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a B S T R A C T

This paper presents a numerical method for the modeling of hydraulic confinement and hydrocarbon
migration around the unlined rock caverns (URCs) by directly applying distinct fracture network (DFN)
concept. A “migration tracing” algorithm for the assessment of hydrocarbon migration around URCs was
developed based on the applying migration cessation criterion and pathway analysis in the DFN reali-
zations. The veracity of the developed numerical method was explored by predicting the hydrocarbon
migration in a uniform fracture network around an unlined cavern that consists with results obtained
from the finite element continuum fluid flow analysis. Finally, the applicability of the proposed method
was evaluated by simulation of hydrocarbon migration in the DFN realizations around a URC. The results
demonstrate that the hydrocarbon migration is sensitive to the hydraulic boundary conditions, and the
geometrical properties of fractures. Establishing sufficient water pressure in the fracture system controls
hydrocarbon migration; however, the effect of external water pressure on the hydrocarbon migration is
controlled by the fractures geometry. Consequently, local migration paths may develop around storage
caverns through the intricately connected fracture network, despite the presence of high pressurized
water curtain. The proposed method may prove useful for better design analysis of hydraulic confine-
ment around URCs, or inclusions in simulators for computational demands.

& 2016 Published by Elsevier Ltd.
1. Introduction

Prediction of environmental impacts and the efficiency of hy-
draulic confinement for hydrocarbon storage in unlined rock ca-
verns (URCs) are the most critical issues faced by Hydrogeologists.
Successful prediction of such issues requires realistic and robust
predictive models based on the physical processes that govern
fluid flow in rock mass.

The typical safety concern in URCs is to prevent hydrocarbon
leakage from the cavern to the surrounding rock mass. The prin-
ciple behind prevention of hydrocarbon leakage in URCs, called
hydraulic confinement, is based on the application of groundwater
pressure on the surrounding rock to confine the stored hydro-
carbon inside the caverns (Froise, 1987). Appropriate application of
ariszadeh@aut.ac.ir,
riar@aut.ac.ir (K. Shahriar),

Curtin University, Western
hydraulic confinement poses a key question; (Liang and Lindblom,
1994; Chung et al., 2003); How large of pressure difference be-
tween groundwater and stored hydrocarbon in the cavern should
be maintained to prevent hydrocarbon leakage?

The exact criterion for preventing hydrocarbon leakage from
the URCs has been a matter of research for several years. During
the past decades, different gas-containment, no gas leakage, cri-
teria have been proposed based on groundwater gradient or
pressure (Åberg, 1977; Goodall et al., 1988; Liang and Lindblom,
1994; Lindblom, 1997) that are theoretically a priority. These hy-
draulic criteria have been mostly applied in continuum numerical
modeling efforts (Thunvik and Braester, 1981; Chung et al., 2003;
Kim et al., 2007; Maejima et al., 2007; Aoki et al., 2010; Sun and
Zhao, 2010). However, most of the URCs are constructed in good
quality and hard rocks (Froise, 1987; Zhao, 1996; Lee and Song,
2003), where fractures are the main flow paths and control the
hydrocarbon leakage phenomenon (Goel et al., 2012; Yoshida
et al., 2013). In fact, the physical processes that govern hydraulic
behavior of rock mass are significantly controlled by the fractures
(Indraratna et al., 1999, 2003; Javadi et al., 2010, 2014, 2015). In
such situation, discontinuum representations of fractured rock,
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Fig. 1. Installation and components of water curtain around an unlined storage
cavern.
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such as discrete fracture network (DFN) concept, appear much
more adapted to physical processes. However, only a few studies
(Dershowitz and Lapointe, 1995; Ra and Sung, 1999; Lee and Song,
2003) have been implemented on the fluid flow analysis in the
rock mass surrounding the URCs via direct utilization of DFN.
Dershowitz and Lapointe (1995) used a combination of DFN and
percolation theory to evaluate the probability of gas escape (a
percolation problem). Ra and Sung (1999) utilized a flow simulator
in DFN to investigate the distribution of hydraulic head around a
URC. The result of these studies showed that the discrete fracture
model is more appropriate for the analysis of groundwater flow
than the continuum model. A similar attempt was reported by Lee
and Song (2003). Although the above-mentioned researches im-
proved the general knowledge about the circumstances related to
fluid flow around the URCs, a few studies have been focused on the
numerical modeling of hydrocarbon migration. Moreover, few ef-
forts have been implemented on the numerical modeling of hy-
drocarbon migration from the URCs to surrounding rock mass via
direct utilization of DFN concept. Due to the destructive environ-
mental consequences of hydrocarbon leakage, a more efficient and
reliable model is strongly required for analysis of water-hydro-
carbon interaction through the fractured rock mass surrounding
the URCs that is developed and illustrated in this paper.

