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Abstract

Understanding the fluid behaviour in rock masses is of great importance in various rock mass-related engineering pro-
jects, such as seepage in tunnels, geothermal reservoirs, and hazardous waste disposal. Different approaches have been
implemented to study the flow pattern in fractured porous rock masses. Laboratory experiments can provide good infor-
mation regarding this issue, but high expenses aside, they are time-consuming and suffer the lack of ability to study field
scale mediums. Numerical methods are beneficial in simulating such mediums with the Discrete Fracture Network
(DFN) method in terms of costs and time as they offer sufficient flexibility and creativity. In this paper, a Matlab code was
extended to study the flow regime in a Dual Permeability Media (DPM) with two point sources in the right and left side
of the model as an injector and a producer well, respectively. A high permeability discontinuity with different angles was
embedded in a very low-permeability limestone matrix. Pressure equations were solved implicitly with a two-point flux
approximation scheme of the Finite Volume Method (FVM). Streamlines were traced in the medium and used to analyse
the model’s hydraulic behaviour with the aid of Time Of Flight (TOF) for each point. The results show that the FVM-DFN
hybrid method can be used as a fast method for fluid flow in DPM with the aid of streamline simulation to study the

fluid flow in a large model with discontinuity.
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1. Introduction

Different types of discontinuities, such as bedding
planes, joints, fractures and faults are present in the up-
per layer of the Earth’s crust. Such discontinuities form
a complex system that makes significant changes, not
only in the mechanical behaviour of the rock mass, but
in its hydraulic behaviour as well.

Many problems in today’s rock engineering demand a
better understanding of the flow process in rock masses.
Fluid flow can affect both the hydraulic and mechanical
properties of a medium. In many studies, a rock mass
consists of an impermeable matrix, which cannot con-
duct fluids, and a system of fractures is the only channel
for fluid to flow through. In many cases of rock mechan-
ics problems, the assumption of an impermeable rock
matrix will interrupt the precision of the simulation out-
put. Some previous studies have pointed out that the ef-
fective porosity and permeability of a matrix, even at
very low magnitudes, can change the flow regime and
hydraulic behaviour of a system (Odling and Roden,
1997; Zhang and Sanderson, 2002; Namdari et al.,
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2012; Habibi et al., 2014; Namdari et al., 2016; Olu-
QOjo, 2020). In underground mining and tunnelling in
porous rocks, fluid flow can play a significant role in
both designing and implementing the designed outline.
In geothermal reservoirs, the fluid should circulate prop-
erly in the hot zones of interest. Without good insight
into the fractured rock mass flow pattern and geometry,
it would be impossible to implement the project with the
desired efficiency (Maceni¢ et al., 2018). In petroleum
engineering, an essential issue is to know and predict the
movement of crude oil, gas, and saline water in both
fractures and matrix. Due to the change of the mechani-
cal properties, the ground’s hydraulic properties can
strongly defect the underground openings’ stability and,
therefore, change the mining method (Ooriad et al.,
2018). Also, in deep drilling operations, any medium-
sized to large fracture or fault can suspend the drilling
process due to mud loss, and thus the progression of the
whole project will slow down. In wellbore stability, one
of the main issues is the flow of the drilling mud and the
water in the ground-drilling system (Pasi¢ et al., 2007).
Even in the prediction of pollution migration in under-
ground water, the results are highly dependent on the
behaviour of the underground water, which is mainly
controlled and dominated by the fracture system and
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overall permeability of the medium (RuZi¢i¢ et al.,
2012). It is clear that understanding the fluids and their
behaviour in fractured rock masses, particularly on a
large scale, is of great importance in various fields of
rock engineering.

Analytical and numerical methods have been devel-
oped and used extensively to deal with this subject. Al-
though analytical techniques can provide helpful insight
into the flow mechanisms, they are restricted to simple
geometry and demand a vast knowledge of advanced
mathematics for a more complex fractured medium
(Namdari et al., 2016; Wang et al., 2019). On the other
hand, numerical methods are flexible in terms of imple-
mentation and can be utilized in almost any complex ge-
ometry (Seales, 2020).

