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A refined two-scale model for Newtonian and non-Newtonian fluids in
fractured poroelastic media

Tim Hageman, René de Borst*

Department of Civil and Structural Engineering, University of Sheffield, Sheffield S1 3JD, UK

Abstract

A refined model is presented which numerically resolves the fluid flow within a fracture inside a saturated
poroelastic material. At the discontinuity, the mass balance of the fluid is solved using the velocity profile
inside the fracture, with the velocity profile being determined numerically from the momentum balance in
the integration points at the discontinuity. The resolution of the mass balance and the velocity profile in the
integration points at the discontinuity is coupled to surrounding poroelastic material model in a two-scale
approach. The resulting monolithic scheme allows for complex fluid behaviour to be included, which is
demonstrated via the inclusion of the fluid inertia and the use of a Carreau fluid. The governing equations
are discretised using T-splines, while the fracture is represented by spline-based interface elements, and
an implicit time discretisation scheme is used. Mesh refinement studies are carried out for a typical case,
which contains a pressurised and propagating fracture. A coarse macro-scale mesh is sufficient to obtain
the correct propagation velocities, but a finer mesh is needed to prevent pressure oscillations. Time step
refinement studies show the capabilities of the model to capture pressure waves within the fracture. Finally,
it is shown that if inertial effects are limited and a Newtonian fluid is used, a fracture scale discretisation
using a single element is sufficient. However, for a Carreau fluid or when the problem is inertia-dominated,
smaller elements are needed to correctly represent the velocity profile.

Keywords: Poroelasticity, fracture, sub-grid model, isogeometric analysis, non-Newtonian fluids

1. Introduction

Simulating fracture propagation in poroelastic materials is a complex problem, requiring not only to
accurately include the interaction between the interstitial fluid and the porous material, but also a physically
correct description of the behaviour of the fluid inside the pressurised fracture. Recently, the effects of the
fluid inertia and acceleration-driven fluid flow in the porous material were demonstrated [1]. The inclusion
of these terms can cause a stick-slip like behaviour for shear fractures, whereas the fracture propagation is
continuous without these terms. Similar ”physics-induced” stepwise propagation has also been claimed to
occur for pressurised fractures [2, 3, 4, 5]. However, the origin of the latter stepwise propagation and the
accompanying pressure oscillations are unclear [6], and few finite element simulations have replicated this
behaviour [7]. To study this phenomena, and to obtain more realistic results for simulations of pressurised
fractures, it is interesting to include fluid inertia inside the fracture.

Currently, there exists a range of fracture flow models through which the fluid flow inside the fracture can
be included [8, 9]. One of the easiest to use and most common fracture flow models is the cubic law [10, 11].
By assuming a fully developed Poiseuille flow within the fracture, this model describes the fluid flow within
the fracture through an effective permeability, allowing similar equations to be used for the porous domain
and the fracture itself [12, 13]. Due to the ease of use of this formulations, it has been successfully applied
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in a large range of applications, for instance impermeable natural fractures [14] and pressurised fractures
[15, 16, 17], and in methods ranging from phase-field formulations [18, 19] to extended finite element methods
[20, 21]. Another way to include the fracture flow based on the cubic law is to distribute the fluid transport
inside the fracture over the element in which it is contained, removing the need to separately model the
fracture [22, 23, 24, 25].

While models based on the cubic law are simple to use, their disadvantage is that they cannot be used
to reconstruct the behaviour of the fluid within the fracture. In contrast, methods such as the continuous
pressure model [26, 27] and the discontinuous pressure model [28, 29] are directly based on analytically
obtained velocity profiles within the fracture. This allows these models to reconstruct the fluid velocity
within the fracture through post-processing. Due to their direct dependence on this velocity profile, complex
fluid behaviour such as non-Newtonian fluids [30, 31] or multiphase fluid interactions [32, 33] can be included
as long as an analytical expression for the velocity profile is available. However, an analytical expression
for the velocity profile is not always available, which limits the applicability to certain fluid rheologies and
prohibits the inclusion of inertial effects.

These disadvantages are removed by Direct Numerical Simulation of the flow in the interior of the
fracture. This has been done using Darcy flow for the porous material, while solving the Stokes equations
within the fracture [34, 35, 36|, and using Brinkman flow for both the porous material and the fracture
[37, 38]. Since these methods solve the fluid flow within the fracture numerically, there is no limitation on
the fluid rheology or the inclusion of other physically relevant effects. However, the interior of the fracture
needs to be discretised using a sufficiently fine mesh and has to be remeshed upon fracture propagation,
making these methods less feasible for large-scale fracture propagation.

Herein, we describe a fracture flow model which couples a numerically resolved velocity profile to the
mass conservation used in a discontinuous pressure model. This allows the advantages of a discontinuous
pressure model to be retained, while partly obtaining the added advantage of directly simulating the fracture
flow. The result is a scheme which does not need an analytical expression for the velocity profile, and does
not need the interior of the fracture to be fully discretised. Based on previous results that inertial effects of
the fluid may be physically relevant, the scheme will include these effects, resulting in a detailed description
of the fluid velocity within the fracture. To show the capabilities to represent different fluid rheologies, we
will derive the subgrid model for Newtonian and Carreau fluids.