The purpose of this study is to develop a more realistic nu-
merical method for modeling the hydrocarbon migration from
URCs. For this purpose, an algorithm including new concepts, so-
called “migration tracing” and “kinematic state”, was developed
based on the pathway analysis in the DFN and applying the mi-
gration cessation criterion. These procedures were integrated into
the “FNETF” computational code, previously developed and vali-
dated for fluid flow analysis in fractured rocks (Javadi and Shar-
ifzadeh, 2011a, 2011b, 2014; Sharifzadeh and Javadi, 2011; Javadi
et al., 2016). The accuracy of the developed algorithm and nu-
merical method was explored by predicting the hydrocarbon mi-
gration in a uniform fractured rock around an unlined cavern and
comparing it with the results of finite element continuum fluid
flow analysis. Finally, the procedure for hydrocarbon migration
was numerically investigated in two different DFN realizations to
evaluate the applicability of the developed numerical method for
naturally fractured rock mass.
2. Concepts and theoretical background

2.1. Hydraulic confinement

The methods for limiting or eliminating hydrocarbon leakage
from rock caverns can be categorized based on two main princi-
ples of permeability control, and hydraulic confinement (Kjørholt
and Broch, 1992; Lu, 2010). Permeability control means that the
leakage is eliminated by excavating the cavern in natural tight
rocks (such as salt beds) or by using extra supplementary lining
that refer to lined rock cavern. The second principle or “hydraulic
confinement” is based on the application of groundwater pressure
in the surrounding rock to confine the stored hydrocarbon inside
the caverns. The technique of hydraulic confinement is to establish
continuous groundwater flow toward the cavern from outside rock
to prevent the hydrocarbon migration. To achieve the hydraulic
confinement, the actual groundwater pressure acting on the ca-
vern periphery should exceed the vapor pressure of the hydro-
carbon by a certain amount.

Prevention of leakage by hydraulic confinement offers two al-
ternatives: (1) natural groundwater pressure supplied by natural
sources such as lake or sea; and (2) artificial water supply that is
provided by installing so-called “water curtain” outside the cavern
periphery. The groundwater pressure will drop if water is
continuously removed from the cavern without sufficient natural
replenishment (Thunvik and Braester, 1981). In most cases, the
sufficient replenishment and necessary groundwater pressure can
only be artificially achieved by installing water curtain. The water
curtain installation consists of some infiltration galleries located
above the caverns and arrays of boreholes drilled from these gal-
leries (Fig. 1). The infiltration galleries will be filled and fed with
pressurized water to supply the boreholes. The water is perma-
nently injected to ensure full water saturation of rock in the
construction and utilization phases. The water leaking into the
cavern forms a layer, so-called water bed, on the cavern floor. The
hydrocarbon products float freely on the water bed, because they
are lighter and also insoluble in water. The leaking water is col-
lected in a sump excavated in the cavern floor and pumped out
(from sump) continuously to maintain the water bed in a constant
level near the cavern floor. Pumping out the leaking water and
feeding the infiltration gallery with external supply remain the
system in a stable hydraulic state in the operation phase.

2.2. Migration cessation criterion

Physically speaking, hydrocarbon migration from URCs is only
possible along the fractures that provide declining hydrodynamic
pressure away from the cavern (Goel et al., 2012). The hydrocarbon
leakage phenomenon can be divided into two different physical
processes. The first process is “hydrocarbon entry” from the sto-
rage into the rock fracture entrance that occurs when the hydro-
carbon capillary force exceeds the pressure difference across the
fracture interface within the cavern. The second process refers to
the further movement of entering hydrocarbon along the fractures
that called “hydrocarbon migration” (Åberg, 1977). Since the hy-
drocarbon entry is a very complicated physical process and very
sensitive to high uncertain factors such as fracture-cavern inter-
section geometry, distribution of capillary force, and pressure
distribution across the fracture interface, this process is rarely
considered in practical design. In fact, most practical design ap-
proach for URCs is the prevention of hydrocarbon migration, not
the entry (Söder, 1995). Therefore, the numerical method devel-
oped in this paper mainly focuses on the hydrocarbon migration
process.