As a consequence of the importance of this issue,
hundreds of research papers have addressed this subject
through the last century to this present year. Bear et al.,
(1993) published a book on flow and contaminant trans-
port in fractured rock. Odling and Roden (1997) simu-
lated the contaminant transport in fractured rock with
significant matrix permeability with En-Echelon natural
fracture system using Finite Difference Method (FDM).
Zhang and Sanderson (2002) modelled a small Dual
Porosity-Dual Permeability Model (DPM) with 3 paral-
lel fractures under stress. They showed that increasing
the maximum principal stress can hugely affect the over-
all image of flow. Trends, prospects, and challenges in
quantifying flow and transport through fractured rocks
were studied by Neuman (2005) and it was reported that
the main challenge is to quantify the exchange of fluid
between fracture system and matrix, which is defined
through transfer functions. Baghbanan and Jing (2007)
investigated the hydraulic properties of fractured rock
masses with correlated fracture length and aperture.
Their research paper showed that a suitable ellipse of
anisotropic permeability could be reached only in cases
with relatively large dimensions compared to the frac-
ture medium length.

With significant advances in computing capacities
over the years, numerical methods were used frequently
by the authors. Namdari et al., (2012) contracted a
comparison between a model without matrix permeabil-
ity and a model with a very low-permeability matrix
with simulating over 1800 realization models through
the Monte-Carlo simulation technique. It was shown
that even in low magnitudes, matrix permeability can
change the whole flow regime and overall permeability
of a medium. Siavashi et al., (2014) developed a 3D
streamline-based simulation of two-phase flow in heter-
ogeneous porous media. The speed of this method was
reported to be much higher than other peer methods in
heterogeneous media simulation. In 2015, a streamline
tracing algorithm in heterogeneous porous rock to pre-
dict Time Of Flight (TOF) and breakthrough curves was
studied by Nunes et al (2015).

The equivalent Discrete Fracture Network (DFN) for
highly fractured rock mass was reported in the study of
Ren et al (2017). They simplified the highly fractured
rock to a sparser system of fractures, which decreases
the amount of time needed to simulate a model. In 2019,
Zhang et al investigated the complexities of the hydrau-
lic fracturing process in naturally fractured rock masses.
The Synthetic Rock Mass (SRM) method was used and
extended through the combination of the Discrete Ele-
ment Method (DEM) and the Discrete Fracture Network
(DFN) to assess the uncertainties. In 2020, Wang et al.
performed a tracer test and streamline simulation for
geothermal resources in Cuona of Tibet to measure the
impact of injection wells in the production of sink wells
in different well patterns of this geothermal reservoir. A
streamline simulation of experimental studies on water-
flooding under given pressure boundaries was conducted
as a coupled Hydro-Mechanical (HM) process by Zhang
et al. (2021). With the help of the streamline simulation,
the capillary effects at the fluid front were quantified as
a function of time and coordinates.

