HYDRO-MECHANICAL FRACTURE MODELING GOVERNED BY THE
TOPOLOGICAL DERIVATIVE METHOD
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ABSTRACT. The process of fluid-driven crack propagation in permeable rocks is investigated
by a simple hydro-mechanical model and the concept of topological derivative. Analytical and
numerical computations are made to propose a promising model tested and validated on a series
of bidimensional benchmark examples. The main guidelines for this model is the use of simple
finite elements with a minimal number of user-defined algorithmic parameters.

1. INTRODUCTION

The hydraulic fracturing process is an engineering technique used to create and/or propagate
geological faults by means of the pressure of an injected fluid in order to let the gas trapped inside
the rock be extracted at the surface. This extraction process, commonly known as fracking, can
be extremely damageable for the ecosystem due, in part, to the possibility of contamination of the
soil and the creation of uncontrolled seismic effects provoked by the initiation and propagation of
the cracks. In this sense, it is essential to promote accurate developments of theoretical studies
as well as computational tools able to monitor and possibly optimize the real-world process.
This simulation-based approach eventually serves as a scientific support at the disposal of the
decision and policy makers.

The hydraulic fracturing process has been subject of intense research in last years, see for
example [3, 10, 13, 16, 18, 19, 21, 25], to cite a few. For a comprehensive review on the subject,
see the introduction section in [7], where a phase-field approximation in the spirit of Francfort-
Marigo variational approach [11, 12] is proposed. See also [14] where the full Biot system is
combined with a phase-field approach for hydraulic fracture modeling in a porous medium. A
fully-coupled formulation accounting for the displacement, pressure and the phase-field itself has
been proposed in [15], which allows for formulating a free energy functional governing the whole
damage evolution process.

Recently, a simplified hydraulic fracturing model also based on the minimization of the
Francfort-Marigo funcional but using the concept of topological derivative [1, 5, 20, 22, 23]
to nucleate and propagate the cracks has been introduced in [24]. Both approaches of [7] and
[24] are similar in spirit in the sense that on the one hand they are damage approaches to
fracture, or ”smeared crack” approaches (by means of a small infinitesimal parameter), and on
the other hand they avoid the introduction of ad-hoc tools, such as geometry or crack depen-
dent parameters. Moreover, both are based on a unified method to compute the crack opening
and the mechanical equilibrium, possibly coupled, as in the present work, to a porous media
model, computed on the same domain discretization. We stress however that in our method, the
main guideline is the minimal working assumptions, parameters, and equations into play. We
also emphasize that nucleation and propagation are both governed by a threshold approach for
the topological derivative field, leading to remarkably simple algorithm that features a minimal
number of user-defined algorithmic parameters.

In the proposed methodology of [24], the reservoir was modelled as a two dimensional ideal-
ization in which the rock is assumed to be impermeable and with no porosity. In this particular
case, the fluid pressure is constant and confined inside the crack. Obviously, this is not what
takes place in the real process of hydraulic fracture, because the reservoir generally consists in
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a porous medium. Therefore, the proposed pressure evolution strategy was in this preliminary
work a severe simplification of the fracking processes encountered in real world, but nonetheless
the methodology we have followed seemed promising, allowing for the detection of multiples
crack tip opening and the simultaneous computation of multiple fracture paths. Moreover, the
obtained results showed typical features of hydraulic fracture, such as the characterization of the
fault-activation pressure and specific crack path growth, allowing for kinking and bifurcations.
Also, the theoretical study motivated by the fracking model, made in [4] and consisting in a
I'-convergence result of the damage to the sharp fracture model, was a further preliminary step
to the understanding and the improvement of our model.

Indeed, in the present work, we propose an improvement of the method by letting the propa-
gating medium be permeable and hence we extend the strategy introduced in [24] for a porous
media taking into account the hydro-mechanical model proposed by Biot [2]. In this case, the
crack propagation mechanism is activated by non constant pressure field distributed over the
whole domain. The resulting model is semi-coupled in the sense that the equation for the dis-
placement depend on the pressure through a source term, whereas the equation for the pressure
has no dependence on the displacement, and thus capable to account for the influence of the
fluid on the porous matrix. Therefore, in contrast to our former work [24], a much more real-
istic scenario which takes into account for pressure dropping phenomenon within the crack is
considered. In addition, a specific adjoint state is introduced in order to derive the associated
sensitivities, that is solution to a semi-coupled problem in a reverse sense, where the adjoint
pressure system depends on the displacement field. This extension is non-trivial and represents
the main contribution of the paper from both theoretical and practical point of views. It should
be emphasized, however, that we are interested in the analysis of one particular aspect of the
hydraulic fracturing process, namely, the effect of a non constant distributed pressure field on
the mechanism of crack propagation inside a porous medium. In this sense, we stress that sev-
eral physical aspects associated with the real hydraulic fracturing process, such as thermal and
chemicals effects or elastic waves produced by explosives, are yet neglected. The treatment of the
total coupled case, in transient regime into three spatial dimensions, is now under investigation.

The work is organized as follows. The hydro-mechanical model of hydraulic fracture is in-
troduced in Section 2. In Section 3, the associated topological derivative expression is derived.
The topology optimization algorithm is presented in Section 4. The numerical experiments are
shown in Section 5. The theoretical results in three spatial dimensions are presented in Section
6 for the reader convenience. Finally, some concluding remarks are presented in Section 7.

