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XFEM-BASED FICTITIOUS DOMAIN METHOD FOR LINEAR
ELASTICITY MODEL WITH CRACK*

OLIVIER BODART', VALERIE CAYOL?, SEBASTIEN COURT', AND JONAS KOKOS$

Abstract. Reduction of computational cost of solutions is a key issue for crack identification or
crack propagation problems. One of the solutions is to avoid remeshing the domain when the crack
position changes or when the crack extends. To avoid remeshing, we propose a new finite element
approach for the numerical simulation of discontinuities of displacements generated by cracks inside
elastic media. The approach is based on a fictitious domain method originally developed for Dirichlet
conditions for the Poisson problem and for the Stokes problem, which is adapted to the Neumann
boundary conditions of crack problems. The crack is represented by level-set functions. Numerical
tests are made with a mixed formulation to emphasize the accuracy of the method, as well as its
robustness with respect to the geometry enforced by a stabilization technique. In particular, an inf-
sup condition is theoretically proven for the latter. A realistic simulation with a uniformly pressurized
fracture inside a volcano is given for illustrating the applicability of the method.

Key words. finite element methods, fictitious domain methods, XFEM, crack, linear elasticity
model
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1. Introduction. Recovering information on cracks located inside elastic media
and predicting their propagation is a key topic for several geophysics and engineering
problems. For instance, the analysis of ground deformation is used to search for the
shape, position, and stress changes of magma-filled fractures at volcanoes (see [32])
and of seismogenic faults [25] in order to assess the associated hazards. Studying the
propagation of fluid filled fractures is central to the study of hydraulic fracturing of
hydrocarbon reservoirs or the formation of ore deposits.

These problems usually involve multiple computations for which only part of the
boundaries is modified: Determination of crack characteristics from ground deforma-
tion usually requires hundreds of computations with different crack configurations,
and the study of fracture propagation requires computation of incrementally larger
crack surfaces.

For these problems to be numerically tractable, one possibility is to use methods
in which the domain does not have to be meshed, such as boundary element methods
[12], for which meshing is limited to the boundaries so that modification of the system
is only required for the modified boundaries. Another possibility is to use domain
methods, such as fictitious domain methods in which meshes are nonconforming so
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that reassembly of the whole system is avoided.

Boundary element methods involve full nonsymmetric matrices. These meth-
ods [12] can take anisotropic media into account, but treating heterogeneous media
requires the definition of new boundaries, which increases matrix dimensions and
involves very long computation times. As a consequence, heterogeneous media con-
sidered using boundary element methods only have two different material properties.
On the other hand, domain methods, such as finite element methods, can deal with
anisotropic and heterogeneous media with no increase in the system dimension and
no extra numerical cost. In order to avoid remeshing when the crack is updated and
to treat heterogeneous media appropriately, we have chosen to develop a finite ele-
ment method in which cracks are taken into account with a fictitious domain method.
Besides accuracy, we require the method to be robust with respect to the problem
geometry: The same results must be obtained no matter which way the crack is
intersecting the mesh.

Our method is based on an artificial extension of the considered crack (Figure 1)
in order to split the domain into two subdomains. It is different from the way the
crack is extended in [5], where the extension is made such that the crack withdraws
into itself. The aim is to double properly the degrees of freedom around the crack.
Discontinuities of the displacement field generated by traction forces (Neumann-type
boundary conditions) imposed on both sides of the crack have to be simulated. We
can impose other Neumann-type conditions on this interface. The fictitious domain
approach we implement is inspired by the eXtended Finite Element Method (XFEM)
[23], since it consists partially in cutting the basis functions near or around the in-
terfaces: But, unlike XFEM [8, 20, 22, 16], we do not enrich our finite element space
functions with singular functions, as we intend to avoid these enrichments by minimiz-
ing the number of updates when the position of the crack is modified. This approach
was first introduced in [18] for the Poisson problem and in [11] in the context of
fluid-structure interactions for Dirichlet conditions.

Across the artificial extension considered for the crack, there is no discontinuity,
so we impose a homogeneous displacement jump condition with a Lagrange multiplier.
This boundary is also taken into account with a fictitious domain approach, and the
aforementioned multiplier is a dual variable for which we want a good approximation.
This point is crucial for two reasons: First, this quantity represents the constraints
at stake in this region, whose knowledge is required for crack propagation problems.
Second, this quantity takes part in some inversion algorithms (like gradient algorithms
based on the computation of a direct adjoint system). Getting a good approximation
of this multiplier is not guaranteed a priori, because the degrees of freedom considered
on the underlying mesh do not match the crack and its extension, and it is the price
to pay when we do not provide enrichment of basis functions, as is done with XFEM-
type methods, where the enrichment of the basis functions has to be done according
to the geometry of the crack, which makes part of the updates we want to avoid. For
circumventing this drawback, we carry out a stabilization technique of augmented
Lagrangian type & la Barbosa and Hughes [2, 3]. This technique theoretically ensures
an unconditional optimal convergence for the multiplier, but improvement is mainly
observed when we perform numerical tests related to the robustness with respect to
the geometry.

Note that, on the one hand, Lagrange multipliers for interface conditions can
also be considered as traces of functions defined on volumes, as in [4, 15]. On the
other hand, Nitsche-based methods [24] do not require the introduction of a multiplier
(while being consistent), for instance by the use of overlapping meshes which enable
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an easier practical implementation of complex interface conditions. As illustrations,
see the tests provided in section 6 of [27]. The connection between both approaches
can be found in [30, 19]. Our approach combines XFEM and domain decomposition
techniques in order to avoid the finite element mesh updating for tracking the crack
and to accelerate the solving of the underlying linear system.

This paper is organized as follows: In section 2 we introduce the theoretical
problem, we explain why and how we adopt the extension method for considering the
crack, and we give the continuous abstract weak formulation. In section 3 we first
detail the discrete formulation, in particular the principles of the fictitious domain
method developed for the interfaces associated with the crack. Then, in section 3.2, we
provide the theoretical analysis without the augmented Lagrangian technique. Next,
in section 3.3 we introduce the stabilization technique which forces the multiplier to
reach the desired value. Lemma 7 shows that an inf-sup condition is automatically
satisfied while performing the stabilization technique. Section 4 is devoted to practical
explanations for the implementation. In section 5.1 we present some two-dimensional
(2D) numerical tests without stabilization which estimate the rates of convergence for
the displacement as well as for the multiplier. First, illustrations in two dimensions are
also given. The choice of the stabilization parameter is discussed in section 5.2, and
this part is concluded with numerical tests in section 5.3 providing rates of convergence
with the stabilization. In section 6 we show that the interest of the stabilization
technique lies in the criteria of robustness with respect to the geometry. Last, a
realistic three-dimensional (3D) simulation of an overpressured magma-filled fracture
inside the Piton de la Fournaise volcano is performed in section 7. A conclusion is
given in section 8.

