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ABSTRACT: Real rock fracture walls are rough surfaces, thus using an average aperture to predict flow
through the fractures can produce unrealistic results. Furthermore, flow through rock fractures cannot be
considered as unidirectional and therefore it is essential to measure two-dimensional flow behaviour in order
to predict fluid flow through underground rock fracture networks. The two dimensional flow equations used
in this study were derived by integrating the three dimensional Navier-Stokes equations in the direction of the
aperture because it would ensure that the aperture variation in 2D space, which also accommodates aperture
deformation against applied confining stress, would be included. The derived equations were discretized by the
finite volume method and the numerical solution was proposed by adopting the SIMPLE algorithm. The RFFS
(Rock Fracture Flow Solver) computer program was developed using MATLAB to solve the proposed model.
RFFES captures the aperture deformations during normal loading, predicts the contact formation accordingly,
and also measures the flow patterns and volumetric flow rates. Natural rock specimens with a single fracture
were tested on the High Pressure Two Phase Triaxial Apparatus (HPTPTA) designed and built at the
University of Wollongong, while the measured flow rates and RFFS predictions for different confining
stresses and hydraulic gradients were compared and found to be in acceptable agreement; the directional
permeabilities were calculated by RFFS predictions.

1 INTRODUCTION width of the fracture as the two dimensions for
formulating the model (Bear et al., 1993; Kishida

The permeability of jointed rock is a significant et al. 2013). The latter method was used in this

factor for industrial activities such as underground study because the two-dimensional flow behaviour

excavations and nuclear waste repositories, and the can be studied and the deformation and contact

permeability of single rock fracture is usually formation of the fracture that affects flow beha-

measured using the cubic formula given in Eq. 1 viour can be modelled.

(Lomize 1951; Snow 1968; Witherspoon et al.

1980).

Sw 2 MATHEMATICAL MODEL
Q=—VP (1)

124 Eq. 2 is the 3D Navier-Stokes equation for a
where Q is the flow rate, e is the aperture, u homogeneous and Newtonian incompressible fluid
is the dynamic viscosity of the fluid, w is the (Bear et al. 1993).
width of the fracture under consideration and VP
is the hydraulic gradient. Fracture aperture is spa- 8( ,07) o _
tially not constant because of its irregular nature, 7+V'(pVV)+ Vp—pgVZ - V'V =0 2
and an average or equivalent aperture should be or ) ) ) _ ]
considered to use the cubic formula which may Where p1s the‘ fluid depsuy, Vis the.ﬂuld
overestimate the volumetric flow rates (Barton et Velo?“){ vector, p1s .the fluid pressure, - g 1s the
al. 1985; Neuzil and Tracy 1981; Zimmerman et al. gravitational acceleration and Z is the direction of
1992; Zimmerman et al. 2004). gravity. Eq. 2 was integrated in the direction of the

To overcome this problem, different methods of fracture aperture by taking the fracture walls as the
calculating the equivalent permeability have been limits of integration (Indraratna et al. 2014). Here,
suggested, and two dimensional models have also the limits were also functions of time and space;
been proposed. There are two types of 2D models, the resulting momentum conservation is given in
both based on the physical model, where the first Eq. 3, while the ‘dot” over the velocity and
considers the height of the aperture and direction dlveygenge operator mdlcates they Were only
of flow as two dimensions (Indraratna et al. 2002; applied in the remaining two dimensions after
Koyama 2007; Price and Indraratna, 2005), while integration. Here e(x, y,7) is the aperture.

the second assumes the direction of flow and the
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0 ‘7 . - . . =\ 1u=
%) +V. (epVV )+ eVp - pgeVZ - ,qu(eV)+ “Hy -
t e
3)
The continuity equation was then integrated in the
same way, and the following 2D continuity equa-
tion was obtained.

V~(pe\7):0 @)

X Local coordinate system

Global coordinate
system

Fig. 1 Single rock fracture model

AU velocity

/ Cell

T velocity

__________

Fig. 2 Discretization of flow domain using FVM (Indra-
ratna et al., 2014).

Fig. 1 shows the physical model of a single
rock fracture considered in the mathematical mod-
el, showing the direction of flow and dimensions
of the fracture. Eqs. 3 and 4 are the governing equ-
ations for the model and for the steady flow condi-
tions, the temporal acceleration term of Eq. 3 can
be omitted. The model had to be solved numerical-
ly due to the non-linearity of the equations, so the
finite volume method was used to discretize (Fig.
2) the equations in their scalar form.
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Fig. 3 Flow chart for modified SIMPLE algorithm (In-
draratna et al. 2014)

SIMPLE (Semi Implicit Method for Pressure
Linked Equations) algorithm (Patanker and Spald-
ing, 1972) was modified and used to develop the
numerical solution. A new computer program
called the Rock Fracture Flow Solver (RFFS) was
developed using MATLAB language to execute
the numerical solution (Indraratna et al., 2014;
Kumara, 2014).

