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Abstract

We propose a numerical method for analyzing fault slip tendency under fluid injection using the extended finite element
method (XFEM) both for fluid flow and poroelasticity. The fault is modeled as a zero-thickness interface, and we use a
reduced model for the fluid flow in the fault to account for its hydraulic behavior. We use the rate- and state-dependent
friction model as the fault friction model, and Biot’s theory of poroelasticity to study the coupling between fluid flow and
mechanical deformation in the surrounding porous media. Since a fully coupled method between fluid flow and
poromechanics is computationally expensive, we have investigated the use of the so-called fixed-stress split in this context.
In such a scheme, the fluid flow problem is solved firstly by freezing the total means stress field, and then the results are
used to solve the mechanical problem. The fixed-stress split is unconditionally stable, consistent and more accurate for a
given number of iterations compared with other type of splitting strategies. In order to verify our method, some test cases
are presented. For the coupling between fluid flow and poromechanics, we consider the Terzaghi Problem and the Mandel
Problem, comparing our results with those of previously published works. While, for the mechanic problem, we compare
the results with those obtained using the software Pylith.

Keywords Coupling - Fault slip tendency - Fluid injection - Fluid flow - Fixed-stress split - Geomechanics -
XFEM

1 Introduction

In several applications related, for instance, to the
exploitation of oil and geothermal reservoirs and CO,
sequestration activities, the injection or extraction of fluids
can alter the stress field in the reservoir, which could
induce preexisting faults to reactivate (Fig. 1). Nowadays
as a promising technology to reduce anthropogenic CO,
emissions into the atmosphere (e.g., [38, 42, 47, 50,
51, 64]), geologic storage of carbon dioxide CO, draws
more and more attention from researchers all around the
world. In our research, we will focus on the reactivation of
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preexisting fault under fluid injection, because the reacti-
vation of fault could produce a path for CO, to leak, which
plays a critical role to determine the success of geologic
storage of carbon dioxide.

Fault reactivation induced by fluid injection is a com-
plex problem including several parts such as the crustal
deformation, fluid flow, coupling between fluid flow and
mechanics, fault reactivation, and so on.

For the crustal deformation, boundary integral methods
which have been used in dynamic simulations with com-
plex geometry (e.g., [16, 39, 41, 65]) cannot simulate
nonlinear bulk rheologies, and finite differences which
have been used to simulate long, repeated rupture problems
(e.g., [61-63]) lack the ability to deal with complex fault
system geometry. While for the Finite Element Methods
(FEM), although it could incorporate bulk rheology and
nonplanar fault geometry (e.g., [1, 31]), it is very difficult
to generate a mesh aligned with a nonplanar fault which is
much more realistic in nature, especially when the fault
geometry is uncertain such as in the fault reactivation and
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Fig. 1 Stress field affected by fluid injection

the mesh needs to change with the fault geometry is
changed to study different possible scenario. So the
eXtended Finite Element Method (XFEM) which was
originally developed by Belytschko and colleagues (e.g.,
[11, 30, 48]) and modified by Fries [32], as a mesh-inde-
pendent finite element method for embedded interfaces
looks as a promising technique also for this clan of prob-
lems. XFEM extends the finite function space to include
discontinuous functions across the fault, and it could deal
with those discontinuities without remeshing (e.g.,
[22, 30, 43, 44, 53]).

For the interface conditions between the rock matrix and
the fault, Lagrange multiplier methods and penalty meth-
ods are the most common methods. Set Lagrange multiplier
methods is extremely mesh dependent and is not obviously
extensible to three dimensions, and standard penalty
methods typically result in ill-conditioned systems of
equations [22]. So we have resorted to Nitsche’s method,
see Hansbo [36], which could be regarded as a hybrid of
penalty methods and Lagrange multiplier methods, as our
choice, because it provides a stabilized linear equations and
is better conditioned than standard penalty methods.
Moreover, we avoid saddlepoint problem complications
inherent to Lagrange multiplier methods (e.g.,
[6, 7, 10, 22, 35]).

For the fluid flow, in D’Angelo et al. [25] the authors
proposed an unfitted, mixed finite element method which
views the fluid pressure and the fluid velocity as two
variables of the system of equations for the Darcy’s flows
in fractured porous media. In their work, fractures were
regarded as interfaces by using suitable reduced models
(e.g., [3, 46]). A study of the well-posedness of XFEM
method for flow in fractured porous media is found in Del
Pra et al. [27].

For the coupling between fluid flow and geomechanics,
various strategies have been investigated in the literature:
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fully coupled, iteratively coupled, explicitly coupled, and
loosely coupled. In a fully coupled strategy, the governing
equations are solved simultaneously at each time step, and
a converged solution is obtained through iteration.
Although the fully coupled strategy is unconditionally
stable, it is computationally expensive [40]. In iteratively
coupled scheme, one of the fluid flow problem and the
mechanical problem will be solved firstly, and then the
solution will be used to solve the other problem, the
sequential procedure is iterated at each time step until the
solution converges. By this scheme, the solution is the
same as that obtained by the fully coupled method.
Besides, this scheme could use different domains for the
flow problem and the mechanical problem, which is useful
because usually the domain of the mechanical problem is
larger than that of reservoir simulation in order to deal with
the reservoir boundary conditions (e.g., [60, 66]). The
explicitly coupled scheme is a special case of iteratively
coupled scheme in which only one iteration is taken (e.g.,
[8, 9, 52, 69]). In loosely coupled scheme, the coupling is
resolved only after a certain number of flow time steps
(e.g., [13, 26, 57]). Although this scheme can save com-
putational cost, it is less accurate and requires reliable
estimates of when to update the mechanical response [40].
Compared with the four strategies, the iteratively coupled
scheme is a better choice for us.

For the iteratively coupled methods, there are four
operator-split strategies: drained split, undrained split,
fixed-strain split, and fixed-stress split. The drained split
method solves the mechanical problem with frozen pres-
sure field firstly, and then solves the fluid flow problem
with frozen displacement field. Compared with the drained
split method, the undrained split method allows pressure to
change but keeps the fluid mass in each grid block
remaining constant during the mechanical step. Fixed-
strain split scheme solves the flow problem with frozen
strain field, and then uses the solution to solve the
mechanical problem. While, the fixed-stress split
scheme solves the flow problem with frozen total means
stress field firstly. From practical point of view, the
framework for reservoir simulation could benefit from
solving fluid flow problem firstly [40]. Besides, by ana-
lyzing these four operator-split strategies, Kim [40] found
that the drained and the fixed-strain splits are only condi-
tionally stable and are inconsistent if performed with a
fixed number of iterations. While the undrained and the
fixed-stress splits are unconditionally stable regardless of
the coupling strength and are consistent even in the case of
a single iteration per time step. For the undrained and the
fixed-stress splits, the fixed-stress split is more accurate
than the undrained split under the condition of a given
number of iterations. Under his recommendation, we prefer
to use the fixed-stress split as our scheme.
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For the fault reactivation, in the latest research [19],
there are two methods used to represent the fault: one is
employing solid elements in the fault aperture, and another
one is using zero-thickness elements which act as an
interface in the media. The previous one enables to
describe accurately the hydraulic behavior of the fluid flow
in the fault, but when we mainly study the slipping
behavior of the fault in the process of reactivation, the
latter one is much more effective. Fault reactivation may
change the hydraulic aperture and the permeability of the
fault, which will affect the hydraulic behavior of the fluid
flow in the fault and in the surrounding media. In order to
account for the hydraulic behavior in the fault and its effect
on the surrounding media, in (e.g., [27, 46]), a reduced
model of the fluid flow in the fault has been deduced,
which we employ in our research. For the fault friction
model, there are three types: static friction model, slip-
weakening model, and the rate- and state-dependent fric-
tion model, compared with these three models, the rate-
and state-dependent friction model is much more realistic,
so we will use it as our fault friction model.

