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ABSTRACT
Understanding the mechanical properties of fractures and how fractures
affect single and multi-phase flow behavior is very important, not only in
petroleum reservoirs but also in many other fields. Multi-phase flow behavior in
shear fractures is not fully understood. This study focuses, on fracture
morphology and hydraulic behavior of a shear fracture, along with the effects of
closure stress.
Morphology of the shear fracture and the effects of increasing the closure
stress on fracture properties were studied under dry condition using high
resolution Micro-Computed Tomography (MCT). Fracture properties such as
average aperture and asperity ratio are highly affected by increasing the closure
stress.
Two multi-phase flow experiments were conducted under two different
closure stresses. Full scans were acquired at different saturation conditions at
both closure stresses. High effective oil permeability combined with low Swirr in
the fracture and high Swirr in the matrix, indicates that the fracture is acting as an
oil conduct. Increasing the closure stress has no significant effect on the fluid
distributions inside the fracture and on effective permeabilities; the same
behavior was observed at both closure stresses.
Fluid distributions at all saturation conditions and at both closure stresses
confirm that oil occupies the large apertures; and cannot be displaced out of the
fracture and force the water to flow in the matrix and the small apertures, thus

yielding very low water relative permeabilities at Sor. The saturations in the matrix
adjacent to the fracture were calculated and compared to the saturations in the
fracture. Increasing water saturation was observed going from the fracture into
the wall and further matrix at both Swirr and Sor conditions.
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Chapter 1
INTRODUCTION

1.1 MOTIVATION

1.1.1 Importance of Fractures
Understanding the mechanical properties of fractures and how fractures
affect single-and multi-phase flow behavior is very important, not only in
petroleum reservoirs but also in many other fields like hydrothermal and
geothermal

systems,

ground

water

contamination,

and

nuclear

waste

repositories. The following paragraphs discuss the importance of fractures in
these areas in more detail.

1.1.1.1 Petroleum and Natural Gas Engineering
In petroleum reservoirs, fluid flow patterns and hydrocarbon recovery are
greatly affected by fractures. Open fractures can increase the permeability and
enhance the recovery process; however they can negatively affect the recovery
process when they form bypass paths, especially in production-injection systems.
Injected fluid may preferentially flow through the fractures leaving behind
inaccessible hydrocarbons, thus increasing the residual oil saturation. Fractures,
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particularly shear fractures, can form the reservoir boundaries and can act as noflow reservoir boundaries. Also they can be induced near the well-bore and they
could cause negative or positive skin problem.

1.1.1.2 Hydrology:
Most hydrothermal-geothermal systems are found in fractured rocks. Hot
Dry Rock geothermal energy is produced by injecting high pressures water into
the heat zone. Water moves through fractured rock, captures the heat and then
pumped out to the production wells. Fractures provide conduits for water to flow
through the rocks. Closed fractures can lower the injection rate, and hence
increases the cost of the process. On the other hand, injecting water through
widely open fractures will bypass the hot matrix rocks and will not absorb much
heat. It is thus important to understand the nature of fractures and their
properties before starting an injection process.

1.1.1.3 Ground Water Contamination:
To prevent migration of the toxic and hazardous wastes back into potable
aquifers, they are injected below an impermeable layer that provides a barrier to
upward waste migration. Fractures in these formations can be conduits allowing
the upward migration of the toxic wastes.
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Nuclear waste has to be stored permanently in repositories. Fractures can
provide a conduit for the groundwater to reach these repositories and then carry
radioactive contaminants back to the environment.

1.1.2 Tensile and Shear Fractures:

1.1.2.1 Definitions
Fractures can be defined as “either a plane of rupture or as a complexshaped cavity filled with gas, liquid, or solid mineral matter” (Chernyshev and
Dearman, 1991). Also fractures can be defined as mechanical breaks in rocks
involving discontinuities in displacements across surfaces or narrow zones.
Natural fractures are caused by anisotropic overburden, tectonic, and/or thermal
stresses (NRC, 1996).

Engineering activities can induce additional stresses,

leading to failure of rock otherwise in equilibrium with its surrounding.

1.1.2.2 Natural Fractures
Nelson (1985) defined the natural fracture as “a naturally occurring
macroscopic planar discontinuity in rock due to deformation or physical
diagenesis”. Stearns (1994) gave another definition of the natural fracture as “a
macroscopic planar discontinuity that results from stresses that exceed the
rupture strength of the rock”.
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Naturally fractured reservoirs (NFR) are the category of hydrocarbon
reservoirs that contain naturally created fractures. The natural fractures in
hydrocarbon reservoirs can have positive and negative impact on fluid flow
behavior. Open, un-cemented natural fractures can enhance the permeability
and work as a conduit to the oil, but closed fractures can create permeability
barriers to all types of flow.

1.1.2.3 Induced Fractures
Induced fractures are the category of fractures that are produced by
human activities. Fractures can be induced to enhance the permeabilities of
hydrocarbon reservoirs, such as hydro-fracturing, or can be induced as a
consequence of drilling, coring, or depletion of reservoir fluid pressure. The two
commonly observed types of fractures are tensile and shear fractures.

1.1.2.4 Tensile Fractures
Tensile fractures trend at right angel to the minimum principal
compressive stress direction and will contain the orientation of the maximum and
intermediate principal compressive stress. Naturally fractured reservoirs are
generally tensile fractured. The tensile stresses may be caused by shrinkage of
the rock due to geochemical reactions (the conversion of calcite to dolomite, e.g.)
or by tectonic extension or bending. Hydraulic fractures are also tensile fractures
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that artificially induced to increase the permeability of the hydrocarbon reservoirs.
A hydraulic fracture is induced by pumping a fracturing fluid into the well bore
with increasing fluid pressure which will increase the hoop stress on the borehole
wall. When the hoop stress exceeds the tensile strength of the wall, a tensile
fracture will form and propagate perpendicular to the least principal in situ stress.
In order to keep this fracture open after the injection stops, a solid proppant is
added to the fracture fluid.