2. HYDRO-MECHANICAL MODEL OF HYDRAULIC FRACTURE

Let us consider a saturated porous matrix submitted to a fluid flux that obeys the Darcy law
under the quasi-static loading assumption. The porous matrix, which represents a single block
of the reservoir, is given by an open and bounded geometric domain © C R? with Lipschitz
boundary 0f€2. The domain 2 contains a subdomain w C 2, representing the geological fault
into the reservoir. See Figure 1. In the proposed model w is a damage region, and it is only
in the limit that this damage model is a fracture model, see [4]. To characterize the damage
region, a parameter p, defined as

p = p(z) ::{ 1, ifze\w,

po, ifxew, (2.1)

with 0 < po < 1, is introduced. Then, the region 2\ @ will represent the undamaged porous
medium while w the geological fault. Since the present model is derived from the one proposed
by Francfort-Marigo [11, 12], the idea consists in minimize a shape functional F,,(u) of the form

Fo(u) =T (u) + klw|, (2.2)

with respect to the geological fault w, at the quasi-static time step ¢;. The second term on the
right hand side of (2.2) is the Griffith’s energetic dissipation term while 7 (u) represents the



FIGURE 1. Saturated block containing a geological fault.

total potential energy of the system and is written as

J(u) = 5 /Q o(u) - (Vu)®de — / apdiv(u)dz . (2.3)

Q

The displacement field u, at the quasi-static time step ¢;, is solution to the following variational
problem: Find w € U, such that

/ o(u) - (Vn)’de = / apdiv(n)dz , Vn eV, (2.4)
Q Q

where « is the Biot’s coefficient [2] and p is the pressure of the fluid acting into the porous matrix
at the time step t;. More precisely, p = p(z) is solution to the following variational problem:
Find p € P such that

/kVp~V<pd:c=0,‘v’go€Q. (2.5)
Q

The term o(p) in (2.3) represents the stress tensor and is defined as

a(p) = pC(Ve)*, (2.6)

with the parameter p given by (2.1). We consider that the reservoir is composed of an isotropic
material, so that the elasticity tensor C can be written as follows

C=2ul+MNI®I), (2.7)

where I and T are the second and fourth identity tensors, respectively, and p and A, given by

E vE

. = 2.

T B C R s (28)
are the Lamé’s coefficients. The strain tensor, denoted by (V)?, is defined as
s 1

(Ve)* =5 (Vo + (Vo)) (2.9)

The permeability of the porous medium k in (2.5) assume the values
k = k(2) ::{ kp, ifxeQ\w,

kf, ifrew,
with k. < ky. The set U/ and the space V are defined as
Vi=U:= H} Q% R?), (2.11)

(2.10)
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while the set P and the space Q are given by
P = {S@ € Hl(Q) : QD|FO =0 s (,O‘FD :T)Z} and Q = {(;0 c H&(Q)} , (212)

where I'g := 0Q \ I'p. The term p; in the set P represents a prescribed pressure on I'p at the
time step t;, such that

p; = Di—1 + AD; (2.13)

where Ap,; represents the pressure increment. Then, the total prescribed pressure p is given by

the sum
N

P=Dy+ Z Ap; (2.14)
i=1
where P, is the initial prescribed pressure and N the total number of increments. Therefore,
the displacement field v and the pressure p, in each quasi-static time step ¢;, are induced by the
boundary condition p; prescribed on I'p. Finally, the following adjoint problem is introduced in
order to simplify future derivations: Find ¢ € Q, such that

/ kVq-Veodr = / adiv(u) pdr , Vo € Q| (2.15)
Q Q

where « is the Biot’s coefficient.
Taking into account all these elements, the minimization problem can be defined as: For each
quasi-static time instant t;,

Mininéize Fu(u), subject to (2.4) , (2.16)
wC

where F,(u) is given by (2.2).
The same strategy proposed in [24] to deal with the characterization of the critical pressure
is adopted here, i.e., the parameter k is replaced by a new parameter k5 defined as
K= K = % : (2.17)
where ks represents a new material property and J is the length of the initial damage. The
scaling property of k with respect to ¢ is crucial in the proof of the I'-convergence result in [4].

3. TOPOLOGICAL DERIVATIVE METHOD

The topological derivative is defined as the first term of the asymptotic expansion of a given
shape functional with respect to a small parameter that measures the size of singular domain
perturbations, such as holes, inclusions, source-terms and cracks. In other words, the topolog-
ical derivative measures the sensitivity of the associated shape functional with respect to the
nucleation of a singular domain perturbation. In order to introduce these ideas, let us consider
an open and bounded domain @ C R? with a Lipschitz boundary 952, which is subject to a
nonsmooth perturbation confined in a small region B.(#) of size ¢ centered at an arbitrary
point & € Q. We introduce a characteristic function = — x(z), z € R?, associated with the
unperturbed domain, namely x = 1, such that:

2= [ e, (31)

where || is the Lebesgue’s measure of 2. Then, we define a characteristic function associated
with the topologically perturbed domain of the form = + x.(2;7), z € R% In the case of a
perforation, for example, x:(%) = 1o — 1p_(3), the perforated domain is obtained as (%) =

Q\ B:(%). Finally, we assume that a given shape functional 1 (x.(Z)), associated with the
topologically perturbed domain, admits the following topological asymptotic expansion:

Y(xe(2)) = »(x) + f(e) Dr() + o(f(e)) (3.2)
where () is the shape functional associated to the original domain, that is, without pertur-
bation, f(¢) is a positive function such that f(g) — 0 when ¢ — 0 and o(f(¢)) is the remainder.
The function & — D7 (&) is called the topological derivative of ¢ at &, which can be used as a
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steepest-descent direction in an optimization process like in any method based on the gradient
of the cost functional.

Therefore, in order to evaluate the topological derivative of the shape functional (2.2), it is
necessary first to introduce the topologically perturbed problem. The idea consists in nucleate
a small circular inclusion, denoted by B:(Z), of radius ¢ and centered at the point & € £,

such that B.(Z) C Q and B.(Z) N dw = O (see Figure 2). The hydro-mechanical properties
at the inclusion B.(Z) will be the same as in the geological fault w. In order to introduce the

topological perturbation, let us consider three piece-wise constant functions, 7., 7& and ’yg ,
which are defined as

[ 1 ifzeQ\B.,
Te = (@) _{ v ifzeB., (3:3)
_ _ 1 imeQ\E,
’)/6 _/76 (CU) _{ ,ya lf.’.UEBg, (3.4)
and
1 ifzeQ\B:
f— f -— €
Ye = e (1") T { ’Yf ifre Ba , (35)

that affect the elasticity tensor C, the Biot’s coefficient o and the permeability k, respectively, as
described in details in Sections 3.1 and 3.2. The shape functional associated with the topological
perturbed problem is written as

Foo (ue) = Te(ue) + klwel (3.6)

where w. = wUB. with wNB. = 0 and J:(u.) denotes the total potential energy of the perturbed
system.