Compared with the previous research [19, 38, 56] of the
fault reactivation induced by fluid injection, we have
chosen XFEM to deal with the discontinuities of the crustal
deformation and the fluid flow across the fault. We regard
the fault as a zero-thickness interface and use a reduced
model to account for the hydraulic behavior in the fault.
We use the Biot’s theory of poroelasticity to study the
coupling between fluid flow and mechanical deformation in
porous media, and fixed-stress splitting scheme to deal with
the coupling. We prefer to use the rate- and state-dependent
friction model as our fault friction model. We start con-
sidering the two-dimensional map-view case, but in order
to consider the dip of the fault, we will regard the system as
a two-and-one-half-dimensional system based on Ander-
son’s fault theory which assumes the vertical direction as
principal stress component. Finally, we will do some test
cases to verify our method.

2 Governing equations

In this work, we focus on the map-view two-dimensional
case which means that we consider a two-dimensional
domain that represents a top view of the three-dimensional
domain.Firstly, we present the governing equations: the
mechanic problem is governed by the equations for the
balance of linear momentum, the fluid flow problem is
governed by the equations for the balance of fluid mass and
Darcy’s law, and the coupling between mechanic problem
and fluid flow problem is governed by the equations for the
Biot’s equations of poroelasticity.

2.1 Balance of linear momentum

The previous research has proved that the linear, constant
coefficient elasticity is enough to describe many of the
features of crustal deformation [22]. The momentum bal-
ance equation for the fully three-dimensional system gov-
erning displacement under isotropic linear elasticity is

2
0u (1)

V- a(u) =P3n

where ¢ is the total (Cauchy) stress tensor and u is the
displacement.

In our research, we research on the fault reactivation
under fluid injection, which process could be divided into
two parts: the phenomena that occur before the fault
reactivation, and the fault slipping behavior after the fault
slips.

Firstly, we focus on the phenomena that occur before the
fault slips to analyze the fault slip tendency under fluid
injection. This process could be described using a qua-
sistatic assumption which neglects the acceleration term in
the momentum balance equation, because the time scale of
this process is of the order of years.

In order to research on the map-view two-dimensional
case, we simplify the equation to the so-called Mode III
(anti-plane) deformation and Mode I/II (within-plane)
deformation for a two-dimensional slice Q of the three-
dimensional system [22], see Fig. 2.

For the map-view two-dimensional case, we use the
Mode I/IT (Mixed Mode) case in which deformation is only
allowed to occur within the plane Q. Let us introduce the
effective stress tensor ¢’ defined by

¢ = o+ bpl (2)
where o is the total stress tensor, b is the Biot coefficient,

and p is the fluid pressure.
Then the problem reads:

V-o(u)=0 (3)
o' (u) = Jtr(e(u))I + 2pe(u), (4)
e(u) = % (vu + (Vu)T). (5)

Vv

Fig. 2 Map-view case
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where u is the displacement, e is the strain tensor, I is the
identity tensor, 4 and p are Lamé’s parameters.

The governing equation for linear momentum balance of
the porous medium becomes

V.o —bVp=0 in Q (6)

Boundary conditions will be detailed later on.

While for the slipping behavior after the fault slips, this
process is a dynamic problem, and the momentum balance
equation in the Mixed Mode case is:

o*u
Vo) = pos (7)
o(u) =ps
and the governing equation for linear momentum balance
of porous medium becomes:

&
V-a’—przpa—: in Q (8)

2.2 Balance of fluid mass

For the isothermal single-phase fluid flow which is the
focus of our research, the fluid mass conservation equation
is

a(Pﬂ ¢)
ot

where pg is the fluid density, ¢ is the porosity, v is the
Darcy velocity, and f; is a volumetric source term.

We assume that fluid flow can be modeled by Darcy’s
law. Then, the relationship between the Darcy velocity v
and the fluid pressure p in the two-dimensional map-view
case is

+ V- (ppv) = pufys ©)

K
v=—=Vp 10
p (10)

where K is the absolute permeability tensor, and u is the
fluid viscosity.

Here, we do not consider the variation of the fluid vis-
cosity and define K =k/u. Then, the above equation
becomes

v=-KVp (11)

2.3 Biot’s equations of poroelasticity

According to Biot’s theory of Poroelasticity [14, 24], we
can express the fluid content variation in the porous med-
ium as a function of pressure and volumetric strain as
follows:

{ = be, + M~ 'op, (12)
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where (:=0m/pyo = 0¢ = 0¢/0t is the fluid content
variation, €, = tr(e) is the volumetric strain, M is the Biot
modulus, and dp denotes the pressure variation.

For the two-dimensional map-view case, the (rank-2)
strain tensor could be expressed as:

1
e=3 el+e (13)
where I is the rank-2 identity tensor, and e is the deviatoric
part of the strain tensor [24, 68].

3 Boundary conditions

In order to analyze the slipping behavior of the fault after
the fault slips, we regard the fault as a zero-thickness
interface. We assume that the domain 2 is a convex
polygon. On the boundary, we will consider Dirichlet
boundary conditions I'” where displacement is imposed,
Neumann boundary conditions I’V where traction is
imposed, and “Mixed” boundary conditions where dis-
placement is only allowed to be imposed on the direction
parallel to the boundaries. For the fluid flow problem, since
we are considering the mixed formulation of the problem,
normal velocity is imposed on the Dirichlet boundary X7,
while the boundary conditions on pressure are Neumann
boundary conditions V.

For the boundary conditions of the mechanic problem,
we use a far-field loading rate

u(t) =g(t) onr” (14)

to set Dirichlet boundary conditions on I" D where gis a
given function of time. For a constant velocity, assuming
zero displacement at time 0, we have g(f) = v, in which
v, is the velocity on the boundaries. While for the Neu-
mann boundaries, we set

o -n=F on IV (15)

where n is the unit vector normal to the boundary, and F is
a given traction.
For the fluid flow problem, we impose

V-n=YVy
P ="Po
with 2P U2V = 0@, 2P N 2N = .

