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Abstract

The accuracy and the limits of validity of the discontinuous pressure model, which describes fluid flow inside a fracture
using a subgrid scale approach, is assessed by comparing simulation results with those from direct simulation using Stokes
flow. While the subgrid scale approach assumes a unidirectional flow, the Stokes model includes both velocity components.
This is at the cost of meshing the interior of the fracture, which is here achieved through a spline-based mesh generation
scheme. This scheme explicitly couples the spline representing the discontinuity to the fracture mesh and thereby alleviates
the (re)meshing requirements for the interior of the fracture. The subgrid model and the direct simulation of Stokes flow
approaches are compared by simulating a typical case containing a pressurised fracture, highlighting the advantages of using
a subgrid model for the range in which its assumptions are valid, and showing its capabilities to accurately include the

influence of the fracture on the porous material even outside this range.

Keywords Poroelasticity - Fracture - Discontinuous pressure model - Direct numerical simulation - Stokes flow

1 Introduction

Fluid flow inside fractures is commonly modelled using the
cubic law, allowing the two- or three-dimensional interior of
the fracture to be reduced to a line or a plane, respectively.
It has been shown experimentally that this cubic law
accurately predicts the total fluid flow within a fracture [42].
Due to its ease of use, providing a direct relation between
the fracture opening and pressure gradient, and the total
fluid transport inside the fracture, it is used in the simulation
of fractures in non-porous media [7, 20] as well as in porous
materials, in the latter case either through including a leak-
off term [6] or by coupling the fluid flux to the flow inside
the porous material [9, 21, 22, 31, 34].

An extension of the cubic law is the continuous pressure
model [32, 41], which directly imposes the fluid flowing
into the porous material based on changes in the velocity
profile instead of modelling the total fluid transport
inside the fracture. This model can be further extended
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by introducing an interface permeability term [14, 24]
governing the pressure drop between the fracture and the
porous material, resulting in a discontinuous pressure model
[30, 37]. Comparisons between these models indicate that
all three model variations provide the same results when
the interface permeability is sufficiently high [29] and their
results are independent of the used discretisation method
[16]. While these extended models allow for more physical
phenomena to be included, and provide more information
about the fluid behaviour inside the fracture, they still
maintain the same assumptions as the cubic law, i.e. the
fluid flow is solely dependent on the tangential pressure
gradient, and a constant pressure for the complete fracture
height. These assumptions are usually justified due to the
small fracture aperture compared to its length, producing a
near-unidirectional flow inside the fracture [12].

An alternative to using a fracture flow model is to directly
simulate the fluid inside the fracture. This has been achieved
using a single porous domain, in which the fractures have
been included by altering the porosity and permeability [23,
26, 38]. Alternatively, the interior of the fracture can be
considered a separate domain, allowing the fluid flow inside
the fracture to be described through the Stokes equations
[1, 2, 5, 8, 27]. However, this requires a separate mesh to
be generated for the interior of the fracture, and this mesh
needs to deform and extend to account for further fracture
opening and propagation, respectively.
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While it is known that the cubic law and derived models
provide accurate results for the overall fluid transport inside
the fracture, no comparison has been made yet between
the discontinuous pressure model and the actual fluid
behaviour inside the fracture. Herein, we briefly summarise
the discontinuous pressure model and describe a method for
simulating Stokes flow within deforming and propagating
fractures with the aim of comparing these two approaches.
Three cases will be assessed, namely a stationary fracture,
a propagating fracture with a realistic opening height, and
a case in which this height has been increased beyond the
assumptions normally valid for the discontinuous pressure
model.

2 Porous medium

We consider a two-dimensional domain £2,, which is
composed of a porous material and is intersected by a
fracture, see Fig. 1. The porous sub-domain is described
by the displacements of the solid, u, and by the interstitial

(a) Porous material
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Fig. 1 Schematic overview of the porous domain and of the fracture
domain

@ Springer

fluid pressure p,. The fracture is represented as a one-
dimensional discontinuity Iz, which allows for a jump in
the displacement field and in the fluid pressure across the
fracture.

