In turn, the goal of the analysis which follows
is not to prove that wug j converges to ug since this depends completely on the choice
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of extension operator. Rather, we aim to show that the combined flux w; converges
to u. To emphasize this nuance, we introduce the norm:
2

2
9 . _1
(3.29) v, ulll %, = HK 2U‘Lz(ﬂ

1 1 .
) + H’YEKV 2u‘ +||Hg, D - [ev,eu}||%2(ﬂ).

L*(I)

Let Iy, : A — A and Iy, : 2 — 2 be L%projection operators to the
corresponding discrete spaces. Additionally, let H“i/h’ VeI (L) V,fl for1 <d<
n and s > 0 denote the standard Fortin interpolator associated with the chosen flux
space V¢, The direct sum of Hf,h over all dimensions 1 < d < n gives us Ily, .

We continue with the convergence analysis. Let k represent the order of the
polynomials in the pressure space. The following interpolation estimates hold for the
associated operators Iy, , I1,,, and Il g, (see, e.g., [5, 9]):

(3.30a) lu — Iy, ullo.0 S ||u|lrna A7, 1<r<k+1,
(3.30b) IV (u =Ty u)lloo SV -ull,a b, 1<r<k+1,
(3.300) IA— L Alor < [Alr 4, l<r<hil
(3.30d) Ip — a,plloe < llpllnae 27, 1<r<k+1

Here, || - ||+, is short-hand for the H"(X)-norm.

We are now ready to continue with the error estimates. For this, we employ the
same strategy as in [7]. First, the test functions are chosen from the discrete function
spaces and we subtract the systems (2.23) and (3.5) to obtain

(KM (w—wn),vn) o, + (VKN A= M), i) — (0 = Phy D - [€vn, épn))a
(3.31) + (qn, D - [e(u — up), (A — Ap)])o = 0.
An immediate consequence of choosing ¢, = g, D - [e(u — up), é(A — A\p)] is that
(3.32) Mo, D - [e(u —up),é(A = Ap)] = 0.

Turning back to (3.31), we introduce the projections of the true solution onto the
corresponding spaces and manipulate the equation to

(K~ Iy w — wn), vn) o, + (VK (Ta, A = An), pin)p — M2, p — pr, D - [evn, épn))o
+ (an: 2, D - [e(Ily, w — wp ), é(I1a, A — An)))e
= (K" Iy, u —w),v4) , + (VE, (T4, A = A), pin ). — (o, p — p, D - [evn, éun))a
+ (qn, o, D - [e(Ily, u — u), é(T14, A — N)])a.

We continue by making the following explicit choice of test functions. For that,
we first introduce the pair (up 5, Ap,p) from the inf-sup condition in Lemma 3.2 based
on the pressure distribution I, p — pn. Let us recall the following two properties:
(3.33a) ~(lg,p = pu, D - [eupn, EXppl)e = [Ha,p — pilS,

(3.33b) I[wp,ns Applll 2, S M, p = pall2,-

Under the assumption that the solution has sufficient regularity, we are ready to
set the test functions as

v = Hy/h’u, —up + (51up’h,
tp = HAh,)‘ - )\h + 51>\p,h7
qn = 1lg,p —pn
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with d; > 0 to be determined later. Substitution in the above system and applying

Cauchy—Schwarz and Young inequalities multiple times (with parameters d1, 2, 03 > 0)
and (3.33a) then gives us

2

)

2
o)

2
]

’Y%K;%(HAh,A - Ah)’

L2(Q)

+61|e,p — pull%,

11 . 2 N
<(—+2) (llx-31y, u- H H K, P(, A — ‘
- (253 + 2) (H *( (O u) L2(Q) e ( A A)

1 . N
+ EHGIHQXH%D ey u — w), é(TTa, A = N]|I72 (0
(51 ~ 2
+ 5 lemax (e, p —pu)lize ()
1 1 1 2 1, -1 2
25, +2) 0 (K Fumal] o gy + #5200
* (252 * 2) ' ( Uph]| gy T P2 L2 (ry
(3.34) + (p —Ilg,p,D - [G(Hy/h’u, —up + (51up,h), €(HAh)\ — A\p + (51)\1,’]1)])(1.