To satisfy the Dirichlet boundary conditions in the
standard FEM, the solution u could be decomposed as
u = ug + u,, where ug|» = 0 and u,|» = v,r. In order to
eliminate the need for a particular solution u,, we prefer

Nitsche’s Method which enables essential boundary con-
ditions to be implemented within the weak formulation by

on 2P,

16
on XV, (16)
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adding a consistent penalization term [17, 49]. Especially
when we consider the fault, for the interface condition, the
space is a function of time, by using Nitsche approach to
impose interface condition on the fault, we do not need to
discretize the space every time.

4 Mathematical model of the fault

In this work, we use a reduced model where the fault is
represented by a line 7.

4.1 Mechanic problem on the fault

The fault y can be subdivided into two parts: the slipping
region, that we denote as )", where the two sides are
allowed to have different displacements and we apply a
friction force, and the stuck region (y”) where a Dirichlet-
type boundary condition is used to impose continuity of
displacements. Note that the two regions cover the whole y
and may change in time due to modified mechanical
conditions.

In the two-dimensional map-view case (Mixed Mode),
the tangential component of slip is constrained by friction
and failure, while normal component is set by a no-inter-
penetration constraint:

t-{d’(u)}-n=f on " (17)
[u] - a=0 on y, (18)
For the quasistatic problem:

[u] t=¢

While for the dynamic problem:

on P, 19
Y

0 .
D=0 on (20)

where fis the friction traction detailed in the next section, g
is a given displacement jump on the tangential direction
across the fault, i is the unit vector normal to the faul, t is
the unit vector tangential to the fault, {-} and [ - | indicate
the average and the jump of a quantity which may be
discontinuous across the fault correspondingly, and
[u] =ut —u~, {u} =1(u" +u"), the two sides of the
fault being identified by + and — accordingly to Fig. 3.

4.1.1 Friction model

Friction is taken equal to f = ufo"rf , where y, is the fric-
tion coefficient, ¢’y =n-¢’-f, and f is the friction
direction, which opposes the applied internal forces when

nr

I—vD
Fig. 3 The domain and the boundaries

the fault is stuck, while it opposes slip rate when the fault is

slipping.
For the friction coefficient K WE choose the rate- and

state-dependent  friction model (Fig. 4) (e.g,
[28, 29, 38, 45, 55, 58]):
1% Vo0

= Aln( — Bl 21
= o+ () + 8 (%57, 21
do ov
1= 22
% i (22)

where V = |4d| is the slip rate magnitude, d = [u] - t is
the accumulated tangential slip, p, is the steady-state
friction coefficient at the reference slip rate V), A and B are
empirical dimensionless constants, and 6 is the macro-
scopic variable characterizing state of the surface.

In this work, we use the Dieterich—Ruina rate and state
friction model (a variational form of the rate- and state-
dependent friction model that prevent the risk of V going to
0) [2] which is much more realistic as our fault friction
model:

When V > Viinear,

14 Vol
= o +Aln( =) + Bl 2
= o+ (1) + 5in (%50) )

and when V < Viear,

Vlinear> (V09> < Vv )
= Uy +Aln{ —— ) + Bln —A(1-— .
'uf Ho < VO dc Vlinear

(24)

V(t)At
When (d—) <oy,

0(t + Ar) = 0(r)exp (— VU)AI) 1V()Ar

At — =
d, +

24 (25)

while when V(¢)Az/d. > a,,
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Fig. 4 Rate- and state-dependent friction model. The friction
coefficient y, on the fault evolves with the slip rate or velocity V
and the state variable 6. With the slip velocity increasing from V; to
V, suddenly, the friction coefficient increases sharply due to a sudden
increase in resistance from contact asperities firstly, and then declines
slowly due to slip-weakening. The final steady-state value of the
friction coefficient can be lower than the initial steady-state value if
A — B<0, as shown in figure [38]

0(t + At) = 0(t)ex —%

I

where Viipear 18 a cutoff for a linear slip rate dependence
here taken equal to 1072, and used to prevent failure due
to null slip velocity V = 0, and «, is a small parameter here
taken equal to 1073,

fault plane

Fig. 5 Dip fault

@ Springer

4.1.2 Dipping fault

In order to consider dipping faults (Fig. 5), we regard the
system as a two-and-one-half-dimensional system based on
Anderson’s fault theory [4, 5] which assumes the vertical
direction as principal stress component. We view the ver-
tical stress as a constant, lithostatic value and assume that
the vertical gradients can be neglected, and there is no
variation in the fault along the dip [22].

The displacement u is a vector in the two-dimensional
map-view layer, while the stress is a three-dimensional
tensor in the two-and-one-half-dimensional system. By
comparing the three-dimensional tractions on the fault
plane to the fault strength, it could be determined whether
the fault slips or not. If slip occurs, the three-dimensional
traction is specified by friction, then the equivalent two-
dimensional stresses in the two-dimensional plane of the
layer are determined [22].

Under the assumptions of this theory, the three-dimen-
sional effective stress tensor on the fault is:

o' + pis 05 0
P dy dytps O (27)
0 0 Pis

where p;; = pgdg is the lithostatic pressure on the layer. In

this three-dimensional frame of reference, the effective

3. h3, where the three-dimen-

normal stress ¢’ i =n’. o
sional normal vector i’ is given by n? = (sin(0) - n?[0],
sin(6) - 12[1], cos(0))” for a fault with dip angle 6. Besides,
the effective shear stress has two components: t, =

(—cos(0) - n[0], —cos(0) - (1], sin(@))T and fH = (—n?

. T
[1],1[0], 0)".

In the fault plane, the three-dimensional effective trac-
tion is the vector ¢’ = (¢',, 7)), where 7’| = t,-o° i

and ’C/H = tH . 6/3 -ﬁ3.

4.1.3 Failure criteria

We use a history-dependent criterion to check whether the
fault will slip. A stuck point x € y? begins to fail when the
effective shear stress exceeds a critical friction value:

N

|7 (u(x))] ZMf(X) = xe)V.

|0"a (u(x))

Vx € yP  satisfies

(28)

where u, is given by the friction model, and yV is the
portion of the fault where the failure criteria are met and
the fault can slip. Here we define |7/ (u(x))|/|o’s(u(x))| as
the slip tendency of the fault.
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ZN ED

Fig. 6 The domain division [34]

4.2 Reduced models for the fluid flow
in the fault

As shown in Fig. 6, the fault actually is a fault zone, in
order to illustrate the model for fluid flow in the fault, we
divide the whole domain into three parts: Q;,i =1, 2, f.
and €2, are the two parts of the original domain divided by
the fault, while €y is the fault area. In our research, we
consider the fault as a zero-thickness interface. So we need
to introduce the reduced models of the fluid flow in the
fault y (e.g., [34, 46]):

1. Reduced conservation equation for the tangential
component of the Darcy velocity in the fault becomes
ad A
a—l-vfﬁzfq—k[[v-n] on 7, (29)
where d is the thickness of the fault, f ;4 1s the total
source in a section of the fault, v is the Darcy velocity
in the fault and V.- is the tangential divergence in the
fault.

