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Abstract

Two numerical methods for the computation of flow in Discrete Fracture Networks
(DFNSs) are discussed, modeling the distribution of the pressure of a fluid in an imper-
meable fractured medium. The first method is based on a mesh which conforms to the
intersection between fractures (traces), using the Virtual Element Method (VEM), while
the second follows an optimization approach, with distinct meshes on each fracture, not
conforming to the traces. The behaviors of the two approaches are investigated and
compared on two numerical test cases. Finally, a joint approach is proposed with the
intent of potentially mitigating the drawbacks and exploiting the advantages of the two
methods.
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Chapter 1
Introduction

The study of fluid flow in fracture networks is relevant in many practical applications, such
as modeling of groundwater resources, dispersion of contaminants, oil and gas deposits
management. Fractures in an impermeable medium can be modeled as intersecting plane
polygons, on which the fluid flow is assumed to present a Darcian linear dependence
on the hydraulic head gradient. Additional continuity conditions are required at
intersections between fractures (traces). In this work, two ways to enforce such conditions
are considered, resulting in two different approaches. The first approach relies on a
discretization of the fractures with a mesh which conforms to the traces, using the Virtual
Element Method to handle the different polygonal shapes of the elements for which
some of the edges are part of the traces. The second method follows an optimization
approach, with distinct meshes on each fracture, not conforming to the traces, in which
an appropriate functional is minimized, constrained by the field equations on each
fracture. In this Chapter, the continuous model of fluid flow is presented. In Chapter
2, the Virtual Element Method is introduced for a generic elliptic problem and is then
applied to the discrete fracture network problem in Chapter 3. In Chapter 4, the
optimization-based approach is presented. Finally, in Chapter 5 a new joint approach
is formulated, informed by the numerical experiments performed with the first two
methods.

1.1 Notation

Throughout this work, the standard L? scalar product over a domain D or a line I" will
be denoted, respectively, as

(v, w)p, (v, w)r,

for every v,w € L*(D) or v,w € L*(T"). Similarly, the notation
(Vu,Vw)p := / Vv - Vw
D

is used for functions v,w € H'(D).
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1.2 Problem setting

Consider a network of N fractures in three-dimensional (3D) space, represented by as
many intersecting plane polygons F; C R?, i € J. The problem of subsurface fracture

flow can be stated on the whole fracture network Q = J,., F; as
V- (KVH)=0Q in{, (1.1)
HlFD = HD on FD;
OH
=G r 1.3
GVFN N on 1y, ( )

where 09 = T'p UT'y and I'p # (), H is the hydraulic head, K is the transmissivity
tensor and ‘Z—H = n:FFNK V H is the outward co-normal derivative of the hydraulic head,

with nr, the unit vector outward normal to the boundary I'y. Throughout the scope

of this work, the transmissivity tensor is supposed to be isotropic, of the form K = kI ,
such that there exist two constants £k, > 0 and k* > 0 such that

k, <k <k*.

Note that the derivatives in 1.1 and 1.3 are meant along a reference system tangential
to the appropriate fracture. Furthermore, for ¢ € J, define I';p = I'p N IF; and I';y =
'y NOF;. Let H; := H|FZ_, Q; = Q‘Fi and K; = K|F1_ denote the restrictions of the
hydraulic head, the forcing term and the trasmissivity tensor to the fracture F;. Let
Gy = GN|F G,p = G’D|F . Let & be the set of all intersections, called traces,
Sm = F; N F between two fractures with S, of non vanishing measure, with index
m € 9. For each trace S,,, let Is, = {i,j} be the set of the indices of the two fractures
such that S, = F; N F;. Define also S; = {5,,, € S : S;,, C F;}. Define the jump across
the trace .S, of the co-normal derivative of the hydraulic head in fracture F; as

(9Vf9m Sm. augm o+

v,
with ngm being a unit vector normal to the trace .S,, in the plane of F; and the symbols
'+ and '’ referring, respectively, to the side of S,, towards which ngm is pointing and
the opposite one. This quantity is independent on the choice of ngm. The continuity
of hydraulic pressure and the conservation of fluxes between intersecting fractures is
guaranteed by the conditions

Y

m F

Hi‘sm = Hj|5‘m on Sm (14)
H; H;
ﬂai’ﬂ + 6? =0 onS,, (1.5)
aI/Sm Sm 8V,jsm S

on each trace S,,.

1.3 Weak formulation
Define for each fracture the spaces
V H ( ) {U c H (Fz) Ur;p = O}
2



1.3 — Weak formulation

and
V HD( ) {U S Hl(Fl) “Urp = iD}?

then the restriction H; = H|p, of the hydraulic head to the fracture F; belongs to the
space V;P, and the hydraulic head H on the whole  belongs to the space

VD:HD :{UEHV : U|F :(vpj)|sm,i,jelgm,‘v’m€m}.
1€7
Similarly, define
V = H&(Q) = {U € H‘/Z : (U|Fi)|Sm = (U|Fj)|5m 4, ] € Ism,Vm S ﬂﬁ} .
i€d
For the spaces V; and VP, define the norms

[olly, = ||VU||(L2(F1-))2 if Tip # 0,

N

2 2
lolly, i= [IV0lsaqye + 032" i Tin = 0,

1
2

lollye = (V0 saqeye + 103 acey |

For the spaces V and VP, consider the norms

) !
2
[olly = [E lols, |+ lellys ::[E Ilv\|vp]

i€ i€J

Starting from the governing equation 1.1, the problem of flow on fractures can be posed
in weak form as follows. Let v € V be a test function on the domain. Multiplying
equation 1.1 by v and integrating on 2, one has

Z/v (K:VH;) v, dF; = Z/ Qu,, dF:.