The hydrocarbon migration mostly occurs in the form of bub-
bles moving upward through the fracture (in the opposite direc-
tion of downward water flow). A schematic view of the forces
acting on a hydrocarbon bubble in water-filled fracture (with
downward water flow) is shown in Fig. 2. These forces are weight
of the bubble, FG, capillary force, FC , and hydraulic pressure, pw. The
necessary condition to prevent the upward movement of hydro-
carbon bubble along the fractures (for two-dimensional cases) can
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Fig. 2. A schematic view of forces acting on a hydrocarbon bubble in water-filled
fracture.
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be expressed by (Kim et al., 2000)

θ+ + ≥ + ( )ap F F cos ap F , 1w C G w C1 1 2 2

where a is the aperture of the idealized smooth fracture. The
bubble weight (FG) can be calculated as

ρ= ( )F gLa, 2G h

where ρh is the hydrocarbon density, g is the gravity acceleration,
and L is the bubble length. By substituting Eq. (2) into Eq. (1), the
rearranged form of migration cessation criterion can be written as,
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At any arbitrary point along the flow streamline, the total head
or energy head (HT ) is described by
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where the elevation of the point from a reference plane, p is the
pressure at the chosen point, and v is the fluid velocity. The de-
crease of total head, ∆HT , between the points (1) and (2) in the
Fig. 2 can be written as
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where ρw is the density of water. Substituting Eq. (5) into Eq. (3)
leads to,
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By neglecting the last two terms (velocity and capillary force
differences) in Eq. (6), the migration cessation criterion can be
formulated as,
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3. Development of numerical method

3.1. DFN generation and regularization

The DFN concept, in which the rock is considered as a network
of individual interconnected fractures, is an alternative to dis-
continuum representation of fractured rocks. The DFN concept is
introduced as a practical tool for analyzing fluid flow in fractured
rocks due to the detailed geometrical description of the fractures.

The “FNETF” computational code, utilized in this study, uses the
Monte Carlo method to generate two-dimensional DFN realiza-
tions based on the geometrical properties of fractures. Two-di-
mensional fracture system is created in an area called generation
region (Fig. 3). After the generation of all fractures, a flow domain
within the generation region is selected for fluid flow analysis. The
underground excavation boundaries are also generated through
the flow domain. Fractures crossing the boundaries, flow domain
or excavation, are truncated and the hydraulically inactive frac-
tures are deleted and the “dead-ends” of the interconnected
fractures are removed. These two steps refer to DFN regularization.
A schematic view of the procedures involved in the generation and
regularization of a DFN realization is shown in Fig. 3.

3.2. Fluid flow analysis

After DFN generation and regularization, the fluid flow equa-
tions can be numerically solved through the regularized realiza-
tion. This procedure is usually performed by converting the reg-
ularized DFN realization to a computational domain of nodes and
elements consisting of fracture intersections and fracture seg-
ments between nodes, respectively. The nodes in the computa-
tional domain can be categorized into boundary and internal
nodes in which the hydraulic head are known and unknown, re-
spectively. The hydraulic head at each internal nodes and flow rate
in each elements are calculated using a flow network technique,
by establishing cubic law (Witherspoon et al., 1980) and mass
continuity equations. A more generalized and modified form of
cubic law, which can be applied to natural fractures, can be ex-
pressed as (Renshaw, 1995)
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where Q ij is the total volumetric flow rate through the fracture
segment between nodes i and j (flow from i to j), μ is the fluid
viscosity, γ is the fluid weight density, Hi is the hydraulic head (the
sum of elevation and pressure head) at node i, Lij is the length of
fracture segment, w is the fracture width perpendicular to the
pressure gradient, ah is the hydraulic aperture, and Cij is the
conductance ratio of fracture.

In order to achieve a closed system for steady state flow con-
dition, the continuity equation, which represents conservation of
mass, should be applied for all internal and boundary nodes. For
an incompressible fluid (i.e. water), conservation of mass is
equivalent to conservation of volume. Here, a convention is used
indicating that flow to the node is positive and flow out is nega-
tive. For j-th internal node, the continuity equation can be ex-
pressed by

( )∑ ∑= − =
( )= =

Q C H H 0,
9i

n

ij
i

n

ij i j
1 1

c c

where nc is the number of fracture segments intersecting at node j.
From this equation, the unknown hydraulic head at node j can be
calculated as (Priest, 1993)
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Fig. 3. Procedure for generation and regularization of DFN realization around an underground excavation: (a) generation region, (b) truncation of fractures crossing flow
domain boundaries and generation of excavation or internal boundaries, (c) removing fractures inside the excavation and truncation of fractures crossing excavation
boundaries, (d) finding the hydraulically inactive fractures, (e) removing the hydraulically inactive fractures, and (f) removing the blind or “dead-ends” of the interconnected
fractures.
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Fig. 4. Different kinematic states of fractures directly connected to the cavern
boundary including outward flow (I), simultaneous inward and downward flow (II),
and simultaneous inward and upward flow (III).