2. Reduced Darcy equation in the fault:

AV+VH=0 on 7, (30)

where #j denotes the inverse of the equivalent perme-
ability in the tangential direction to the fault y, V. is
the tangential gradient, and p is the fluid pressure in the
fault.

3. Reduced coupling conditions

m{v-n} =[p] ony, (31)

where 7, denotes the inverse of the equivalent per-
meability in the normal direction to the fault 7, and [p]
denotes the jump of the fluid pressure in the porous
medium across the fault.

4. Variation of pressure and velocity across the fault:

Somy[v-m]={p}—p ony, (32)

with &; is a closure parameter here taken equal to 1/8.
5. Interface conditions of the fault:

p
vV-n

on Oy,

Il
<

(33)

-n on Opy.

5 Coupled modeling of fluid flow
and poromechanics

We here recall the system of equations introduced in the
previous parts in view of their coupling.
The domain € is split into two parts ; and €2, sepa-
rated by a fault described by the line y = int(Ql N 5_22).
We have adopted a quasistatic assumption for the rock
mechanics. So, by setting Q, = Q| 2., we have that at
any given time ¢ > 0,

V -o(u,p) = Vd'(u) — bVp = pf,

O(pr¢
(a; ) + Vprv = pif,

K™'v+Vp = peg,
d'(u) = Atr(e(u))I + 2ue(u).

in Q,, (34)

Porosity and permeability depend on the stress state. We
assume that porosity variation is governed by
0 190 0
% _ p ;O
ot
where M is the Biot modulus.

We choose to ignore the effects of water compressibil-
ity, so the second equation in Eq. (34) may be rewritten as
1 op

M&-‘FV(V%—[JU) =f,

in Q,,

while for the permeability in the bulk, we use the model
developed by Chin et al. [21]: K = Ko(¢p/¢y)* where o> 1
is a power-law exponent experimentally determined, and it
depends on the type of rock considered, while K, is the
permeability at a reference porosity ¢,. This model is
justified by some experimental observations and allows us
to describe the fact that a reduction of porosity induces a
reduction of rock permeability. The system is supple-
mented by boundary conditions on 0€2,, which correspond
on fixing either the normal stress or the displacement on
different portions of the boundary.

In the fault, the evolution of the tangential velocity flux
v obeys the model described in the previous parts, since we
assume that variations of porosity in the fault for the
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phenomena under study are negligible. We recall it for
completeness,

VT-VA’Zqu—F[[V'n]
ﬁ{""vrﬁ:fv:pg'f

on 7,
on 7,

with the boundary conditions on 0y:

P =Dy
v-n= GD
where Vp and py are given data.
The effective permeability of the fault in the reduced

on OyY,

on Opy,

model is given by 7 = (Kfﬂa)A. However the material
permeability Ky . in the fault may vary with the state. In
particular, even if we are assuming a compressive state and
we do not have variation in the fault aperture due to normal
displacements, we may have an effect related to shear
dilation Ucar et al. [67]. To account for this effect we
define an effective aperture a.;f = a + by, where by, is the
aperture increase due to shear displacement, and it based
determined according to Cappa et al. [20]. Then, we set

K¢ = Kro(aerr/ ao)z, where Ky is a reference value at zero
shear displacement.

5.1 Coupling conditions

We are left with the coupling conditions, which we write as
follows

Somy[v-m], = {p} —p.

1 {v-n}, = [pl, + aff. -n),

t{dw} n=f on (1), 35)
[2y.i=0 on ().

[u-i] =0 on 7,

[o-n]-n=0 on 7.

where f, is a generic forcing term, for instance due to
gravity.

9V (¢) is defined as the partition of y where the ratio of
tangential and normal stress exceeds a given value, more
precisely, at any time ¢ > 0,

7 ()]

|7, (%)

M) = e T >y or [ 0]t <),

(36)

where 7 = {¢-n} -t and ¢/, = {¢-n} - n are the tangen-
tial and normal component of the average effective Cauchy
stress on 7y, respectively. We then set y?(¢) = y\y"(¢). The
first condition in Eq. (36) is the classic failure condition,
the second condition allows a point in the slipping region
¥ to remain in that region until its tangential velocity goes

@ Springer

below a threshold value €. Here, e is the friction coeffi-
cient, as described in previous parts.

6 Time discretization

Let us consider the time interval (0, 7) and define a par-
tition 0 =t <#; < ---ty =T, with N € N. The time step
Aty =ty — 1 is assumed to be constant and will be
denoted simply as At. We introduce the semi-discretization
in time of problem (Eq. (34) with the Implicit Euler
method, reading

V.o (@) —bpVp" =0 inQ,

1pn+1_pn V-u”“—V-u" 1 )

M AP At +VVT=f inQ,

V. vl :qu+[[Vn+l ‘n] onvy

with the constitutive equations

O_/(un+1) — /ltre(u”“)IJrZ,ue(u”“)
K(unJrl,p"Jrl)VHl + vpn+1 — fv
K (wt)yvt! 4 v p T =,

and the coupling conditions [Eq. (35)] evaluated at time
#"+1. Note that the fluid and mechanics problems are cou-
pled by some linear and nonlinear terms: the pressure
gradient in the equilibrium equation, the divergence of the
displacement in the mass conservation equation are linear
coupling terms, while the dependence of permeability on
porosity and effective aperture introduces nonlinearities in
the system. Moreover, the interface conditions associated
with the frictional contact are strongly nonlinear.

6.1 Solution strategies for the coupled problem

For the coupling between fluid flow and geomechanics, we
prefer fixed-stress split which is unconditionally stable as
our strategy. In fixed-stress split scheme, the fluid flow
problem is solved firstly by freezing the total means stress
field (c&c+§ = d’v’). Then the original operator A could be
decomposed as follows:

u” A un-o—% A% un+1

n - n+1 - n+1 |» where
p p p
AP+ Divvy = 0, 66, = 0,
A% : Dive = 0,p = 0.

(37)

The () denotes time derivative.
For the 2-dimensional map-view case, oy = %tra is the
volumetric part of the total stress tensor o:

og=oal+s, (38)
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where s is the deviatoric total stress tensor.

As already mentioned, in this scheme the flow problem
is solved first assuming a constant (“frozen”) mean stress
field, and thus, a constant total volumetric stress. This
allows, as we will show, to derive an expression for V -
u"*! in the mass conservation equation.