In the remainder, we will first describe the governing equations for the macro scale. Next, the subgrid
model for a Newtonian fluid is described, and extended to Carreau fluids in Section 4. Time and mesh
refinement studies for the macro and the fracture scale meshes are carried out in Section 5. Finally, the
effect of including inertial terms is given in Section 6. For completeness, the discretised equations used for
the simulations are given in Appendix A.

2. Governing macro scale equations

A two-dimensional domain with a discontinuity is considered, as shown in Figure 1. The displacements
in the porous material are described using a Cosserat continuum [39, 40, 41], with in two dimensions
u = [ug Uy wz]T, u, and u, being the displacements, and w, the Cosserat microrotation. While no
plasticity is used here, a Cosserat continuum allows a straightforward combination of the models used here
with (non-associated) plasticity [1, 42].

For the interstitial fluid, we will adhere to the standard displacement-pressure formulation [43, 44],
describing the state of the fluid through the interstitial fluid pressure p. Finally, the fracture inflow has been
modelled using a discontinuous pressure model [8, 29, 45], which allows for a discontinuous pressure across
the discontinuity, and features an additional degree of freedom p, at the discontinuity which describes the
fluid pressure inside the fracture.
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Figure 1: Overview of the fracture problem at the global and subgrid scale, including the global and the local coordinate
systems

2.1. Porous medium
The porous material is described through the combined momentum balance of the solid and fluid at
t+ At:

. 1 1\ .
LT (olt2 — ap't2im) — pu' 2 — p 17T (GAt (@2 —¢') + <1 - 0) qt> =0 (1)
and the mass balance: 1
Mpt+At + aV - (Icibt+At) + Vv - qt+At =0 (2)

in which a #-scheme has been used to discretise the fluid flux terms in time. Please note that this formulation
allows for the inclusion of acceleration driven fluid flow in the pressure-displacement formulation [1]. In the
momentum balance, only the convective momentum transport terms (psI T(q-V)q) is neglected, whereas
separate inertia terms for the solid and the fluid are retained. These equations use the volume-averaged
density p= (1 — nf)ps + nypy, the time step size At, the Biot coefficient «, the Biot modulus M, and the
matrices:

% 0 0 0 & 0 0
L"=|0 & 0 & 0 0a 03 m=[1110000]"
0 0 0 -1 1 &L L
ps 0 0 pr 00 1 0 0
ps=10 ps 0 pr=10 ps O Ic:[o 1 0]
0 0 © 0 0 0

with ps and py the density of the solid and the fluid respectively, £, being the Cosserat length scale, and
© = 2psl%/(1 + v) being the rotational inertia [40]. Finally, the Darcy fluid flux term in Eqs. (1)-(2) is
determined using the momentum balance of the fluid combined with Darcy’s law:

k N
q=—- (Vp+pf (Icu+q>> (3)
f ny
Applying a #-scheme for the time discretisation of the fluid flux at ¢t + At gives:
-1
t+at _ (4 prk —ﬁV t+At_kﬂI ~~t+At_kﬂ 1_1 -t_i t 4
g (+nfmt) ( Lo e ARt (1)

using the intrinsic permeability k, the porosity ny, and the fluid viscosity p. The fluid flux g* and the change
in fluid flux ¢* at ¢ are used as history variables, which are updated at the end of each time step. Eq. (4)
is substituted in Eqgs. (1)-(2) to remove the dependence of these Equations on the fluid flux, describing the
poroelastic material using a standard pressures-displacement formulation.

3
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2.2. Discontinuity
The tractions at the discontinuity are given in a fracture-local coordinate system:

T4 = Ts — pam (5)

with n the normal vector and 7, the interface traction related to the solid displacement, determined by a
traction-separation law. Regarding the total interface tractions it is assumed that the shear stresses at the
walls of the fracture due to fluid flow inside the fracture are small compared to the fluid pressure. This is a
reasonable assumption since the shear stresses scale with the fracture opening height, whereas the normal
stresses scale with the fracture length.

The description of the fluid flow at the discontinuity starts from conservation of mass in the interior of
the fracture. In the local (z4,yq) coordinate system the later is given as:

to—+ = pa=0 (6)

using the tangential velocity v, the normal velocity w, and the bulk modulus of the fluid K. Integrating
over the fracture height h and using the interface permeability k; to govern the fracture flow at the walls
results in:

0 ; h .
ks (p+t+At 4pttAr 2p1;+At> i ol 4 pttat Kifp‘t;m -0 (7)

in which the fracture height h is given by:
h=ho+n-[u] (8)

using the displacement jump [u] and the normal vector n. g, is the fluid flux inside the fracture, obtained
through the subgrid model. The term hgy introduces an offset to the fracture opening height, which can
be used to impose an initial fracture opening height without actually requiring the opening height to be
reflected in the spatial discretisation or the initial deformation state of the domain. Initial opening heights
are often encountered in pre-existing fractures or when using notched specimens to trigger propagation at a
set location [6, 46, 47, 48, 49].