One of the key concepts to address here is that discon-
tinuous rock masses do not behave as a continuum (Nam-
dari et al., 2016; Sun et al., 2020). The simulation pro-
cess of fluid flow in fractured rock masses should deal
with discontinuities on a large scale. The most used nu-
merical method to study the fluid flow in the fractured
discontinuum medium is Discrete Fracture Network
(DFN) (Jing and Stephansson, 2007; Baghbanan,
2008; Habibi et al., 2014; Karimzadeet al., 2017;
Baghbanan et al., 2019; Li et al., 2020; Huang et al.,
2021a). It is an appropriate method when dealing with
impermeable rock matrix and delivers good speed and
accurate results (Habibi et al. 2014). The speed of this
method will drop drastically by applying the permeable
matrix to the model (Namdari et al., 2012; Namdari et
al., 2016). It takes days or weeks to run a single realiza-
tion for a desired dual permeability medium (Namdari et
al., 2012; Habibi et al., 2014; Namdari et al., 2016).
Furthermore, the Monte-Carlo simulation, which is a
widely accepted and applied technique and has been used
in many studies, demands numerous numerical simula-
tions on different realizations (Jing and Stephansson,
2007; Namdari et al., 2012; Habibi et al., 2014; Huang
et al.,, 2021b). The number of realizations needed to
study different hydraulic parameters can reach hundreds
or even thousands models (Namdari et al., 2012; Habi-
bi et al., 2014). Hence, the desired method to treat this
issue should be fast enough to be able to simulate numer-
ous models in a limited amount of time. In this case,
streamline simulation is a scientifically approved method
to investigate the hydraulic behaviour of a heterogeneous
medium (Thiele, 2002; Datta-Gupta and King, 2007;
Nunes et al., 2015; Dailami et al., 2020; Wang et al.,
2020). In this method, the 3D or 2D equations are broken
into 1D equations along some curves called streamlines,
which makes this method 2 or even 3 orders of magni-
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Figure 1: Schematic presentation of a low permeability matrix with high permeability discontinuity
in different angles of o, 11, 45, and 9o degrees represented with the names Fo, Fi1, F45 and Fgo
respectively. All boundaries are defined as impermeable.

tude faster, compared to discrete methods (Datta-Gupta
and King, 2007; Zhang et al., 2021).

In this study, the effect of a large discontinuity with
different angles in a low permeability limestone matrix
is investigated in a 2D square of 100 x 100 m?, which is
constructed with 2500 cells in the Cartesian coordinate
system. To research the discontinuity effect on pressure
and flow paths of fluid, the direction angle of the discon-
tinuity is changed from 0 to 11, 45 and 90 degrees with
respect to the X-axis. The low permeability rock mass
cells are replaced with high permeability cells represent-
ing the discontinuity. Through this approach, the main
model consists of two main parts: rock matrix cells,
which have low porosity and low permeability, and dis-
continuity cells with a relatively higher porosity and
very high permeability. Within this approach, the dis-
continuity, which is a line, will be replaced by some con-
secutive porous and high permeability cells in the same
direction as the original discontinuity. The newly em-
ployed approach in this paper is to use a hybrid approach
of the Finite Volume Method (FVM) and the Discrete
Fracture Network (DFN), namely FVM-DFN to form a
cell-based method. Streamline simulation is used after-
wards to trace the path of fluid particles to give a more

detailed vision into the flow mechanisms in a fractured
porous media, which is lacking in the previous studies,
particularly in the rock mechanics research area. Result-
ing from this, besides the improvement of runtime
(which has been decreased to less than one minute for
each simulation, in contrast to DFN-DEM approach
with hours of simulation time), the amount of time will
not increase even for a large number of discontinuities,
because the number of equations to solve will not in-
crease, and the cell numbers remain equal even with a
high number of discontinuities through this approach.
Moreover, this method provides some additional infor-
mation against DFN methods. A streamline’s path and
Time Of Flight (TOF) contours will yield a more de-
tailed insight into the hydraulic behaviour of a discrete
model, which are missing in DFN methods. In addition,
stagnant regions and the overall flow paths will be ob-
tained as opposed to discrete methods.

2. Methods

In this section, the description of the model is pre-
sented. The basic concepts of the finite volume method
(FVM) and the Two-Point-Flux-Approximation ap-
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proach (TPFA) are presented. The streamline tracing
method is discussed afterwards.

2.1. Model description

In real subsurface conditions, discontinuities tend to
have irregular shapes with generally rough surfaces.
Also, sedimentary rocks are not homogenous and iso-
tropic due to the layering nature of these rocks and the
stress path during the consolidation process. To study
the subsurface flow phenomenon, some simplifications
may be applied due to the complex behaviour of the
ground. Some widely applied simplifications are the as-
sumption of an isotropic rock matrix and representation
of discontinuities with a straight line, which is used in
DFN approaches (Jing and Stephansson, 2007).