Let the index i denote the ith iteration of the fixed-stress
scheme. At time step n 4+ 1 we impose, for each iteration,
that the total volumetric stress at iterations i and i — 1 are
the same. Since o, = K;V -u — bp, where K, is the
drained bulk modulus, equal to 4+ u in the two-dimen-
sional case, we obtain

Kdrv . un+l,i _ bpn+l,i — Kdrv . un+l,i71 _ bpn+l,i71.
(39)

Substituting Eq. (39) in the mass balance equation, we
obtain

1 /1 b ; .
(—+—>pn+l’l+V'Vn+l’l

E Kdr
1 n b n n+1,i—1 40
qu—i—mp +EV'(U —V-u" ) ( )
b2 n+1,i—1
K

This modified fluid problem does not depend on u**!#
and can be solved with the displacement fields at the pre-
vious time and at the previous iterations. The fixed-stress
splitting algorithm can be summarized as follows:

Initialization At each time step n+ 1 set u"™'0 = u"
and pn+1,0 :pn.
Fluid Subproblem Solve Eq. (40) coupled with the flow

problem along the fault to obtain p"*!/:

1 1 4 b2 n+l,i+v VnJrl,i_f + 1 n
At Ky p e A
b n n+1,i—1 b2 n+l,i—1
+KIV(U -V.-u" )+K7P ’ ll’l.Qy
dr
Vn+1,i + Kvpn+l,i — fv
i p 1 i .
Veviti=f, 4+ vt on] iy
‘A,n+l,i + K-[vfﬁwrl‘i :fv
(41)

with coupling conditions on y
5077;,v[[vn+1"i . n] = {pn+1>i} _p/‘VH»l,i’
r/y{vmrl,i -} =[] + aff, -,

as well as the given boundary conditions for the fluid
problem.

Identification of 7V and y” With the computed value of
fluid pressure, we compute an intermediate total stress

o =2ue(u™) + AV -u™ — bVp"ti in order to esti-
mate, with the help of (36), the extension of y? and "
at the current iteration, as well as the values of the
friction coefficient.

Mechanic Subproblem Solve the equilibrium equation
on Q,,

2ue(u ) 4 AV - u = pyptt (42)

together with the coupling interface conditions given by
the last four equations in (35) and the given boundary
conditions for the mechanical problem, to obtain ut
Convergence Test Test for convergence, then repeat
steps 2 and 3 or proceed to the next time step. For the
convergence we monitor "M — p" UL ) and

[ttt — “nH'i”H'(Q.,)-

Remark 1
[15], the coefficient f = b? /K, multiplying pressure in the
fluid subproblem can be regarded as a stabilization
parameter, thus, f could take different values with an
impact on the number of iterations needed to achieve
convergence. In this work, we have adopted the classical,
physically based value.

We point out that, as suggested in Both et al.

7 Space discretization

We can now introduce the space discretization strategy for
the two problems: the fluid flow and the mechanics. In this
work, we employ a finite element discretization, in par-
ticular, to achieve high flexibility in the presence of com-
plex geometries, we resort to XFEM to represent interfaces
across mesh elements.

7.1 The grids

In this work, we use the same mesh for the fluid flow
problem and the geomechanical problem. This choice has
the advantage of avoiding interpolation of material prop-
erties and variables, such as for instance the fluid pressure,
between different grids. However, this is only possible
because we are considering relatively simple synthetic
cases: in real life applications the geomechanical model is
usually larger than the fluid reservoir of interest and dif-
ferent grids are often used.

Both at the geomechanical and the reservoir scale the
construction of a computational grid can be a challenging task
in realistic configurations: indeed, grids should account for

e heterogeneous layers
e multiple and intersecting fractures and faults.
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Moreover, the fault surface is usually nonplanar and has a
roughness that should be accounted for to compute reliable
predictions of the slip tendency. In this work, we choose to
employ nonconforming grids, i.e., we build the ”bulk”
mesh of the porous medium irrespective of the fault
geometry and position. Thus, the domain € and the fault y
are meshed independently.

We discretize the domain Q2 into an approximation €,
which is a convex polygon and consider a family of tri-
angulations 7. Let h be the maximal diameter of the
elements of 7,. The approximation €, is such that if &
goes to 0, Q, — . In our examples, (2 is itself a polygon,
so Q, = Q. Analogously we define for y its piecewise
linear approximation 7y, (details will be given later on) and
consider a family of triangulations £, (Fig. 7).

Remark 2 The mesh sizes h and h can be chosen inde-
pendently. However it has been observed, Frih et al. [33],
that oscillations can arise in the fault if 7 < <h. For this
reason, we will use independent grid for the bulk and the
fault, but with comparable mesh sizes.

Since 7, is not conformal with the fault y,, for the tri-
angles K € 7, cut by the fault y, we define K; = K N Q;,
where Q;, i = 1,2, are the two parts of the original domain
divided by the fault y, and use G, = {K € T, : yN K # (0}
to denote the collection of the elements cut by the fault.

In the following we will assume, following D’Angelo
et al. [25], that:

1. the triangulation is shape-regular, i.e., cpx < hg < Cpg
where hg is the diameter of element K, py is the
diameter of the largest circle contained in K and
¢, C are positive constants;

2. if K € Gy, then y intersects the boundary 0K twice
exactly, and for each edge of K, it intersects at most
one time;

3. v, is ”a good approximation” of y, i.e., if yp =9y NK
and yg, =7, NK then yy = {(t,s) : 0<s<|ygul, t =
o(s)} while yx, = {(t,5) : 0<s<|yg |, = 0}, where
o(s) is the distance between the fault y and the
approximation 7,,.

The use of level sets to represent the fault

The geometry of the fault y is assumed to be given as a
parametrized curve as y : X = g(s) with s; <s<s,. Let us
define the signed distance of a point x from y as follows:

Y(x) = n}ien |x — x*|sign(x — x*) - n
X €y

where n is the normal to the surface. Then y can be iden-
tified as the zero-level of . We then replace i with its
finite element approximation (with linear finite elements)
¥, and obtain v, as its piecewise linear zero-level set as
shown in Fig. 8.

@ Springer

convex

Fig. 7 d(s) is the distance between the curve fault y and the
approximation 7, in the convex

Thus, the difference between y and 7y, depends on the
size of the bulk triangulation 7 ,. This guarantees that if y
has bounded curvature Assumption A-3 is always satisfied
for a sufficiently refined grid.

The definition of the interface by means of a level set
function is motivated by the capabilities of the finite ele-
ment library Getfem++, used as the basis of our imple-
mentation, which provides the tool to define quadrature
formulas on subdomains defined by the positive, negative
or zero values of level sets.

7.2 Space discretization with the XFEM

As we mentioned in the previous sections the geometrical
complexity of realistic cases motivates our choice of using
nonmatching grids, i.e., to allow the fault to cut the ele-
ments of the bulk mesh. However, the material properties
can change abruptly across the fault surface, and the
solutions (pressure, fluid velocity and even displacement)
can be discontinuous. For this reason, we employ the
eXtended Finite Element Method (XFEM) to account for
the discontinuities across the fault by means of suit-
able enrichments of some standard finite element spaces
(Fig. 9) [11, 30, 48].