2.1 Governing equations

The deformations of the porous material are assumed to
occur fast compared to the changes in interstitial fluid
pressure. This allows to neglect inertia terms, resulting in
the quasi-static balance of momentum for the solid-fluid
mixture:

V~(as—appl)=0 (D

with I the identity matrix and o the Cauchy stress tensor
inside the solid material. Linear elasticity and plane-strain
conditions are assumed.

The fluid flow inside the porous material is governed by
Darcy’s law. Together with the mass balance this gives the
following expression for changes in the pressure due to the
solid deformations and a slowly moving fluid:

1 . .k
Mpp—FaV-u—;Vpp =0 2)

with « the Biot coefficient, M the Biot modulus modulus,
w the fluid viscosity and k the intrinsic permeability. The
standard boundary conditions apply:

o -n=7Tonly or u=uonl, 3)

q-n=qonl, or p,=ponl), (@)

with T the prescribed traction, g the prescribed fluid flux,
and u and p the constrained displacements and interstitial
fluid pressure.

2.2 Discretisation

The porous domain is discretised using T-splines [3, 36],
cast into a traditional finite element format using Bézier
extraction [25, 35]. The discontinuity is represented using
interface elements [39, 40] and is propagated along a C°
continuity line through mesh-line insertion [10, 11]. The
interstitial pressure is discretised using the cubic T-splines
N pp and the solid displacements is discretised using the
quartic T-splines N:

u=Yy Nu’ (5)
el
Pp = Z Npppgl (6)
el

The temporal discretisation of the mass balance has been
carried out using an implicit backward Euler scheme,
evaluating all variables of the current time step at time
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1 4+ At and discretising the velocity terms as [1 = (' 47 —
O/ At.

These discretisations allow the momentum balance from
Eq. 1 to be cast into its weak form and discretised as:

/ BI'D,Bu' A ds2, — / aBlmN ,,pitA A2,

P 2p

+fs=| NIzdr @)

Iy
while the mass balance from Eq. 2 becomes:
/;2 angmTBs (u”rm —u') d2,
4

k
+/ At—(VN,,)" VN, p'HA de2,
2

» 18
1
-I-/Q MNszNPP (p'™2 — p') A2, + Atqy
P

T —
= —At/ NT g dr, 8)
F‘i

with m” = [1 1 0] and By = LN,, where L is the
displacement to strain mapping matrix. The arrays f; and
q 4 represent the forces and the fluxes which stem from the
discontinuity, and will be detailed in the next section.

3 Fractures

The interior of a fracture is represented by a two-
dimensional domain §2, shown in Fig. 1b. This domain
uses the local coordinate system (x4, yq), has a total length
based on the current fracture length L'T2/ and has a
height corresponding to the fracture opening height at
the end of the time step h = n1T~st [u]’+4!, using the
displacement jump [u]' T4 and normal to the discontinuity
nr,. The interior of the fracture is described through the
fluid pressure pg, and the fluid velocity components v, w.

3.1 Governing equations

The fracture is assumed to not contain any solid material
and to have smooth, but porous walls. It is assumed that
the fluid flow inside the fracture adapts fast to changes
compared to the fluid pressure inside the porous material,
allowing inertial terms to be neglected. This has previously
been shown to be a valid assumption through simulations
in which the inertial terms were included [18]. These
assumptions allow the fluid behaviour to be described

through the Stokes equations:

9 % 0%
—aﬂ+u<—2+—2)=o ©
Xd ox; 9y
B 2w 3w
_ﬂ+ﬂ<_2+_2)=o (10)
0yd ax;  dy;
ov ow
— 4+ —=0 (11)
0xqg Oy

At the boundaries on the top and bottom walls of the fracture
we have a no-slip condition:

v +
tg - =0 on I 12
d < w) d (12)
and, using the tangential vector ¢4, the normal vector ng
and the interface permeability of the walls k;, the mass
conservation condition across the fracture walls reads:

v .
ng - (w> +h+ki(pa—pp)=0 on I (13)

which enforces the velocity at the fracture walls to match
the changes in fracture height and fluid leak-off. This fluid
leak-off is also imposed on the porous material by imposing
the fracture outflow through the top wall:

wt =k (pa - p}) (14)

and similar for the bottom wall. By altering this interface
permeability, cases ranging from fluid-blocking fractures to
fractures containing a near to continuous pressure between
them and the surrounding porous material can be simulated.
At the inlet of the fracture, a fully developed parabolic
velocity profile is imposed:

3 6y2
v=Qin (E - h—;) on I}, (15)

with Q;, the total fracture inflow. Finally, the traction used
to couple the fluid pressure inside the fracture to the stresses
inside the porous material is given by:

7y = Ts([u]) — pana (16)

with the solid part, ty, of the traction assumed to follow
an exponential traction-separation law for the normal
component of these tractions, and being zero for the
tangential component.

It is noted that these boundary conditions are commonly
used in fracture flow models. These boundary conditions
were used both for the discontinuous pressure model and for
the direct simulation of the flow inside the fracture to enable
a direct comparison of the results. However, the formulation
for the direct simulation of the fracture is such that other
boundary conditions can easily be substituted, for instance
the Beavers-Joseph-Saffman condition [4, 33], which is
commonly used for Stokes flow over porous objects.

@ Springer
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3.2 Discontinuous pressure model

The discontinuous pressure model [12, 13, 30] assumes
the pressure gradient inside the fracture to only depend on
x4, while the pressure variations in y; are negligible. It is
furthermore assumed that the tangential velocity v is much
larger than the normal velocity w, and that changes in v
are dominated by yy, such that dv/dy; >> dv/dx,. These
assumption originates from the large difference between the
fracture length and opening height, and reduce Eq. 9 to:

9 8%v
_oPd po— =0 (17)
0xy dyg

from which the velocity profile inside the fracture is
obtained as:

1 dpg 5 h\?
— L —(= 18
v 2u 0xgq ('yd| (2) (18)

Combining this velocity profile with the mass conservation
inside the fracture, Eq. 11, integrating over the fracture
height, and substituting the normal velocity at the walls with
the boundary condition from Eq. 13 results in:

o [ h 3pa
ax 12,u axd

19)

hl+At _ ht

X —pt_ p-
Al +kl (2pd p[) pp)

which is discretised using Eqgs. 5, 6, and pg; = > Ngp, as:

/ NInl N u]) ™2 — NI nl N [u] dry

+ki At /F 2AINNpi — AININ ,,pt ™
d

~AtNIN,,py
N’
(niNs MHA[) oy P A =10

(20)

dry
At [ ONT
12 Jr, 0x4

with the interface permeability term using a lumped
integration scheme to prevent non-physical oscillations
in the fracture outflow velocity [19, 40] and the other
terms using a standard Gauss integration scheme. If this
lumped integration scheme was not employed, these spatial
oscillations would dominate the solution near the fracture
tips for courser meshes [19]. Equations 7, 8, and 20 fully
describe the behaviour of the fractured porous material, with

@ Springer

the coupling terms between the fracture and porous material
given by:

fd — / NTR ( t+At ndepT-l—Al) dI—vd:t (21)
q, = k / N Ndpl+Al N;pN ppl+AI dI—vﬂ: (22)

using the rotation matrix R to convert between the fracture-
local and global coordinate systems [15], and the integral
over I“di indicates that the integration is carried out for
the top as well as the bottom walls of the fracture.
These equations are combined in a single monolithic

scheme, solving simultaneously for the displacements
u' T2 interstitial fluid pressure p’+A’ , and discontinuity
pressure p’+A’

3.3 Direct simulation

For the direct simulation of the fluid flow inside the fracture
the interior of the fracture needs to be discretised, and this
discretisation needs to be adapted to changes in opening
height and fracture length. To achieve this we start of with
one-dimensional NURBS which define the discontinuity
in the porous domain, and create an additional set of
one-dimensional NURBS to represent the fracture height,
as shown in Fig. 2a. These two NURBS are then used
to create a rectangular mesh in the parametric domain
(Fig. 2b), which in turn is mapped onto the physical
domain through x; = & and y;, = n - h/2 for the
horizontal fractures considered in this paper (Fig. 2c). Since
this discretisation explicitly uses the NURBS defining the
discontinuity, the fracture mesh is easily updated once the
fracture propagates. Furthermore, the use of a parametric
domain as in-between allows the integration to be done over
n, thereby incorporating changes in the fracture opening
height without the need to regenerate the mesh.