€T i€

To apply Green’s Theorem to the left hand side, introduce the set of subfractures fj,
[ € £ consisting of the open polygons obtained by cutting each fracture F; along the
directions of the traces S € §;. One has then

Z/ (K VH,) v, dF; = Z/ (KnVH, ) v, dfi =

i€ leg

_Z/KVH Vo, dF, =

€7 lese Y ON

(KfZVHUl . anl) Ulfl dI’. (16)
Each subfracture boundary can be decomposed as

%:hm(U%” hmmhwmammwww,<w>

meM

3



Introduction

where 't” and 'b’ stand respectively for ’traces’ and 'boundary’, and Jf{" denotes
the portion of the subfracture boundary that is neither part of traces nor of fracture
boundaries. The boundary term is then, denoting by 2 5, the directional derivative along
the appropriate outward unit vector n co-normal to the curve along which each integral
is performed,

H
- Z (KszHUl ’ nafz) Yy, dI’ = Z /Bf ayfl Yy, dl' =
1

1eg JoN P
== / U, dF+/ oy, dF+/ My, ar
leg 8fl 81/ afl aflb OV ‘Bflb 8flint 8V ‘aflint
OH,;
= _ZZ/ |[ :|] Ule SdF_Z/ EvlaFi dF7 (18)
i€J SES; icy JOF

where the sum on subfractures has been substituted with one on fractures and n% is a
unique unit vector co-normal to the trace S in the plane of fracture F;. The sum over
[ € £ of the integrals over f™ vanishes. Indeed, calling '™ := [ J he 70 fi™ one has

Hy,
Z /flnt : ‘3fmt = Z /Flnt |l ‘M vlFi>|Fint dF = 0
Fmt

leg

The first term of 1.8, regarding the traces, can be rewritten as

w5 ([ {[22]- ] oo

i€J SeS; Ses

This is only possible thanks to the choice of space V', which guarantees that for each
S €S, (v )s = (U|Fj)‘s =: v, {i,j} = Is. Therefore conditions 1.5 on flux conservation
on traces are enforced in the weak form imposing that the term 1.9 be zero Vv € V.
The second boundary term of 1.8, related to the boundary conditions, gives

8H
Z oF, ay U\aF dI’ = Z/ ov U|F dI’ + Z/ ‘FZD

1€J i€J 1€J
-3 [ T,
i€J Lin
= Z GZ-N%N dr. (1.10)
i€J

The resulting weak form of the problem is then

Find H e VP s.
/KVH Vo, dQ = Z/ Q.. dQ+Z/ Ginvp,, AT, Yo eV (L11)
1€J

€T €T

which resembles the one for a 2D domain. The problem in this form is well posed,
thanks to the Lax-Milgram Theorem. Indeed the bilinear form

af(w,v) = Z/KquF Vu, dQ, Vo,weV

€T

4



1.4 — Numerical techniques

is continuous and coercive on V and the functional

FQ(U) = Z/F Qﬂ)m dQ) + Z/F GiNUlFiN dlI', Y eV (1.12)
@ i€d iN

1€J

is continuous on V, requiring Q; € L*(F;) and G,y € L*(T'iy), i € J.

1.4 Numerical techniques

For the discretization of problem 1.1-1.5, two different methods to impose the conditions
on the traces will be considered. The first [4] consists in conforming the meshes of
the two intersecting domains so that the degrees of freedom associated with the nodes
and the edges of the triangulation on the trace are shared between the two domains.
Even if the meshes on the domains are triangular, this results in more generic polygonal
elements where the triangles need to be cut to achieve conformity. This suggests the use
of the Virtual Element Method, which can handle such shapes. This approach results in
a discretization of the form 1.11. On the other hand, the second approach [7, 8] consists
in the construction of an appropriate functional to be minimized in order to reach an
approximate satisfaction of the conditions on the traces. The field equations on each
domain act as a constraint in the minimization. This approach does not require any
conformity of the domains’ meshes and is well suited for a parallel implementation [10].






Chapter 2

Virtual Element Method

The Virtual Element Method (VEM) can be considered as an extension of the finite
element method to elements of more general polygonal and polyhedral shape. The VEM
still uses functional spaces containing polynomials of degree k to recover convergence
results, however the basis functions are not in general polynomial and never computed
explicitly, not even in an approximate way. They are used only trough the values of
their degrees of freedom. This feature is what gives the name “virtual” to the elements.
In the following, a variation [1] of the standard VEM formulation [2] is presented for
the elliptic 2D problem

~V - (KVH)=Q inDcCR?
with homogeneous Dirichlet boundary conditions on dD. In weak form this yields
Find H € H}(D) s.t. a®(H,v) = FP(v) Vv € Hy(D), (2.1)
with
aP(w,v) := (KVw,Vv)p, FP():=(Q,v)p, w,ve€ H} D). (2.2)

With assumptions similar to those given in Chapter 1, problem 2.1 is well posed.

2.1 Virtual element space

Consider a partition 75 of the domain D C R?, D = UEG% E, where each F € 75 is a
simple, star-shaped polygon, such that the length of its edges decreases at most with
order 1 with 6 [1, 2]. For each polygon E, the number of vertices is denoted by N¥, while
the polygon’s area, centroid and diameter are noted respectively as |E|, g and dg. For
each polygon E, consider the following local space, defined for values of k =1,2,3,...

CE€P(es),i=1,....N", w,, € COOE), AvePy(E),

(p, Y 5(v) —v), =0 Vp € Py(E) \Pk,g(E)}
3

e

Vi(B) = {v e H\(E) : v



Virtual Element Method

where Py (FE) \ Py_o(F) is the set of polynomials exactly of order k£ and k — 1 and by
convention P_;(E) = {0}. The operator IIY , : H'(E) — Py(E) is defined such that for
every v € H'(F)

(Vp, V(I go —v)) , =0 Vp € Pu(E), (2.4)
(LY go—v),, =0 ifk=1, (2.5)
(LI go—v), =0 ifk>1 (2.6)

One has Py (F) C Vi(FE), since a polynomial of degree k on E satisfies all the conditions
in definition 2.3. In particular the last condition in 2.3 holds because

Y p(q) =q, Vg€ Pu(E).