The XFEM is currently one of the most popular methods
to discretize mechanical problems in linear elastic material
in the presence of fractures, for industrial and geophysical
applications. They have been applied to the problem of
fault equilibrium and failure by E. Coon in Coon et al. [23]
and Coon et al. [22]. In these works, however, the effect of
fluid pressure and flow along and across the fault are not
taken into account. The use of XFEM for the approxima-
tion of flow in porous media with fractures and faults is



Acta Geotechnica (2020) 15:325-345

335

signed distance

i

TrrTT

E

292e-01

-0.41459
-8.292e-01

Fig. 8 The fault as the zero of a level set function equal to the signed distance from the interface (left) and a zoom of a detail (right). 7y is

represented by the white line, and its approximation 7y, by the red line

more recent but quite established, see for instance [25, 59]
and Berrone et al. [12], where a single-phase Darcy flow is
solved in undeformable fixed domains. In this work, we
will discretize both the mechanical and fluid subproblems
by means of the XFEM using the same nonmatching grid
for the two problems to obtain a natural coupling and avoid
interpolations.

7.2.1 Flow problem

For the numerical approximation of the flow problem in the
bulk and along the fault we proceed as proposed in
D’Angelo et al. [25] and Fumagalli [34]: starting from a
stable mixed finite element pair for fluid velocity and
pressure we enrich the finite element spaces to represent
possible discontinuities across the fault. In particular, we
start from the lowest order Raviart Thomas finite elements
(RTyp) for the Darcy velocity and piecewise constant (Pg)
finite elements for pressure in the two-dimensional domain
;; analogously on the fault y, we approximate the flux
with P; finite elements and the pressure with P elements.
The choice of mixed finite elements is motivated by their
property of local mass conservation and the robustness in
the presence of permeability contrasts.

For each element K € T, we define the restriction of the
standard RTy and P, functions to the cut elements as
follows:

RT()(K,‘) = {wh|K,» Wy, € R-ﬂ—o(K)}
Po(Ki) = {anlk, : 4 € Po(K)}.

Note that if K ¢ G, then K; either coincides with K or it
is empty. On each side of the fault, i.e., for i = 1,2 we
define the discrete spaces W, ;, Q; as

Win = {Wy, € Hai(Q) : Walg, € RTo(K;) VK € T},
Qi = {an € L*(Q) : quly, € Po(Ki) VK € T}

We will consider discrete velocities v, and pressures g,
in the discrete spaces Wy, = Wy, X Wy, and O, = Q1 X
Q> so that the variables are made by two independent
components associated with the subdomains €;.

Remark 3 This formulation of the extended finite element
spaces, where the test functions are restricted to the
subelements and associated with different degrees of
freedom on the two subdomains, is based on the approach
proposed by Hansbo and Hansbo [36]. Equivalently, the
standard finite element spaces can be enriched with the
addition of discontinuous functions, see Belytschko et al.
[11].

As concerns the discrete flux wy, and fluid pressure ¢, in
the fault we define the following spaces:

Win = {Wy, € L2(y;) : Wal, € Pi(l;) VIE Ly},
Qi,h ={G, € L*(y) : Gul, € Po(li) Vi€ Ly}

The discrete weak formulation of the fluid problem
(Eq. (41)) reads: given uy, uZH’i_l, D} given the boundary
data, find (VZ+1,1'7 VZJrl,i, pz+1,i7 pzﬂ,i) €W, x W, X 0
Q, satisfying, for all (Wj,, Ws, g1, §,) € Wi, x W), X Q)%
th
A((Vis Vs Prs Pr)s (Way Way @iy G)) = F (Wi, Q)

V(W, qy) € D,

where
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A((Vis Vi, s ) (Was Wi @iy )
_ m(pzﬂ,i7 qh) i C<VZ+1,Z" Wh)
I 0(p2+1,i, Wh) _ O(qh, vZH,i)
Jré(‘;zﬂ,i’ﬁ,h) +5(ﬁz+l’i,\i’h) 4
_ 6(4};,,‘?2“0 n e(ﬁz+l,i7 Wh) _ e(th7 VZHJ)
and
F=R,+R,+R,+R,

with

1 1 b?
m(pn, qn) A , MﬂLE Phdn
h r

c(viywn) = [ Klv,-w, +/ 7ol (Vi -m)(wy - m)
Z‘D

Q

+ [ gt m) fwsemd, + & [ i nl, sl

Th “n

olpnwi) == [ pul¥ i)+ [ palows-m)
) = [ s [ ),

Vh Opy

6P Vi) = — / Pul(Ve W) + / Bu(in 1),

Vh Opy

e(Pps Wn) :/ﬁh[[wh 'nﬂy

Th

and

Ry, :/ f, w, —/ p(wy, - n) +/ yoh” (W, - m)
o bl 0
a
+ / a{f, -n} {w, -n}, — / Z[[f‘, -n],[w,-n],,
! Th

Vh

R :i/ ipn+b_2pn+l~,i71 q +/ by
TTAL o, \ M Kyt ! Q

= Nt [ fan - [
Q b

Ry :/ f, - W, —/ p(W; - m) +/ yoh” ' A(Wy - m),
b Ony dpy

h
Iéq:/quAh_/ ’;C]ha
i dpy

The problem can be written in matrix form as:

cC 0 0 ET[V R,
-0 0 0 o|]|P R,
0o 0 ¢ ol|lv| [&
—E 0 -0 0o]|P R

_

@ Springer

where E and —E are the matrices corresponds to the cou-
pling between the fluid flow problem and the geomechan-
ics, C, O and —O are the matrices corresponds to the bulk,

and C, O and —O are the matrices corresponds to the fault.
7.2.2 Mechanical problem

The finite element space for the mechanical problem in the
context of poroelasticity cannot be chosen independently
from the flow problem for stability reasons. For the three-
field formulation, i.e., flux, pressure and displacement, a
common choice is to couple RTy — Py with linear finite
element for displacement ([P;). This choice of spaces can
successfully applied when the permeability tensor is uni-
formly positive definite; some issues have been observed
on the case of vanishing permeability Rodrigo et al. [54]:
volumetric locking may arise if the permeability is small
with respect to the mesh size. Possible, more expensive
alternatives are the quadratic finite elements or stabilized
P.

Analogously to what was done for the flow problem we
define, for each element K € 7, the restriction of the
standard P; as follows:

Pi(Ki) = {¢ulg, : ¢n € P1(K)}-

Then, bearing in mind that in our case the displacement u,,
is a vector with two components, on each side of the fault
we define the discrete spaces Z;;, as

Ziy = {dy € H'(Q) : dylg, € [P1(K]*) VK € Ti}.