M. Javadi et al. / Computers & Geosciences 91 (2016) 105–118 109
=
∑
∑

=
∑

( )
=

=

=H
C H

C

C H

C
,

10
j

i
n

ij i

i
n

ij

i
n

ij i

j
s

1

1

1
c

c

c

where the term Cj
s represents the summation of conductance of all

the fracture segments meeting at node j. Here, the conductance of
each fracture segments meeting the node j can be normalized with
Cj

s as

=
( )

d
C
C

,
11

ij
ij

j
s

where dij is the normalized conductance of i-th fracture segment
meeting the node j. Using the normalized conductance of fracture
segments, Eq. (10) can be reformulated as (Priest, 1993)
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Eq. (12-b) can be applied for all the internal nodes in the flow
domain. A set of independent equations is found by applying Eq.
(12-b) for all the nodes that can be solved by implementation of
the known hydraulic head on the boundary nodes. To reach this
goal, these equations are discretized according to the state of the
nodes. The resulting procedure can be represented by matrix
equation as

{ }{ }+ = ( )⎡⎣ ⎤⎦ ⎡⎣ ⎤⎦D H D H 0, 13kf k ff f

where the subscripts of k and f refer to constrained and free nodes
(or boundary and internal nodes), with predefined and unknown
hydraulic head values, respectively. Hf and Hk are the vectors
containing the hydraulic head of internal and boundary nodes,
respectively, Dkf is the asymmetric matrix of normalized con-
ductance of the fracture segments between internal and boundary
nodes, and Dff is the asymmetric matrix of normalized con-
ductance of the fracture segments between internal nodes. The
matrix Dkf consists of n rows and m columns that are
corresponded to the number of internal and boundary nodes, re-
spectively, where the component in position i,j is dij of the fracture
segment joining i-th boundary node and j-th internal node or is
zero if they are not connected. The Dff is an asymmetric square
matrix that contains n rows and columns, where all the diagonal
components of this matrix have the value of �1, and the off-di-
agonal component in position i,j is dji of fracture segment (starting
from j-th internal node) meeting the i-th internal node or is zero if
they are not connected.

Eq. (13) is solved through a numerical scheme with respect to
the appropriate boundary conditions coming from the known
hydraulic head on the boundary nodes. For both the internal and
external boundary nodes, the prescribe pressure head, or free flow,
hydraulic boundary condition was imposed in the numerical
analysis. The hydraulic head for internal boundary nodes is ac-
companied with elevation head and pressure head of the column
of gas and oil. The hydraulic head on the external boundary nodes
is calculated by summation of the pressure head of water curtain
and elevation head.

3.3. Migration tracing of hydrocarbon

The hydraulic head of all fracture nodes in the flow domain is
obtained by solving Eq. (13); while the occurrence of hydrocarbon
migration through fractures in the flow domain can be calculated
by using the hydraulic head of fracture nodes in the flow domain.
For this purpose, a special algorithm, so-called “migration tracing”
was developed based on the application of the migration cessation
criterion (Eq. (7)) through pathway analysis in the flow domain. To
apply this algorithm, it is necessary to define the main or initial
migration source points. The main migration source points are
defined as the intersection of fractures with storage cavern (the
nodes on the cavern boundary) if there is special flow conditions.
It should be noted that, all the hydraulically active fractures di-
rectly connected to the cavern are not the migration source points.
Hence, a concept, so-called “kinematic state”, was developed to
identify the migration source points. Based on the flow direction
(through the fractures), three different kinematic states can be
considered for the fractures directly intersecting the cavern
(Fig. 4):

(I) The outward flow from inside the cavern to the surrounding
rock.

(II) The simultaneous inward (from rock into the cavern) and
downward flow (from the node with higher elevation to the
node with lower elevation).

(III) The simultaneous inward and upward flow (from the node
with lower elevation to node with higher elevation).

From the above conditions, the intersecting nodes of the frac-
tures (connected to the cavern) with kinematic state (I) are the
main migration source points. The hydrocarbon inside the cavern
certainly migrates from this kind of fractures. For the fractures
with kinematic state (II), the hydrocarbon migration occurs only if
the migration cessation criterion (Eq. (7)) is not satisfied. Such
nodes also appear as the main migration source points. Hydro-
carbon migration is not expected for the fractures with kinematic
state (III). In fact, the fractures with inward and upward flow di-
rection are not the source point of hydrocarbon migration. After all
the main source points of migration are identified, the pathway
analysis will be executed.