We continue to form a bound on the last term in (3.34). For brevity, we briefly
revert to the notation of vy, and uy. The definition of the operator D- and the product
rule give us

(p - Hth7 D- [E’Uh, gﬂh])ﬂ
= (p - HQ;Lp7 A €vp, + [[é:uh]])ﬂ
(3.35) = (p—lo,p,Ve-vp)a+ (p —a,p, eV -vh)a + (p — la2,p, [éun])a-

Let us consider the three terms on the right-hand side one at a time. For the first
term, we use Cauchy—Schwarz, (2.3), and the positive-definiteness of K to derive

(p — Hg,p, Ve -vp)a < |p — la,pllL2@ Vel Lo @) lvnll L2 @)
Sllp =1, plizz@)llvnll2 )
1
(3.36) S llp = Mo, pllz@) [ K2 onl 2 (0)-
Let us continue with the second term. Let ¢;, be the piecewise constant approxima-
tion of € given by its elementwise averages. Since V -v;, € 2y, we have ¢,V -vy, € Z},.

We use this in combination with the L approximation property of €, from [13] and
an inverse inequality to derive

(p —Uo,p, eV -vp)o = (I —Ilg,)p, (e — )V - vp)a
Slp—Tlg,p

S e — e, pllizz@)llvnllze )
(3.37) S llp = o, pll 2o | K 20l 12(0)-

lL2@)hIVell Lo @) IV - vrll2 o)

Next, we consider the final term in (3.35). With the exception of d = 1 and n = 3,
this term is zero since [A,] = 25 by (3.3) and € is constant. Thus, let us consider a
Q4 with d = 1 and n = 3. In this case, we derive using (2.15)

(p —Ua,p, [éun])os < llp — Ma,pll 2oyl épnll L2ra

1 _1
(3.38) S e — e, pllz2ay V2 Kv 2 pnll 2 (ray.-
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For the final term in (3.34), we then obtain from (3.35)—(3.38)

L2(F1)>

s

(p - HQ;Lp7D : [E'Uh, é#h])ﬂ

_1
snpngmm%m(WzQWI

%K_% 1‘
LZ(Q)JFHV v Hh

<lp- HQhPHm(Q)( HK_%(HV”U - uh)‘

L2(Q

| (= )|

L2(Q)

b o] L)
)+ny v R oy

L2(T1
11 )
< (254 + 2 + 1) [P —Ho,pl 7200

04 || o2 2 1ol 1 2
+§HK ZH"th_uhHL2(Q)+§51 HK 2“’7”“

L3(Q)
2 2

6 1 —1 1 1 _1
+ 2 st = aD|| 50 [ AL

L2(T'1) L2y

We collect the above and set the parameters d; to J5 sufficiently small. In turn,
(3.33b) and a sufficiently small ¢; then give us the estimate

2

2
1
| K u = )| poiey HM2up =l

e AL CHU RS

L2(Q
S lfw — Iy u, A — HA}LA]”Q%;L +llp — He@hp”%Q(Q)'

Thus, with (3.32), the triangle inequality, and the properties from (3.30), we have
shown convergence of order k + 1 as stated in the following theorem.

THEOREM 3.4 (convergence). Let (ug, A, p) solve (2.23) and denote u = ug+RA.
Analogously, let (wo.p, An, pr) solve (3.5) and denote up = ug p + RipAn. Then, given
a quasi-uniform grid, the norms from (3.13) and (3.29), and finite element spaces
chosen according to section 3.1 with corresponding Fortin interpolators from (3.30),
the following error estimate holds:

[[w —un, A = Anlll 25, + llp = prll 2,
5 ”[u - H"f/huv A— H/lh/\} H%h + ”p - HQ;LPHLZ(Q)
(3.39) S (Jullksre + 11V - ullirre + M ke + [[plle.0)-

4. Numerical results. To confirm the theory derived in the previous sections,
we show two sets of numerical results using test cases designed to highlight some of the
typical challenges associated with fracture flow simulation. First, we introduce a setup
in two dimensions and describe the included features with their associated parameters,
followed by an evaluation of the results. This example includes a fracture tip gradually
decreasing to zero, thus indicating that (2.15) may not be a necessary condition. Next,
a three-dimensional problem is considered which provides an accessible illustration of
the dimensional decomposition.