Fig. 9 Sketch of the mesh cut by the fault y; the enriched elements are
highlighted. The basis functions P (K;) are represented
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We will consider discrete displacements ¢, in the dis-
crete space Zy, = Z; , X Zyp so that the variables are made
by two independent components associated with the sub-
domains ;.

The discrete weak formulation of Eq. (42) reads: reads:
given p"*1i (computed in the fist "half” step of the fixed-
stress method), given the boundary data, find u} ™"’ € Z,
satisfying, for all ¢, € Zj:

B(un, ¢y) = £(¢n),

where

8w ) = [ clon) s ()
f/<<[[¢,,ﬂ,,,,ﬁ>dn<uzm) 01, -4)

o () )
w52 [ (9108) (500
o) w0
+ﬁahgh/ (¢h L (- )(n+u n))
b = [ (1000 + 52 [ (161100
[ b F = [ 0 h g
2 [ (G 800) + (94 D)) - )

+b/ ﬁash-n—b/ P
aQ/, Qh

Note that the pressure term on the right-hand side has been
integrated by parts and here p denotes a suitable extension
to the boundary of the known pressure field p"*!+.

The imposed tangential displacement jump on the stuck
portion of the fault is denoted as g"*'“~! and is taken from
the previous iteration of the fixed-stress method, i.e., we set
gn+1,i — [[unﬂ,i] . f

Remark 4 The coupling conditions on the Dirichlet por-
tion of the interface yp, i.e., the essential condition on the
displacement jump across the fault is imposed with a
consistent Nitsche penalization. As already mentioned in
Chapter 3 this strategy has the advantage of enforcing the
interface conditions on both y, and y, in the weak for-
mulation and not in the discrete functional spaces. Since
the partition of y into the Neumann (slipping) part and the
Dirichlet (stuck) part can change in time the use of Nitsche

(jur simulation rcsullsi
Analytical results

4 -
(o —

0 0.5 1
X

Fig. 10 Terzaghi Problem: pressure against distance at four different
times

penalization avoids changing the discrete spaces at each
time step.

Remark 5 The choice of y/h* with oo =1 as Nitsche
penalization parameter leads to optimal error estimates in
the case of our interest, Burman et al. [17, 18]. Other values
of o can be chosen in the case of solutions with higher
regularity and quadratic Lagrangian finite elements.

8 Verification and validation

In order to verify our proposed method, we did some test
cases.

8.1 Test 1: the Terzaghi problem

We consider the Terzaghi’s uniaxial compaction problem.
Parameters are set as in Jha et al. [38]: size of the domain is
Im x 50 m, the bottom boundary is fixed and impermeable,
on the left and the right boundaries, the displacement is
only allowed in the y-direction without fluid flow, while the
top boundary is a Neumann boundary with a compression
of 2.125 MPa and the pressure is set to 0. The Young’s
modulus £ is 120 MPa, and the drained Poisson ratio is 0.3,
Biot coefficient is 1.0, porosity is 0.2, and hydraulic dif-
fusivity is 1.9 x 107%m?/s. Results are shown in Fig. 10.

8.2 Test 2: the Mandel problem
We consider the Mandel’s problem. Parameters are set as
in Jha et al. [38]: size of the domain is 50 m x 10 m which

is different from that in Jha et al. [38], because we consider
the two-dimensional map-view case, so we do not consider
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Fig. 11 Pressure evolution of the Mandel Problem

the thickness, on the right and the bottom boundaries dis-
placement is only allowed on the direction parallel to the
boundaries and the boundaries are impermeable, while the
top boundary is a Neumann boundary with no stress and
pressure equals to 0O, the left boundary is a Neumann
boundary with a compression 1 MPa with no fluid flow.
The Young modulus E is 18 GPa, drained Poisson ratio is
0.25, undrained Poisson ratio is 0.49, reference porosity is
0.05, and hydraulic diffusivity is 2.2 x 10~"m?/s. Results
are shown in Fig. 11.

8.3 Test 3: geomechanical problem with a fault

In this section we compare our results with the results
provided by Pylith [37] on a purely geomechanical prob-
lem without the fluid. We consider a two-dimensional map-
view domain. In this case, each time step is 2.0 years and
the total time is 300 years. The relevant parameters are in
Table 1. The domain is shown in Fig. 12, the size is

Table 1 Relevant parameters of mechanic problem

c=0

0.01 mlyr

2m
0.01 m/yr <:
\ Fault

c=0

Fig. 12 Domain and boundary conditions for test case of geome-
chanical problem with a fault

6000 m x 6000m. The fault is represented by a straight
line from point (3000,0) to point (3000,6000). On the right
boundary, there is an initial displacement of 2 m normal to
the boundary. The left and right boundaries are all Dirichlet
boundaries with a constant velocity 0.01 m/yr parallel to
the boundaries. The other boundaries are all Neumann
boundaries with null traction. As shown in Fig. 13, our
results are in good agreement with those by Pylith: in
particular, we have reported the slip magnitude and the
shear traction at the center of the fault. In Fig. 14, the
displacement on the y-direction after 145th step
(290 years) done by Pylith and our code are shown,
respectively, the results match very well. The difference of
the slip magnitude and the shear traction after fault slips in
the figure is because after we got the displacement result in
the bulk mesh without the fault, in the postprocessing we
got a new displacement result in a new mesh which
includes the fault, then we got the slip magnitude based on
the difference of the new displacement result on two new
degree of freedom on the two sides of the fault, even if the
two new degree of freedom are very close, there is still a

Variable Value Description

p 2500 kg/m® Density

) 25 GPa Lamé’s parameter

u 22.5 GPa Shear modulus

Lo 0.4 Reference friction coefficient

Vo 1.0e—11 m/s Reference slip rate

d. 0.05 m Characteristic slip distance

A 0.002 Empirical dimensionless constants

B 0.08 Empirical dimensionless constants

Viinear 1.0e—9 A cutoff for a linear slip rate dependence
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Fig. 13 Slip magnitude and shear traction in time in the middle of the fault

displacement Y
-2.900e+00

2

Fig. 14 Displacement on the y-direction after the 145th step (290 years) done by Pylith and our code

distance between them which will affect the result of slip 9 Applications: slip tendency of the fault
magnitude and then affect the result of shear traction. under fluid injection

The fault begins to slip after the 74th step (148th year).  1In this example, we analyze the slip tendency of the fault
The friction coefficient p; and the slip tendency  under fluid injection. As shown in Fig. 16, the size of the
|7'(u(x))|/|0’n(u(x))| on the fault after the 73rd step (146th ~ domain is 4000 x 3000 m, on the behind boundary and the
year) and the 74th step (148th year) are shown in Fig. 15  right-hand side boundary, we only allow the displacement
correspondingly. to occur in the direction parallel to the boundaries, while on

146 years

148 years
0.5 T T T T 0.5 T

]
3 0.25
>
0.2
0.15
0.1
0.05 Friction Coefficient 0.05+ Friction Coefficient
Slip Tendency Slip Tendency
0 n n 0 . I A
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
y-coordinate y-coordinate