To aid the implementation of the boundary conditions
between the porous and fracture domains, the velocity
components are split in an interior and boundary part. This,
combined with the mesh generation from two separate one-
dimensional NURBS, discretises the interior of the fracture
as:

pi= (Npp®N3)py=Y Npapy (23)
v= Y (N @ N v+ Y (N @ Ny ) v
+>° (N @ Ny vin
=Y Nuvp+ Y Nuvi+ Y Nigvin  (24)
w = Z(Ns ® Nyp) wp +Z(Ns ® Nyi) w;
=3 Nupwy + 3 Ny, (25)
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Fig.2 Overview of the steps
performed for the discretisation
of the fracture
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with N3 and Ny the sets of cubic and quartic splines
used for the height discretisation of the fracture, and Ny ANy \T [ON,; - AN,

the splines used for the height discretisation that are non- 2 vb
zero at the top and bottom of the fracture. N! indicates '

that only the first spline is used for the inlet velocity +M<3Nw‘>T (ani . 3Ny vb)
discretisation, and the other splines Nf+ for the interior dyq e v
discretisation. The set of splines NV §+ directly implements

1

0xq 0x4 x4

d
the no flow boundary condition at the fracture tip by using Vi 3 yZ pq d82y
only the discontinuous splines, whereas N ,, and N use
all splines along the discontinuity, thereby allowing for _ / ( BNW'>T 3Nl'"v. (BNW>T 3Ni"v- 4
non-zero vertical velocities and pressures at the fracture tip. 2y dxq axa " GAY aya
Using the discretisations from Egs. 23-25 the momentum 27
balances (9 and 10) and mass balance (11) are cast into a
weak form and discretised as:
INwi \" (3N N .
/ 1 < wz) ( “ w; + wh wb) NTd N v, + N vp
2, 0x4 0x4 0x4 2, p 0x4 dxq
Ny \" (3N IN IN i IN
" < wl) ( wi wi + wb wb) +N£d ( wi w; + wb wb) de
9yd dYa dya dyd 9ya
ON pa IN;,
NI, —LCp,d2, =0 26 =—/ N? vin dS2 28
+N i ya DPa f (26) 2 pd dxy in f (28)

@ Springer
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with the fracture height & = nl N[u]' ', and the spatial
derivatives in the physical space, required for the mapping
xqg =&, yq = nh/2, given as:

INpa 0N,

- N
x4 e 2NV
n 7ONs A N3
— N )
DTN o TN ®
(29)
IN 2 ON
rd _ N, ® — (30)

dya  nTN[u] 207 gy

The boundary conditions from Eqgs. 12-13 are enforced
through their weak forms, and are discretised as:

T T
/i nlebNU;,v;,—f—ngwawawh
r
d

+kNL, N papy — kiNaprpPp

1
+—N$bn

T t+At
N —
2At s ([u]

[u]') drf=0 @31

/i HNT N vy + N1, Nypw, dIr =0 (32)
d

using the normal vector n = [n| n3] and the tangential
vector ¢ = [f; t], both taking into account large
deformations. Unlike the discontinuous model, using a
lumped integration scheme for the interface permeability
terms is no longer possible due to the non-square matrices.
As a result, possible oscillations in the fracture outflow can
occur. Finally, the coupling terms used in Egs. 7 and 8 are
given by:

fa _/ NTR< A — g N pap +A’) ari¥ (33

d_kf NI Npapi™ — NT N, piF A dr = (34)

The porous domain—Eqs. 7 and 8—and the fracture
domain—Eqs. 26-28 and Eqgs. 31-32—are solved in an
iterative manner until both have achieved a converged
solution at ¢t + At, thereby using a fully implicit time
discretisation scheme. First, an iteration of the porous
domain with a Newton-Raphson scheme is carried out. To
approximate the influence of the fracture flow, an undrained
assumption is used in which the pressure inside the fracture
is altered due to changes in the fracture height [17, 28].
Using Eq. 19 the pressure changes inside the fracture can be
approximated as:

1

1 1
apitAl — ——— p'tA L —9pt 4+ ZapT 35
Pa 2k; At 0Py T3P (33)
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This allows to approximate the derivatives of the coupling
terms in Eqs. 33-34 with regard to the interstitial fluid
pressure and displacements as:

Afq V/ T Nt 4Pt
—4 - _Z | NTnyN%t dr (36)
ap, 2 Jpe e T T
d d
_;;d _ /Fi NIRZN g drf
d
+2k = / NTRnInyN 4 dTif (37)

9
Ad / —kiNT N, dIf — ’V/ NT N dri

ap, r* pp~" pp

(38)
%a _ / NT ngNgs dIy (39)
u  2At pp !

using the matrix Ng; defined as [u] Nysu, and a
stabilising factor 0 < y < 1. This factor is applied
to alter the tangential terms related to the fracture, and
prevent oscillations from the iterative scheme. A factor
y = 0.5 worked well for all cases described in this paper,
and prevented unstable oscillations that occurred for higher
values of y.

After a Newton-Raphson iteration has been carried out
using the above tangential matrices, the fluid velocity and
pressure inside the fracture are resolved using the newly
obtain interstitial pressure p’*A’ and the displacements

u'TA" from the most recent Newton-Raphson iteration.
Once these velocities and pressure have been determined,
the error of the porous domain is checked based on the
newly obtained fracture pressure (since the fluid flow within
the fracture is linear and the opening height has not changed,
the fracture domain is exactly resolved at this point). This
error is first used in a linear line-search scheme to improve
the convergence. If the error exceeds the convergence
criterion afterwards, another iteration of the porous domain
is carried out, followed by again resolving the fracture flow.
This scheme is summarised through Algorithm 1.

Once convergence has been reached in the porous
domain, the stresses ahead of the discontinuity are checked,
and if they exceed the fracture criterion oy, > f; the
discontinuity is propagated for a single element. Due to the
dependence of the fracture mesh on this discontinuity, this
automatically extends the fracture mesh to include the new
discontinuity length. The fracture propagation is assumed to
occur during the time step, and therefore more iterations are
performed to obtain a converged solution at ¢ + Az using the
new discontinuity length. Finally, once a converged solution
is achieved and no fracture propagation occurs, the complete
system is considered to have achieved a correct solution and
the next time step is initiated.
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Algorithm 1 Iterative method used to resolve the fracture and porous domains

1: Start of time-step

2: Solve fluid flow within the fracture through Egs. (26)-(32), updating pf;_At, i +At and wttAt

3: while Not converged do

4: Calculate approximate tangential terms through Eqs. (36)-(39)

5: Calculate internal force and fluid flux vector, and tangential stiffness terms related to these (Egs. (7)-(8))

6: Determine increment for u*T4* and pffAt

7: Re-solve fluid flow within the fracture through Eqs. (26)-(32), updating pfi+At, vttAt and wttAt

8: Check energy-based residuals of the mass and momentum balances (Egs. (7)-(8))(v, w, and p4 exactly resolved at this
point)

9: Perform linear line-search for porous domain based on calculated residuals, altering utt4* and pL‘*At

10: if Line-search factor # 1 then

11: Re-solve fluid flow within the fracture through Eqs. (26)-(32), updating pfi+At, vttt At and wttA?

12: Check energy-based residuals of the mass and momentum balances (Eqgs. (7)-(8))

13: end if

14: end while
15: Go to next time-step

4 Results

To compare the discontinuous pressure model with the
Stokes flow model, a typical case is simulated, shown in
Fig. 3. The domain is 4 x 10 m, with a horizontal fracture
originating at the left boundary. In Sections 4.1 and 4.3
the fracture has a length L ¢, = 2 m and is not allowed
to propagate. In Section 4.2 the fracture has an initial
length Lfyqc = 0.5 m and is allowed to propagate. A
fluid inflow Q;, = 10~ mz/s is imposed at the fracture
inlet. The porous material is characterised by a Young’s
modulus £ = 20 GPa, a Poisson’s ratio v = 0.2, porosity
ny = 0.2, intrinsic permeability k = 1071° m2, Biot
coefficient « = 1.0, and a bulk modulus Ky, = 10 GPa.
The fluid has a viscosity © = 1073 Pa s and a bulk
modulus Ky = 1 GPa. The discontinuity is characterised
by the interface permeability k; = 107! m/Pa s and an
exponential traction-separation relation with tensile strength
ft = 1 MPa and a fracture energy G, = 1 kN/m.