FIGURE 2. Perturbed problem.

Since the present problem is formulated under a linear regime, the asymptotic analysis can
be done separately. In Section 3.1, the perturbation is considered on the elastic properties
(elasticity tensor) and on the Biot’s coefficient by setting v/ =1, v # 1 and v* # 1. In Section
3.2, the analysis will be done with respect to a perturbation on the permeability by setting
v =~%=1and 7/ # 1. The final result is summarized in Section 3.3.
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3.1. Perturbation on the elastic properties and on the Biot’s coefficient. As mentioned
above, the topological asymptotic analysis will be done first with respect to the perturbation on
the mechanical properties and on the Biot’s coefficient, i.e., with v # 1, v* # 1 and v/ = 1. In
this case, the total potential energy associated with the perturbed system, denoted by J-(u.),
is written as

T (1) = % /Q oo (ue) - (V) do — /Q opdivius) da | (3.7)

where the vector function u,. is solution to the following variational problem: Find u. € U, such
that

/ oe(ue) - (Vn)® dx = / azpdiv(n)dx , Vn €V, (3.8)
Q Q

with o-(us) = 7:0(u:) and . = v, where o(p), 7. and & are given by (2.6), (3.3) and
(3.4), respectively, and « is the Biot’s coefficient. In order to evaluate the difference between
the energy shape functionals J(u) and J:(uc), defined in (2.3) and (3.7), respectively, let us
take = u. — u as test function in the variational equation (2.4). Then, the following equality
is obtained

/Q o () - (V) dz = /Q o) - (Vue)* da — / apdiv(u. —u)dz (3.9)

)
Replacing (3.9) in (2.3) we have

J(u) = 1/Qa(u) (Vue)® do — ;/ apdiv(u: +u)de . (3.10)

Q
In the same way, taking n = u. — u in (3.8), it follows that

/Qag(ug) (Vue)’de = /Qag(ua) (Vu)®dz +/ a: pdiv(ue, —u)de . (3.11)

Q
After replacing (3.11) in (3.7) we get

Te(ue) = ;/Qaa(ua) (Vu)® dx — ;/Qaspdiv(u6 +u)dz . (3.12)

Now, taking into account the expressions (3.10) and (3.12), the variation of the energy shape
functionals can be written as

1 1
Tolue) = T(w) = 5 [ outu) (Vuydo— 5 [ ou) - (Vu)*da
Q Q
1 1
- / ae pdiv(us + u) dx + / apdiv(u: +u)dz . (3.13)

2 Jo 2 Ja
After applying the definitions of the contrasts 7. and 7& given by (3.3) and (3.4), respectively,
we have

€

/sz\Be Vu)de ‘% / o(ue) - (Vu)* do

1
/ apdiv ug—l—u)d:v—/ Y*apdiv(ue + u) dx
O\B. 2

1 1 .
Feu) =T =3 [ ot (Twyde+ 5 [ o) (V)

€

+
N | — [\D\}—t [\DM—t

1
/ apdiv(ue + u)dx + - / apdiv(ue +u)dx. (3.14)
O\ B. 2

€

By adding and subtracting

11—y
2

/ apdiv(u)dz , (3.15)

€



the following expression is obtained after cancelling of the identical terms

Telue) — T (u) = —12_77 [ o) (Vo

1—A®

+ / apdiv(us —u)de + (1 — 'yo‘)/ apdiv(u)dz . (3.16)

Now, in order to apply the topological derivative definition, it is necessary first to know the
asymptotic behavior of the function u. with respect to the parameter €. To this end, let us
consider the following ansatz:

Ue = U + We + U , (3.17)

where u is solution to the unperturbed problem (2.4), w, is solution to an auxiliary exterior
problem and . is the remainder.

In particular, the following auxiliary boundary value problem is considered when € — 0: Find
Se(we), such that

divS:(w:) = 0 in R2,
Se(ws) — 0 in oo, (3.18)
[Se(w)ln = g on 0B,

where S. (w.) = 7.C(Vw.)* and g = [p~ (1 —7*)ap(2)I— (1 —+)S(u)(2)]n obtained after adding
and subtracting o(u(x)) and p(x) at the point , with S(u) = C(Vu)®. The boundary value
problem (3.18) admits an explicit solution. For the case p(z) = 0Vx € Q see [17], for instance.
For the situation with constant pressure confined at the inclusion see [24]. For the present case,
taking into account that the stress S.(w.) is uniform inside the inclusion Be, the solution of
(3.18) can be written in the following way

Se(we), = TyS(u)(@) +p T, , (3.19)

where T, and T, are fourth and second order isotropic tensors, respectively. The tensor T, is
given by

|B.

(1 —7) a—b
=_— "2 (2b] Il 3.20
! 2(1+b7)< Tiva (3.20)
and T, is written as
N a~y
T, =—(1—-9¢ I. 3.21
v = (1= 7Map@) (3.21)
The constants a and b are defined in terms of the Lamé’s coefficients as follows
A A+3
a= Atp and b= +ou . (3.22)
Iz A p
After multiplying both sides of (3.19) by the parameter p, we have
oe(we)| . = Tyo(u)(2) + T . (3.23)

Note that the result shown in (3.23) fits the famous Eshelby’s problem, see [8, 9.

Let us now consider the problem associated to the term o.(%.) in order to compensate for
the discrepancies introduced by the auxiliary problem (3.18). To this aim, the remainder 4. is
solution to the following boundary value problem: Find ., such that

divos(2s) = goxa. in
0'5(715) = 7€pC(V'EL6)S )
e = g1 on 08,

] 0 (3.24)
[o-(i)ln = g } on Ow,

[[as]] = 0
\ [oc(te)[n = h} on OB,
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where go = (7*—7v) a Vp, g1 = —we, g2 = —(1—po) S(we)n and the term h is defined as: h = an,
with 6 = (1 —=v*) a(p — p(2))I = (1 —v)(o(u) — o(u)(2)). The estimate ||tc|| g1 (or2) = O(g?)
holds true.