Indeed, from 2.4, V(IIY x(q) — q) € (Pe_1(E))* is zero, therefore IIY ,(q) — q € Po(E),
and from 2.5 or 2.6 one has I ;(q) — ¢ = 0.
Consider the following set of degrees of freedom (dofs) for Vi (F)

e VEk: the values of v at the vertices of the polygon;

o £k if k> 1, the values of v at the k — 1 internal nodes of the Gauss-Lobatto
quadrature rule on each edge;

o PEE. if k> 1, the moments ﬁ(v,ma)]; of order up to k — 2 of v, where mqy =

«
(%) , with & = (a1, an), |a] = a1 + o, || =1,...,k — 2, and for a generic
vector &, x* = x]"x5?.

Let dof”(vs) denote the degrees of freedom of vs € Vi(E), numbered from 1 to N and
define the functions ¢; € Vi (FE) so that

dOff(%‘) = 0ij, i,j=1,..., Nt
Proposition. VE* £EX PEE gre g unisolvent set of dofs for Vi.(E).

Proof. Assigning the dofs VE* and £F* uniquely determines a polynomial in Py (e) on
each edge e of E, therefore uniquely defining a function v € Vi(E) on the boundary
OFE. Moreover, if all the dofs V¥* and £F* are zero, then v = 0 on OE. On the
other hand, the assignment of the dofs PZ* uniquely determines the L2-orthogonal
projection PF v € Py _o(E) of v € V4(E), and PE ;v = 0 in E if all the dofs PE* are
zero. Furthermore, also the L?-orthogonal projection PFv € Py (E) is zero. Indeed, [3]
shows how HZ £(v) can be computed solely through the values of the dofs of v listed
above. In particular if the dofs are all zero, then IT) ;(v) = 0. Thanks to the definition
2.3, it then holds that

(p,v) = (0, I} p(v)) =0, Vp € Py(E) \ Pr_z(E)

and therefore
(Ma,v) =0, k—1<|a| <k,

which, together with PP ,v = 0, implies PFv = 0.
8



2.2 — Approximated forms and discrete problem

If v € Vj(E) is such that v =0 on OF and PFv =0 in E, then v = 0 in E. Indeed,
analogously to the proof given in [2], for every q € P(E) solve the auxiliary Dirichlet
problem

Find w € H(E) s.t. a?(w,z) = (q,2)g, Vz€ H)(E) (2.7)
and denote the solution as w = —Ay;(g). The map R : P(E) — Py(E) defined as
Rq = Py (=2 p(a)) = Pw
is an isomorphism [2] and in particular
Rqg=0 < qg=0.

Since v = 0 on OF,

PEv = P,CE(—A(I}E(—AU)) = R(—Av).
Then PFv =0 = R(-Av) =0 = —Awv = 0, which, together with v = 0 on 9F,
implies v =0 in F. O

The number of dofs N°f corresponds to the dimension of the space Vj(E)

Kk=1) _,p k(=)

dim Vi, (E) = Ngof = NP  (k — 1)N¥ + - 5

and the functions ¢; € Vi(E) constitute the canonical basis of Vi (F). Then each
function v € Vi (F) can be expressed as

dof
NE

v = Z dof” (v) ;.
i=1

If all polygons in the mesh are equipped with the virtual element space and dofs,
considering homogeneous Dirichlet boundary conditions, the resulting global space is

VP ={ve H}D) : v, € Vi(E) VEE€ Ts}, (2.8)
equipped with the global dofs
e V*: the values of v at the internal mesh vertices;
o £k if k > 1, the values of v at the k — 1 internal nodes of the Gauss-Lobatto

quadrature rule on each internal edge of the mesh;

1

e PF. if k > 1, the moments B

(v, M) of order up to k — 2 of v on each polygon E.

2.2 Approximated forms and discrete problem

Since the expression of the basis functions of the space Vj(E) is not known, the forms
2.2 cannot be computed. The exact forms a?(-,-) and FP(-) are substituted with the
approximated ones aZ(-,-) and FP(-). Let a®(-,-) and F¥(-) be the restrictions of a?
and FP to an element FE and af(-,-) and Ff(-) the restrictions of the approximated

9



Virtual Element Method

forms. In the following, assume that K = kI is constant on the domain D. In the
remainder of this Chapter, denote as IIV the local projection IIy 5, for simplicity of
notation. Note that by expressing a generic function v € V(E) as

v=T"v+ (I-1Y),
one can rewrite a”(w,v), for every w,v € Vi (E), as

(KVw,Vv)g =(KVIIVw, VIIVo)g + (KV(I = IV )w, V(I = IV )v) g
+ (KVIIVw, VI - TY)v)g + (KV(I — TV )w, VIIVv) g,

where the last two terms are zero, thanks to condition 2.4 and K being constant, giving
a?(w,v) = (KVIIVw, VIIVv) g + (KV(I — IV)w, V(I — IV )v)p. (2.9)
In the current implementation, the form 2.9 is approximated as

dof
NE

af (w,v) == k(P (Vw), B, (Vo))p + kY doff (I — IV )w) dof (I — ITV )v),

(2.10)

following [1]. The functions PP ,(Vv) and ITVv can be computed through the dofs of v,
for any v € Vi(E) [1, 3]. The functional F'¥ is substituted by the approximation [1]

FE() = (Q,PF v)p. (2.11)
Define the discrete problem
Find h € VP s.t. af(h,v) = FP(v) Yo e VP, (2.12)

with the choices 2.10 and 2.11 for the forms as and Fs. It has been proved in [1] that
problem 2.12 is well posed and that the following error estimates hold, for H and @
sufficiently regular:

1H = Bllgs oy < €0 (I Hllss oy + @0 ) (2.13)
VH = Bll 2oy < €O (1 i) + |Qlrp) (2.14)

with |@Q|zp being the k-th order Sobolev seminorm of ¢ on D.