3 METHODOLOGY & FLOW SIMULATION

The Rock Fracture Flow Solver followed the flow
chart in Fig. 3 and solved the discretized governing
equations to calculate the distribution of pressure
and velocity. The rock fracture deformations were
calculated wusing the hyperbolic relationship



suggested by Bandis et al. (1983). After
deformation the contact formation was captured by
a special algorithm. When the aperture of a certain
control volume of the flow domain becomes
smaller than a threshold limit for a contact, the
particular control volume is flagged as a contact to
consider in the following iterations.

Sandstone specimens 54mm in diameter were
split in the laboratory and single axial fracture
samples were prepared. By shifting the two halves
in opposite direction, mismatched specimens were
created. The aperture distribution was measured by
injecting a fast setting epoxy resin into the fracture.
Once set, one half of the specimen was removed
and the silicon rubber surface or the replica of the
removed rock fracture surface was scanned using a
3D laser scanner. Next, the surface of the
remaining half was scanned with respect to the
same origin such that the difference between the
two surfaces resulted in the fracture aperture
distribution (Fig. 4). The aperture distribution,
fluid inlet and outlet pressures, specimen
dimensions, normal loading, and the properties of
the fluid (density, viscosity) and the fracture
(initial fracture normal stiffness) were fed into the
RFFS, which then produced a 2D flow simulation
with aperture distribution and pressure distribution
at applied normal loading conditions in order to
compare the flow rate and deformation changes
against normal loading. The rock fracture
permeability was tested in the laboratory using the
High Pressure Two Phase Triaxial Apparatus
(Indraratna and Haque 1999), and the flow rates
for increasing confining pressures were obtained.

Scanning
£ % Silicon rubber =

Sample top half ,'/ ‘\ / 2% ',' p?
M—) Mém

>
(i) ‘\ (i) (iii) (iv)

Reference frame
Fig. 4 Aperture distribution measurement (Indraratna et
al. 2014)

Sample bottom
half

4 RESULTS & DISCUSSION

Fig. 5 shows the normal deformation of a rock
fracture upon loading, via the contours of the aper-
ture, with flow vectors for a mismatched fracture
specimen. The white patches are the contacts that
were captured by RFFS according to the fracture
closure data; this model also showed the two-
dimensional flow behavior inside the fracture more
realistically. The fluid flowed through the frac-
tures and avoided the obstacles (contacts and
smaller apertures), and therefore the permeability
of the same fracture in two orthogonal directions
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was not the same. RFFS can be used to measure
the permeability through a rock fracture in both
major directions, whereas the mated joints showed
less diverging flows because the range of aperture
variations was narrow.

Fig. 5 Aperture deformation (contours) and flow pat-
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The accuracy of the RFFS predictions for the
longitudinal direction (Indraratna et al. 2014), was
verified elsewhere. Having changed the boundary
conditions of the flow domain, the flow and de-
formation data for the rock fractures were obtained
in a transverse direction. Directional permeabilities
were calculated considering the macroscopic flow
domain according to the Darcy’s formula for dif-
ferent normal stresses. Fig. 6 shows the variations
in permeability against the normal stress applied
for longitudinal and transverse directions for the
same specimen, illustrated in Fig. 5. Since the
openings elongated in the transverse direction was
larger than the surrounding aperture of the domain,
permeability in that direction has risen more than
in the longitudinal direction.
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Fig. 6 Variation in the Longitudinal and Transverse di-
rectional permeability of a mismatched specimen
against normal loading

5 CONCLUSIONS

A 2D mathematical model with a solution program
was proposed to simulate two dimensional single
fracture flows. This model was then used to
calculate the flow volumes and patterns in the flow
domain, and capture the contact formation upon
normal loading realistically. The directional
permeability of rock fractures was computed using
this developed computer programme, and their
dependence on the aperture distribution was
demonstrated. ~The longitudinal directional
permeability of the specimen was 6.35x10"°m’
while the transverse directional permeability was
3.64x10™ at 750 kPa confining stress; this result
was due to the flow domain having the larger
apertures elongated in a transverse direction. When
the confining stress was gradually increased to
1500 kPa, the differences between the directional
permeabilities decreased because larger apertures
deform much more than smaller apertures. The
mated joints had negligible differences in
directional permeabilities because their aperture
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distribution was not scattered widely. It can be
concluded that fracture permeability differs along
the flow directions depending on the directional
distribution of the larger apertures of the flow
domain.
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