The temporal discretisation has been carried out using
an implicit Euler scheme, using timestep size At = 1 s.
The spatial discretisation has 10 x 5 elements away from
the discontinuity, with additional refinement layers inserted
near the centre. Each of these refinement layers uses half
the element length of the previous layer and consists of 4
vertical elements, as shown in Fig. 4. The fracture mesh for
the Stokes flow used 10 elements to discretise the fracture
height.

4.1 Non-propagating fracture

The simulations using the discontinuous pressure model
exhibit a quadratic convergence rate, as shown in Fig. 5b.
Due to the approximations made for the tangential matrix,
and the iterative scheme alternating between the porous
and fracture domains, only a linear convergence rate was

attained for the simulations for Stokes flow. This difference
in convergence rate, combined with the subgrid model only
requiring a single domain to be resolved, resulted in much
faster simulations using the discontinuous pressure model.

The pressure inside the porous material and the
discontinuity are shown in Fig. 4. The results from the
Stokes flow simulations show a near to constant pressure
over the fracture height, and this pressure corresponds well
to the value computed in the discontinuous pressure model.
Hence, the model with the Stokes flow and discontinuous
pressure model obtain the same interstitial fluid pressure
surrounding the fracture, and the displacements of the
porous material result in a similar fracture opening height of
approximately # = 0.1 mm at r = 200 s.

S b

tip

Fig.3 Simulation domain

@ Springer
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Fig.4 Fluid pressure after

t = 200 s for the

non-propagating fracture case.

Vertical displacements

magnified by a factor 10*

Fig.5 Energy based residual
during the Newton-Raphson

iterations for the

non-propagating fracture case at

selected time steps

Fig.6 Fluid pressure inside the
discontinuity at ¢t = 200 s
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Fig.7 Fluid transport inside the 6 6
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(a) Stokes flow

This pressure in the discontinuity is shown in Fig. 6
for simulations using additional mesh refinement layers.
While both simulations attain the same pressure for finer
meshes, the discontinuous pressure model yields slightly
more accurate results for coarser meshes. This is also seen
for the total fluid transport inside the fracture, Fig. 7, where
the Stokes flow model shows larger oscillations compared
to the discontinuous pressure model for coarser meshes near
the fracture tip.

The outflow from the fracture is shown in Fig. 8. No
oscillations are observed in Fig. 8b due to the lumped
integration scheme applied to the interface permeability
terms in the discontinuous pressure model. Since the
lumped integration scheme could not be applied to the
Stokes flow model, strong oscillations in the fracture
outflow can be observed for this model except for
higher levels of refinement. However, these oscillations
average out and do not influence the pressure inside the
discontinuity or the total fluid flux inside the fracture.

Finally, the horizontal velocity inside the fracture
obtained through the Stokes flow simulations and the

Fig.8 Fluid outflow at

(b) Discontinuous pressure model

velocity obtained by post-processing the discontinuous
pressure model results given in Fig. 9 show no differences
between the two models. It can therefore be concluded that
the Stokes flow and discontinuous pressure model yield
the same results, while the Stokes flow model is slower to
converge and requires a finer mesh.

4.2 Propagating fracture

Fracture propagation is shown in Fig. 10. Similar to the
non-propagating fracture, the discontinuous pressure model
yields slightly more accurate results for coarser meshes,
but both models converge towards the same result upon
mesh refinement. However, for both models the accuracy
is not governed by the fracture flow model, but by the
element-wise fracture propagation associated with the use
of interface elements.