10



Chapter 3
Conforming VEM approach

One possibility to enforce the conditions 1.4 and 1.5 in a discrete setting is to conform
the meshes of the two intersecting fractures to each other on the traces. In this way the
global degrees of freedom (dofs) associated to the mesh nodes on the traces are shared
by the two fractures generating it. Conformity can be achieved meshing the fracture
polygons independently and then cutting the cells which intersect with a trace. Note
that this operation changes the shape of the cells touching the trace. Therefore, even if
the independent meshing process on the fractures returns a mesh with cells all of the
same shape, for instance triangular, the final mesh will contain polygons with a different
number of vertices. Furthermore, these polygons may present hanging nodes, that is
vertices between collinear edges. These properties suggest the use of virtual elements.
For the first order case, virtual and finite elements can be easily integrated to produce a
discretization with both element types, where the virtual elements are used only for the
polygons with more than three vertices, while finite elements are used for the triangles.

3.1 Conforming mesh

The mesh for the domain is constructed following the approach of [4], in which, for each
fracture, a triangular mesh is generated first, independently of the other fractures. A
local conformity is then achieved on each fracture cutting the elements that intersect
with the traces. The new edges introduced by the cuts are then enriched with the nodes
corresponding to the vertices of the polygons obtained through the cutting process on
the other fracture sharing the trace. This yields a conforming mesh 75 on the domain §2.

3.2 Discretization with elements of order 1

The set of polygons 75 of the conforming mesh described above is partitioned into
TVEM U TFEM — 75 A polygon is assigned to T;"EM if it has more than three vertices
and to 7™M otherwise. Virtual element and finite element discretizations are used
on the cells in T3'FM and TFFM | resulting in the local spaces V,YEM(E) = Vi(E), for
E € T;""M | as defined in 2.3, and V'PM(E) = Py (F), for E € T M. For the FEM
spaces choose the standard Lagrangian local dofs. On an internal edge e dividing a
VEM cell from a FEM cell of the same order k£ = 1, the dofs on e for both cells are the
same; in fact the only dofs on e are the values of the function at the extremities. In this

11



Conforming VEM approach

way, the dofs on the boundary of the elements are the same for the two kinds of spaces,
allowing for a straightforward gluing of the elements, giving the global discrete spaces
VPl ={v e VP iupup € VIV™M(Byem) VYEBvem € T3,
V| Epay € VIEM(Brpy)  VEpgm € 7:;FEM}7
Vit ={v eV vpup € VVV"™M(Bvem) VEvewm € T M,
V| Eppy € VI™M(Erem)  VEreEM € %FEM},

of dimensions

NP .= dim V""", N :=dim V}.

Since Vi' C V, for any vs € V3! it is still true that <U(5F'>I = <05|F,>| ,{1,7} =I5, on
/s 7/ s

each trace S € S, and analogously for V(;D’l. Note that the nodes of the mesh lying on
the traces are shared by the elements in both of the intersecting fractures, therefore the
associated dof is also shared and the corresponding basis function is non-zero on both
fractures. A unisolvent set of global dofs for vs € V:;D’l, resulting from the matching of
the local dofs on the element boundaries, is

e V! the values of vs at the mesh vertices V.

The same set of functionals, but without those related to Dirichlet boundaries, gives a

set of dofs for V;'. Consider a numbering of the global dofs of V;”! from 1, ..., N” such
that the first N are the dofs of V§! and denote with dof;(vs) the i-th degree of freedom of
a function vs € V(;D’l. Define the canonical basis functions ¢; € V5D’1, fori=1,...,NP
such that
dOfl(gD]) :5ij7 j = ]_,...7ND. (31)
Define the quantity
ND
h=> hip;=h"+h", (3:2)
i=1

representing the discrete counterpart of the solution H, expressed through appropriate
coefficients h; in the canonical basis, where h° € V3! and h” € V;”"" is the lifting of
the Dirichlet boundary conditions imposed on I'p. Consider the setting of the weak
form 1.11 in the subspaces V;;D’k C VP, VF C V, substituting the exact forms with the
approximated ones

ag(w,0) = ) ’%E{(Pf(Vw%PdE(W))EJr

EE%VEIW

N%Of
> dof (I —TIY g)w) dof? (I — HIYE)U)} + Y kp(Vw, Vo),
r=1

EG%FEM

FRw) =Y (QPFPPoe+ Y. (Qu)s

EEEVEM E€7:SFEM

12



3.3 — Numerical Results

defined Yw € V(;D’k Vo € V¥ following the choices presented in Chapter 2 for the VEM
elements, with k = 1, where homogeneous Neumann boundary condltlons on I'y were
assumed, together Wlth the choice K; = ks I, with ki > 0 constant, ¢+ € J. For an element
E, the notation kg = k; was used, where i is the index of the fracture containing F.
The resulting discrete problem

Find h € V;"" st. af(h,v) = F(v), YoveVf
is equivalent to the linear system
ho = f — APRP, (3.3)

where, with an overload of notation for A and h?,

Ae RV, Ay =a3(p,0),  1<i,j<N,
AP e RNNN AP = 0@ (pnyjop), 1<i<N, 1<j<NP-N,
hY e RV, h?::hi, 1<i<N,
D__ .
P e RN, hY = hyyj, 1<j<NP_-N.

3.3 Numerical Results

The approach described in this Chapter is tested on two DFN cases with 3 and 36
fractures, called Frac3 and Frac36 respectively, depicted in Figure 3.1. In Frac3, specific
non-homogeneous Dirichlet boundary conditions are set on all boundaries and a non-zero
forcing term is used, for which the exact solution is known [5]. In Frac36, 0 and 1
constant Dirichlet boundary conditions are set each on a particular edge of two distant
fractures, while homogeneous Neumann boundary conditions are set for the rest of the
boundary and no forcing term is present, mimicking a case in which a fluid flows across
a set of fractures without losses.

Convergence results are presented in Figure 4.1 for Frac3. The discretization parame-
ter 62 controls the areas of the triangles of the fracture meshes, which are then cut to
achieve conformity. The L? error shows an average convergence order of 1.91, while the
H?' error converges with order 0.90 with respect to the parameter ¢, in agreement with
the VEM and FEM estimates.

Figure 3.3 shows the dependence of the condition number of A on dy for the test
Frac3. The condition number diverges approximately as 6 2.