The models consist of a 2D horizontal 100 x 100 m?
square with a large discontinuity and impermeable
boundary. The rock matrix is a compacted low permea-
bility isotropic limestone. Two source and sink points
exist in the middle left and right edge of the square. The
discontinuity exists in the square with four different an-
gles of 0, 11, 45, and 90 with respect to the X-axis with
the names F0, F11, F45, and F90 (see Figure 1).

In this study, the rock matrix assumed to be a homo-
geneous and isotropic low permeability limestone. The
boundaries cannot permeate the fluid and are defined as
impermeable. Hence, the only source and sink points of
the model are injector and producer points. Moreover, it
is assumed that the discontinuities are a completely
straight and homogeneous porous material with very
high permeability compared to rock matrix permeability.
The matrix’s effective porosity is equal to 5% with 0.1
mD (millidarcies) permeability, while the discontinuities
are defined as a porous medium with 20% porosity and a
permeability of 800 mD. This scheme aims to investi-
gate the effect of different directions of discontinuity
with high permeability in a large scale in the absence of
gravity and body forces.

2.2. Finite Volume Method (FVM) and Two-Point
Flux Approximation approach (TPFA)

In the FVM, the basic mathematical idea is to convert
volume integrals in a partial differential equation that
contains a divergence to surface integrals, using the di-
vergence theorem (Sokolova et al., 2019). Fluxes at the
surfaces of each Finite Volume will be derived after-
ward. These terms are then evaluated as fluxes at the sur-
faces of each finite volume. Since an incompressible
fluid entering a given volume is identical to that leaving
the adjacent volume, these methods are conservative.
The technique is used in many computational fluid dy-
namics packages (Moukalled et al., 2016). Finite vol-
ume refers to the small volume surrounding each node
point on a mesh. Due to the physical concept of FVM, it
is a more robust method compared to FEM and FDM in
the context of fluid flow.

In FVM, the basic assumption is the physical concept
of conservation of mass, or for an incompressible fluid,
conservation of volume. In this study, it was assumed
that there is a single-phase fluid in the model. Hence, it
can be written:

Vi=qv=-KVp(QcR") (D
Where:
v — Velocity vector (m/s)
q — Flow rate (m’/s)
K — Hydraulic conductivity (m/s)
p — Pressure head (m)
Rewriting Equation 1 will yield the integral form:

v, = [ vids , T, =0QN0Q, )
Lok
Where:
n — Normal vector on the surface of the control vol-
ume

To develop a finite volume discretization, rewriting
Equation 2 in integral form using a single cell i in the
discrete grid and then applying the midpoint rule to cal-
culate the integral will yield:

Vi = Ai,/c‘j(xi,/c)'ﬁi,k =—4, (KVP)(XI-,/C )’ﬁi,k (3)

Where x;,, is the centroid on T'; . Figure 2 shows a
schematic representation of two adjacent cells i and £ in
a Cartesian system.

i I
—t—
Di e T k e Dk Ay

|

— AXx; ————— Axy ——

Figure 2: Two cells used to derive the TPFA discretization
fora 2D Cartesian grid (Lie, 2019)

If it is assumed that the pressure gradient is linear in-
side each cell, it follows that (Lie, 2019)

(pi Ly )Ei,k -
Vie © Ai,kKi - 2z M= Zk (pi _”i,k) “4)
4]
Where:
T — Transmissibility (m/s)
A — Area (m?)

7., — Pressure head at the face centroid (m)

The transmissibility is introduced here as 7' parame-
ter. The continuity of fluxes yield that v,, =—v, , =v,
and for pressure 7, , = 7z, ; = 7. This leads to two equa-
tions below:

L L
7;,1{ Vi =P — Ty 'Tk,i Vie = Pp — Ty 5
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By eliminating the interface pressure zik, it ends up
with the following two-point-flux-approximation
(TPFA) scheme

=10+ (p-p) =T (p~p) (6

Where Tik is the transmissibility associated with the
connection between the two cells of i and k.