The triplet of finite element spaces we explore numerically is given by

(41 % =@iRTo (78) . 20 =@ioPo (7). An = DisePo (7).

Here, RT represents the lowest order Raviart—Thomas(—Nedelec) space [27, 31] which
corresponds with continuous, linear Lagrange elements for d = 1. The space Py
represents piecewise constants. As is required, we choose %5 = ¥ N ¥, with zero
normal trace on I'.
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0.8 ><

0.6

oaf 7 N

02f /
0

0 0.5 1

F1G. 3. (Left) The domain contains an intersection, multiple fracture endings, a fracture passing
through the domain, and a virtual extension of a fracture represented by the dashed line. (Right)
The grid is nonmatching along all fractures, including the sections with zero aperture.

4.1. Two-dimensional problem. For the two-dimensional test case, the do-
main {2 is the unit square. A unit pressure drop is simulated by imposing a Dirichlet
boundary condition for the pressure at the top and bottom boundaries of 2. On the
remaining sides, a no-flow boundary condition is imposed. For simplicity, the source
function f is set to zero.

Multiple fractures with different properties are added to €2 to show the extent of
the capabilities of the method. Figure 3 (left) gives an illustration of these fractures.
First, the domain contains a fracture intersection. Modeling intersections is nontrivial
for a variety of fracture flow schemes and typically calls for special considerations (see,
e.g., [15, 18, 32, 33]). In contrast, for the method we present, the implementation of
an intersection follows naturally due to the dimensional decomposition. Although the
test case merely contains a single intersection, this can easily be extended.

In addition to the intersection, a second aspect is the termination of fractures.
The method is designed to handle these endings well, which is investigated by intro-
ducing immersed and half-immersed fractures as well as fractures crossing through
the boundary as shown in Figure 3 (left). As suggested in subsection 2.2, a fracture
ending can either be modeled by ending the feature and setting a zero-flux boundary
condition or letting the aperture decrease to zero. Both models are included here,
applied to the lower and upper horizontal fractures, respectively.

By setting the aperture to zero, a virtual extension is created which may be
desirable for computational reasons. Due to the close relation to mortar methods, a
virtual fracture can serve as an interface between two subdomains with nonmatching
grids, thus creating a domain decomposition method. By setting the aperture to zero,
tangential flow is naturally eliminated and the method simplifies to a mortar scheme
with the normal flux as the mortar variable. For our test case, the region where this
occurs is illustrated by a dashed line in Figure 3.

Furthermore, we investigate the handling of nonmatching grids by independently
meshing the two sides of all fractures, illustrated by Figure 3 (right). The mortar
mesh is then chosen sufficiently coarse in order to meet requirement (3.2).

Let us continue by defining the parameters for the test cases. First, we assume
isotropic permeability in Q2 and set K2 as the 2 x 2 identity tensor. The different
included fractures are given different material properties, given in Table 1. The aper-
ture 7y is chosen as a constant in all fractures except for the central horizontal feature
Q%, which has zero aperture for z; < 0.5 and we let the aperture increase for xy > 0.5
subject to the constraint on the gradient from (2.3). The precise formula is given in
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TABLE 1
The coordinates and parameters associated with the lower-dimensional domains.

Tstart Tend K’ Ky Y
QY (0.5, 0.75) 100  0.01
Ql  (05,0.75) (0.7, 0.8) 100 0.01
Q3 (0.5,0.75) (0.3, 0.9) 100 0.01
Q% (05,0.75)  (0.3,0.7) 100 0.01
Q) (05,075 (0.7, 0.6) 100 0.01

QL (075,00  (1,0.75) 100 0.01
Q (0, 0.3) (0.5,0.3)  0.01  0.01
ol (0, 0.5) (1, 0.5) 0.01  0.01(2max(z; — 0.5,0))*

Fi1G. 4. (Left) The pressure distribution for the two-dimensional test case. The effects of abrupt
fracture endings as opposed to gradual closure of fractures is apparent around the tips of the blocking
features. Continuity of the solution is visible where the aperture equals zero. (Right) The flow uses
conducting fractures as preferential flow paths whereas it is forced around the features with low
permeability.

Table 1. Fractures with high permeabilities are expected to stimulate flow whereas a
low permeability leads to blocking features.