The temporal discretisation has been carried out using a combination of a #-scheme for the interstitial
pressure and the discontinuity pressure, and a Newmark scheme for the displacements. The spatial discreti-
sation using T-splines [50, 51] is cast into a traditional finite element framework using Bézier extraction
[52, 53]. The discontinuity is included using isogeometric interface elements [54, 55, 56, 57|, and propagated
along a C° continuity line to remove the need for remeshing upon fracture propagation [42], see Appendix
A for details on the discretisation. It is noted that although T-splines are used for the discretisation, the
subgrid model described in the next section is independent of the spatial discretisation method used for the
macro scale and is applicable in conjunction with any discretisation method.

3. Fracture subgrid model

The fluid flux ¢, is computed using a separate model for flow in the fracture. It gives the fluid flux as
a function of the current fracture opening height h and the pressure gradient dpy/dxq. For this subgrid
model to be fully integrated in the macro-scale formulation, and to preserve quadratic converging [58], the
derivative of g, with regard to the pressure gradient and the fracture opening height are also needed.

To obtain the fluid flux within the fracture, we start with the momentum balance in the x4-direction:

v Opy 0%

@—&- vﬂ—i- Wer—=—7— + = (9)
Prag P! Oxy <l Oyq  Oxg May?i

assuming a no-slip condition at the walls of the fracture:
v(h/2) =v(—h/2) =0 (10)
4
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(a) A single quadratic element (b) Five quartic elements

Figure 2: Examples of the interpolants used for the velocity profile discretisation.

To keep the formulation localised within an integration point, we assume the effects of convective momentum
transport (the terms p fv(%’d and p fwaa—;i) to be small compared to the viscosity and pressure-related terms.
Furthermore, since the fracture has a small opening height, we can assume the flow to locally be one-
dimensional in the z4-direction, with the vertical flux obtained through the macro-scale mass conservation
from Eq. (7).

The time derivative of the velocity inside the fracture is discretised in the same manner as the fluid flux
inside the porous material, i.e. using a #-scheme:

ov 1 1..
= m(vt"—At — o) 4+ (1 - a)vt (11)

which allows the horizontal momentum balance to be discretised in time as follows:

L oevar ot Ly Ipa Qe A
— (v — )+ 1=+ —— —p————=0 12
o (7t )+t ) + O (12
Since the velocity depends on the history of the velocity, v! and ©¢, it is not possible to obtain an explicit
expression for the velocity profile as was done in [26]. Instead, the velocity profile at the integration point
is represented through Bézier extracted NURBS N¢ in a standard finite element format as:

Nel

v= ZNﬁlvd (13)

el

with the total height of these elements being defined in parametric (£, v) space to remove the dependence
of the discretisation on the fracture opening height. The parametric coordinate £ is mapped to the local
coordinate through a linear mapping yq = h/2 €. Since the discretisation itself is independent of the opening
height of the fracture, the same discretisation can be used to determine the fluid flux in all the integration
points at the macro-scale. The no-slip boundary conditions are directly imposed by removing the non-zeros
spline at the top and bottom, as shown in Figure 2. This discretisation is used for the new and old velocity,
as well as for its time derivative at ¢. It is emphasised that, while NURBS are used for the discretisation
to obtain a smooth velocity profile, the discretisation could also have been done using Lagrangian-based
interpolants.
Using the discretisation from Eq. (13), the weak form of the momentum balance is given by:

1 1 1 4
Q/ piNy ((va”“ — Nyv')+ (1 - )Nwt) L nrpa A (
—1 gAt 0

N\ " oN,
2 v Ory 2 < ) h”HAtdf:O (14)
d

oc ) o
5
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which can be rewritten as:

pih? (L e o L L) R Opa AL _
m C(GAtv oAl +(1 G)U +4u8xdw+Dv =0 (15)
using the definitions:
1
C:/ NIN,d¢ (16)
—1
v 7oN,\" ON
p- [ ( ) v 17
e o€ 3 (17)
1
w:/ NTd¢ (18)
-1

These matrices are constant throughout the simulation and independent of the integration point. Therefore,
they only need to be calculated once and can thereafter be used to obtain the velocity for all the integration
points. This results in an explicit expression for the velocity, solely dependent on the macro-scale degrees
of freedom and on the history variables at the subgrid (fracture) scale:

t+At _ -1 pfh2 L t_ 1_1 ot _ﬁ% 1
v = ( 44 C(am” =9 )~ 4 on™ (19)
with: B2
i
Q= 4u9AtC+D (20)

Finally, the velocity profile is integrated over the fracture height to obtain the flux term required for the
integration of the interface element:

h t+At T -1 Pfh3 1 1, . h® Opq
e =2W " wQ 8u ¢ N ( G)U 8u axdw (21)

This fluid flux is used in the macro-scale formulation of Eq. (7), which gives the coupling between the
velocity profiles determined in each integration point on the discontinuity and the interstitial pressures
within the porous material.