2.2. Streamline-based flow simulation

A streamline is a line that is tangential to the instanta-
neous velocity direction (velocity is a vector, and it has
a magnitude and a direction). To visualize this in a flow,
one can imagine the motion of a small marked element
of fluid. Since the velocity at any point in the flow has a
single value (the flow cannot go in more than one direc-
tion simultaneously), streamlines cannot cross (Datta-
Gupta and King, 2007; Chen et al., 2020). A stream-
line is the path of fluid particles flowing from the injec-
tion well to the production well. It can be defined as the
line that is made of points of equal streamline function
values. At any time, the tangential direction of each
streamline point is identical to the velocity vector.

The most notable study for efficient tracing of the
streamlines was performed by Pollock (Thiele and
Batycky, 2006). In Pollock’s method, the total input and
output flux to each boundary is calculated with Darcy’s
Law (Batista, 2020). With the fluxes being calculated, the
scheme focuses on calculating the coordinates of the exit
point of the streamline and after that, it computes the
amount of time that it takes for a particle to travel along a
streamline from the inlet point to the exit (see Figure 3).
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.. . I"
1
{

e
i-1 i,]
1 |

inlet
Origin
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1
1
1
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Figure 3: Pollock method for tracing streamlines
in a Cartesian grid

The velocity in each direction (x or y in 2D) is calcu-
lated via a piece-wise linear approximation. If v is the
interstitial velocity (v= V), then a linear velocity ap-
proximation in the x-diréction yields (and also the same
fory):

Viar —V

voEvete o) L g = ()

Where:

v 0 — Velocity in the x-direction x = x, (m/s)

g, — Velocity gradient in the x-direction (1/s)

Since v, = dth’ the exit time for each cell can be ob-

tained by integration of the velocity in x-direction (and
in the same way for y-direction) for each face for a
known entry point (x, y,) and exit point (x,, y,) and some
simple algebraic manipulation:

AtX:Lln|:vx0+gx(xe_x0):|’

8. Voo T 8. (%, —X)
1 Vot e~

At = | 2 g,(v. =) ®)
gy v/\/0+gy(yi_y0)

It is obvious that the streamline exits from the face
with minimum travel time (Af, = MIN(At,, Az, )), so the
exit point coordinates are calculated by re-solving for x,
and y, given the minimum time Az :

xe = Lln[vxi CXp (ngtm ) - Vx() :| + XO ’
g

X

Ve = giln [vyi eXp (g}’Atm)_v”°J+y° 2
;

3. Results

In this section, simulation results for pressure con-
tours, streamlines, and TOF contours are illustrated.
Each simulation takes under 1 minute, which shows a
drastic decrease in runtime for a model with dual perme-
ability in both fracture and matrix (Namdari et al., 2012
and 2016).

3.1. Contours of pressure

It was noted in the previous sections that the bounda-
ries are impermeable, and the fluid can only be injected
or produced in the source and sink points. Pressure con-
tours in the 4 cases are presented in Figure 4.

Pressure contours for the 4 cases are similar in shape
and there is no sign of a difference in the shape of pres-
sure distribution caused by different discontinuity an-
gles. There is a significant issue to address here. The
pressure distribution may almost be the same in shape,
but the pressure magnitude is very different in each case.
In the 0 degree angle, the pressure is smaller, practically
by 2 orders of magnitude, compared to the three other
cases. For the other three cases of F11, F45 and F90, in
which the injection is done in the low permeability ma-
trix cell, the pressure range stays almost identical.
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Figure 4: Pressure contours for each case. Solid lines represent discontinuity position in the model.

3.2 Streamlines

In Figure 5, generated streamlines for each case are
shown. Discontinuity is drawn with a solid black line. In
some cases, such as F0 and F1/, streamline concentra-
tion on the discontinuity is very high, showing a high
permeability effect of the discontinuity. The high con-
centration of streamlines in these cases represents the
high flow region in these two F0 and FI/ discontinui-
ties. In the F'45 case, streamlines change their direction,
align with the discontinuity and then shift back to their
original paths. However, the amount of change in this
case is smaller in comparison to F0 and F/1.

In the F90 case, streamlines don’t show any change in
the direction and there are no signs of any change in the
streamlines path due to the existence of discontinuity.