It is important to note that the conforming process can lead to meshes with elements
characterized by very high aspect ratio or very small angles, which can significantly
degrade the quality of the solution, especially for higher orders of approximation [4].
This can happen for example when two traces are very close to each other or they
intersect forming a very slight angle.
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Figure 3.1. Frac3 (top) and Frac36 (bottom) DFNs and corresponding conforming
approach numerical solutions, in color.
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3.3 — Numerical Results
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Figure 3.2. Convergence to the exact solution for Frac3 in L? and H' norms, for
decreasing J, for the three fractures and average convergence orders.
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Figure 3.3. Condition number of A for Frac3 (points), for varying J, and the
corresponding trend line, with slope —2.28.
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Chapter 4

Non-conforming optimization

approach

To avoid the need for mesh conformity, a way of satisfying the conditions 1.4 and 1.5
on the traces other than the gluing of DOFs must be employed. One technique is to
minimize a functional depending on the jump of the hydraulic head and the residual
flux on the traces, constrained by the satisfaction of the flow equations on the fractures,
as proposed in [7, 8]. The solution of the resulting optimal control problem can be
carried out using gradient descent methods [7, 8] and parallel solvers can be efficiently
implemented to handle simulations of large scale fracture networks [10]. In Section 4.2,
a direct implementation is detailed instead, relying on the equivalence of the optimal
control problem with Karush-Kuhn-Tucker (KKT) conditions, following [9].

4.1 Optimal control formulation

The problem of flow on a single fracture F; can be stated, Vi € J, in a weak form
multiplying equation 1.1 by a function v € V; and integrating over Fj, obtaining, with a
similar procedure to the one described in Section 1.3,

OH, B
> [ |a]ear-

SeS;

:/ indQ—k/ G,»NU|F1_N dI', Yv eV,
F; Iin
(4.1)

Find H; € V;” st. / K, VH;VvdQ —
F;

Following the approach of [7], let us first consider the case in which I'p; # 0, for all
i € J. For each trace S € S, define the space U° := H_%(S) and define the spaces

us =1Ju’, u=JJu*
SES; i€d
Let U® € U® and UJS € U° be variables, defined on each trace S € S, with {i,j} = Is,
respectively representing the jump of the co-normal derivatives of the hydraulic head
[[%]] and [[%ﬂ, so that conditions 1.5 are equivalently stated as
Vs

i
ovg

UPm+ U™ =0 on S, YmeM, {ij}=1Is,,
17



Non-conforming optimization approach

Introducing the linear bounded operators A; € L(V;,V/), AP € L(VP,V]), B; €
LUS,V/) and By € L(H"2(T;y), V) defined such that
(Aiw, v)yr v, = (KiVw,Vo)p, w,v €V,
(APw ,)vey, = (K Vw, Vo) g, we VP veV
(B;w U)v;’ v, = (W, Vg ysi sty W E Us v eV,
(Binw, v)yr v, = ( w e H’%(I‘iN),v eV

K3

w, v 1 1
’ IFiN)H?j(FiN)vHé(FiN)’

the form 4.1 is equivalent to
Find H) € V;st.  AH) = q;+ BU; + BinGiy — AP HP, (4.2)
where H; = H? + HP, with H? € V; and HP is a lifting of the Dirichlet boundary

7 )

condition on T';p. Problem 4.2 is well-posed, provided that T'p; # (). For every trace
S € 8, define the space HS := H2(S). Let

ne =11 x,  H=]]*"

SES; i€TJ
Define the differentiable functional J : U — R
1
JU) = 2 Z (”Hi(Ui)\sm - HJ(UJ)\SW Hi{Sm T HUism + UJ‘SmHi{Sm) ’
meM

where {i,j} = Is,, and H;(U;) represents the solution of problem 4.2, given a particular
choice of U;, i € J. Note that when the interface conditions 1.4 and 1.5 are satisfied,
the functional J(U) reaches its minimum J(U) = 0.

The problem 1.1-1.5 can be recast equivalently [7] as the optimal control problem

Find U € U solution of min J(U) (4.3)
st. AH) =q;+ BiU; + BinGixy — APHP Vi€ J

From this point forward, a more general case will be considered, in which fractures
are allowed to have Neumann boundary conditions on the entire boundary, as long as
there is at least one fracture with Dirichlet boundary conditions on a nonempty portion
of the boundary. To this aim introduce the real parameter o > 0 [8] and redefine the
control variables

US = Hgi[s ﬂ +aH;, (4.4)

The equations 4.2 retain the same form, but redefining the operators A; and AP as
(Aw, v)vy v, = (KiVw, Vo)p, + a(wg v )s,,  w,v €V, (4.5)
(APw, vy, = (KiVw, Vo)p, + a(wis ,vg )si: w € VP veV (4.6)

With the new operators, problem 4.2 is well-posed even in the pure Neumann case for
non-isolated fractures [8]. The functional J(U) is redefined as

J(U) = ; Z (HH |Sm - Hj(Uj)|smHj-[sm +

meM

U + U™ = alagsn (Hi(Us)s,, + HiU)is, s )+ (47)

18



4.2 — Discrete formulation

where {i,j} = Ig, and Aysn, : H™ — H5" is the Riesz isomorphism between HSm
and its dual. The minimization of the new functional 4.7 with the same constraints as
in problem 4.3, but with the new operators 4.5 and 4.6, still results in the solution of
the problem 1.1-1.5 [8].