If the velocity profile is approximated using a single quadratic interpolant (the velocity profile when
negligible effects of inertia are present), this identity reduces to (C = 4/151, D = 2/31, wl = 2/34 with
I the 1 x 1 identity matrix and 4 an array filled with 1):

h? Tk (1 1 h® 9
=2 11 PIT (—pt — (1= )it ) — — P4
10pAt 30p \ AL 0 12p 0xq
which, in the case of negligible inertia (p; = 0) reduces to the cubic law, ¢, = —%g,—ij.
The derivatives of Eq. 21 with regard to h and dpg/0x4 are required for the global tangential matrices,

see also Eqs (A.20)-(A.21). They read:

04 h? T-1
a%:—@w Q w (22)

Oxg

and

04z o1 [ 3psh? 1 1., 3h% Opy
= ——C|—v"'—-(1-= -
on " Q ( 81 OAL" ( G)U 81 8mdw

w0 (LN ot (P e (L Lygr) B Opa
wQ (2,u9At )Q ( 8u N ( G)U 8u 3zdw
These derivatives allow the subgrid (fracture scale) model to be fully integrated in a monolithic scheme

formulated at the macro scale, resulting in an optimal (quadratic) convergence rate for a Newton-Raphson
scheme.

(23)
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4. Extension to non-Newtonian fluids

The ability of the model to represent more complex fluids will now be demonstrated at the hand of a
Carreau fluid [59]. In this model the effective viscosity is a function of the shear rate %, as follows:

. n—1)/2
Hers = oo + (o — pioo) (1 +a23%) "/ (24)

with n being the non-Newtonian fluid index, where n < 1 for shear-thinning fluids and n = 1 for Newtonian
fluids. Different from other non-Newtonian fluids, for instance the power-law fluid model, a Carreau fluid
introduces an upper and a lower limit for the effective viscosity at low and high shear rates, po and pioo,
respectively, and transitions smoothly between these limit values. This smooth transition is preferable to
avoid convergence issues that can occur for non-smooth functions. The factor a. indicates when the transition
from pg starts, with higher values for a. delaying this transition until a higher shear rate is achieved. The
shear rate 4 is defined within the fracture as ¥ = dv/dyq, and approximated inside the porous material as
4 = |q|/(cVk) [60, 61, 62] with the coefficient ¢ a factor which represents the small-scale geometry of the
porous material.

4.1. Porous medium & discontinuity

The discretised balances of mass and momentum in the porous material, Eqs (2) and (1), and the mass
conservation at the discontinuity, Eq. (7), continue to be valid for non-Newtonian fluids. The only difference

in the description of the porous medium is the expression fo g'*2¢, which, instead of Eq. (4), is now given
by:
1
_WpttA Lt A P+  Pf 1- )t =
p Pl 4 T R nf( 74
o — 1 a? T S Py >
L s 1 _c t+At t+At oo _Fr t+ AL
( k (+c2k(q ) a T T hen )¢

The discretised form of this identity and the iterative procedure to obtain the new fluid flux g*+4?

in Appendix A.l.

are given

4.2. Fracture scale model
For a Carreau fluid the momentum balance in the x4-direction is given by:

t+AL t+AL 2 T t+AL
Pf  t+At ¢ AT Ipg _ 9 _ 2 (O v
oAz (v o) +py (1 9) 4 9es oy | | #e + (po — poo) | 1 +a o0 0

(26)
After discretisation this can be written in a form similar to Eq. (15):

prh? 1 ne 1, Lo, h* dpa [0 — fhoo 1At
e — vt (1- e p+H—_Ff=p . -0 (2
4%00(9&@ Al -5 T T\ Pt v (27)

with C, D, and w as in Egs. (16)-(18). The additional, non-linear term representing the behaviour of the
Carreau fluid, is given by:

[P (ONNT 4a2 (ON, ,nl\’ TN,
D”"‘/_l(as) (HW(%“ ) ge % 28)

This equation is solved iteratively to obtain the fluid velocity associated with the control points using:

h? 1 1 1 h? Opg 1o — [
A t+At _ _ Pf C | ——pttat =t 1— )t — Pd. (D % Dy | wEFA
Qunlvjit” = =3 —C | A i’ T ) T e L. i)Y

(29)




80m

< >
(L L .

Q

o

Q

O
10.5m

Q—>H"

Che
S D

SOMNUNTNNANNNNANNNANANN
WwOo9T

<
<

S

Figure 3: Geometry and boundary conditions.

with the tangential matrix given by:

o pfh2 Ho — Moo aDnnvt+At
Qnn = <4,LL009AtC + D + Jioo HottAat (30)
where:
aDnnthrAt - D +/1 40’3(”_1) 1+ 40’3 8vat+At A\ T aNtzvt+At ? 8Nv TaNq; df
Jut+At TR n2 \ oc o€ o€ o€
(31)

Once a converged velocity profile has been obtained, the profile is integrated over the fracture height using
Eq. (21) and coupled to the macro-scale models through Eq. (7). The derivatives of these equations (for
use in the monolithic solver) are given as:

94z -
apf‘;At - = 8‘”00 w anw (32)
6Id

04y _ le,Ut+At _ ﬁwTQ:Li (2/)th ( 1 ot tAL _ ivt +(1- 1)1')15)

oh 2 2 Ais ~ \OAL oAt 6
(33
2h aptiJrAtw + Ho — Moo aDnn vt+At )
dptoo 0xg Moo oh
with
n—3

2 _ 1 T 2 2 2 2
ODyn _ 4ag(n—1) / ON, 14 4ag %vwm %UHN ONy d¢ (34)
oh e o h2 \ o€ o€ 9¢

the derivative of the nonlinear diffusion matrix with respect to the height h.
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Figure 4: Mesh used for the mesh refinement study (4 layers of refinement).