3.3 Time of flight (TOF)

Time of flight contours are illustrated in Figure 6.
The direction of the discontinuity has a considerable im-
pact on the TOF contours.

For F0, the fluid flows very fast on the discontinuity
line, and it takes the maximum amount of time for the

fluid to access other points on the matrix. It can be seen
that the high permeability on the line segment between
the source and sink is a preferred channel for fluid
flow. The TOF contours show that other than cells
on the discontinuity line in the F0 model, TOF magni-
tudes for other cells in the model are about one order
of magnitude higher than the same magnitude for F'//
and F45 and two orders of magnitudes higher than
the F90. Stagnant regions are formed in the upper and
lower left of the F0 model, which are presented with a
red colour. In F11, the results resemble the F0 model,
with high TOF contours in the upper and lower left cor-
ners of the model. The smallest stagnant regions belong
to the F45 model, with more uniform contours. In 790,
the high TOF contours are formed in the right half of
the model.

In contour images, the stagnant regions are more im-
portant than the absolute magnitudes of TOF for each
cell (Lie, 2019). This is because the contours represent
the stagnant regions. If the medium is supposed to be
saturated with fluid, the injection and production will be
on a steady state cycle, so the absolute value for TOF
will be in the second order of importance.
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Figure 5: Streamlines for different discontinuity directions. The straight solid line represents the discontinuity
location on the model.

4. Discussion

For FO (0-degree angle), the pressure magnitude or-
der is two times smaller than the three other cases. How-
ever, the pressure for the other 3 cases, 11, 45, and 90
degrees, are in the same order of magnitude. This is be-
cause in the case of the 0-degree angle (£0), the injector
and producer points are located in the discontinuity line
and the fluid (here, water) is injected directly in the high
permeability discontinuity. In this situation, fluid can
flow directly from the injector to the producer with very
low resistance against the fluid particles’ movement
compared to the matrix. This is the main reason that the
overall pressure of the model is smaller by almost two
orders of magnitude compared to the three other cases.
With a constant rate of injection, the pressure goes up if
the permeability of the injecting area is not high enough
to permeate the injecting fluid. This shows that the
choice of injection spot is of great importance. Also, the
pore pressure will change the effective stress and can
result in instability issues. For F0 and F90, the pressure
contours are completely symmetrical, but for F// and

F45, there is a slight asymmetrical drift in the contours
due to the angle of discontinuity.

A streamline’s concentration in a given point repre-
sents the amount of flow in that region. This is one of the
most useful qualitative data points to focus on in simu-
lating a large scale model. When streamlines get close
together, it shows a high flow region. In the DEM-DFN
method, which is the most accepted method for simulat-
ing a model with discontinuity, the flow trajectories do
not represent this kind of information (Namdari et al.
2016; Zhang, et al., 2002). In the F0 case, the stream-
lines are concentrated on the horizontal line, namely the
discontinuity, which shows a high flow region. For F1/,
the difference in concentration is more pronounced,
which shows a high-flow zone on the discontinuity. For
the F45 discontinuity, the curve of streamlines changes
in the location for F45. After that change, streamlines
continue to move on a smooth curve to the producer
point. For 90, there is no change in the streamline’s
path. This can be explained by the fact that the 90 mod-
el is completely symmetrical with regard to injection
and producer points, so the pressure of all of the points
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Figure 6: Time Of Flight (TOF) for every model with different discontinuity angles. The blue colour addresses the short time,
and the red colour denotes a long time for TOF.

on the discontinuity are equal and there is no hydraulic
potential to motivate a flow due to Darcy’s law. It can be
stated that with an increase in the angle from 0 to 90-de-
grees of the discontinuity, the impact of the high perme-
ability discontinuity on the streamline’s pattern will de-
crease. For F0 and F11, the impact is very prominent.
For F45, the change in the streamlines path decreases,
and for F90, there is no sign of a visual difference in the
streamline’s path. It can be explained by the fact that for
lower angles (e.g., FO and F1I), a great length of the
discontinuity is in the direction of the flow (which is in
the direction of the pressure gradient or a straight line
between the source and sink points) and fluid particles
tend to reach to discontinuity to travel faster to the sink
point. For higher angles (e.g., F45), the angle between
the discontinuity and the flow gradient is large, so the
discontinuity effects on the streamlines decrease. How-
ever, for F90, the discontinuity is perpendicular to the
pressure gradient, making it impossible for fluid to flow
on this direction considering Darcy’s law and the direc-
tion of the hydraulic gradient from the source to the sink.