2. Setting of the problem.

2.1. The original elastic problem. Given a domain 2 of R? (d = 2 or 3) and
a crack I'r CC Q represented by a curve or a surface parameterized by an injective
mapping, we consider a static linear elasticity model governed by the following system:

—divop(u) =f in Q,
u=20 on 0,
or(u)n = pn on I'r.

In this system the displacement of the solid is denoted by u, body forces (like the
gravity) are denoted by f, and o (u) = 2ure(u) + Ar(divu)lge denotes the Lamé
stress tensor, with

e(u) = % (Vu+ vu’).

The real numbers py, and Ap are the Lamé coefficients. The pressure force of value
p > 0 is applied on both sides of the crack I'r, so we have to specify the outward
normal n on I'y. In order to determine solutions on both sides of the crack, we relate
displacements on each side of the fracture to the displacement discontinuity across
the fracture.

2.2. Extension of the fracture. In order to give a sense to both sides of the
crack, we have to be able to determine whether a point of the domain lies on one
side of the fracture or the other. The most convenient way we have found consists in
uncoupling the problem by setting two unknowns for the displacement, instead of a
global one. We extend the crack I'r to I', as shown in Figure 1.
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Fic. 1. Splitting of the domain according to the crack.

Let us justify why we adopt this method of extension of the crack. First, in view
of the boundary conditions we impose on the crack I'7, it is necessary to define two
unit normal vectors on this interface and thus to be able to split the domain as a
function of the discontinuity induced by these boundary conditions. As mentioned in
the introduction, it is then more convenient to consider a configuration for which we
are able to locate a point with respect to the crack.

The relevance of such an approach can be underlined by the theoretical context.
Indeed, the Cauchy problem as well as the identification for crack-like boundaries is
originally ill-posed. See, for instance, [29]. Splitting the domain as described above
can enable us to recover existence and uniqueness of a (at least weak) solution.

The question of the possibility of making a crack extension has to be answered.
Namely, we seek the conditions under which a crack extension splitting domain €2
into two subdomains exists. A first answer could be to only consider cracks for
which an extension exists. Such cracks necessarily have to be represented as an
injective curve/surface. An argument for this answer is more physical and results
from the fact that, modeling crustal displacements, the domain considered includes
cracks. In [7] fractures inside a realistic 3D volcano were described by a specific
parameterization, which can easily be extended. Moreover, this extension can be
constructed and implemented in practice. For more details on this kind of extension,
we refer the reader to section 7.1.

2.3. The transformed problem. The global domain 2 is now split into two
subdomains Q7 and ~. We have
F=IynTy, Q=QrUTUQ".

Let us now denote ut = ujg+ and u” = ujg+. On the artificial boundary I'p—
which is not connected—we have to ensure the continuity of the displacement, namely
ut —u~ = 0. The system becomes!

—divgor(ut) =f in QF,
ut =0 on 90 NINE,
(1) (UL(u)n)i =pn®T on Iy,
[ul =0 across o =T\T7,
[or(u)]nT =0 across Io.

Notation [¢] = ¢ — ¢~ refers to the jump of a function ¢ across I'y. We assume that
f € L2(Q), and we still denote by f its restriction to Q* or Q~. The homogeneous

IThe symbol =+ represents the fact that we consider both formulations involving the symbols +
and —, for the sake of concision. The outward normal of domain QF is denoted by n*.
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Dirichlet condition on 92 can be replaced by nonhomogeneous boundary conditions
mixing Neumann conditions and Dirichlet conditions. Moreover, the pressure condi-
tion on I'y can be replaced by general conditions, as (o, (u)n)jE = +g.

2.4. Continuous formulation. Consider the following functional spaces:
Vt={veH Q") |v=00n00n00"},
Vo ={veH' (Q)|v=00n00n00" },

W = (HW(FO))/.

We choose to impose the jump condition on I'g by a Lagrange multiplier A. A weak
solution of system (1) can be seen as the stationary point in V¥ x V= x W of the
following Lagrangian:

Lo(uT,u™, ) = %/{H or(ut) :e(ut)dQt + %/7 or(u™):e(u™)dQ™

- _/ £ utdat _/ FoudQ-
Q+ Q-
_/ ut - pntdl'y — / u” - pn=dly + (A, (0" —u7))y -
Tr Ir ’

In this expression ( -, - )w,w- denotes the duality pairing between W and W', and
or(u) : e(u) = trace (o1 (u)e(u)”) denotes the classical inner product for matrices.
Let us recall that the bilinear form (u, v) — or(u) : (v) is symmetric.

Remark 1. Note that, in the expression of this Lagrangian, the jump condition
[or(u)]n™ =0 on Ty (fifth equation of (1)) is no longer taken into account. Indeed,
the first-order optimality conditions for Lg give

/ op(u®) : e(v)dQ* £ A\, V)w wr = / f.vdQ* +/ v -pnTdl'p
O ' Q+ I'r

for all test functions v € V. On the other hand, taking the inner product by v of
the first equation of (1) yields, after integration by parts,

/Qi or(u®) : g(v)dQF — <JL(ui)ni,V>W7W, = /Q

Thus we identify A = —or(ut)n™ and A = oy (u™)n~.

f.deiJr/ v - pntdly.

+ T'r

The variational problem derived from the functional Ly as first-order optimality
conditions is then

Find (u™,u™,A) in V' x V7 x W such that

{ AL ((ut,u=, A);v) =1F(v) WweVE

(3) Bo((u*,u=, A); pt) = 0 VpeEW,

where we set
Ag((u'ﬂu_, Ajv) = / aL(ui) : E(V)in + (A V)w wr e
QF ’
(4) Fv)= [ f-vdQ* + / v -pntdly,

o+ T

Bo((ut,u™, A);p) = <N7u+>w,W/ - <“7u_>w,w' :
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3. Discrete formulation. The discrete formulation is adapted from [18, 11]: It
is a fictitious domain method, in which the choice of the degrees of freedom for the
multiplier on the boundary I'y is made independently of the mesh. Let us first explain
how we proceed to take into account degrees of freedom which do not originally lie
on the edges of the mesh.

3.1. The fictitious domain approach. Unknowns for the fictitious domains
are first considered on the whole domain 2. Let us consider some discrete finite
element spaces, Vj, € H'(Q) and W), € L2(Q). These spaces can be defined on the
same structured mesh of 2, which can be chosen to be Cartesian. We set

(5) Vi, ={v, € C(Q) | Vhaa =0, vayr € P(T) VT € Tp},

where P(T) is a finite dimensional space of regular functions, including polynomial
functions of order £ > 1 on a triangle T in the set 7; of the triangles of the mesh.
See [14] for more details. The mesh parameter stands for h = maxypeT, hp, where hy
is the diameter of the triangle T'. We define

Vi=Vyor, Vi =Viye, Wyi=Wyp,,

which are natural discretizations of V¥, V~, and (Hl/ 2(Fo))/, respectively. The
selection of degrees of freedom for these spaces is illustrated in Figure 2. This approach
is similar to XFEM [23], except that the standard basis functions near the boundary
I" are not enriched by singular functions but only multiplied by Heaviside functions
(H(x) =1 for x € QF and H(x) = 0 for x € Q\ QF), and the corresponding products
come up in the integrals of the variational formulation of the problem. This kind of
strategy is also adopted in [17, 9], for instance.