Lemma 1. Let u. be the solution of (3.24) or, equivalently, solution to the following variational
problem: Find u. € U, such that

/Qoa(&a%(vn)sdm:—/ (v =) aVp-nds

£

— (1 —po) S(wg)n-ndx—f-/ h-ndx, VneV.. (3.25)
ow 0Be

The set Z;{E and the space 175 are defined as

U = {pe B QR [¢], =0, 9=}, (3.26)
V. = {tp e HULRY) < gl =0, @)= 0}, (3.27)
with g = —e2w.. Then, the estimate el 1 omey = O(e?) holds true.

Proof. From the definition of function h = &n, with n used to denote the unit normal vector
field on 0B pointing toward to the center of the inclusion, we have

/{)th-ndﬁ2/6(7"‘—'V)an-ndﬂ:—/BEﬂ—va)a(p—p(f))di‘f(n)dw

+/ (1 =) (o(u) = a(u)(@)) - (Vn)*dz, (3.28)

£

where we have taken into account that & = (1 — %) a(p — p(z))I — (1 —v)(o(u) — o(u)(Z)) and
that div(o(u)) = aVp, which comes out from the variational form (2.4). From this last result,
the variational form (3.25) can be rewritten as follows

/Qas(ﬂs) -(Vn)* du = / (1 =7)(o(u) —o(u)(E)) - (Vn)* de — (1= po) | S(we)n-ndx

e Ow

- / (1 -7 a(p—p@)div(n)dz, VYneV.. (3.29)

£

By taking 1 = @. — ¢, in (3.29), with ¢. € U, from the strong form (3.24), we have

/Qag(as) (Vi) da = &2 /m oo(i)n - g da + / (1= ) (o(u) — o(w)(3)) - (Vi) da

£

- / (1 —7%) a(p—p(@))div(a:) de — (1 — po) g S(we)n - e dz.  (3.30)

Then, by applying the Cauchy-Schwarz inequality, it follows that
/Qaa(ﬂa) (Vie) de < & |oe(@e)n| g-1/200.m2) 19l /2 00:m2)

+ allo(w) —o(w)(@)| 2p.r2) Vel 25 r2)
+ allp—p@)ll 2. Vel 25, r2)
+ a3 lS(we)nll g-1/20wr2) 1tell 1172 90r2) - (3.31)

By applying the trace theorem it follows that

/foe(fta)-(Vﬂe)sdx < ca(e® + o = 2ll2gp.ime)) el oime)

IN

c5e” el g1 o m2) (3.32)



9

where we have used the interior elliptic regularity of functions u and p together with the fact
that the explicit solution S(w.) is of order O(¢?) far from the inclusion B, [17]. Finally, from
the coercivity of the bilinear form on the left hand side of the above inequality, we have

el ey < [ 02() - (Vi) do. (3.33)

Then, it follows immediately that
17e | g2 2y < C?, (3.34)
where C' = ¢5/c is a constant independent of the small parameter ¢. g

Now, the integrals in (3.16) can be evaluated explicitly. In fact, after replacing the ansatz for
ue given by (3.17) in the first integral of the (3.16) we have

/ oe(ue) - (Vu)de = / oe(u) - (Vu)® do +/ oe(we) - (Vu)® dx + &i(e) . (3.35)

g

(a) (0)

The remainder & (¢) is given by

E1(e) = /B o (iie) - (Vu)* da
1&1(e)]

IN

e ()l L2 B.sm2) I VUl L2 (B yR2)

c1eltie|| g1 asmr2) < coe® = o(?) , (3.36)

IN

where we have used the Cauchy-Schwarz inequality together with the obtained estimate to the
remainder %.. The term (a) in (3.35) can be developed in terms of € as follows

/ Eag(u)-(Vu)sda: - / yo(u) - (Va)® da

= 7we2yo(u)(2) - (Vu)s (&) 4 Ea(e) . (3.37)
The remainder &(¢) is given by

£:(e) :/ (h— h(2)) da
£2(0)] < exelle — ]2 pumr) < 26 = 0(e?) (3.38)
where the notation

h = (&) =~(o(u) - (Vu)* = o(u)(@) - (Vu)*(2)) (3.39)

has been introduced. Note that we have used again the Cauchy-Schwarz inequality and, then,
the interior elliptic regularity of the solution u. Since the exact solution to the exterior problem
(3.18) is known, the term (b) in (3.35) can be written as

/ o (we) - (Vu)® do = 7e*(Vu)*(2) - (Tyo(u) () + To) + E3(e) . (3.40)

€

The remainder &3(¢) is given by

E(e) = [ oulw) - (Vo = (Vuy (@) do
1&3(e)| < [loc(we)llz2(Bsmr2) VU — Vu(@) || 12(B.r2)
< ciellr — 2| 2(p.r2) < coe® = o(e?) , (3.41)

where we have used again the Cauchy-Schwarz inequality and the interior elliptic regularity of
the solution wu.
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By replacing the ansatz for u. given by (3.17) in the second integral of (3.16) we obtain

/ apdiv(us —u)dr = / apdiv(w: + U ) dz

/ ap(z)div(we) de + E4(e) + E5(e) . (3.42)

€

The remainder £4(¢) is given by

eue) = [ alp—p(a) divtu) ds

€

£40)] < arlle — 2 loe(we) 2 p.me) < a2 = o(e?) (3.43)

where we have used the interior elliptic regularity of the function p and the solution to the
problem (3.18). For the remainder £5(¢) we have the following estimate

Es(e) = / apdiv(t,) dz
€5(e)| < erllpllLz o) Vel 2. r2)
< coe||tie || g1 (mr2) < coe® = 0(e?) . (3.44)

By using the constitutive relation and some algebraic manipulation, we obtain

/ ap(z)div(we) de = / ap(z) 2p,y(li_k)\)trag(wg) dx (3.45)

where tro.(w;), evaluated inside the inclusion, is written as

ay

|Bee) m[(l —y)tro(u)(&) = 2(1 —7*)ap(@)] . (3.46)

troe (we)
The last term in (3.16) can be developed as follows

/ apdiv(u) de = me?a p(z) div(u)(2) + E(e) , (3.47)

€

with the remainder &(e) defined as

&(e) = [ (h=h(a)da,
€6(e)| < crellw — &l 2(p.ir2) < 28” = 0(€?) (3.48)
where the following notation has been introduced
h —h(z) = apdiv(u)(z) — ap(z) div(u)(z) . (3.49)

Note that we have used the Cauchy-Schwarz inequality and the interior elliptic regularity of the
solutions u and p.