5. Mesh and time step sensitivity

A typical case is now considered [2, 49], consisting of a 80 x 160 m domain with an initial 0.5 m
horizontal fracture, shown in Figure 3. This fracture has an initial opening height hg = 0.05 mm, with
the discontinuous solid interpolants used to set this initial opening height for the larger part of the initial
fracture, and smoothly becoming zero at the fracture tip to avoid issues relating to a jump in the fracture
opening height between elements. The solid is characterised by a Young’s modulus E = 15 GPa, a Poisson
ratio v = 0.2, a density p, = 2500 kg/m?3, a Cosserat length scale /. = 10 mm, a Cosserat shear modulus
G. = 4 GPa, an intrinsic permeability & = 10~ m?2, a porosity ny = 0.2, a Biot coefficient o = 1.0, and
a bulk modulus K, = 30 GPa. A (water-like) Newtonian fluid with viscosity 4 = 1 mPa - s, fluid density
ps = 1000 kg/ m?, and bulk modulus K r = 1 GPa has been used, as well as a shear-thinning Carreau fluid
with n = 0.6, g = 10° mPa - s, tso = 1072 mPa-s, a. = 10® s and ¢ = 1.0. At the discontinuity the
interface permeability k; = 1071%m/Pa - s has been used, and the normal traction for fractured elements
is derived from an exponential traction-separation law, with a tensile strength f; = 0.1 MPa and fracture
energy Gy = 0.1kN/m. The temporal discretisation used § = 0.4, v = 0.75, § = 1.0, resulting in an implicit
Euler scheme for the interstitial and discontinuity pressures, and a Newmark scheme with added damping
for the displacements.

The coarsest mesh of the mesh refinement study is shown in Figure 4. The smallest elements have an
element size dr = dy = 0.125 m near the interface, with larger elements further away from the discontinuity
resulting in 4 layers of refinement. For the finer meshes additional refinements are added near the discon-
tinuity, resulting in a 5-layer mesh (dz = 62.5 mm), a 6-layer mesh (dz = 31.25 mm), and a 7-layer mesh
(dr = 15.625 mm). To facilitate remeshing due to fracture propagation, a C° continuity line is inserted
ahead of the initial fracture and the crack is only allowed to propagate along this line. A time refinement
study has been carried out using time step sizes At = 100 ms, At = 10 ms, At = 1 ms, At = 0.1 ms, and
At = 0.01 ms. Finally, the mesh refinement study at the fracture scale discretises the fracture height using
2 linear elements (Figure 11a), 1 quadratic element (Figure 2a), 1 quartic element (Figure 11b), 5 quartic
elements (Figure 2b), and 20 quartic elements (Figure 11¢). All simulations have been performed for a total

9
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Figure 5: Fracture length resulting from mesh refinement using At = 1 ms

time span of 10 s, except for of the cases using At = 0.1 ms, At = 0.01 ms, and the 7-layer mesh, which
were only simulated up to the point where they coincided with the results from simulations using coarser
time steps or meshes.

5.1. Mesh refinement

The mesh refinement study uses At = 1 ms and 20 quartic elements in the subgrid model for the
discretisation of the height of the fracture. The computed fracture propagation is shown in Figure 5. Small
propagation steps are observed for all meshes, which is caused by the combination of a small time step and
the element-wise propagation associated with the use of interface elements. While the magnitude of these
steps decreases upon mesh refinement, they are still present for the finest mesh since either no element or
only one element fractures within a single time step for these small time steps. This stepwise propagation
does not influence the overall fracturing behaviour, and only small differences are observed between the
different meshes.

However, large differences are observed for the pressure inside the discontinuity at the inlet, see Figure

10
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Figure 6: Discontinuity pressure at the inlet (z = 0) resulting from mesh refinement using At = 1 ms

6. For the 4-layer mesh, large pressure oscillations occur for the shear-thinning fluid, with the peaks of
these oscillations within 2-3 time steps from the fracture propagating. A single small oscillation occurs
for the Newtonian fluid, corresponding to the onset of fracture propagation. Upon mesh refinement, these
oscillations disappear for the Newtonian fluid, and strongly reduce for the Carreau fluid. This suggests that
the pressure oscillations are caused by the sudden increase in fracture length and the accompanying sudden
increase in volume inside the fracture, and therefore disappear once smaller elements are used.