For each main source points, a pathway network is defined as
the cluster of interconnected fractures that are linked (directly or
indirectly) to the main source point. A library of migrated fractures
is formed for each main source points (Fig. 5). All the fractures
pathway cluster through which the hydrocarbon migrates are
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Fig. 5. The general algorithm for numerical modeling of discrete fluid flow analysis and hydrocarbon migration around unlined rock caverns.
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stored in this library. The first member of this library is the fracture
channel starting from the main source point. The second node on
the channel starting from the main source point is considered as
the interior source point. The kinematic states will be checked for
all the fractures connected to the interior source points (except the
channels stored in the migration library), the same as the method
mentioned above. These channels are added to the library if the
kinematic state and migration cessation criterion indicate the oc-
currence of migration. Similarly, the second node of these chan-
nels (added to the library) are considered as the new interior
source points and the above pathway analysis will be repeated.
This process will be continued until there is no new interior source
point in the flow domain. The general algorithm of the developed
numerical method for discontinuum modeling of hydrocarbon
migration around the URCs is shown in Fig. 5.
4. MODEL SET-UP

In this study, the fluid flow analysis and hydrocarbon migration
modeling were performed in two steps including the verification
and application for DFN cases. For each of these purposes, similar
numerical set-up and hydraulic boundary conditions were used in
the fluid flow analysis. However, different discrete representations
of fractured media around storage cavern were applied for the
verification and application purposes.

A simple uniform discrete model of an artificial rock mass was
used for verifying the developed method, and to evaluate the ac-
curacy and the efficiency of numerical calculations. This discrete
model involves two orthogonal conjugate persistent or infinite and
equally spaced fracture sets (a vertical and a horizontal fracture
sets) with constant spacing of 0.5 m and aperture of 100 μm. This
discrete model was selected in such a way that the results of
discrete calculations can be compared with the results of equiva-
lent continuum representation. Considering the method proposed
by Parsons (1966), the equivalent principal components of iso-
tropic hydraulic conductivity tensor of this rock mass is calculated
as 16.6�10�7 m/s. For verification purpose, the numerical fluid
flow analysis was performed with both continuum and dis-
continuum methods by utilization of Phase2 finite element pro-
gram and FNETF computational code, respectively.

A flow domain of 60 mwidth and 65 m height (Fig. 6) was used
for fluid flow and hydrocarbon migration analysis, where the ca-
vern with width of 20 m and height of 25 m is located in the
middle of the domain. The minimum distance between the cavern
roof and upper boundary of the flow domain is 20 m. The water
curtain was considered to be located on the upper boundary of the
flow domain. A fixed water bed with thickness of 0.5 m was
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designated below the oil in the cavern. All the fluid flow analyses
were performed for pressurized unlined crude oil storage with
fixed gas pressure of 2 bar and oil density of 900 kg/m3. The hy-
draulic boundary conditions for external boundaries were as-
signed based on the pressure head of water curtain and elevation
head of boundaries. The hydraulic head for internal boundaries
was accompanied with elevation head and pressure head column
of the gas and oil. The numerical modeling of fluid flow and hy-
drocarbon migration were performed for different hydraulic
boundary conditions including three oil heights in the cavern (Oil
Z) of 37.5, 40, and 42.5 m (from the bottom of the flow domain)
and water curtain pressure heads (WCPH) of 0, 5, 10, 15, and 20 m.

In order to evaluate the applicability of the developed numer-
ical method for naturally fractured rock mass, some results from
hydrocarbon migration of DFN case examples are discussed in the
second step. A similar numerical set-up of the verification case in
terms of flow domain size, pressure of gas, and hydraulic boundary
conditions was also utilized in this step. The main input data for
generating DFN realizations consist of the geometrical properties
of the fractures (such as orientation, trace length, and density) that
were captured from real site investigations (Javadi and Shar-
ifzadeh, 2011b). The geometrical properties of fractures that used
in DFN generation are summarized in Table 1. Moreover, a con-
stant hydraulic aperture of 100 μm was set for all the fractures in
the flow domain.
Table 1
Geometrical properties of fractures for generation of DFN realizations.

Parameter Fracture class

M1 M2 M3 RF

Fracture density (m�2) 0.207 0.129 0.063 0.144
Relative frequency 37.8 23.6 11.8 26.7
Dip/Dip direction 57/016 63/315 57/198 –n

Fisher constant 12.34 2.64 16.3 –n

Max. trace length (m) 12.5 11.5 12.2 12.5
Geometric mean of trace length (m) 2.55 2.55 2.77 2.73
Standard deviation of trace length 0.44 0.46 0.42 0.42

n For non-systematic class RF, orientation is assumed to be a stationary random
function.
5. Results and discussion

5.1. Verification of numerical method

The output results of both continuum and discontinuum
methods for the different hydraulic boundary conditions in terms
of pressure head, hydraulic head, and the horizontal and vertical
hydraulic gradient distributions around the cavern were found to
match. Here, the simulation results of four different cases (here-
after called VC1, VC2, VC3, and VC4) were selected for verification
of the developed method. The corresponding hydraulic boundary
conditions in terms of (Oil Z,WCPH) for VC1, VC2, VC3, and VC4
were assigned as (37.5,0), (37.5,5), (40,10), and (42.5,15),
respectively.