FIG. 2. Selection of degrees of freedom: The black base nodes are kept for displacements u®,

the red ones are used for cutting the standard basis functions, and the yellow ones are those of the
multiplier X.

An approximation of problem (3) is given as follows:

Find (u),u;,Ap) in V¥ x V;  x W), such that
ag (wy,vy) +bo(Xn, viy) =15 (vi) Vv eV,
(6) aa(u}:’V}:) —bo(Ah,V;) Zl_(V}:) VV}: EV}:’
bo(uy, s ) — bo(uy, , py) =0 Vi, € Wh,
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where

agd (ut,vt) = /Q+ op(ut)  e(vh)dQ", ay(u,v7)= /7 op(u”):e(v)dQ,
(7)

(8) bo(u, ) = / 4o - uEdT,
o

Note that the duality pairing between (Hl/Q(FO))/ and H'/2(T) has been turned in
the expression of by into the inner product of L?(I'g). We could avoid this by using a
Laplace—Beltrami operator, but under strong regularity assumptions, it is simpler to
proceed like this. Thus we now consider that

W =W =L*Ty), W, cL*T),

but we can keep the abstract formalism between W and W’ in the mathematical
analysis.

3.2. Theoretical convergences—limitations on the orders. We make the
following hypothesis:

(H) ﬁhewh: bO(Vi7ﬁh):O vvi evijﬁhzo

This hypothesis is not as strong as an inf-sup condition which would lead automatically
to the optimal order of convergence for all the variables—primal and dual. See [6] for
more details. It only requires that the discretization space for the displacement is at
least as rich as that chosen for the multiplier on T'y.

LEMMA 2. The bilinear forms aj and ay defined in (7) as

aT : (u,v) or(u) : e(v)dQ*

[oF

are uniformly V;-elliptic and 'V, -elliptic, respectively. Namely there exists o > 0
independent of h such that for all vf € Vf we have

az (v v) > a va”ii .

Proof. Since Vf C V*, let us show the coerciveness of a* in V*. Proceeding by
contradiction, assume that there exists (Vf)n such that for all n € N we have

(9) w [ v elviae® < v

After a quick calculation we have

or(v) s e(viy) = 2prle(vy)Raxa + AL (divvy)?.
On the other hand, because of the homogeneity of the inequality (9), we can assume
that ||vf ||Vi = 1, without loss of generality. Then inequality (9) implies in particular

that e(v5) tends to 0 in [L2(QF)]9*. Rellich’s theorem gives us a subsequence (Vi)

m/m
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which has a limit in L2(Q%). From Korn’s second inequality (see, for instance, [14,
Theorem 3.78] or [10, page 10] for the proof) there exists C' > 0 such that?

IvE = Vi ey < C (IIVE = Vi e + 1E6VE) = 2 | g iana )

Thus (vi)m is a Cauchy sequence in H' (%), and so it tends to some v which
satisfies, in particular, e(vL) = 0. It is then well known that v reduces to a rigid
body displacement, that is, v is an affine function of type v (x) = IT + r* Ax (see
[31, page 18]). Besides, the trace theorem implies that we also have vi& = 0 on Q7.
It enables us to conclude that 1¥ = r* = 0 and thus v = 0 in QF, which belies the
assumption Hv,ijVi =1. O

PROPOSITION 3. Assume that hypothesis (H) holds. Then problem (6) admits a
unique solution (u;,u, , Ap).

Proof. Problem (6) is of finite dimension, so the existence of the solution is a
consequence of its uniqueness. For proving uniqueness, it is sufficient to show that
(w7, 45, An) = 0 when [ = 0. If we add the first two equations of (6) while choosing
v} =u, and v = u;, the third equation of (6) enables us to write

GS_(UZ,UZ) + aa(u}:7u}:) = Oa

and thus by Lemma 2 we get u} = u;, = 0. Then the first two equations of (6) reduce
to the conditions of hypothesis (H), and thus we are able to conclude that A, = 0.0

We now define the space
Vi ={(v},vy) € VI x V; | bo(viy — vy, pp) =0 Vpy, € Wy}
Let us give the abstract error estimate for the displacement.

PROPOSITION 4. Assume that hypothesis (H) is satisfied. Let (u™,u~, ) and
(), a5, An) be the respective solutions of problems (3) and (6). There exists a con-
stant C > 0, independent of h, such that

o il o =il <0 e (v vl
h’ " h h

10 + inf [ A-— .
(10 it A= mly )

Proof. From Lemma 2, for all test functions (v}, v} ) € V) we have

+ +112 +/ .+ + + +
O‘HUh _Vthi < ag(uy — vy, —vy)
:aa—L(uifvf,uffvf)Jrl(uffvf)fagt(ui,uffvf)
= ap (0 = vii, uy = vi) (AU = Vi wow -

Summing the two inequalities above which correspond to the symbols 4+ and —, and
denoting wf = uf - Vi we get

o (Wil + Wi Iy ) < ag (uh = viiwid) +ag (w™ = viwy)
(11) O =) = (Vi) wow

2In the following, C' denotes a generic positive constant independent of the mesh size h.
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From the definition of V9, and noticing that (u;,u; ) € VY, for all p;, € W), we can
write

(A (=) = (v = V;)>W,W/ = (A=, (W) =) = (v = v;)>W,W’ :
Thus, for (vi,v; ) € V9 and p;, € Wy, the inequality (11) becomes

o ([Iwh [ + Iwilly- ) < af (b = vii wih) + ag (w™ = vy, wy)
+ <)\ - ,’Lh’wz - W}:>W’W/ ’
Wil + Wi v < € (lat = Vil + [[u™ = virlly- + 12 = mllw)
<(Iwillv+ + wully-)

and, recalling that wi = ui — vi, we obtain (10). 0

These results show us that, under hypothesis (H), problem (6) admits a unique
solution, which satisfies the a priori estimate (10). We have no such estimate for the
approximated multiplier Ay,.

Besides, the estimation of the convergence rate for the primal unknown given in
[18] for the Poisson problem can be transposed to our elasticity problem. Proposition
3 on page 1480 of [18] gives an order of convergence at least equal to 1/2. It can be
adapted to our case as follows.

PROPOSITION 5. Assume hypothesis (H). Let (u™,u=,A) be the solution of prob-
lem (3) such that u* € HY/2T1+¢(QF) N V* for some e > 0. Assume that

inf A = py [l < on’
h

€W

for some 6 > 1/2. Then we have

< CVh.

Proof. As is shown in the proof of Proposition 3 on page 1481 of [18], for any u* €
H1/2+1+2(Q+) N V*, we can show that there exist two finite element interpolating
functions (v;,v; ) € V9 such that

Hui _uvai

< CVh.