4.2 Discrete formulation

For each fracture F;, consider a mesh 75, on F; and a mesh 77 on each trace S,, € S;.
Let Vi € V;” be a finite-dimensional space generated by the bas1s functions ¢, , for
k=1,...,NP = N;+ N, p, defined on fracture F;. Define also V},; C V(;? to be the space
generated by the first N; basis functions ¢; ;. In addition, let Wi C L?(S,,), for each
Sm € Si, be a finite-dimensional space generated by the basis functions ¢} € L*(Sy,),
for k=1,..., N/". Define the discrete hydraulic head h; € V3 and the discrete control
variables ;" € W%, which can be represented as

NP Nm
h; = Z i ki ks ui" = Z w1
k=1 k=1
The discrete variables are aggregated for the whole network giving
h::HhiE%D::HV(;?, u::H(u u)EW(s—H(WgZXW(;E),
1€J i€J meM meM

where, in the expression of u, {i,j} = Is,,, with i < j to fix an order. Substituting the
discrete variables in the expression of J(U), changing the H" and U norms with
ones in L*(S,,) and writing them explicitly, one obtains the discrete cost functional

2

) NP Ny
J(u) = 3 Z /5 Z hi ki ks, — Z hjrpins,, | Ay +
m | =1 k=1

meM

Nim Nj m NP NP
m m m m
/ E uzszk + E uj,kwj,k -« E :hi,k%’,klsm + E :hj,k%',klsm dy
Sm | =1 k=1 k=1 k=1

D
N

- % ST TN hikhia(0® + 1) @ik, ittt

mem | iclg,, kil=1

D
NP Nj
2
2> > hakhja(@® = 1)(@ikis,. Pidls,, )Snt
k=1 l=1
szij
E: E uzkuzl 1I<:’ +2§ § uzku zk’ ]l)S +
i€lg,, kl=1 k=1 I=1
szZD
— 2« § : E :E :uzkhll zk’gpll\sm — 2« E : E :E :uzkh]l zk’gpjusm) )
i€lg,, k=1 I=1 i,j€ls,, k=1 I=1
i
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Non-conforming optimization approach

where, in every sum in which indices ¢ and j are not defined, it is meant {i,j} = Ig, .
Introduce, with the same notation as for the discrete variables, the vectors of their
coefficients

hi = (hig, - hyp)T €RN D hi=(hy,... hys)" € RV,

with Ny = 3., NP. For the control variables, on each trace S,,, with {47} = I,
1 < 7, denote respectively with =’ and '+’ the variables, the coefficients and the basis
functions on 5,, related to fractures F; and Fj. In this context, define also N = N/*
and NY* = NI". The resulting vectors are

ul' = (. ul )" € RN, for x € {—, 4},

umZ(UT,uT)T, u:(ul,...,u#m)ERNS,

with NS = 37 (N™ + N). Furthermore, define the map Z : 9 x {—,+} — J
defined as Z(m,—) = i, Z(m,+) = j, with {i,j} = Is,, i < j, giving the index of
the fracture to which a trace quantity, identified by the index m € 99t and the symbol
x € {—,+}, is associated. Define also the set J; C J, Vi € J, of the indices of the
fractures sharing a trace with F;. The functional J(u) can then be expressed through
appropriate matrices as

J(u):%{z

1€J

hIG"h; + 2 Z hIGlLhy |+

jedi

S (@G, w4 (W) G, ul — 2(u7) G ] +

meM
—2a ) [(W™) Bz, + (W) B hzim+) + u" By hzn.+) + UPBEhzin, )] }
meM

1 1
= §hTth + QUTGUU — aulBh,

where G" = (G?j)ieﬁ,jehu{i}a with

(GZ’)M = (042 +1) Z (@i,k\sm,%,usm)sm, Vied
Sm€ES;

(G?J)kl = (on — 1)<(70i7k|sm7 SOJ}HSm)Sm? Wlth {Z,j} = Igm, Vm € Dﬁ,
and G = diag(Gy, . .., GYyy), with, Vm € I,
Ge = |:( Gum,— Z?Lz,i:|

" m,:I:)T G;fn,-l—

(G;Ln,*)kl = ( ?k? ::Ll)sm7 * € {_7+}
(ng,j:)k’l = (¢T,k>¢f,l)sm-

The matrix B is constructed block-wise as

B, = [B™ B7] € RNV HENE 0 with i = Z(m, —), VYm € M,
B, = [B? B7] € RV WD with ¢ = Z(m,+), Ym € M,
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4.2 — Discrete formulation

where
Bk = (7%, ids,, )Sm>  With i =T(m, x), x € {—,+},
(B$>kl = (wz,r;f’ gpjyl\sm)sm’ with ¢ = I<m7 _)’ J= I(mv +)a
B )w = (V] Pitls,, )Sm>  With i =Z(m, =), j = Z(m,+).

The minimization problem can be written as

1
mu%n §wT(Gw (4.8)
st. Cw=g
where
G: Gh _QBT GR(N}_+NS)X(NJ:+NS)’ w— h GRNF+N$’
—aB  G* u
C=[A —B] e RV *(V7+N),
A= diag(Al, . ,A#j) S RN}—XNF,
(KiVeir, Voir)r + 0 Y ges (P Pin)s ik TEN;
(A)m =11 itk=1leN,p

0 otherwise

with N; == {1,...,N;}, Nip = {N; +1,...,NP}. The matrix B € RV N’ ig
constructed blockwise as

Bim = [B™ 0] € RN *WV2HNE 0 with § = Z(m, —), VYm € M,

Bim = [0 B7] € RNV 0 with i = Z(m, +), Vm € M,
The term § = ¢— APRP ¢ RV 7 accounts for the forcing term and the boundary condition

terms of equation 4.2, where G;y = 0 Vi € J, corresponding to homogeneous Neumann
boundary conditions on I'y. In particular

hy
AP = diag(AP, ..., AD) e RNV gl = | | e RV
ho .
#7
(KiVeii, Voir)r + ad ses (@it pin s ik eN,LENp
(AP ) =<1 if k=1¢eN;p :
0 otherwise

and (hP), are the coefficients of the lifting of the Dirichlet boundary conditions on
fracture F; in the basis of V37
The minimization problem 4.8 is equivalent to the KK'T conditions

&S] -1 49

G CT FonS F NS
_ (2NF+NS)x(2N7 +N¥)
A {C 0 } cR .

where we call
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Non-conforming optimization approach