The simulation results of fluid flow and hydrocarbon migration
for VC1 are compared in Fig. 7. The outputs of continuum analysis
in terms of vertical and horizontal hydraulic gradient and flow
direction around the cavern are shown in Fig. 7a–c, respectively. In
Fig. 7d–f, the results of the discontinuum analysis with emphasis
on the gas migration in the flow domain are shown. From the Eq.
(7) and Åberg's criterion, the vertical hydraulic gradient greater
than 1.0 should be maintained through the vertical fractures in-
tersecting the cavern to eliminate the gas migration. Considering
this critical value and definition of the hydraulic gradient in
Phase2, the distribution of the area around the cavern with gas
migration potential (the colored area) is shown in Fig. 7a. All the
colored area in Fig. 7a shows the downward flow (in the opposite
direction of y) and equivalent kinematic state (II). The white zone
on the top of the cavern indicated by UPF in Fig. 7a shows the
upward flow or outward flow from the cavern (as shown in Fig. 7c)
that equals the kinematic state (I). The distribution of the hor-
izontal hydraulic gradient (Fig. 7b) indicates most area around the
cavern where the groundwater continuously flows from outside
rock toward the cavern. For the area above the cavern, the
groundwater shows a divergent flow (i.e. flow direction from point
O to points C and C´). This issue is also shown in Fig. 7c. The
maximum width of divergent flow above the cavern (C–C´ in
Fig. 7b) is about 25.6 m.

The arrangement of fractures migrated by gas from VC1 is
shown in Fig. 7d. It can be observed that the gas migration occurs
in both horizontal and vertical fractures around the cavern. The
upper extension of the migrated fractures is limited to the upper
boundary of flow domain. The lower extension of migrated frac-
tures is limited to the cavern roof or an arc-type area near the
cavern floor (DML in Fig. 7d). From the results of continuum fluid
flow analysis (Fig. 7a–c), the gas migration occurs in all the vertical
fractures intersecting the cavern roof that is also predicted in the
results of the migration analysis with FNETF. The upper extension
of the migrated fractures also matched the results of the con-
tinuum fluid flow analysis, where the vertical hydraulic gradient
for all the area between the cavern roof and upper boundary of
flow domain is lower than the critical value.

As shown in Fig. 7d, the migrated zone with a width of 25.5 m
(A–A´) is laterally extended from the vertical walls of the cavern,
where the horizontal length of A–A´ is very close to the width of
divergent flow above the cavern or C–C´ in Fig. 7b. In fact, the
lateral extension of migrated zone is controlled by gas migration in
the horizontal fractures. Theoretically speaking, the hydrocarbon
migration in horizontal fractures around the cavern only occurs for
outward flow or in the case of kinematic state (I). In order to show
the lateral extension of gas migration, the result of discontinuum
fluid flow simulation and migration analysis in the fracture net-
work located in Zone R1 (as defined in Fig. 7a) is shown in Fig. 7e.
The gas migrated zone (highlighted area) and flow direction in the
fractures are shown in Fig. 7e. Moreover, some of the intersection
points of the fractures are selected in the Zone R1 to visually
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describe the migration process in the fracture network. The point
O1 is considered as the initial interior migration source point in
the Zone R1, where this point has been migrated due to the gas
migration in the fractures above the cavern. The gas starts to mi-
grate from O1 to E2, due to the outward flow from O1 to E2 or
equivalent kinematic state (I). Since the vertical hydraulic gradient
for the fracture between E1 and E2 is lower than the critical value,
the gas migration occurs from E2 to E1. This upward gas migration
continues for all the vertical fractures from E1 or E2 to the upper
boundary of the flow domain. Part of the gas migration in E3
supplies with the outward flow from E2 to E3. This downward gas
migration also continues for all the vertical fractures from the E3
to the DML area. Similar gas migration process exists for C1, C2,
and C3. The horizontal gas migration ceases in C1, C2, and C3 due
to the change in horizontal flow direction in these points. In fact,
the divergent or outward flow condition disappears in C1, C2, and
C3 and therefore horizontal gas migration can not be continued in
these points.

The gas migrated zone and flow direction in the fracture network
located in the Zone R2 are shown in Fig. 7f. This figure illustrates how
the gas migration breaks off in the DML area. The point M is con-
sidered as the initial interior migration source point in the Zone R2,
where this point has been migrated due to the gas migration in
fractures near the point C´ in Fig. 7b or the equivalent E1 point cor-
responding to the symmetric plan of flow domain. The gas starts the
downward migration from M to S, due to the outward flow from M to
S or equivalent kinematic state (I). In addition, part of gas migration in
S supplies with the outward flow from S1. Samemigration process can
be considered for S1 and S2 points. The downward migration form S
continues until the gas receives the point T. The downward migration
ceases in point T due to the change in vertical flow direction at this
point. The gas migrating from T is directed to the T2 as shown by the
flow direction in the fracture between these points. However, no
horizontal gas migration occurs between the points T and T1 because
the flow is directed from T1 to T. In addition, the gas migration is
impossible in the vertical fracture between the points T and P, since
the flow in this fracture is upward with equivalent kinematic state (III).