From the above results, the variation of the energy shape functionals, given by (3.16), can be
rewritten as

Telue) = T (w) = = w222 [yo(u) (@) + (Tyo(u) (@) +Ty)] - (Vu)*(2)

2y
ey 114:;(1 — ") ap(@) div(u)(@) + 7e*(1 = 7*)ap(@) div(u)(2)
et O e+ 26: &i(e) (3.50)
2pp(1 + ay) 2\ .
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where |€;(e)| = o(e?), for i = 1,...,6, as shown. Rearranging the above terms, the following
expression is obtained

J=(uz) — T (u) = 7ePyo(u)(2) - (Vu)*(2)

e 0 e ) div()(@) — w2 S e (31
7T81—|—a7 ) ap(z) div(u)(z) — e 2p,u(1—|—a'y)a p(Z 2 i(e), .
where P, is given
11—x 1 11—~
P, =—— 1+b0I+ —=(a—0b I®I 52
v 21+b’y((+)+2(a )1+a’y®>7 (3.52)

with the coefficients a and b defined by (3.22).

3.2. Perturbation on the permeability. Now, we consider v/ # 1 with v = v® = 1. In this
case, the total energy of the perturbed system J.(u.) is given by

T=(ue) = ;/Qa(us) - (Vue)® dx — /QozpE div(ue) dz | (3.53)

with the vector function u. solution to the following variational problem: Find u. € U, such
that

/ o(ue) - (Vn)’de = / ap:div(n)dx , Vn eV, (3.54)
Q Q
where p, is solution to the problem: Find p. € P, such that
/ k:Vp.-Vodr =0, Vo e Q, (3.55)
Q

with k. = y! k, where 7§c is given by (3.5).

Again, in order to evaluate the difference between the energy shape functionals J(u) and
J=(ue), which are now defined through (2.3) and (3.53), respectively, we take first n = u. —u as
test function in problem (2.4). Then, the following equality is obtained

/Qo(u) (Vu)’de = /Qa(u) - (Vue)® do — /Qozpdiv(u‘E —u)dx . (3.56)
By replacing (3.56) in (2.3) we have
J(u) = ;/Qa(u) - (Vue)® do — ;/Qapdiv(ua +u)dzx . (3.57)
In the same way, let us take 7 = u. — u as test function in (3.54) to obtain
/Qa(ug) (Vue)’de = /Qa(us) ~(Vu)® dz + /Q ape div(ue —u) dz . (3.58)
After replacing (3.58) in (3.53) we get
Te(ue) = ;/Qa(ug) (Vu)®dx — ;/Q()zp6 div(ue 4+ u) dz . (3.59)
From equations (3.57) and (3.59), the variation of the energy shape functionals is written as
Fofue) = T(w) = =5 [ a(pe = p)div(ue + w)do (3.60)
At this point, we write u. + u = 2u + (u: — u) to obtain
T.(u) =T == [ a(pe = p)div()do -+ E1(6). (3.61)
where
Er(e) = —% /Q a(pe —p)div(u: — u) dx . (3.62)

The estimate |E7(¢)| = o(e?) holds true and will be verified in the next two Lemmas.
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By subtracting (2.5) of (3.55) and applying the definition of the contrast fyg given by (3.5),
the following expression is obtained

/ k‘VpE-chdx+/ vfk‘VpE-chdz:—/ k‘Vp-V<pd:r—/ kEVp-Veodr=0. (3.63)
O\ Be Q\Be

€ BE

By adding and subtracting the term

/ kV(pe —p) - Vedz , (3.64)

€

after cancelling the identical terms, we obtain the following equality

/ kV(p: —p) - Vodz = (1 — yf)/ kVp. - Veod . (3.65)
Q

B:

Finally, by taking ¢ = p. —p in (2.15) and ¢ = ¢ in (3.65), with ¢ solution of (2.15), expansion
(3.61) can be conveniently rewritten as

Te(ue) = J(u) = —(1 — vf)/ kVp. -Vqdz . (3.66)

B:

Now, it is necessary to know the asymptotic behavior of the solution p. with respect to the
small parameter . To this end, let us propose the following ansatz:

De =P+ w? + Pe (3'67)

where p is solution to the unperturbed problem (2.5), wf is solution to an auxiliary exterior
problem and p. is the remainder.
The auxiliary exterior problem is defined as: Find wf(x), such that

div(ngwg) = 0 in R?,
wl = 0 in oo,
W] — o (3.68)
0B
[[’Ynggﬂ n = g } on e

with g = —(1 — 47)Vp(Z) - n obtained from Taylor series expansion of p(z) around the point .
The problem (3.68) has an explicit solution, namely

1-— yf g2
p _ SN (e s
w? (x)‘RZ\BT 117 7 szVp(a:) (x —12), (3.69)
@@ = @) - 8) (3.70)
15 ‘Bg - 1 +’}/f p . .

For more details about the problem (3.68) and its solution see [17, Ch. 5, pp. 144], where the
estimate ||pc| 1) = O(e?) can also be verified.

The next two results ensure the existence of the topological derivative associated with the
case analysed in this section.