For this example, we assume that KQ, i.e., the permeability in the intersection
point, is given. It is possible to define this permeability differently on each interface
between fracture and intersection depending on the permeabilities of the attached
fractures. Alternatively, a single value can be prescribed, yet this will rely heavily
on the modeling assumptions. Here, we omit such procedures in order to present the
scheme in the most general setting.

4.1.1. Qualitative results. The results for the two-dimensional test case in-
troduced above are shown in Figure 4 with the use of lowest order Raviart—Thomas
elements for the flux and piecewise constants for the mortar and pressure variables
(see (4.1)). As expected, the results are free of oscillations and neither the fracture
endings, intersection, nor nonmatching grid cause problems for the scheme. Moreover,
the solution is qualitatively in accordance with the physically expected results.

Most notably, we observe the effects on the pressure distribution related to the
prescribed permeabilities and apertures. High permeabilities enforce a nearly contin-
uous pressure, which is clearly shown both between the fracture and matrix pressures,
but similarly between the fracture and intersection pressure, represented by a dot. On
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the other hand, the two regions with low permeabilities result in a pressure discon-
tinuity across the fracture. Recall that the abrupt fracture ending calls for a no-flux
boundary condition, whereas a gradual decrease in aperture naturally stops the flow
beyond the closure point of the fracture. From the pressure and flux distributions
in Figure 4, it is clear that these two different models for fracture endings lead to
different behavior of the solution. In particular, the solution is visibly less regular
around the abrupt fracture ending compared to the region where a fracture pinches
out. Thus, the result emphasizes the impact of abrupt fracture endings relative to
gradual pinch-outs for low permeabilities.

As an additional comment, we have also investigated fracture pinch-outs which
violate (2.3). In this case, minor oscillations are seen near the fracture tip, verifying
that inequality (2.3) is a necessary condition not just for the analysis, but also for the
method.

4.1.2. Convergence. According to the theory, we expect to see linear conver-
gence in all variables for the lowest order choice of spaces described by (4.1). To verify
this, numerical experiments were performed on five consecutively refined grids. All
solutions were then compared to the solution on the finest grid.

Let us continue by describing the norms used in this comparison, starting with
the flux variables. These fluxes have irregular behavior around fracture tips resulting
in a loss of convergence rates in these regions. For that reason, we exclude balls with
some small radius p > 0 centered at the fracture tips, denoted by B,. For this test
case, it has been found sufficient to set p = 0.02. We emphasize that the flux variable
is given by up = wo,n + RrAn, ie., the full flux is compared in accordance with the
theory from subsection 3.2. Moreover, (3.32) shows there is no error in the divergence
of the flux when comparing the discrete to the continuous solution using the norms
from (3.29). Therefore, we consider convergence in the following, appropriately scaled
norms:

(4.2a) lv]ly = HK‘”QU‘ ) vevy,
L2(2\B,)

4.9b - H i, ’ : A,

(4.2b) lula = || | oy =

(4.2¢) ¢].2 = |émaxallL2(0), g€ 2.

The errors and convergence results are shown in Table 2. On average, we ob-
serve linear convergence in all variables, confirming the theory. For d = 0, which
corresponds to a point evaluation of the solution, the accuracy becomes dependent
on the particular grid near the intersection, and while the general trend is first order
convergence, the particular rates for this example appear erratic.

4.2. Three-dimensional problem. The model problem presented in this sec-
tion is specifically chosen to illustrate the dimensional decomposition in three dimen-
sions. The domain 2 is constructed by starting with the unit cube and introducing
three planar fractures defined by x; = 0.5, xo2 = 0.5, and x3 = 0.5, respectively.