4.3 Numerical results

The approach described in this Chapter is tested on the two DFNs Frac3 and Frac36
introduced in section 3.3. All tests were conducted with the choice & = 1 and using
first order FEM approximations on fractures and traces. The mesh size parameters are
expressed as a fraction of the square root of the average fracture area of the DFN.
Convergence results are presented in Figure 4.1 for Frac3. The discretization param-
eter 0 controls the length of the segments of the trace meshes, while the areas of the
triangles of the fracture meshes are smaller than §2. The L? error shows an average
convergence rate of 2.07, while the H' error decreases with a rate of 0.94, in agreement
with the standard FEM estimates. The value of the errors are very similar to those
shown in Figure 3.2 obtained with the conforming approach for the same values of §.
Figure 4.3 shows results for Frac3 and Frac36. The two tests differ in the distribution
of traces’ lengths: Frac3 presents traces of practically uniform length, while Frac36
contains traces of wide ranging lengths. Two discretization parameters are used: 0y
controls the square root of the areas of the elements in the domains’ meshes, while d;s
determines the lengths of the elements in the traces’ meshes. The value of dg is fixed
for each test, while ¢y is allowed to vary. For Frac3, the condition number of the KKT
matrix A decreases for increasing values of the ratlo , while for Frac36 it stagnates for

values of ng; grater than 2 (Figure 4.3 a-b). An mterpretatlon of the different behaviour
between the two tests can be given observing that in the case of Frac36, a fraction of the
traces are so short that even with the smallest choice of oy, their mesh is constituted by
a single segment and cannot be made any coarser. Denote the fraction of such traces by
ne. Increasing dy, a bigger fraction of traces falls into this group (Figure 4.3 d). In the
case of Frac3, no trace reaches this condition with the range of values of §;; used in the
test (Figure 4.3 ¢). Greater values of 0y result in an increase in both the flux mismatch
H~2 norms (Figure 4.3 e-f) and the hydraulic head jump L? norms (Figure 4.3 g-h) on

the traces. The H~2 norm of the flux mismatch is approximated as [6]
w4l — by, + hjbm)HH%(Sm)

m 1
(N | 9 2
~ E A
k 3
L2 A™
1 (A7)

where A}' are the N™ segments resulting from the union of the nodes of the two meshes
7% and T3 and [A"] is the length of A", All H~'/2 norms on the traces are re-scaled
with the sum of the lengths of all the traces in the DFN.
Figure 4.2 reports the dependence of the condition number of A on dy for the test
Frac3. The study is shown for different choices of 5U . The condition number diverges

u' +ul" —alhy, + h]|sm)

approximately as §5;°. The value of ‘5U influences the value of the condition number as
illustrated in Flgure 4 3, but it does not impact significantly the steepness of the slope.
The condition number of A is much higher than the one of the stiffness matrix involved
in the conforming approach (Figure 3.3) for the same values of dy, in particular for
small values of SLH.

Figure 4.4 and 4.5 show the convergence of the average flux mismatch and hydraulic
head jump norms on traces for the tests Frac3 and Frac36, respectively, with different
choices of g—}UI. The corresponding slope values are reported in Table 4.1. In the case of

22



4.3 — Numerical results

Frac36, the convergence appears to be slower for higher g_Z’ for both the flux mismatch
and the hydraulic head jump. In particular for the flux mismatch, this is possibly due
to the presence of short traces, for which the decrease in prescribed mesh size does
not result in a refinement in the explored range of ;. Indeed, the fraction of traces
which are never refined in this convergence study for Frac36, for the three choices of
g—;’[ =.5,2,4, are 0.03, 0.25, 0.49, respectively.

101:‘ T . . T

107}

© frac. 1
L? err. © frac.2
102 frac. 3 -
avg slope |
©  frac. 1
HY err. ©  frac. 2
frac. 3 |
avg slope

107°
107

Figure 4.1. Convergence to the exact solution for Frac3 in L? and H' norms, for
decreasing d, for the three fractures and average convergence orders.

gLH 5 2 4
Frac3 flux | 1.5817 1.5477 1.0868
head | 1.3766 1.5952 1.3073
flux | 1.3082 1.1735 0.9151
Frac36

head | 0.6051 0.5495 0.3099

Table 4.1. Convergence slopes of the average flux mismatch and hydraulic head jump
norms on traces, for Frac3 and Frac36.
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Figure 4.2. Condition number of A for Frac3 (points), for varying dg, and the
corresponding slope lines. The results are shown for values of g—z =.5,1,2,3,4.
The average slope is —2.15
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4.3 — Numerical results
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Figure 4.3. From the top, condition number of A, trace mesh size, hydraulic head
jump and flux mismatch norms, plotted against varying values of the ratio g—g, for Frac3

with 67 = 1.8 - 1072 on the left and Frac36 with §7 = 2.8 - 1072 on the right.
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Figure 4.4. Average flux mismatch (top) and hydraulic head jump (bottom)
for Frac3, for Varyin% drr, and the corresponding slope lines. The results are
shown for values of §- =.5,2,4.
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Figure 4.5. Average flux mismatch (top) and hydraulic head jump (bottom)
for Frac36, for varying dzr, and the corresponding slope lines. The results are
shown for values of g—;’l =.5,2,4.

26



Chapter 5
Joint approach

The analysis of the two approaches described in the preceding Chapters suggests that
combining them, the respective drawbacks could be ameliorated. Indeed, consider a
partition of the domain into groups of fractures. The conforming VEM approach can
be used within each group, while the optimization approach can be used to satisfy the
continuity conditions at the intersections between fractures belonging to different groups.
This joint technique could be used to exclude from the optimization short traces, which
are associated with a higher condition number of the KKT matrix .A. On the other
hand it could be useful to exclude some traces from the conforming process to allow the
conforming meshes to have better properties near the traces. Furthermore, the use of
the optimization approach between fracture groups could still allow a natural parallel
implementation of the method. In the following, a possible formulation of this approach
is proposed and the core idea for a direct implementation analogous to that of Section
4.2 is given. Strategies for a useful decomposition of the domain in fracture groups are
not investigated here and are left for future discussion.