Lemma 2. Let p and p. be the solutions of (2.5) and (3.55), respectively. Then, the following
estimate holds true:

[pe —pHL2(Q) =o(e). (3.71)

Proof. From the ansatz (3.67) proposed to p., and by applying the triangular inequality together
with the known estimate for p., we obtain

e = pll 20y < 1wl g2y + O() - (3.72)
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By defining a ball Br(Z) of radius R and center in & € €2, so that Br(&) D (2, the following
result is obtained

[wWell o) < N[kl 2y

1/2
— (/B . lwP|? dx—i—/B lw?|? dac) . (3.73)
R £ €

From w? given by (3.69) and (3.70), we can evaluate explicitly the integrals in (3.73), namely

[21 22y < v/ og(E)] = ofe) (374

Then,
e = Pl L2y = o(e) + O(e?) = o(e). (3.75)
O

Lemma 3. Let u and u. be the solutions of (2.4) and (3.54), respectively. Then, the following
estimate holds true:

e = w71 ey = 0(6): (3.76)
Proof. By subtracting (2.4) from (3.54) and taking n = u. — u it follows that
/ o(ue —u) - V(ue —u)’dr = / a(pe —p) div(us — u) dx . (3.77)
Q Q

The application of the Cauchy-Schwarz inequality leads to

/QG(’LLE —u) - V(ue —u)’dz < Ci|pe _pHL?(Q)Hv(UE - U)HL2(Q;]R2)

< Cillps = pllr2@ llue — ullgror2) - (3.78)
From the coercivity of the bilinear form at the left hand side of (3.77) we have
cllue — uH%ﬂ(Q;W) S / oc(ue —u) - V(us —u)’ da . (3.79)
Q

Then, taking into account Lemma 2, the proof is concluded with C' = C;/c independent of the
parameter €. O

Let us come back to the definition of £7(¢) given by (3.62). From the Cauchy-Schwarz in-
equality, we obtain

E7(0)] < e lIpe — pll gy 19 (te — ) o umey = o) (3.80)

where we have used Lemmas 2 and 3.
Now, replacing the ansatz (3.67) proposed to p. in the integral (3.66) we have

/ kVp. -Vqdzr = / kVp-Vq dx—l—/ EVw? - Vgdx + Es(e) . (3.81)

(a) (b)
The remainder Eg(e) is given by

&) = [ KVpVads,
€5(e)]

IN

16V Pell 2281 Vall L2(B.)
< cellpell ) < coe® = 0(e?) (3.82)

where we have used the Cauchy-Schwarz inequality together with the known estimate to pe.
The term (a) in (3.81) can be developed in terms of € as

/ kEVp - Vqdr = ne?kVp(2) - Vq(&) + Eo(e) , (3.83)

€
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with the remainder & (e) defined by
&ue) = [ (h=h(a) da

1€(e)| < crellr — 2| 2(p..m2) < coe® = 0(e?) (3.84)
where the notation
h —h(z) =kVp-Vq—kVp(z)-Vq(), (3.85)

has been introduced. In this case, we have used the Cauchy-Schwarz inequality and the interior
elliptic regularity of the function p.

Since the exact solution of the auxiliary problem (3.68) is known, the term (b) in (3.81) can
be written as

kVw? - Vqde = me?kVuw? - V(i) + Eole) . (3.86)
Be

The remainder &1¢(¢) is given by

E(e) = / EVuw? - (Vg —Vq(z))dr,
1E10(e)] < 1EVWE| 2,1V — V(@) 2(B.)
< ciellz — 2| r2(B.r2) < coe® = 0(e?) . (3.87)

Therefore, from the above results, the variation (3.66) can be rewritten as
Te(us) = T (u) = —me*(1 = 47) [kVp(@) + kVw?] - V(i) + Z Ei(e)

20l

1-—
= —7e?2

Ty #kVp(#) - V(2 +Z£ (3.88)

where the remainders |&;(g)| = o(e?), for i = 7,...,10, as shown.

3.3. Topological derivative formula. The topological derivative of the shape functional (2.2),
with respect to the nucleation of a small circular inclusion characterized by the contrasts v, v
and ~/, is given by the following sum

DrF,(x) = DrJ(x) + ke Dr|w|(z) Vre . (3.89)
The last term ksDr|w|(z) is trivially obtained and given by

s D] (2) :{ +rs, ifxeQ\w,

—kg, frxrew.
The variations between the energy functionals 7 (u) and J(ue) have been developed in Sections
3.1 and 3.2. From these variations, we can identify function f(¢) = me? and thus evaluate
the term DrJ(x). In particular, by taking into account the variations (3.51) and (3.88), the
topological derivative [5, 17, 20] of the energy shape functional is given by

(3.90)

DrJ(x) = Pyo(u)(z) - (Vu)*(z) + 114jaav(1 —*) ap(x) div(uw)(z)
_ A02 f
- Moﬂp () - 21 n 3f kVp(z) - Vg(z) , (3.91)

with the polarization tensor P, given by (3.52).

In order to check for the correctness of result (3.91), we consider a domain = (0,1)x (0, 1) m?
representing a clamped block with a centered inclusion denoted by B.(z¢). The Young modulus,
Poisson ratio, Biot coefficient and permeability are given by £ = 17.000 MPa, »r = 0.2, « =0, 1
and k = 1,0 mD in Q\ B.(z0) and E = 17.000 x 107% MPa, v = 0,2, a = 1,0 and k = 10> mD
in B.(z), respectively. The adopted values for the material properties are precisely the same
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as in Section 5, showing the numerical experiments. The bottom of € is subject to a pressure
of 1 MPa, whereas on its top a null pressure is prescribed. Now, let us introduce the following
quantities

_ Je(ue) = I (u)
) = T )

Dri(wo) = lim 1) (e). (3.93)

Finally, we consider ¢ = 27", with n = 3,--- 8 integer. The problem is discretized into 105.138
linear triangular finite elements, with the mesh intensified toward the center of the inclusion.
From these elements, the graph di(¢) x 1/¢ is ploted in Figure 3. We observe that the horizontal
asymptote (solid line) corresponds to the topological derivative evaluated at the center xq of €2,
whose value is given by Dpi)(xg).

(3.92)

'12 T T T T T

* 6y(e)
12.5) 1

13 L ]
135 ]

-14 L 4

DTL/)(:L'O) ) e s A2

_145 1 1 1 1 1
0 50 100 150 200 1/ 250

FIGURE 3. Variation of the energy shape functional d¢(e) from (3.92) with re-
spect to 1/e.

4. TOPOLOGY OPTIMIZATION ALGORITHM

The original algorithm, proposed to study the crack nucleation/propagation based only on the
topological derivative field, was proposed in [23] and extended to the hydraulic fracture context
in [24]. It is based on the introduction of an inclusion at the region where the topological deriv-
ative is negative. This strategy is justified by the fact that the introduction of an infinitesimal
inclusion where the topological derivative is negative decreases the values of the associated shape
functional. In this way, the crack path is characterized by the sequence of inclusions nucleated
during the minimization process. Since several improvements with respect to the methodology
presented in [24] were made, the main aspects of the new algorithm is presented in the next
section.