In TOF contours, in the F0 case, the fluid flows very
fast on the discontinuity line, and it takes the maximum
amount of time for the fluid to access other points on the

matrix because the high permeability on the line segment
between the source and the sink is a preferred channel for
fluid to flow. For other points of the model, it takes a long
time for the fluid to travel from the injector to the pro-
ducer compared to the other three models. The amount of
TOF magnitudes in other locations rather than disconti-
nuity is between 10-100 times larger compared to TOF
magnitudes for the same points in the three other models.
It is obvious that the presence of the discontinuity makes
this bold difference in TOF magnitudes.

With an increase in the discontinuity angle from 0 to
11 degrees, the patterns of TOF contours do not change
very much. Since the fluid tends to flow in the lowest
resistance path, TOF contours somehow represent the
ease of the flow process at a point. If the TOF parameter
for a point is low, it is due to the fact that fluid particles
reach this point faster than the other points of the model.
Hence, time of flight is a relative variable and has to be
compared with other points in a model. For F0, F1] and
F90, stagnant regions are formed in the upper and lower
right corners of the model, whilst the stagnant regions in
F45 are very small compared to other cases and the ho-
mogeneity of TOF contours are prominent in the F45
case. The area of stagnant regions in 0, FI1I and F90
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are somehow similar, but the TOF magnitudes differ
strongly.

This kind of information is lacking in DFN-DEM
methods as well, since such methods cannot predict the
stagnant regions nor the flowing paths of the fluid parti-
cle. Also as mentioned before, the DFN-DEM hybrid
models are very slow in terms of running speed that can
be from hours to days for a simple dual permeability
model. In the used approach in this study, the amount of
running time is very small, because this proposed meth-
od replaces the discontinuity with porous high permea-
bility cells. So numerous discontinuities can be added to
the model without any change in running time.

5. Conclusions

The main challenge in understanding the fluid behav-
iour in rock masses is to simulate large scale models with-
in a relatively short time in various engineering contexts,
like seepage control in underground excavations, geother-
mal reservoirs and sites of hazardous waste disposal. Dif-
ferent methods have been implemented to investigate the
flow pattern in fractured porous rock masses. Many previ-
ous studies either consider the fractured medium as an
equivalent continuum or simulate the medium with DFN
approaches with impermeable rock matrix. In reality, al-
most every kind of rock has some level of permeability.
Using embedded discontinuity in a porous and permeable
medium is of great interest in many recent studies. The
main problem with these studies is that the simulations
need excessive time and computer capacity and each sim-
ulation can take hours and even days.

In this study, a novel hybrid FVM-DFN approach is
used. The discontinuity is replaced by high permeability
cells in different angles of 0, 11, 45, and 90 degrees
within a Cartesian network of low permeability lime-
stone matrix of 100 x 100 m?. Using a Two-Point-Flux-
Approximation (TPFA) method, fluid injected from the
left edge of the model (injector or source point) and pro-
duced in the opposite side (producer or sink point). Re-
sults are presented through pressure contours, stream-
lines, and Time Of Flight (TOF) contours. The results
show that for /0 and F90, the pressure contours are
completely symmetrical, but there is a slight asymmetri-
cal drift in the contours due to the discontinuity’s angle.
Also, for F0, the pressure range in the model is almost
two orders of magnitude smaller than the other cases,
which can be justified by the fact that injection and pro-
duction points are on the discontinuity layer and the
pressure will be decreased compared to other cases ac-
cording to Darcy’s law. Streamline paths show that for
smaller discontinuity angles of F0 and F'/1, the concen-
tration of streamlines are more prominent due to the fact
that the discontinuity is the main channel or flow in these
cases. In contrast, for F45 there is a small bending in a
streamline’s path. For F90, the discontinuity doesn’t
change the pattern of streamlines, because fluid does not

flow through the discontinuity, due to the fact that the
pressures of all of the points on the discontinuity are
equal and there is no hydraulic potential to motivate a
flow due to Darcy’s law.