The results of fluid flow and hydrocarbon migration analyses



Fig. 11. Graphical representation of two generic examples for migration analysis: (a) first DFN realization, (b) second DFN realization, (c) the regularized channel network for
first DFN realization, (d) regularized channel network for second DFN realization.
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for VC2, VC3, and VC4 are respectively shown in Figs. 8–10. In
Figs. 8–10, the width of migrated zone of fractures, the width of
area with gas migration potential or vertical hydraulic gradient
lower than the critical value for gas migration, and the maximum
width of divergent flow above the cavern were indicated as A–A´,
B–B´, and C–C´, respectively. The length of A–A´, B–B´, and C–C´ for
VC2, VC3, and VC4 are 17.5, 11.5, and 0.5 m, 17.5, 11.7, and 0.8 m,
and 17, 11.6, and 0.1 m, respectively. For all of these cases, unlike
the VC1, the maximumwidth of divergent flow above the cavern is
lower than the width of area with vertical gas migration potential.
Therefore, for these cases, the gas migration in the fractures net-
work around the cavern is controlled by the width of the area with
vertical gas migration potential. For these cases, there is a good
corresponding between the lengths of A–A´ and B–B´, where the
difference between the widths of area with vertical gas migration
potential and migrated zone of fractures is lower than the fracture
spacing. In addition, the upper extension of the migrated fractures
(in Figs. 8a, 9a, and 10a) matches with the results of continuum
fluid flow analysis, where the vertical hydraulic gradient for all the
area between the cavern roof and upper boundary of flow domain
(in Figs. 8b, 8b, and 10b) is lower than the critical value. For VC3
and VC4, there are some areas above the cavern roof that show
vertical gas migration potential but no hydrocarbon migration
occurs in such zones. These zones were indicated as BOL in Figs. 9b
and 10b. The main reason of this issue is that these area are lo-
cated below the oil level in the cavern and therefore no gas mi-
gration occurs. In addition, the vertical hydraulic gradient in these
area is more than the critical value of 0.1 (as calculated with Eq. (7)
for oil with density of 900 kg/m3) and as a result, the oil migration
is impossible for BOL zones.

Comparison of these results indicates that there is an accep-
table coincidence between the prediction of hydrocarbon migra-
tion in discrete fracture model and the results of fluid flow analysis
in continuum model. For all the selected cases for verification
(VC1, VC2, VC3, and VC4), the lateral extension of migrated frac-
tures around the cavern matches the length of area with gas mi-
gration potential (with vertical hydraulic gradient lower than the
critical value) or maximum width of divergent flow above the
cavern. In addition, for all the verification cases, the vertical ex-
tension of migrated fractures around the cavern matches the



Fig. 12. Effect of hydraulic boundary conditions on the hydrocarbon migration around the cavern for CI. The water curtain pressure (WCPH) increases from top to down and
the height of oil in the cavern (Oil Z) increases from left to right side (Blue: oil migrated fractures, Red: gas migrated fractures, Black: both oil and gas migrated fractures). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. Effect of hydraulic boundary conditions on the hydrocarbon migration around the cavern for CII. The water curtain pressure (WCPH) increases from top to down and
the height of oil in the cavern (Oil Z) increases from left to right side (Blue: oil migrated fractures, Red: gas migrated fractures, Black: both oil and gas migrated fractures). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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critical vertical hydraulic gradient for gas migration or the flow
direction.

5.2. Application of hydrocarbon migration analysis for DFN examples

In order to evaluate the applicability of developed numerical
method for naturally fractured rock mass, the results of hydro-
carbon migration in two different arbitrary DFN realizations with
same input data of geometrical properties of fractures are pre-
sented in this section. These two DFN realizations with their reg-
ularized channel network are shown in Fig. 11. As shown in Fig. 11,
only a few generated fractures in the flow domain are hy-
draulically active. The regularized channel networks were used for
fluid flow modeling and hydrocarbon migration analysis. The re-
sults of the hydrocarbon migration analysis for these DFN reali-
zations are shown in Figs. 12 and 13. In both of these figures, the
water pressure on the external boundaries or WCPH increases
from top to down. Moreover, the height of oil in the cavern (from
the bottom of the domain) is shown by “Oil Z” that increases from
left to right. The hydrocarbon tracing was performed for oil and
gas migration, where the migrated fractures are shown in blue and
red colors, respectively. The black color fractures in Figs. 12 and 13
represent the migration of both oil and gas.