4.1. Description of the algorithm. As mentioned, the size of the inclusion to be nucleated
is associated with the region w* where the topological derivative is negative, i.e.,

w' i ={z e Q: DrF,(z) <0} . (4.1)
Let D F}, be the minimum value of the topological derivative, i.e.,

DT.F:) = Hellrl DT.E,J(%) . (4.2)
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The inclusion to be nucleated inside the region w*, denoted by w?, is defined as
WP ={z cw: DrF,(z) < (1 —B)DrFi} , (4.3)

where 3 € (0, 1) is chosen in such a way that [w”| ~ 76%/4 (and |w®| < w82 /4) is satisfied, where
0 represents the thickness of the initial damage. The steps of the new algorithm are detailed
below in the form of a pseudo-code, see Algorithm 1.

Algorithm 1: Damage evolution algorithm.
Input : Q,w, d, N, by, Ap;
Output: Optimal topology w*
for i=1:N do

solve the pressure problem (2.5);

1
2
3 solve the coupled elasticity system (2.4);

4 solve the adjoint state (2.15);

5 evaluate the topological derivative DpF,, according to (3.89);
6 compute the threshold w* from (4.1);

7 while |w*| > 762/4 do

8

9

intensify the mesh at the crack tip;
solve the pressure problem and the coupled elasticity system;
10 solve the adjoint state and evaluate the topological derivative DrF;
11 compute the threshold w* from (4.1);
12 compute the threshold w? from (4.3);
13 nucleate a new inclusion w? inside w*;
14 update the damaged region: w + w U w?;
15 solve the pressure, elasticity and adjoint problems and evaluate DpF,;
16 evaluate the shape functional F,, from (2.2);
17 if the shape functional increases, then break;
18 else compute the threshold w*;
19 end while
20 end for

Note that the line 13 in the Algorithm 1 represents the crack propagation process. For more
details concerning the the Algorithm 1, see [24].

5. NUMERICAL EXPERIMENTS

In all examples, the reference domain €2 represents one block of the reservoir which contains a
single geological fracture. In particular, the domain € is given by a square with dimension (5 x
5)m? as shown in Figure 4. The preexisting geological fracture is represented by an initial damage
with length h and width d. The region to be fractured is identified by the distribution of elastic
material and the compliant material is used to represent the geological fracture. Homogeneous
Dirichlet boundary conditions are considered in all sides of the domain, except in the last example
concerning in-situ stress. The structure is assumed to be under plane strain assumption and the
total intensity of the prescribed pressure p on I'p is divided into N = 200 uniform increments.
Finally, linear triangular finite elements are used to discretize the hydro-mechanical coupled
system.

5.1. Benchmark example. In this first example, the geological fracture is located at the center
of the bottom side immediately above the pressurization well. The modulus of elasticity F, the
Poisson ratio v, the permeability of the medium k& and the Biot’s coefficients o™ at the matrix
and of at the fracture corresponds to the values from [18]. All data of the present example
are summarized in Table 1, where the parameter [ represents the diameter of the inclusion.

The first observed critical pressure was pl = 3,68 MPa at pseudo time-step i = 184 . The



17

FI1GURE 4. Benchmark example: One block of the reservoir containing a single
geological fracture.

TABLE 1. Benchmark example: Parameters.

Parameter  Value  Parameter Value
h 1,0 m E 17.000 MPa
) 0,025 m 00 1076
l (2/3)0 v 0,2
D 4,0 MPa K 590,0 J/m
k 1,0 mD o™ 0,1
~f 108 af 1,0

material distribution after the damage evolution induced by this first critical pressure is presented
in Figure 5(a). Figure 5(b) shows the history of the shape functional F,, from (2.2) during
the optimization process described by the internal loop of Algorithm 1. Note that the model
dissipates energy in all iterations. After then, three new critical pressures has been detected,
namely, pz = 3,84 MPa at pseudo time-step i = 192, pg’ = 3,92 MPa at pseudo time-step i = 196
and p} = 3,96 MPa at pseudo time-step i = 198. The observation of distinct critical pressures
is due to the pressure drop while the geological fracture grows. Since the damage evolution
associated with each new critical pressure is small with respect to the propagation related with
the first critical pressure, only the final result is shown in Figure 6. The pressure distribution
at the precise moment before the first propagation and at the end of the entirely process can be
observed in Figures 7(a) and 7(b), respectively.

5.2. Stratified block. In this next example, we consider a stratified block composed by two
layers with different permeability and modulus of elasticity, namely, k1 = 1 mD and ko = 0,5 x k;
and F; = 17 GPa and Fy = 2 x F;. Two cases are considered, which are referred to as Case
1 and Case 2. The different cases treated in this example differ from each other by the spatial
distribution of the material properties as indicated in Figures 8(a) and 8(b), representing Case
1 and Case 2, respectively. The parameters used in this example are summarized in Table 2. In
Case 1, twenty one distinct critical pressures have been detected, the first one was p! = 3,80 MPa
at pseudo time-step ¢ = 190 and the last one p?:l = 5,56 MPa at pseudo time-step ¢ = 278. In
Case 2, twelve critical pressures were observed, with p. = 6,36 MPa at pseudo time-step i = 318
and p!? = 7,88 MPa at pseudo time-step i = 394. Once again, the observation of different
critical pressures is due to the pressure drop while the geological fracture grows. The damage
distributions at the end of the optimization process are presented in Figure 9. Combinations
such as (E1, ko) and (Es, k1) produces the same observed result.
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300
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-300

0 50 100 150 200 250 300 350
iteration

(a) (b)

FIGURE 5. Benchmark example: Results for p! = 3,68MPa at pseudo time-step
i = 184, (a) obtained damage distribution and (b) history of the shape functional
F., from (2.2) during the optimization process described by the internal loop of
Algorithm 1.