(12) o = villvs

Such functions Vf can be constructed as standard interpolating vectors of (1—n,)u®,

where 7, is a cut-off function equal to 1 in a vicinity of the boundary I'y. More
precisely, in a band of width 3h/2, VZ — v, vanishes on all the convexes intersected
by I'o. So we can be sure that v;” — v, vanishes on I'g and that (vj,v;) € V9.
The announced estimate can then be deduced from (10) combined with (12) and the
hypothesis on the interpolating functions p;, in the statement of this proposition. 0O

This theoretical limitation of the order of convergence is very common for fictitious
domain methods (without special treatments such as those provided by stabilization
techniques). However, the numerical tests provided in section 5.1 indicate that this
rate of convergence is not sharp enough. Indeed, a test which would show the optimal-
ity of this estimate is hard to provide: It has been provided in [18] in a very specific
configuration and merely not found in [11]. In our case, we are not able to observe
numerically this limitation when the outer boundary 92 fits the mesh, but we observe
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it easily when this boundary and the Dirichlet condition we impose on it are taken
into account with a fictitious domain method in addition to the conditions considered
on I'. We do not comment further on this technical point, since it is beyond the scope
of this paper.

3.3. Stabilization technique.

The augmented Lagrangian technique. In order to enforce convergence on the
multiplier A for all fracture configurations, we develop a stabilization method a la
Barbosa and Hughes [2, 3]: The idea is to use the Lagrangian functional £y given
in (2) with an additional term which takes into account the required value for A. Thus
we now consider the following Lagrangian functional:

Lt u™,A) = Lo(u",u™, )

(13) —7/ A+ o (uh)nt|*dry — / IA = o (u)n|*dI.
Lo

Observe that this extended Lagrangian is equal to the previous one for an exact
solution. The additional quadratic term tends to force A to reach the wanted value
of the surface force o (u™)n~ = —og(ut)n™ (see Remark 1). The parameter v > 0
indicates the importance given to this requirement. This additional term deteriorates
the positivity of the Lagrangian £ and thus the coerciveness of the formulation which
stems from it. As we cannot choose a too large =y, this technique is not a penalization
method. This choice is discussed in section 5.2.
A formal calculation of the first variations gives us

(5u+( V)= sut prenlA) 7/FO)"UL( n"dlo — /FU op(uf)n® - o (v)n*dl,
oL _ 0Lo
(su(v)—(;u(v)—l—y/ro)\-aL( n-dly — v /FOJL ~or(v)n~dly,
oL 0L

a(ﬂ) = H(V) 2’)’/F0 A - pdlo.

The stabilized discrete formulation is then the following;:

Find (u),u;,Ap) in Vi x V" x W}, such that

{ A ((agf uy, An);ve) =15 (vy) Vv, € Vi,

14 _
1) B A p) = 0 Vi, € Wi,

where
AE((ut,u=, A);v) :/ or(ut) : e(v)dQ* i/ - vdly
o To
¥’y/ X-op(v)nEdly — 'y/ or(uF)n* - op (v)ntdly,
To To
B((ut,u=,A);p) = / p-utdly —/ p-u-dly — 2'7/ A - udly
Ty Ty To

[ weortatntar+oy [ peoutonedr.
Fo 1—‘0
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The discrete inf-sup condition. Let us choose v = ph, where vy > 0 is indepen-
dent of h. Note that problem (14) can be rewritten as follows:

Find (u),u;,,An) € V) x V7 x W, such that
M((u;t7u}:7>‘h); (V;tvvgall’h)) - ‘F(Vz_ﬂv}77“h) V(V:,V;;Hh) € V;t X V}t X Wh’

where

M(a A v ) = [

orp(ut) :e(vh)dQt —|—/ op(u™):e(v7)dQ™
O+

+ )\~(v+—v_)dF0+/ - (ut —u)dly
To Lo

—h [ A+op(a™)n®) - (n+oL(vF)nT)dly
o

—vh [ A=—op(u”")n™) - (p—or(v )n")dlg,

o
]:(V+,V_,[,L)=/+f-v+d9++/ f-v-dQ~
Q

+/ v+~pn+dFT—|—/ v -pn dl'r.
FT 1—‘T

In the following, we will need an assumption for the theoretical result stated in
Lemma 7:

(A)  hlosm gy < ClVER Wi e Vi

This assumption is of the same type as those considered in [18, equation (27), page
1482] for the Poisson problem, or in [11, Assumption A1, page 84] stated in section
4.2 for the Stokes problem, both for the theoretical study of the fictitious domain
approach stabilized a la Barbosa and Hughes.

We will also use an estimate for the L?-orthogonal projection from H/2(T) on
W,,. Tt has been established and proved in [11, Lemma 3, page 85].

LEMMA 6. For all v € HY?(Ty), we have
|Prv — VHL2(F0) <CVh ||V||H1/2(r0) )

where P, denotes the L?-orthogonal projection from H/? (To) on Wi,
The main purpose of this subsection is to prove the following inf-sup condition.

LEMMA 7. Assume that (A) holds. For g small enough, there exists C > 0,
independent of h, such that

M((af g, M) (Vi v )

inf sup — v >C
(f o An)EVE XV Wi (vh v i )evixvi w0 W Anl [TV vic ma[]
where the norm ||| - ||| is defined as follows:

_ _ 1 _
e A2 = 2 a2 o = [+ BNy
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Proof. Ideas for this proof are similar to those used in [18, Lemma 3, page 1482]
or [11, Lemma 4, page 85] and are inspired by [30, Lemma 6, page 144]. First, we
estimate

M, uy, M) (wh uy, =) = af (W), u)l) +ag (wy,uy) + 2k | [An|*dDg
To

- %h/ | (uf )t [* drg — %h/ oz (u;; )n ™| dlg
> o ([l + I ) + 230 [ pvfar
= O ([t 5 + lluz [15-)
> & (it + 1z 13- + 2208 1A ey
by using Lemma 2 and assumption (A), and then by choosing 7y small enough. Next,

let us consider g, = +Px(u; — ;). In view of assumption (A) and the Cauchy-
Schwarz and Young inequalities, we have

- _ 1 _2 _
My, An); (0,0,78,)) = 5 [Py = w) Loy — VOh/F or(u)n® - @, dlo
0

+0h / o1 (0 )n" - fi,dTo — 290h / A Fipdly
Ty T

0

1 2 _
Pt =)y~ 200V Ay V Inllae,

— 7 <\/E ||UL(U+)H+||L2(FO) +vh HO’L(U_)H_ HLz(FU)) vh HﬁhHLQ(FO)

Y

1 _
E H’Ph(ll: - uh )Hizu—*o) - ’VOh HAhHiQ(Fo)

3 _ .
= S P = w0y = €0 (I + (13- )