Figs. 12 and 13 visually present how hydraulic boundary con-
ditions affect the hydrocarbon migration in the fractures sur-
rounding the cavern. Generally, the number of migrated fractures
with oil (blue lines) and gas (red lines) increases and decreases,
respectively, as the height of oil in the cavern rises. In both DFN
realizations, the number of migrated fractures with gas is much
larger than oil. The number of migrated fractures generally de-
creases by increasing the WCPH; however, the effects of external
water pressure on the number of migrated fractures are different
for these DFN realizations.

In the first DFN realization (Fig. 12), the hydrocarbon migration
is very sensitive to the hydraulic boundary conditions. For zero
WCPH, by increasing the Oil Z, the number of migrated fractures
with oil and gas obviously increases and decreases respectively.
However, the number of total migrated fractures does not show
meaningful variation. The reduction of gas migrated fractures will
be more apparent for the case with WCPH of 5 m. Similar varia-
tions can be also observed for the case with WCPH of 10 m, but the
gas migrated fractures show smaller reduction by increasing the
Oil Z from 40 m to 42.5 m. For more WCPHs (15 m and 20 m), the
Oil Z does not distinctly influence the hydrocarbon migration,
where the number of migrated fractures remains more constant.
In the cases of small WCPHs (zero and 5 m), the gas migrates in
long distances from the cavern. For these cases, there is a network
of gas migrated fractures that connects the cavern to the upper
external boundary of the flow domain. In such situation, the gas
can be leaked out from the flow domain. This issue refers to a
phenomenon called “gas escape” that becomes extinct by in-
creasing the WCPH.

The hydrocarbon migration in the second DFN realization
shows less sensitivity to the hydraulic boundary conditions. The
migration distance from the cavern is shorter than first DFN rea-
lization, and gas escape phenomenon do not occur. Moreover, the
reduction in the migration distance by increasing the WCPH is
much less than the first DFN realization. The migration distance
decreases effectively by increasing the WCPH to 5 m. However, by
increasing the WCPH from 10 to 20 m, a small decrease in the
migration distance of hydrocarbonwas indicated in the results. For
the cases with zero and 5 m water curtain pressure heads, the
number of gas migrated fractures decreases by increasing the
height of oil in the cavern, especially for Oil Z of 42.5 m. The re-
verse behavior can also be observed for the number of oil migrated
fractures. In addition, by increasing the Oil Z, the total number of
migrated fractures decreases for all the cases.
6. Conclusion

In this paper, a numerical method was developed for modeling
of hydrocarbon migration around the unlined rock caverns based
on the direct utilization of DFN concept. To reach this goal, an
algorithm including new concepts such as “migration tracing” and
“kinematic state” was developed based on the pathway analysis in
the DFN and applying the migration cessation criterion.

The accuracy of the developed numerical method was explored
by predicting the hydrocarbon migration in a uniform fracture
network around an unlined cavern and comparing the results with
that of finite element continuum fluid flow analysis. Finally, the
hydrocarbon migration was simulated in DFN realizations to pre-
sent how the pressure of water curtain and height of oil in the
cavern affect the migration circumstance in naturally fractured
rock mass. Based on the results presented, the following conclu-
sions were obtained:

● The host rock mass for unlined hydrocarbon storages are usually
hard and massive with few discontinuities, where the influence
of fractures on groundwater flow and hydrocarbon migration
cannot be neglected. Since DFN concept explicitly reflects the
dominance of fractures geometry in hydraulic processes, this
concept is more consistent for fluid flow and migration analysis
in the rock mass surrounding the storage caverns, especially for
the near-field applications.

● The hydrocarbon migration can be practically controlled by es-
tablishing sufficient water pressure in the fracture system that is
provided by water curtain in most of the cases. The results in-
dicate that the number of migrated fractures generally decreases
by increasing the pressure of water curtain; however, the effects
of external water pressure on the number of migrated fractures
are highly dependent on the fractures geometry and height of oil
in the cavern. The hydrocarbon migration was found to be very
sensitive to geometrical arrangement of fractures and as a con-
sequence, local migration paths may develop around storage
cavern through the intricately connected fracture network, de-
spite the presence of high pressurized water curtain.

● With sufficient information of fractures geometry and hydraulic
conditions, the developed methodology can be applied to model
fluid flow and hydrocarbon migration through the inter-
connected fractures around the URCs. Through this application, a
better understanding can be reached for the fluid flow processes
that take place in the complex domain of naturally fractured
rocks around storage cavern.
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