5.2. Time step refinement

Motivated by the results of the previous subsection, a time step refinement has been carried out using
the 6-layer mesh. This mesh has been shown to be sufficiently fine to resolve the fracture propagation and
the spike in the pressure. The time step size did not alter the fracture propagation, with the same fracture
length after 10 seconds for all time steps, both for the Newtonian and the Carreau fluids (not shown).

The influence of the time step size on the inlet pressure is shown in Figure 7. For the Newtonian fluid
only small differences are seen between the two largest time step sizes, and smaller time steps do not alter the
computed pressures. However, the Carreau fluid shows pressure oscillations, which increase upon refinement
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of the time step. These oscillations correspond to the onset of the simulation and the first few propagation
steps, as shown in Figure 8, and originate from the element-wise fracture propagation and initial conditions.

The oscillations which originate from the initial conditions are shown in Figure 9 for the complete dis-
continuity. Starting from the initial condition pgy = 0, the pressure quickly increases at the inlet to overcome
the fluid inertia. The pressure decreases once the fluid starts moving and inertial effects are less relevant.
This creates a pressure peak which travels through the fracture, while decreasing in magnitude due to fluid
diffusion and numerical damping. It is noted that we observe smaller oscillations ahead of this pressure
peak. They are most likely caused by the sharp pressure gradients and the inability of the discretisation to
properly resolve the steep gradients. Due to the inclusion of the fluid inertia, these oscillations travel along
the discontinuity, while dissipating slowly.

Similar pressure oscillations occur upon fracture propagation, as shown in Figure 10. The extra length
and volume which is suddenly created by the extending fracture causes a large drop in pressure at the
fracture tip, while sending a pressure wave towards the inlet. However, this sudden pressure drop is an
effect of the element-wise fracture propagation method, and is unlikely to occur with a continuous and
smooth propagation velocity.

While some of these pressure oscillations are caused by the element-wise fracture propagation, they show
the magnitude of pressure oscillations that can occur inside the fracture due to initial conditions or sudden
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Figure 12: Fluid velocity profile at ¢ =0.25m, t =5s

changes in the volume within the fracture. Even though the sub-grid model interacts solely through the
discontinuity pressure with the other integration points at the macro-scale, this coupling appears sufficient
to simulate propagating waves. These oscillations span multiple time steps and persist upon refinement of
the time step, indicating that even though their origin may not be physically correct, their behaviour, once
created, is.

5.8. Sensitivity to mesh refinement at the fracture scale

We now analyse the effect of the discretisation used for the subgrid model. The 6-layer mesh with
At = 1 ms is used for all simulations, while for the subgrid model the following discretisations have been
employed: 2 linear elements (Figure 11a), 1 quadratic element (Figure 2a), 1 quartic element (Figure 11b),
5 quartic elements (Figure 2b), and 20 quartic elements (Figure 11c).

The velocity profile inside the fracture at x = 0.25 m is shown in Figure 12a for a Newtonian fluid.
Since the effects of inertia are negligible, the velocity profile can be represented exactly using a single
quadratic polynomial and all discretisations therefore correspond to this solution, except for the linear
discretisation. Also the pressure in the discontinuity, Figure 13a, therefore coincide, except for that resulting
from the linear discretisation. Based on this velocity profile, the shear stress at the wall is calculated as
Tf = p Ov/dyq = 8 Pa. Since this is several orders of magnitude lower than the stress that derives from the
traction-separation law and the fluid pressure, which are both O(MPa), the assumption made in Section 2.2
to neglect the fluid shear stress on the wall is justified.
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Figure 13: Discontinuity pressure at t =5 s

The velocity profile for a Carreau fluid is no longer a parabola and therefore small differences are seen
between the quadratic and quartic discretisations, Figure 12b. Small differences also occur between the
discretisations with a single and with five quartic elements, but there is no difference anymore between the
five and twenty element discretisations. However, the effects of the discretisation on the pressure in the
discontinuity is similar as for Newtonian fluids, as shown in Figure 13b. There is a difference in velocity
profile, but the effect on the pressure is limited due to the integration over the height. This indicates that
an approximation of the velocity profile is sufficient to accurately include the effects of the fracture flow on
the macro-scale system, while a finer subgrid scale discretisation is needed to obtain correct velocity profiles
within the fracture when inertial effects are negligible.

6. Effect of inertia: Initial opening height hg

We now study the importance of the fluid inertia for a Newtonian fluid by varying the initial opening
height between hg = 0 mm, hy = 0.05 mm, hg = 0.5 mm, and hg = 5 mm. Since the response time of the
fluid approximately scales with p th /1, these opening height cover the whole range between no influence
of inertia to inertia-dominated fracture flow. As in the previous section, the 6-layer mesh is used for the
spatial discretisation with At = 1 ms, and the velocity profile inside the discontinuity is resolved using 20
quartic elements.

The development of the velocity profile inside the discontinuity is shown in Figure 14 for the two largest
initial opening heights. While for Ay = 0.5 mm the velocity profile closely resembles a parabola, this no
longer holds for hyg = 5 mm. These profiles show a clear influence of the fluid inertia, and rather tend to a
square shape. Evidently, a much finer discretisation is required to accurately represent this velocity profile
with the steep gradients near the fracture walls.