1 _ _
Pt~y 20 Iy~ €0 (it + )

v
|

for 79 small enough. Now, choosing (vz,v;,uh) = (uz,u;,—)\h —|—77ﬁh), where
1 > 0 is supposed to be small enough, the previous inequalities above yield

MU 05 205 (Vi ) 2 S P = )
(15) + (270h — m0h) ||>\h||i2(r0)
@ _
(5 = cmo) (i v + i [3-) -
The projection term can be handled by using Lemma 6 as follows:
P05 = i)l 2 1P (0 = w30l
= [luf = wy g,y = [PaCud =) = (af = w) [,
= = Ch|lw;

_12 _n2
—uy ||L2(F0) -y ||H1/2(1"0)

(16) > [uf = wy (s, — 200 ([l 5 + o 15-)
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Then, in view of (15) and (16), we have

Mg s (v i) = (5 = O = 20C) ([l [+ uz |3 )

+ o [Juy - uﬁHiz(ro) +70(2 = mh ”)‘h”i%Fo) ’

1
h

and thus, recalling that (v, v, , ) = (w),w,, =X, + 7, ), and choosing vy > 0
and n > 0 small enough, we obtain

(17) M), An) (v vi ) = Cllai wy, M|

where C' > 0 is independent of h. On the other hand, we have
(18) Vi v pal | < Mo ags Al
where M > 0 is independent of h too. Indeed,
H‘V:,V}:,H}JH S |||u:7u}?7AhH| +77|||0>07Nh”|
=[] ui s wi A + % [[Pn (=) ey
< o v+

7

< (1) |[Juf, wy, Anl]]

= [ ry

Thus, combining (17) and (18) gives the inequality

My, An)s (Vi Vi s )
[1viesvis bl

>ty ]

which leads to the desired result. O

Note that the bilinear form M is bounded for the triple norm on V¥ x V= x W
uniformly with respect to the mesh size h. Then Lemma 7 leads to the following error
estimate with a Céa-type lemma (see [14], for instance):

[|[[u® —ui,u” —u,, A= N|[ £ C inf [|[u® =vi,u” —vi, A= p,||

(Vi Vi ) EVE XV X W),

From that we can invoke the extension theorem for the Sobolev spaces, the standard
estimates for the nodal finite element interpolation operators, and the trace inequality

1
[vllLere) <C (hV||L2(T) + h||V||L2(T)>
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on any convex T' € T, (see Appendix A on page 1496 of [18] for more details). As a
consequence, it yields the following abstract error estimate:
ma ([ =ty Jho =y I8 = N lagey) < o = wia” = x = |

<C (hk” [ (FOTPNREY

( u_HHkuH(Q,) + pkatl ||)‘||Hkx+1(rg)) ’

where k, and ky are the respective degrees of standard finite elements used for the
displacements uz, u, and the multiplier A.

4. Practical remarks on the implementation.

4.1. Matrix formulations. In matrix notation, the formulation (6) gives

A o | BT U+ F+
0 Ay |-Bj' U |=|F |,
By -BJ| 0 A 0

where UT, U, and A are the degrees of freedom of u;, u,, , and Ay, respectively. The
matrices AJ, Ay, By, and By are the discretization of (7)—(8). If we denote the basis
functions of the spaces V;f, V, , and W, by {cpj'}, {(pi_}, and {1, }, respectively,
we have

(Aar)l,j = /Q+ or(el) s e(p))dr, (Ao’)ij = /Qi orL(p; ) s e(p;)dQ,

Ty To

Vectors F* are the discretization of (4).
In matrix writing, the stabilized formulation (14) corresponds to

At 0 B+t U+ Ft
(19) 0 A |-B T U |=| F
BT _pBT ‘ —_C A 0

The matrices A*, B¥, and C introduced here are the respective discretizations of the
following bilinear forms:

(20) at(ut,v) = /Qi or(u®) : g(v)dQ* — ’y/ or(uF)n* - oy (v)nEdly,

T'o
(21) b(v,A):/ )\-vdI‘ozF'y/ X op(v)nEdly,
FO 1—‘0
(22) c(A, p) =2 / A pdDo.
o

4.2. Solving the whole system. Let us recall the extended stabilized formu-
lation introduced in section 3.3:



A FICTITIOUS DOMAIN METHOD FOR CRACKS B233

Find (u™,u™,A) in V' x V= x W such that

at(ut,vh) = —=bA,vh) +1T(v") Yt eVvt,
(23) a (u,v7)=bA,v )+l (v) Yo eVT,
b<u+7y’) - b(uinu') - C()‘a p’) =0 viu' € Wa

where the linear forms [T are given by (4) and the bilinear forms a™, b, and c are
given by (20)—(22). Recall also that in the discrete formulation (6) we considered
for the bilinear form (8) the inner product in L?(I'g) instead of the duality pairing
(-, - )w.wr, leading us to consider that W = W’ = L?(Ty).

In view of the formulation (23), we deduce that the mapping A — u® () is affine,
and ut(X + @) = ut(A\) + tw*, where w* € V* are such that

(24) at(wh,vh) = -b(@m,vt) wheVvT,
(25) a (w,v7)=b(m,v") YW eV,
c(,p) =0 YpeWw.
If we set v = u™ in the two first equations of (23), we get after summation
at(uh,u) +a (u,u”) = -bAu") +b(Au”) +IT(uh) +1" (u).

Substituting this equality in the expressions of the Lagrangian (13) based on the
expression (2), we obtain the following dual functional:

JH(A) = LT (A),u"(A), )
= —%a+(u+,u+) - %a‘(u_,u_) - %C()\,)\).
The dual problem is therefore the following maximization problem:
(26) Find A* € W such that J*(X*) > J*(u) Vu € W.
For a given direction f, the directional derivative for J* is given by
DJ*AN).pg=—at(ut,wh) —a (u,w).

+

In view of the sensitivity system (24)-(25) with v = u®*, and in view of Re-

mark 1, this derivative can be expressed as
DJ*(N)B=>b"(u" @) — b (u,B) = (@ (" —u))y w -

Thus we deduce that the gradient of J*—for the L?(I'g)-inner product—is DJ*(\) =
[u]. Moreover, if @ is a search direction for J*, we obtain
DJ*(A+tp).p = (i, [u] + t [w])w w -
The optimal step-size t* in the search direction fr is therefore
o (n, [u]>w,w/
<ﬁ7 [w]>W,W’

Since J* is quadratic and (strongly) concave, a good algorithm for solving (26) is a
conjugate gradient algorithm. The Fletcher—Reeves conjugate gradient algorithm for
the maximization of the dual functional (26) is summarized in Algorithm 1.
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Algorithm 1 Uzawa conjugate gradient algorithm
Initialization: k = 0. For Ay given, compute ug such that

at(ug,vt) = —b(vT,Ag) +1T(vT) wteVvt,
a” (ug,v7)=b(v , X))+ (vT) YW eV,

Set g, = [ug] on Ty (gradient), and fi, = g, (search direction).
Iteration k > 0. Assume that uy, g, ft; are known.