FIGURE 6. Benchmark example: Damage distribution for p? = 3,96 MPa at
pseudo time-step ¢ = 198.

TABLE 2. Stratified block: Parameters.

Parameter  Value  Parameter Value
h 1,0 m E 17.000 MPa
) 0,025 m P0 1076
) (2/3)d v 0,2
D 8,0 MPa K 590,0 J/m
k1 1,0 mD a™ 0,1
! 103 af 1,0

5.3. Heterogeneous medium. In this example, a heterogeneous medium is considered again.
However, in this case the permeability k and the Young’s modulus E are corrupt with White
Gaussian Noise (WGN) of zero mean and standard deviation 7. Therefore, k and E are replaced
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135

-35

(a) Before the crack propagation (b) After the whole propagation process

FIGURE 7. Benchmark example: Pressure distribution.

(E., k) 2 (E. k)

T,

0
H

(E. k) Jh (E., k) ]h

(a) Case 1 (b) Case 2
FIGURE 8. Stratified block with different material distribution.

by k; = k(1 —7,5) and E; = E(1+ 7.s), where s :  — R is a function assuming random values
in the interval (0,1) and 7, = 0,5 and 7. = 2,0 corresponds to the noise levels. The parameters
are presented in Table 3. Figures 10(a) and 10(b) show the corrupted Young’s modulus E;(x)
and the corrupted permeability k,(z), respectively. The resulting damage evolution associated

TABLE 3. Heterogeneous medium: Parameters.

Parameter Value Parameter Value
h 1,0m E 17.000 MPa
1) 0,0625 m 00 106
l (2/3)d v 0,2
D 8,0 MPa Ks 590,0 J/m
k 1,0 mD a™ 0,1
vt 108 af 1,0

with each detected critical pressure is presented in Figure 11. Note that, due to the heterogeneity
of the medium, we can observe kinking and bifurcations phenomena, which is expected from the
physical point of view.
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(a) Case 1: pl = 3,80 MPa at i = 190

(b) Case 1: p2' = 5,56 MPa at i = 278

(c) Case 2: p! = 6,63 MPa at i = 318

(d) Case 2: pt? = 7,88 MPa at i = 394

FIGURE 9. Stratified block: Final results.

(a) Corrupted Young’s modulus

(b) Corrupted permeability

FiGure 10. Heterogeneous medium.
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| | [ [

(a) pe = 5,28 at i =264 (b) p. = 5,36 at i = 268 (c) p. = 5,48 at i =274  (d) p. = 5,52 at i = 276

~l

{

(e) pc =5,56 at 1 =278 (f) p. = 5,60 at 1 =280 (g) pc = 5,68 at : =284 (h) p. = 5,84 at 7 = 292
(i) po=5,88at 1 =294 (j) p. =5,96 at : =298 (k) p. =6,08 at i =304 (1) p. = 6,28 at 1 = 314

{

<l

(m) p. =6,72 at i =336 (n) p. =6,88 at i =344 (o) p. =7,32at i =366 (p) p.="7,60 at ¢ = 380

F1GURE 11. Heterogeneous medium: damage evolution for each obtained critical
pressure in MPa.

5.4. Block subject to in-situ stresses effects. In this last example, we consider that the
reservoir is subject to a uniaxial loading which induces a traction tension oy = 50MPa acting
horizontally, representing the in-situ stress. The preexisting geological fracture is located at
the center of the block forming an angle of 30° with respect to the horizontal axis, as shown
in Figure 12(a). The parameters used in this example are presented in Table 4. The related
critical pressure was p. = 1,08MPa at i = 54. The result can be observed in Figure 12(b). Note
that, instead propagates straight following the main axis of the initial fault, the crack reorients
itself along the vertical direction, forming two opposite kinks at the crack tips [6].
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(a) Initial crack (b) Final result

FI1GURE 12. Block subject to in-situ stresses effects.

TABLE 4. Block subject to in-situ stresses effects: Parameters.

Parameter  Value Parameter Value
h 1,0 m E 17.000 MPa
1) 0,0625 m £0 106
{ (2/3)6 v 0,2
P 4,0 MPa Ks 190.000 J/m
k 1,0 mD a™ 0,1
vt 103 af 1,0

6. FRACKING MODELING IN THREE SPATIAL DIMENSIONS

In this section we present the topological derivative associated with the hydro-mechanical
model of Section 2 in three spatial dimensions. The derivations follow the same steps as presented
in Section 3. In particular, the topological derivative of the energy shape functional, written in
terms of the Young modulus and Poisson ratio, is given by

DrJ(x) = Pyo(u)(z) - (Vu)*(2) + 3a(l — v*)ap(z) div(u)(z)

a— — 2V —/
J3Ba D=2 () epraty(a)? - 3L kvp(a) - Va@), (61)

2 pE(l—7) 2+ ~f
where the polarization tensor P, is now defined as
l—n
IP’,Y:—T(3b]I+(a—b)I®I) , (6.2)
with the coefficients a and b redefined as follows
(1-v) 51 —v)
T30y -+na-—y 15(1— 1) — (8 — 100)(1 — ) (63)

The displacement u, the pressure p and the adjoint pressure ¢ are solutions of the three dimen-
sional counter-parts of the variational problems (2.4), (2.5) and (2.15), respectively. We note
however that in order to apply the result (6.1) in the fracking modeling context, Algorithm 1 has
to be adapted to the three dimensional case accordingly, which seems to be not straightforward,
requiring further developments.
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7. CONCLUSION

The first challenge of this study was to show that a simple model of hydro-mechanical crack
propagation in permeable rocks was possible. Simple means (i) based on the minimization of
an energy shape functional; (ii) governed by the computation of a single field, the topological
derivative, able to determine nucleation, advance, bifurcation of multiple cracks; with a minimal
number of user-defined algorithmic parameters. This aim was achieved, and the simulations we
made showed good to very good agreement with known benchmark examples obtained by other
methods. We emphasize also that an extremely simple numerical method, namely triangular
finite elements was used to compute all mechanical fields including the crack aperture. In this
work the model was limited to two-dimensional domains but the three dimensional case is already
a work in progress, as shown in Section 6. Transient effects is also a matter of future research.
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