TOF contours illustrate that for F0 case, fluid forms
stagnated regions in the upper and lower right corners of
the model, because the discontinuity is a highly pre-
ferred path for flow and in other points of the model,
fluid flows slowly and the stagnation initiate. For F//
and F90, stagnant regions are formed in the model’s cor-
ners, whilst the stagnant regions in 45 are very small
compared to the other cases.

With combining all the contours of pressure, stream-
lines and TOF, it can be seen that the direction of discon-
tinuity can change the flow regime in DPM rock mass.
This is very important in drilling, tunnelling, geothermal
reservoir management. These results show that the pres-
sure and flow rate magnitudes are not enough to interpret
flow in a rock mass.

From a technical point of view, this study also reveals
that runtime has drastically decreased with this hybrid
FVM- DFN method in comparison to DFN-DEM ap-
proaches. With every run, streamline simulations com-
bined with pressure and TOF contours can provide a
detailed insight into the flow pattern of a discrete model
with a porous matrix, which can help the engineers in
different fields to understand how to operate the projects
more efficiently. Also, stagnant regions are hard to de-
tect in DFN-DEM approaches because these approaches
break the rock matrix to numerous ultra-small fractures.
With these methods and the combination of streamline
and TOF contours, the detection of stagnant regions will
be straightforward in comparison to other methods.
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Ispitivanje utjecaja pruzanja diskontinuiteta na regionalni protok fluida
u $upljikavoj stijeni uporabom hibridne metode kona¢nih volumena
i mreze diskretnih pukotina te simulacijom strujnica

Razumijevanje ponasanja fluida u stijenskoj masi izrazito je vazno kod razli¢itih inZenjerskih projekata kao $to su pro-
cjedivanje u tunelima, geotermalna lezista te odlaganje opasnoga otpada. U proucavanju obrasca protoka fluida kroz
raspucanu, $upljikavu stijensku masu koristeni su razli¢iti pristupi. Laboratorijska istrazivanja mogu pomo¢i u izucava-
nju takvih problema, medutim, osim $to su skupa, zahtijevaju puno vremena i tesko ih je primijeniti u makrostruktura-
ma. Numericke simulacije mogu opisati takve prostore metodom mreze diskretnih pukotina smanjujudi troskove i vrije-
me jer nude dovoljnu prilagodljivost i kreativnost. Ovdje je prikazano prosirenje koda u Matlabu s ciljem izucavanja
protoka u stijenskome prostoru s dvostrukom propusno$cu, tj. s izvorima fluida na desnoj i lijevoj strani modela koji
predstavljaju utisnu i proizvodnu busotinu. Vrlo propusni diskontinuiteti s razli¢itim kutovima smjesteni su unutar sla-
bopropusnoga vapnenackog matriksa. Jednadzbe tlaka aproksimiraju izravan shematski tok izmedu dviju to¢aka meto-
dom konaénih volumena. Strujnice su pracene kroz simulirani volumen te je njima analizirano hidraulicko ponasanje
modela izra¢cunom brzine protoka u svakoj tocki. Rezultati pokazuju kako hibridna metoda kona¢nih volumena i mreza
diskretnih pukotina mogu biti kori$tene kao brz nacin opisivanja protoka fluida u prostoru s dvostrukom propusnoscu,
tj. uz pomo¢ simulacije strujnica unutar makromodela s diskontinuitetima.

Kljuéne rijeéi:
simulacija strujnica, prostor dvostruke poroznosti, aproksimacija toka s dvjema toc¢kama, hibridne metode
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