Sensitivity: Compute wki such that

at(wi,vh) =-b(vt,m,) WwWheVT,
a (w,, v )=bv ,m,) Vv €V~
Step size: t, = —(fy, [ur])L2(ry)/ (Frs [Wk]) L2 (ry)
Update: ufﬂ = u:kt + tkwf
Gradient: g, = g, + tx[wi]

Direction: 1, | = g5, + iy,
where 3 = (g}c+17gk+1)L2(Fo)/(gk7gk)L2(F0)

We iterate until the norm of the gradient becomes sufficiently small, namely

(8k: 8k)L2(ro) < € (805 80)L2(Ty)

for some tolerance € > 0. The main characteristic of the dual algorithm is that, at
each iteration, we solve one uncoupled problem.

4.3. Libraries used in the implementation. Numerical implementation is
done with the code developed under the GETFEM++ Library (see [28]). As mentioned
previously, our program is based on the approach initially introduced for the Poisson
problem (see [18]). In dimension 2, solving the global system can be made by using
the library SuperLU [21, 13]. In dimension 3, the Uzawa iterative algorithm given
in section 4.2 and adapted for a system of type (19) is carried out while using the
GMM++ Library (included into the GETFEM++- library).

For this kind of boundary value problem, in GETFEM-++ several difficulties have
been tackled. These include the following:

— Defining basis functions of W}, from traces on I'g of the basis functions of
W,,. In particular, the independence of these functions is not automatically
ensured, and redundant degrees of freedom have to be eliminated to avoid
handling noninvertible systems.

— Localizing the interfaces corresponding to the crack and its extension. For
that purpose, a level-set function method is implemented in the library.

— Accurately computing the integrals over elements at these interfaces during
the assembly procedure. This involves calling the QHULL Library (see [1]).

4.4. Tools for defining and updating the geometric configuration. In
practice, cracks are numerically described with level-set functions. A first one [ls;
describes the whole boundary I' = I'r UT'y with the equation [s; = 0. Then we cut I"
into I'r with two auxiliary functions ls, and ls3: The degrees of freedom concerned
with I'r will have to obey simultaneously the inequalities [s3 < 0 and ls3 < 0, while
those concerned with I'g = I'\T' will be those concerned with I'" which satisfy lse > 0
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or ls3 > 0. Using level-set functions, the position and shape of cracks can be modified
when running inversions and cracks can be extended to study their propagation.

To gain computation time when the crack geometry is updated, several processes
are followed. Let us denote by {¢,} the standard uncut basis functions of some discrete
finite element space V), C H!(Q) introduced in section 3.1. This space is made of
basis functions lying in the whole domain €2, which are uncut by the boundary I'. We
denote by

(o), = / o1(s) - £(ip,)dD

the symmetric stiffness matrix in €, which is independent of the crack and its ex-
tension. The integration method for computing each of these integrals is standard
too. This matrix can be stored as the same time as some of its decompositions, which
enables us to invert it quickly and efficiently. From that, the basis functions {goli}
of the spaces V}T (see section 3.1 for more details) can be deduced with the help of
reduction and extension matrices that we denote by R* and E*, respectively: The
reduction matrices R* enable us to select the indexes of family {(,} used to define
family {cpzi} The matrices E* have the inverse role. Note that these matrices, R*
and E*, are sparse and binary and thus can be easily manipulated. Moreover, they
satisfy the following useful properties:

R+E+ _ I, R"r — E+T’ R E = L R = E_T,

At this stage, we do not have to get the functions 4,024i multiplied by Heaviside functions
(mentioned in section 3.1), as they are only used in the integrations over I'. Now we
define

Al = RTAEY, Ay = R™AgE~.

Recovery of stiffness matrices AT in the domains QF (see section 4.1) can be done
from a local reassembly of the integration terms for the matrices fl%, by including
the Heaviside functions for the terms whose basis functions are intersected by the
level-set function representing I'. In practice we have easy access to the indexes which
correspond to the local reassemblies.

5. Numerical tests of convergence.

5.1. Numerical experiments without stabilization in two dimensions.
Rates of convergence for displacement in 2D tests. Given a square Q = [0;1] X
[0; 1], we consider for T' a straight inclined line splitting §2 into two parts. We choose
for T the set represented by the level-set function
Is1(z,y) =y — 2(x — o).
The crack I'r is then chosen to be delimited by the secondary level-set functions
ZSQ(xay) =TA—X, ZSZ(xvy) =T —B

as the points of I'g satisfying lso < 0 and lss < 0. For instance, we can take zy = 0.317,
x4 =047, and g = 0.52. Let us recall that we have defined T'o = ' \ I'y. For the
displacement, we consider the following exact solution:

um@ﬂ)<@+y”%@))ﬁmgmw>m

(z —y)sin(y)
u T — ($+y)COS(I’)*D1(IL‘7y) i si(z
wlen) = (G I —atey) ) it <o
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The jump D = (D1, D)™ across I'y is no longer equal to zero. However, it is chosen
to be constant, in order to avoid introducing jumps in normal derivatives across this
boundary (see Remark 1).

In the figures below we show the results of computation of the relative errors on
the displacement for different choices of the finite element spaces Vj, and W),. For
instance, the couple P2/P0 indicates that we have considered a standard continuous
P2 element for both partial displacements u;f and u;, and a discontinuous P0 element
for the multiplier A. We deduce an approximation of the order of convergence for the
global displacement reconstructed afterwards from the partial ones uz and u,, .

Without stabilization Without stabilization

,_‘
3
|

—o— P2/P0: 2.54 —o— P2/P0: 2.25
104+ P2/P1:2.99 104+ P2/P1:2.46
—— Q2/Q0: 2.44 H —— Q2/Q0: 1.92
wi T Q21353 107%-=- Q2/Q1: 3.09 2

L2 relative error (in %) on the displacement
5\
5,

H1 relative error (in %) on the displacement
e
5

Without stabilization Without stabilization

—e— P3/PO: 2.25
107+ p3/P1: 3.27

Jl— Q3Qo: 1.91
10 H

—e— P3/P0: 2.60

+- P3/P1:351

107 —+— Q3/Q0: 2.43

10 +

L2 relative error (in %) on the displacement
H1 relative error (in %) on the displacement
P
5

Fic. 3. L2(Q)- and H(Q)-relative errors (in %) on the displacement in function of the mesh
size h, without stabilization, and estimation of convergence rates from the slope of the curves by
linear regression.