The fluid velocity inside the fracture after 20 min is
shown in Fig. 11. For the initial 0.5 m of the fracture no
cohesive zone model was used, whereas after this initial
length the traction-separation law is present, since this

x10" x10"
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Fig.9 Velocity profiles inside 0.04
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Fig. 12 Fluid velocity inside the
fracture using hg = 2 m at
t=10s

(a) Stokes flow

corresponds to the newly fractured part of the discontinuity.
This causes a sudden change in the fracture opening height,
resulting in two peaks in the vertical velocity of the fluid to
adapt to the new opening height. Comparing the magnitude
of the vertical velocity to that of the horizontal velocity
shows the vertical velocity is almost negligible, justifying
the assumptions made for the discontinuous pressure model.

4.3 Opening height

Finally we consider a case in which the fracture opening
height is artificially increased by imposing an additional
offset [18], so that the opening height &1 = ho(2 — x4)
+n! N,[u]. By using this initial opening height fractures
which are outside of the usual height range can be
simulated, and the limits in which the discontinuous
pressure model becomes invalid can be investigated. It is
noted, however, that the cases presented in this section are

10~ mm/s

(b) Discontinuous pressure model

not realistic and merely serve to illustrate the limits of the
discontinuous pressure model.

The velocity inside the fracture is shown in Fig. 12 using
ho = 2 m. While the vertical velocity component is clearly
present in the Stokes flow simulation, this component is not
included in the discontinuous pressure model as it assumes
a unidirectional flow in the interior of the fracture. This is
also seen in the horizontal velocity profiles in Fig. 13. While
the results for hp = 2 cm and 29 = 20 cm match, the
combination of no-slip and interface permeability boundary
conditions allows for a horizontal flow component due to
the steep fracture walls. However, even though the velocity
profile and flow direction inside the fracture is different, the
total fluid transport inside the fracture still agrees between
both models.

Another effect of the increased fracture opening is the
fluid flowing much easier inside the fracture compared to
the porous material. The pressure drops shown in Fig. 6
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are the result of fracture with a 0.1 mm opening. The
increased opening heights provided in this section allow for
a lower pressure gradient inside the fracture, resulting in an
almost constant pressure throughout the complete fracture.
As a result, the fluid flow towards the porous material
is no longer limited by the transport within the fracture,
but solely governedby the interface permeability and the
transport inside the porous material. Therefore, even though
the fluid velocity looks significantly different between the
two models, the effect of the fracture on the surrounding
porous material is the same.

5 Conclusions

Two models have been discussed for the simulation of
fluid flow inside pressurised and propagating fractures.
The discontinuous pressure model assumes a negligible
influence of the fluid velocity normal to the fracture
walls, allowing the interior of a two-dimensional fracture
to be described as a one-dimensional line. In contrast,
the described Stokes flow model simulates both velocity
components inside the fracture, but requires the interior of
the fracture to be discretised.

A comparison between the two models shows that for
a typical fracture case the same results are obtained. Due
to the low fracture opening height relative to its length the
tangential fluid velocity is much higher compared to the
velocity normal to the fracture, justifying the assumptions
made for the discontinuous pressure model. Furthermore,
a comparison between the convergence rate using the
discontinuous pressure model with the Stokes flow model
shows the markedly better convergence of the discontinuous
pressure model. Finally, the discontinuous pressure model
allows for a lumped integration scheme, suppressing
fracture outflow oscillations. This is not possible for the
Stokes flow model.

Finally, simulations have been shown using an artificially
large opening height, i.e. outside of the range in which
cubic-law based model is justified. The velocity inside
the fracture now clearly differs between both models,
with the Stokes flow showing a two-dimensional flow
pattern, whereas the discontinuous pressure model only
exhibiting fluid flow in the tangential direction. However,
due to the high opening height both models result in
a near-constant pressure within the fracture, yielding the
same fracture outflow. Therefore it can be concluded that
even though the discontinuous pressure model provides
incorrect results for the interior of the fracture, it is able
to accurately describe the overall influence of the fracture
on the surrounding porous material even for fractures
which are such that the underlying assumptions have been
violated.
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