5.1 Optimal control formulation

Consider a partition of the domain €2 into groups of fractures G; = UjE g, Fj, with

J; € J the set of indices of the fractures composing the group G;, for i € & the fracture
groups’ indices, with & of cardinality #®&. Let I'g, = I'g,p U I'g,y be the boundary
of G;, where I'g.p = e, I';p is the boundary with Dirichlet boundary condition and

Lgn=U e, Ljn the one with Neumann boundary conditions. For each fracture group
Gi, 1 € B, define

Sgt={S=(FNF):FLCG, F¢G}

the set of traces produced by the intersections of fractures in the group G; with those
contained in other groups and

S§t={S=(FxNF): F,FCG}

the set of intersections between fractures both in group G;. Furthermore, let Aigrzt C Syt
be a possibly empty subset of S*, and Sg, = ey Slg‘:t Define the sets
Sgt=Jsgr, sgr=Jsy, syt=JsE So={ 8.
i€ i€ i€® i€
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Joint approach

Let also F(S,—) and F(S,+), with S € S, denote the two fractures, both belonging
to the same group, generating the trace S. Define the spaces

Vgi o 7' - {U € H V (U‘F(Sﬁ)MS = (U|F(s,+))\5a VS S Smt \Smt}

J€J;
and
VQ = HD (Gi) = {U = H VD (U\F(S,ﬂ)ls - (U|F<s,+))\s’ VS e Smt \Slgrzt}’
JEJ;
so that for each group G;, i € &, the hydraulic head is
Hg, = | H; € Vg
JjE€Ji

Analogously to the procedure of Section 4.1, the problem of flow on a group of fractures
G; can be stated, Vi € &, in a weak form multiplying equation 1.1 by a function v € Vg,
and integrating over G;, obtaining,

Find Hg, € Vg s.t.
T
KVHZV% Q-3 /Hﬁ 9: |l g, dr

Gi
FCG; SeSext aVS -

[ OH s
PN AL I
SES”lt *e{—+} | 9Vs

=> / Qup, dQ+ Y / Givvy, dT, Vo € Vg,

FCG RCg v
(5.1)

where the directional derivatives are meant along a unit vector co-normal to the given
trace S, lying in the plane of the appropriate fracture.

For each trace S € Se’i‘t, given by the intersection of two fractures, one belonging to
G; and the other to a different group G;, define the control variables

Ug eU®, U5 eu’,
i J

with U5 := H~2(S) as in Section 4.1. For each trace S € S2*, which is given instead by
the intersection of the two fractures F'(S,—) and F(S,+), both belonging to G;, define
the control variables

Ugim €U, Ut €U’

Define the spaces

wse = IT u®| x| TT @ =xuws) |, u=TJu%.

Sesgt Sesint i€
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5.2 — Discrete formulation

For each fracture group define

Us, = | T US] x| [I o xUsh) | €.

Sesge Sesint
Define also
U=]Jvs ctt
i€

The functional J(U) introduced in 4.7 is now redefined as

A A 1
YOEEDY (HngUgms—ngUgmsllis+
Sesg

|08 + U8, = as (Ha,(Ug)s + He, (Ug, )

2)
+
us

Ugi’;nt + Ug;,itlt — alys ([Hgi(Ugi)F(S,_)} s + [Hgi(Ugi)|F(S,+)] |s)

2
+

HS

% A < [Hgi<UQ¢>\F(S,—)} s o [Hgi(Ugi)|F(S’+)] ls
Sesipt

where H® = H%(S) as in Section 4.1 and the indices 7,j € & used in the sums are
those of the appropriate fracture groups containing the given trace S.

The constraints for the optimization of .J (U ) are given by the field equations on each
fracture group, expressed in 5.1, with the definitions

O0Hg.
Vg

OH .
Sk F(S,*) in
Gi,int ﬁ F(S,*) ]] + o |:Hgi|F(S,*):| s 9 S € S, ta gz D) S? * € {_7 +}a

Vg

where o > 0.

5.2 Discrete formulation

Each group of fractures G; can be discretized through a conforming mesh, constituted
by the set of polygons 7Tg, s = TVEM U TFEM as done in Section 3.2 for the full domain.

The traces involved in the conforming process on G; are the ones in the set SJ* \ Slm.
The resulting finite dimensional spaces, with order k = 1, are

Vg12‘75 = {U < ng‘ “UByem € V1VEM<EVEM) VEvEM € 'TgVEM,
Ul Eppm € VlFEM(EFEM) VErEM € TFEM

VQ?,LSI = {U S Vg “UEvem € VEM(EVEM) VEveMm € ’Tg ,
V|Eppm € Vl (EFEM) VErgM € TFEM .
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Joint approach

For each trace S € Se’i‘t, a mesh 7}7%1, can be considered, together with the associated
discrete space W(fgi C L*(S), while, for each trace S € Shzt, define the two meshes 7}2;
and 7:;’55, along with the associated discrete spaces W(f G, C L?(S) and Wg?’gj C L*(9).
A similar procedure to that of Section 4.2 can then be followed, where the spaces for the
fracture groups fulfill the function of the discrete spaces on single fractures, and some
modifications are needed to adapt the method to the discrete spaces for the traces.
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Chapter 6

Conclusions

In this work, the problem of the distribution of the hydraulic head of a fluid in a Discrete
Fracture Network, modeled as intersecting plane polygons, is considered. Two existing
numerical approaches to the computation of the solution are discussed. One is based on
a mesh which conforms to the traces and employs a VEM discretization, while the other
requires the minimization of a suitable functional constrained by the field equations on
fractures, discretized with meshes that do not conform to the traces. Numerical results
of first order implementations of the two methods are presented. The numerical tests of
the non-conforming optimization approach showed that the condition number of the
matrix of the resulting system depends strongly on the length of the mesh segments
on the traces, relative to the fractures’ mesh size, causing problems for networks with
very short traces. The comparison with the conforming VEM approach revealed that
the optimization approach results in a linear system with worse conditioning, while
achieving a similar level of accuracy. A joint approach is proposed, aimed at excluding
short traces from the optimization process and difficult geometries from the conforming
meshes, while retaining a structure similar to the one of the optimization approach.
Formal results about the joint formulation and numerical testing of the method are not
yet discussed.
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