We observe (in Figure 3) that the optimal rate of convergence for the displacement
seems to be better reached—up to round numbers errors—when P1 or Q1 elements
are chosen for the multiplier instead of discontinuous PO or QO elements, for the
L2(Q)-relative errors as well as for the H'(Q)-relative errors. Furthermore, we notice
that the rates of convergence of the H!(£2)-norm for the displacement are better than
expected when P1 or Q1 elements are chosen for the multiplier. Last, note that some
computations are missing—namely tests with Q3/Q1 elements and some tests with
P3/P1 elements—because in these cases computing errors implies handling quantities
which are close to the engine precision, making these tests irrelevant.
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Rates of convergence for the multiplier. We denote by UZ,, U_,, and A, the
discrete vectors interpolating the functions u}, := ujﬂfﬁ, U, = Ugy - and Ay =
For(uk,)n®, respectively. The L2-type error introduced by the approximation A of

the exact vector A., is considered as the square root of
/ o2 (ULt + A dIy +/ |02 (Uz,)n™ — A dT.
To To

For practical purposes, we compute this error by developing the underlying inner
product as

(27)
<A1J'1_uU2_av7 ch_z> + <A1_1uUe_x’ Ue_av> + 2<A:>\U:£IZ7 A€$> - 2<A1:AU(:m7 A€I> + 2<A/\)\A’ A>’
where the matrices AL, Af)\, and Axx are the discretized representations of the

respective following bilinear forms:

AL (w,v) = [ op(untop(vintdly, AL, (w,v) e [ op(wn® - AdDy,
F() FO

Aaa (A p) = [ A pdD.
To

Relative errors provided in Figure 4 are thus computed as the square root of the inner
product (27) divided by [|or (U, )n[|7. oy +Hlon (UL {2, = (AL UL, UL+
(AuuUcsr Uey)-

ex?

Without stabilization , Without stabilization
10
—e— P2/P0: 1.09 + e PYPL: 197
10" H t 1.
+ P3/P0: 1.15

+- P3/P1:2.25
—— Q2/Q0: 1.01 .

-8- Q3/Q0: 1.02 107 —— Q2/Q1: 1.99

L2 relative error (in %) on the multiplier
L2 relative error (in %) on the multiplier

=
S

L
10°

.
S,

Fic. 4. L2(Q)-relative error (in %) on the multiplier in function of the mesh size h, without
stabilization, and estimation of convergence rates from the slope of the curves by linear regression.

In Figure 4 the optimal rate of convergence for the multiplier is obtained for P0
or QO elements as well as for P1 or Q1 elements. Note that the theoretical analysis for
this fictitious domain approach does not guarantee a priori such a good convergence
for dual variables. Anyway, without performing any stabilization, it seems that, for
most geometric configurations, the method provides us a good approximation for the
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values of this multiplier. Pathological configurations which highlight the necessity of
a special treatment are in general hard to find. However, we show in section 6 that the
stabilization technique brings us a gain of robustness with respect to the geometry,
as shown in Figure 10.

Besides, as expected in view of Remark 1, we observed numerically that the
quantity

oL (U™ +o(U7 0 || Lo,

)n*HiQ(FD), without im-

is negligible compared with ||‘7L(Ujm)n+”i2(ro) + [JoL (U,
posing a priori the condition [0z (u)]n™ across T.
Hllustration in two dimensions: Deformation in volcanic rift zones. In order to
illustrate the method on realistic 2D tests, we consider the models treated in [26],
namely the computation of characteristics of displacements due to inside cracks. We
consider the rectangular domain [0; 100] x [0; 50] endowed with a Cartesian mesh. The
only right-hand side is a constant pressure applied on both sides of the fracture as a
Neumann condition. The fracture position is determined by the points of coordinates

(z,y) satisfying
y=2(x —48.0) + 35.0, 35.0 <y <45.0.

Standard P2 elements are chosen for the displacement, and PO elements are chosen
for the multiplier. Stabilization is not performed, since here we are not interested in
computing the multiplier. Illustrations are presented in Figures 5 and 6.

Fi1G. 5. Vertical cross section showing the amplitude of displacements due to an inclined straight
fracture, on a Cartesian mesh warped with respect to the deformation, for different numbers of
subdivisions, respectively: 25 x 12, 50 x 25, 100 x 50, and 200 x 100.
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F1c. 6. Outline of level curves for the displacement due to an inclined straight fracture.

5.2. Choice of the stabilization parameter . We are now interested in the
stabilized problem (14) whose explicit matrix formulation is given by (19). As in
[18, 11], recall that we choose v = 7y * h, with ¢ > 0 constant, independent of the
mesh size h. This constant has to be chosen judiciously. On the one hand, it represents
the importance given to the quality of the approximation for the multiplier, but on
the other hand, the stabilization term degrades the coerciveness of the whole system,
S0 Yo has to remain moderate. In Figure 7 we provide a test in which the relative
error on the multiplier A is computed for a range of values for ~q.

w

~< 10 < 04
c
= © 430
o —~
~—~ \o
o 10° °
> - 038
c =
= o 037
—_ o U
g 10" %
[} 0.36
© 2
3 = 035
T 10° © ™
o) [3]
S Sou—0_ |
N N L
10 : : : : 033
0.2 0.4 0.6 038 1 () 0.02 0.04 0.06 0.08 0.1

Yo Yo

Fic. 7. L2(Tg)-relative error (in %) on X for different position of the crack T'r.

Note in the graph on the left of Figure 7 that the first singular approximations
on the multiplier occur for 7y < 0.1 and become more frequent and chaotic for larger
values of 7. In the graph on the right we examine the error on A for more precise
values of 79 < 0.1: We notice that the approximation of A gets better when -y,
increases, until some values of 79 > 0.04 which generate the first picks. Thus we
choose vy < 0.03 for the rest of the study.



B240 BODART, CAYOL, COURT, AND KOKO

5.3. Numerical orders of convergence with stabilization. In this subsec-
tion, we provide the same tests as performed without stabilization in section 5.1. The
stabilization technique is performed with the parameter vy = 0.03. The results are
given in Figures 8 and 9. As expected for a given geometry, we observe nearly the
same rates of convergence as obtained without any stabilization, particularly for the
multiplier.

With stabilization With stabilization

—o— P2/P0: 2.58
10+~ P2/P1:2.96
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L2 relative error (in %) on the displacement
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H1 relative error (in %) on the displacement
P
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h h

Fic. 8. L2(Q)- and H'(Q)-relative errors (in %) on the displacement in function of the mesh
size h, with stabilization, and estimation of convergence rates from the slope of the curves by linear
Tegression.

6. Robustness with respect to the geometry. In order to highlight the main
interest of the stabilization, we test the convergence behavior for different geometries,
namely when the crack intersects the global mesh in different manners. For that, we
perform two tests for which we analyze the relative error for the multiplier of L?(Tg) as
well as relative errors on global displacement, in L?(Q) and H!(2), with and without
using the stabilization technique.

In the first tests we make the length of the crack vary, keeping its position,
and in the second tests the length is kept constant, but the position is varied. In
these first tests, we do not observe any significant difference whether we perform the
stabilization or not: Results are good and similar, quite better for the multiplier
with stabilization. These results are not shown. The second tests show the L?(I'g)-
relative error for the multiplier with and without stabilization: They are represented
in Figure 10. In these second tests the computation of errors on the displacement do
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With stabilization : With stabilization
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Fic. 9. L2(Q)-relative error (in %) on the multiplier in function of the mesh size h, with
stabilization, and estimation of convergence rates from the slope of the curves by linear regression.

not reveal any significant improvement due to the stabilization technique, and so they
are not presented either.