Fig. 15 Friction coefficient and slip tendency on the fault after the 146th year (73th step) and the 148th year (74th step)
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Fig. 16 Domain and boundary conditions for test case of the
tendency of the fault under fluid injection

slip

Table 2 Relevant parameters of case under fluid injection

Variable  Value Description

do 1000 m Depth

p 2670 kg/m®  Density

A u 32.04 GPa Lamé’s parameters

Ho 0.6 Reference friction coefficient

Vo 1.0e—6 m/s  Reference slip rate

d. 0.008 m Characteristic slip distance

A 0.015 Empirical dimensionless constants
B 0.019 Empirical dimensionless constants
Viinear 1.0e—12 A cutoff for a linear slip rate dependence
¢ 0.1 Porosity of the domain

b 1.0 Biot coefficient

M 1.0e8 Biot modulus

the left boundary we apply the traction. The relevant
parameters are in Table 2. For the fluid flow problem, the

5 years
0.58 Y

0.56

0.54

0.52

Value

0.5

0.48

0.46
Friction Coefficient
Slip Tendency

0.44 >
1000 1500
y-coordinate

2000 2500 3000

initial pressure in the porous medium is 107 Pa, and the
four boundaries are all Neumann boundaries with imposed
pressure 107 Pa. The permeability tensor of the domain is

-1
K= [100 lo(i”}mz/(Pas).

The thickness of the fault is 0.2 m, and the permeability in
the tangential direction and the normal direction is
10~13 m?/(Pas). At the two fault tips, we impose pressure
p = 107 Pa. We inject fluid on the node (1720,1480) with a
volume source term 0.00035m?/s. Each time step is
1 year. We consider two cases:

In these two cases, the stress on the left boundary and
the front boundary all equal to F; = F, = 55MPa. In the
first case, the dip of the fault is 80°, while in the second
case, the dip of the fault is 81°. The corresponding friction
coefficient , and slip tendency |7'(u(x))|/|¢’s(u(x))| on
the fault are shown in figures. In the first case, the results
are shown in Fig. 17, the fault begins to slip after the 6th
step. While in the second case, the results are shown in
Fig. 18, the fault begins to slip after the 17th step. This
difference is due to the different dip angles: vertical faults
are less likely to slip with respect to inclined ones for the
same imposed compressive stress. Besides, after the fault
slips, in the slipping period, we set each time step last
0.02 s, then in the first case, the fault totally slips 21 steps
which last 0.42 s, while in the second case, the fault totally
slips 19 steps which lasts 0.38 s. Here we could get the
fault slipping distance, after we research on the numerical
method in the three-dimensional case, we could get the
fault slipping area, then we could calculate the magnitude
of the earthquake induced by the fault reactivation, which
will be a very interesting thing.

In order to analyze the effect of the permeability of the
fault, we consider two more cases, setting the fault per-
meability to 10~1*m?/(Pas). Other parameters are all the

6 years
0.58 Y
N
0.56
0.54
& 0.52
=]
s
0.5
0.48
0.46
Friction Coefficient
Slip Tendency
0.44 A ®
[ 500 1000 1500 2000 2500 3000
y-coordinate

Fig. 17 Friction coefficient and slip tendency on the fault after 5 years and 6 years
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Fig. 19 Friction coefficient and slip tendency on the fault after 3 years and 4 years

Fig. 20 The fluid pressure and the fluid pressure in the fault after 11 years

same as before. For a dip of the fault of 80°, the results are
shown in Fig. 19, the fault begins to slip after the 4th step.
While in the other case, when the dip of the fault is 81°, the
results are shown in Fig. 21, the fault begins to slip after
the 12th step, the fluid pressure and the fluid pressure in the
fault after 11th step are shown in Fig. 20. In both cases, the

fault fails earlier with respect to the previous case. A lower
permeability of the fault leads to high pressures close to the
injection point faster than a more permeable interface;
pressure reduces the effective normal stress causing failure.

In order to analyze the effect of the position of the fluid
injection, we repeat the previous cases keeping the same
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Fig. 23 Friction coefficient and slip tendency on the fault after 27 years and 28 years

physical parameters and changing only the injection point, 10 Conclusions

which is now the point of coordinates (1760,1450). The

results for 80 dip are shown in Fig. 22, the fault begins to  In this work, we proposed a numerical method used to
slip after the 9th step, while in the other case (dip of 81°),  analyze the slip tendency of the fault under fluid injection
the results are shown in Fig. 23, the fault begins to slip  based on the eXtended Finite Element Method used both
after the 28th step. In this case, the distance of the injection  for fluid and poroelasticity. We have imposed the dynamic
point from the fault is larger, so the onset of slip is delayed.  coupling condition for the structural problem via a Nitsche
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penalization. Thanks to the eXtended Finite Element
Method, we can accurately represent discontinuities in
stress, displacements, fluid pressure and fluid velocity
across straight and curved faults.

In order to study the slipping behavior of the fault in the
process of reactivation, our research viewed the fault as a
zero-thickness interface. Besides, we included a reduced
model of the fluid flow in the fault which allows us to
account for the hydraulic behavior in the fault and its effect
on the surrounding medium.

We particularly focused on the map-view two-dimen-
sional case, while when considering the depth and the dip
of the fault, we regarded the system as a two-and-one-half-
dimensional system based on Anderson’s fault theory
which assumes the vertical direction as principal stress
component. We used the rate- and state-dependent friction
model as the fault friction model, and Biot’s theory of
poroelasticity to study the coupling between fluid flow and
mechanical deformation in porous media. Since the Fully
Coupled Method between fluid flow and poromechanics is
computationally expensive, we had investigated an Itera-
tively Coupled Method. In particular, we applied the so-
called fixed-stress split. In such a scheme, the fluid flow
problem was solved firstly by freezing the total means
stress field, and then the results were used to solve the
mechanical problem. In order to verify our method, some
test cases were presented. For the coupling between fluid
flow and geomechanics, we considered the Terzaghi
Problem and the Mandel Problem, comparing our results
with that of previously published works. While, for the
mechanic problem, we compared the results with those
obtained by using the software Pylith. From these test
cases, we could know our method works well. Then we
used our method to analyze one case about the slip ten-
dency of the fault under fluid injection. From the results,
we could know that the permeability of the fault could
affect the slip tendency of the fault, the fault slips earlier in
the case of smaller fault permeability than that in the case
of larger fault permeability, besides, with the point injected
fluid closer to the fault, the fault slips earlier. In the future,
we will research on the method to simulate the earthquake
and predict the corresponding earthquake magnitude after
the fault slips. And then we will research on the perme-
ability variation in the fault and the surrounding medium in
the process of fault reactivation. Finally, we will focus on
the three-dimensional case and study the corresponding
numerical methods.
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