The dimensional decomposition of €2 as described in section 2.1 is then performed
as follows. The fractures split the domain into 8 smaller cubes whose union defines
Q3. The domain 92 is defined as the union of the fractures excluding the intersection
lines (i.e., Q2 consists of 12 planar surfaces). Next, the union of the 6 intersection
line segments, after exclusion of the intersection point, forms Q'. Finally, the single
intersection point with coordinates (0.5,0.5,0.5) defines 2°. To conclude, I is defined
as the union of all interfaces between subdomains of codimension one.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 08/20/18 to 129.177.169.228. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

ROBUST DISCRETIZATION OF FLOW IN FRACTURED MEDIA 2231

TABLE 2
Relative errors and convergence rates on a grid with typical mesh size hcoarse and consecutively

refined grids.

d=0 d=1 d=2

h/hcoarse Error Rate Error Rate Error Rate
20 1.40e-01 1.10e-01

w, 21 6.84e-02  1.04 | 7.07e-02  0.64
22 3.17e-02  1.11 | 3.19e-02 1.15
23 1.21e-02  1.39 | 1.39e-02  1.19
20 5.46e-02 1.56e-01

A 2—1 1.47e-02  1.90 | 8.36e-02  0.90

ho| 2—2 3.74e-03 1.97 | 4.32e-02  0.95
23 1.94e-03 0.95 2.06e-02  1.07
20 9.63e-05 1.04e-02 2.44e-02
2-1 4.43¢-06  4.44 | 4.96e-03 1.07 | 1.21e-02  1.01

Ph | g-2 1.40e-05 —1.66 | 2.40e-03  1.05 | 5.87e-03  1.04
23 5.88e-06 1.26 1.04e-03  1.21 | 2.59e-03  1.18

TABLE 3

Relative errors and convergence rates for the three-dimensional problem. The results show that

each variable has (at least) first order convergence in each dimension.

d=20 d=1 d=2 d=3

h Error Rate Error Rate Error Rate Error Rate
2—1 1.46e-01 3.50e-01 2.76e-01

up | 272 4.62e-02 1.66 | 1.97e-01 0.83 | 1.56e-01  0.83
23 1.31e-02 1.81 9.76e-02 1.02 | 7.76e-02 1.00
271 | 2.24e-01 2.15e-01 1.94e-01

An | 272 | 1.71e-02  3.71 9.93e-02 1.12 1.07e-01  0.86
273 | 5.96e-03 1.52 | 4.30e-02 1.21 5.60e-02  0.93
2-1 | 4.51e-02 1.55e-01 1.50e-01 1.36e-01

Ph 272 | 7.11e-03  2.67 | 7.40e-02 1.07 | 7.15e-02 1.07 | 6.69e-02 1.02
273 | 1.49e-03 2.25 | 3.29¢-02 1.17 | 3.17e-02 1.17 | 3.06e-02 1.13

To close the problem, the following boundary conditions are introduced. The
pressure is given at the top and bottom by the function g(x) = x3(2? +x2). A no-flux
condition is set on the remaining boundaries. All fracture planes and lines touching
the boundary 92 naturally inherit these conditions.

The parameters for this test case are chosen such that the problem reflects con-
ducting fractures. Specifically, we set K3 = 1 as the matrix permeability, K¢ =
K¢ =100 for 0 < d < 2, and the aperture as v = 0.01 for all lower-dimensional
domains. The simplicial meshes generated for this problem are matching along all in-
tersections and thus, a matching mortar mesh is employed. The discretized problem
is implemented with the use of FEniCS [24].

Due to the lack of immersed fracture tips in the proposed domain, no special
considerations are needed and each variable is expected to converge linearly for all
values of d. The numerical results displayed by Table 3 confirm these expectations.
Once again, the solution on a finer grid is used to serve as the true solution.

To visualize the solution obtained in this test case, Figure 5 shows the pressure
distribution as well as the fracture and matrix flux fields. Due to the parameters and
boundary conditions, the solution exhibits a dominant flow through the conductive
fractures from top to bottom.
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Fic. 5. The pressure distribution (left) and fluz fields (right) for the regular three-dimensional
case. The solution is qualitatively consistent with expectations for a problem with conducting frac-
tures.

5. Conclusion. In this work, we proposed an MFE method for Darcy flow prob-
lems in fractured porous media. The use of flux mortars in a mixed method results in
a mass conservative scheme which is able to handle nonmatching grids. The key novel
components of the method are the hierarchical approach obtained after subdividing
the domain in a dimensional manner, as well as the use of dimensionally composite
function spaces to analyze the problem with respect to stability and a priori error es-
timates. Our analysis shows the method is robust and convergent allowing for varying
and arbitrarily small apertures. Numerical results confirm the theory and furthermore
show that the constraint on the degeneracy of the normal permeability used in the
analysis may not be needed in practice.
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