L2 relative error (in %) on the multiplier
L2 relative error (in %) on the multiplier
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0 o1 02 03 04 05 06 07 08 09 1 0 o1 02 03 04 05 06 07 08 09 1
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Fic. 10. L2(Tg)-relative error (in %) on the multiplier without stabilization (in blue) and with
stabilization (in red), for wvarious positions of the crack, with vo = 0.0005 (left) and vo = 0.03
(right).

In Figure 10, the crack determined by the points of coordinates (z,y) satisfying

y—2x—29)=0, za—2<0, z—25<0

has been considered in the square [0; 1] x [0; 1], corresponding to the exact solutions
given in section 5.1. The abscissae zq, x4, and xp have been changed simultaneously,
with x 4 going from 0.000 to 0.950, while keeping xz = £ 4+0.050 and xg = x4 —0.153.
Finite elements P2 and PO have been chosen for the displacement and the multiplier,
respectively.

We observe that bad computations—corresponding to huge L?(T'y)-relative error—
occur in fewer cases with the stabilization technique and have a smaller L2(I'g)-relative
error. Moreover, the plots show that it is delicate to choose the stabilization param-
eter 7o: If it is chosen too large (as, for instance, 79 = 0.03), the problematic situa-
tions occur more frequently, and thus it is preferable to choose a quite small vy (like
~vo = 0.0005), even if the system is close to a system without any stabilization terms.
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7. Realistic numerical simulations: Deformation of a volcano. The code
developed in two dimensions has been extended to dimension 3, and validated with
the same type of convergence curves as those given in section 5 by considering exact
solutions. As an illustration, we consider the geophysical problem of a pressurized
crack inside a volcano.
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Fic. 12. Construction of the extension of a single triangle modeling a piece of crack.

A 3D magma-filled crack (also called a dike) is approximated with a set of trian-
gles, as represented in Figure 11.

Note that we do not consider this crack as a mesh: This way of representing the
crack is just a practical means for describing its geometry from degrees of freedom—
the vertices of the triangles—which are independent of the global mesh.

7.1. Extension of the crack. The purpose of this subsection is to explain how
to construct an extension of the crack which splits the 3D computational domain,
when the crack is represented by a set of triangles, such as that given in Figure 11.

The process of construction is the following: Given a triangle ABC whose centroid
is denoted by G, we define a point S whose orthogonal projection on the triangle is
G. The distance between S and G is empirically chosen to be of the same order as the
size of the triangle (namely the square root of the triangle area). We next define the
cone of apex S based on the triangle ABC, and we cut this cone with ABC. Thus
it enables us to define the extension of the triangle as the remaining boundary of the
initial cone, and also a region delimited by the crack and its extension. See Figure 12.
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The same process is followed for all the triangles, so that the region we define
(shaded area on the right-hand side of Figure 12) is obtained as the reunion of all
regions corresponding to each triangle. Note that the side of the triangle on which we
have set the point S can be chosen arbitrarily for the first triangle, but for practical
reasons this side—in other words, the orientation of the normal vector—has to be
kept for the rest of the triangles.

7.2. Results and comparison with experimental data. The mesh we use
for the whole computational domain is constructed generically from a digital eleva-
tion model provided by IGN (INSTITUT GEOGRAPHIQUE NATIONAL, French National
Geographic Institute). From these surface data, we first construct a surface mesh
using a MATLAB code (Figure 13, left), and then the volume mesh is generated
automatically with GMSH software (Figure 13, right).

Fic. 13. The 3D mesh of the computational domain is generated from digital elevation model,
from which a surface mesh is first generated (left) before creating the volume mesh (right).

Note that this mesh does not take the crack into account. The local refinement we
observe is due to the fact that some eruptive fissures corresponding to lava emission
are observed at the surface (see the upper triangles on Figure 11), which indicates
where the magma-filled crack is intersecting the ground surface.

Elastic parameters are chosen as F = 5000 MPa for the Young modulus and
v = 0.25 for the Poisson ratio following [7]. Recall that the Lamé coefficients can be
related to the elastic coefficients v and E by the following formulas:

Ev _ E
A—2)1+v) M7

AL = 2(1+v)

Pressure forces are applied on both sides of the crack I'p, with values p = 5 MPa.
The crater visible on the figures below has a diameter approximately equal to 1 km,
and the crack surface is about 2.8 km?. The global mesh consists of 8376 points and
4969 tetrahedral cells. The numerical simulation which solves the displacement cor-
responding to the crack of Figure 11 in the whole computational domain is presented
in Figure 14.
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Fic. 14. Amplitude of the displacement due to pressures applied on the crack. The domain is
warped by 1, 1000, 2000, and 3000. respectively, with respect to the displacement. The maximum—
about 0.65 m—is reached at depth.

The large deformations observed at the surface (when the domain is warped with
respect to the displacement) are due to surface openings at the top of the crack
(Figure 11). We can remove these surface openings by removing the top triangles of
the fracture of Figure 11; The corresponding displacement is represented in Figure 15.

Fic. 15. Amplitude of the displacement due to pressures applied on the fracture without surface
openings. The domain is left unwarped (left) and then warped by 2000 (right) with respect to the
displacement. The mazimum—about 0.62 m—is reached at depth.

Our simulation can be compared qualitatively with measurements obtained by
synthetic aperture radar [7] (see Figure 16 or Figure 12 for instance), which validates
qualitatively our simulation and thus our method. Moreover, the order of magni-
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tude of the displacement computed (about 0.50 m) seems also to correspond to the
experimental observations.

8. Conclusion. In this work, we have proposed a new finite element method for
considering a crack and simulating the displacement and stress induced by a crack
located inside a heterogeneous and anisotropic elastic medium. In order to avoid
remeshing and save computation time when inverting from surface deformation data
or when simulating a propagating fracture, we consider a single global mesh and
we develop a fictitious domain approach. Numerical tests were performed in order
to highlight the optimal accuracy of the method. Robustness with respect to the
geometry is ensured by the implementation of a stabilization technique. A theoretical
analysis underlines the relevance of the latter for computing a good approximation of
a dual variable. Numerical tests enable us to determine that our method is practical
for an algorithmic framework in which multiple ways of taking into account the crack
will be considered. Indeed, the inversion of the position/shape of the crack—inside a
volcano, from surface measurements, for instance—is an algorithmic problem that can
involve this kind of dual variable (shape derivative techniques involving adjoint direct
systems, for instance). The illustration of this method on an inverse problem will be
presented in a forthcoming work. The fictitious domain approach we have developed
enables us to consider a single global mesh for all kinds of geometries associated with
the crack. In the context of inverse problems, we expect its simplicity to be quite
effective in terms of computational time.
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