The effect of the initial opening height on the fracture propagation is shown in Figure 15a. While the
discontinuity starts to propagate sooner for a larger value of the initial opening height, the difference in
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Figure 14: Evolution of the fluid velocity profile at « = 0.25 m.

fracture length is small and disappears over time, yielding similar values for the length of the discontinuity
for all cases after only 1.5 s. The effect on the inlet pressure, Figure 15b, is larger. In the absence of an
initial height, the pressure at the inlet approximates the analytical solution for a simplified problem [63].
The high initial pressure is caused by the high pressure required to open the discontinuity enough to allow
the fluid to flow towards the fracture tip. Even though large differences were seen in the velocity profiles
between hy = 0.5 mm and hy = 5 mm, the differences in the fracture length and in the pressure in the
discontinuity are small, indicating that the increased inertial effects for larger opening heights do not alter
the fracture propagation, and are limited to the velocity profile within the discontinuity.

7. Concluding remarks

We have presented a fracture (subgrid) scale model capable of including complex fluid behaviour such
as inertial effects and non-Newtonian fluid rheologies without the need to fully discretise and solve for the
flow in the interior of the fracture. The velocity profile and the fluid flux are numerically resolving at each
integration point at the discontinuity, which is then coupled to the macro-scale equations through the mass
conservation at the discontinuity. This allows velocity profiles for which no analytical solution exists to be
represented within the framework of a discontinuous pressure model in a crack.

The versatility and possibilities of this fracture scale model have been shown for Newtonian and for
Carreau fluids through the simulation of a typical pressurised and propagating fracture. It shows that
coarse meshes and large time steps are sufficient to capture the propagation correctly, but that smaller time
steps are required to fully resolve the pressure inside the discontinuity. For yet smaller steps, the model is
even capable of simulating travelling pressure waves within the discontinuity, indicating that even though the
subgrid models in the integration points are solely linked through the gradient of the discontinuity pressure,
this is sufficient to properly capture inertial effects.

For the discretisation which is required for the velocity profile in the subgrid model it has been shown
that a single quadratic element is sufficient for Newtonian fluids when inertial effects are irrelevant, and
only a more refined discretisation is required once inertial effects start to dominate. For Carreau fluids,
the same coarse discretisation suffices to resolve the fracture propagation accurately, while a slightly finer
discretisation is needed to resolve the velocity profile within the fracture.

Finally, simulations with different initial opening heights have been carried out to assess the relevance of
inertial effects. While a clear effect of the fluid inertia on the velocity profile inside the fracture was observed,
the effects on the fracture propagation appeared limited. Similarly, increasing the fracture opening height,
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and therefore the fluid inertia, did not significantly alter the pressure at the inlet of the discontinuity.
Therefore, for a typical fracture propagation case as presented here, inertial terms alter the velocity profile
and are able to cause small duration pressure oscillations, but their effect on the overall fracture propagation
is very limited.
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Appendix A. Macro-scale discretisation

For the interstitial fluid pressure, the fluid pressure in the discontinuity, and the Cosserat microrotation
cubic T-splines are used, while quartic T-splines are used for the displacements to avoid pressure oscillations
[64, 65]. Bézier extracted T-splines are used to discretise the pressures and displacements:

Nel Nel Niel
uw= Z Nseluel p= Z N;lpel pa = Z N;;lpdiel (Al)
el=1 el=1 iel=1

using cubic T-splines IN¢ related to the elements for the interstitial pressure. The T-splines Ny are related
to the interface elements for the discretisation of the pressure in the discontinuity. The interpolants for
the displacements are composed of the quartic T-splines N, and IV, for the displacement and the cubic
T-splines IN,, for the Cosserat rotation:

N, 0 0
N,=|0 N, 0 (A.2)
0 0 N,

The time discretisation is performed using a Newmark scheme for the displacements and a 6-scheme for
the interstitial pressure and the pressure in the discontinuity:

ctrAt t+At ot 171 ot ﬁfAt it A
U —BAt(u u') (ﬁ >u <2ﬂ u (A.3)
1 1 1
SthAL ALty gt = — 1) @t A4
G = g ) g (g 1) .
. 1 1Y .
piHAt — s (pt+At — ) + (1 _ 0) Pt (A.5)
. 1 1\ .
ptA = TR (P20 = ph) + (1 - 6) pd’ (A.6)

Using these discretisations, the momentum balance from Eq. (1) becomes:
feact_fint_fdzo (A?)

with the external force vector defined in a standard manner as:

feat = \ NIFdr (A.8)

and T the external traction imposed on the boundary of the domain. The internal force vector is given by:

1 1 1
ot = BT t+At BT N t+At dQ / NTfNS t+At ot -t 1 .t do
Fint /Q o, aB"mNyp + AL D BAP (u u') —BAtu 35 i

1 1
NT IT t+At ot 1—= -t 4
+/Q spfc(eAt(q q)+( 9>q)

using B = LN, and the fluid flux in the integration points given by:

-1
tHAL _ (4 prk _E N t+At_kﬂIN 1 N N i—l -t
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Finally, the forces related to the discontinuity are obtained from:
fi= / NIRT ()2t dr, (A.11)
Ta

with R the rotation matrix at the discontinuity.
The mass balance from Eq. (2) is discretised as:

qext — Qint — 4d = 0 (A12)
with the external fluxes defined as:

Gext = At/ Nqu dr (A13)
Iy

using the fluid flux imposed on the boundary g. The internal flux vector is given as:

- iN;FNf (; (p'2 —p') + At (1 - ;) pt> dQ
Q

_ T (g tFAE ) TVt A2 (L) gt A.14
/QaNfICB(5<u ut) At(ﬁ 1>u At (25 1>u)dQ ( )
+ / At (VN g+2t do

Q

with the fluid flux in the integration points again obtained from Eq. (A.10). The fluxes due to the discon-
tinuity are given as:

qq = ki At / N7 (Ngpitat — Nyp'™21) dr (A.15)
P
The mass balance for the discontinuity, which is resolved for all interface elements, is given as:

qd,ext — qd,int — 9sg = 0 (A16)
using the external flux vector:
qd,ext = / Ng}@tip dor (A17)
oy
with the fluid flux imposed at the fracture tips Q;p. The internal fluid flux vector is given by

LAt _t+At

qd,int = / ki N i (pr + Nyp
Ta

ho +nY Nguttat 1 Ly .
_/F 0 ddes N Ny <9At (pg" 2" = o) + (1 - 9> pdt) dr (A.18)
d

T, T gl A v . Aty .
+ Fdefnd Nds (/BAt (ut+ t_ ’u,t) — (ﬂ — 1) ut _ <2ﬂ — At) ’u,t> dF

with the matrix Ny, defined such that Ju] = Ngsu. Finally, the fluid flux vector coupling the large scale
interface elements to the small scale fracture flow model is given by:

— 2Ndfpg+At) dr

Gsg = / (VNgp)" g2 dr (A.19)
Ta

with the fluid flux inside the fracture ¢, determined at the integration points through the fracture scale
model.

Equations (A.7), (A.12) and (A.16) are resolved in a single monolithic scheme. Due to the nonlinearity
of the fracture flow an iterative Newton-Raphson method is used to obtain converged pressures and displace-
ments at the new time. To obtain a well-converging scheme, it is important to use correct tangential matrices
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to perform the iterations [58]. These matrices are straightforward for the interior of the porous material.
However, the matrices for the mass balance from Eq. (A.16) are less trivial due to their dependence on the
fracture scale flow model in Eq. A.19 . They are given by:

s _ [ .

— = VN, z V Ny dI A.20
opa I (VNyy) 0% af (A.20)
8qsg T 8qt+At T
— = N, z N, T A.21
u /F ) (VNy) o T Nas d (A.21)

Therefore, for a subgrid model for the fracture fluid flux to be fully incorporated into the monolithic scheme
it not only needs to provide g., but also (an approximation of) its derivative with regards to the pressure
gradient and the fracture opening height in all integration points of the interface elements.

Appendiz A.1. Non-Newtonian fluid flux

The equivalent of Eq. A.10, the discretised fluid flux inside the porous material, is given for a Carreau
fluid as:

1 1 . 1 .. p Pr 1. .
_VNpttAt _ I.N, AL a0ty T et (1)t _PF gt P Dyt
1P Pr (5At2 (u W)= ga g ) ) a0 g

n—1
2 2
[ B0 — peo e ¢ 4AnT i4At Hoo Ps t+AL
S e N =4
( 2 ( T ap ) a ) % +nf0At>q

(A.22)

This equation for the fluid flux is non-linear, and is therefore solved iteratively for each integration point

inside the porous material:
ORHS

R A/ = LHS — RHS; (A.23)

using the definitions:

1 1 . 1 .. p P 1.
LHS — WV N ptTAt _ I.N, (8 A R A N (R | t f t_Proq_ 2
§=-VNsp Pi <6At2 (w W) - ga® g Y ) a0 g

ng
(A.24)
2 n—1

Ho — Moo e (AT At Hoo Ps t+At
HS,; = 14+ — : — A2
RHS,; ( ’ <+Czk(q] ) q; ) + = +nf9At>qj (A.25)

ORHS Ho — Moo ai o ianT iiat kS Hoo P

- 1 c (gt , oo I

Dqiat ( K T @) g T At )
(A.26)

2 2 =
Gz o — Moo a t+AT At t+At _t+AtT
t =D <1+C;k(qj ) 4 ) a4 4,
with Is the 2 x 2 identity matrix, Aq§+At the fluid flux update increment (added after each iteration), and

the initial guess q6+At based on the previous fluid flux in the integration point. The converged fluid fluxes
in the integration points are used to construct the internal force and flux vectors, Egs. (A.9) and (A.14).
The derivatives required to consistently include this fluid flux into the global Newton-Raphson solver are
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given by:

using the new fluid flux in the integration points to obtain dRHS/dq

DAt ORHS\
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