1.1.2.5 Shear Fractures
Shear fractures are the result of stresses that tend to slide one part of the
rock past the adjacent part; they involve movement or displacement parallel to
the plane of fracture. Gouge formation during shear fracturing makes it much
more difficult to deal with shear fractures than with tensile fractures. Shear
fractures are important in the following situations:
-

Enhancing the permeability when the deformation is dominated by
compression leading to shear fracturing. The permeability enhancement
could be not as good as tensile cracks but may be better than matrix
permeability.

-

Shear fractures can act as no-flow reservoir boundaries.

-

Shear fractures can be induced due to depletion and well-bore stress
concentration. Shear fracture in this case will induce positive or negative
skin problem.
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1.1.3 State of the Knowledge:

1.1.3.1 Tensile Fractures
Most of the work done previously has concentrated on the effects of
tensile fractures on single-and multi-phase flow. Gray et al. (1963), Walsh (1981),
Barton et al. (1985), and Gentier et al. (1997) studied the effects of confining
pressure (or closure stress) and the pore pressure on permeability of fractured
sandstones. They found that uniform loading lowers the permeability more than
the non-uniform ones. Also they found the hydrostatic loading leads to maximum
reduction in permeability.
To simulate fluid flow behavior in fractures, Lomize (1951) and Louis
(1969) developed the parallel plate model, which is known as the cubic law, to
relate the flow rates, hydraulic head and fracture aperture. Witherspoon et al.
(1980) conducted a study to validate the cubic law for fluid flow in fractured
porous media. They claimed that the cubic law is valid for the samples they used
although a correction factor of 1.04 to 1.65 was needed. Tsang (1984) conducted
an experiment on a single fracture and showed that the flow rates predicted by
the cubic law were higher than the experimental flow rate. They concluded that
the difference between experimental and cubic law results was due to the
tortuosity which is neglected in the cubic law.
Dual porosity, dual permeability mathematical modeling is widely used to
simulate multi-phase flow in fractured porous media. The rock is characterized as
two porous media. Different relative permeability and capillary pressure curves
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are used for fracture network and matrix blocks. In the absence of data, X-shape
relative permeability curves are typically used for fractures. Babadagli et al.
(1992) and Persoff (1995) conducted experimental studies on multi-phase flow in
tensile-fractured porous media. They found that the relative permeability curve
deviated from the X-shape curves typically used for fractures and found that the
relative permeability curves depend strongly on flow rate, wettability, matrix
saturation, permeability, and flow direction.
Alajmi et al. (2000) studied the interaction between an induced tensile
fracture and the surrounding matrix. Fluid saturations at different conditions were
quantified using CT X-ray. They found that the fracture has a strong capillary
effect on simulations matching the experimental results. The fractured region, tip
of the fracture and the non-fractured region showed different fluid flow behavior.
These different flow behaviors demonstrate the importance of fracture/matrix and
matrix/fracture interactions. Alvarado et al (2005) applied X-ray CT technology to
study the mechanical and hydraulic behavior of artificial tensile fracture created
in cylindrical Berea sandstone cores under multi-phase flow. Using high
resolution micro-CT allowed quantification and visualization of the fracture
topology and fluids distributions inside the fracture. The effects of confining
pressure on fracture morphology were studied by placing the core sample inside
an x-ray transparent core holder and scanning the entire core at different
confining pressures. Fractional flow experiments were conducted to study multiphase fluid distribution between limits of the mobile saturation range. They
observed order-of-magnitude variations in effective permeability even under
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constant overall fracture saturation conditions. Observation of fluid distribution in
the fracture lead to the conclusion that the spatial rearrangement of the nonwetting phase and constant saturation leads to these major change in effective
permeability. Karpyn (2007) conducted two experiments to study fluid occupancy
in fracture void and to study fracture-matrix flow during spontaneous capillary
imbibition. The experiments were conducted on artificially-tensile fractured Berea
samples. The results showed a strong correspondence between fluid distribution
and fracture geometry where the non-wetting phase occupied the large apertures
and the wetting phase occupied the small apertures. The results also showed a
co-current and counter-current flow mechanisms coexisting during capillary
imbibition of a fractured rock originally saturated with non-wetting phase. The
author concluded that, to successfully model fracture-matrix flow, it is essential to
account for capillary forces in the fracture.
The studies mentioned above dealt with tensile fractures. The permeability
of the tensile fracture will decrease with an increase in closure stress. The cubic
law was introduced to simulate fluid flow behavior in tensile fracture. Further
experimental studies showed a deviation from the cubic law, and in some cases
correction factors are needed. Multi-phase flows have been simulated using xshape curves for relative permeability and zero capillary pressure. Experimental
studies showed these assumptions are not accurate and demonstrated the need
to generate relative permeability and capillary pressure curves for the matrix and
for the fractures.
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1.1.3.2 Shearing Existing Tensile Fractures
The number of papers discussing single and multi-phase flow in shear
fractures is sparse. Makurat et al. (1985) conducted an experimental work to
study the effects of shear deformation on the permeability of natural rough joints.
They matched and reconsolidated two halves of natural joint by applying four
normal stress cycles followed by three shear displacement cycles. They have
noticed

significant

increase

in

the

conductivity

with

increasing

shear

displacement. Teufel (1987) studied the effects of shear deformation on the
permeability of fractured rocks. A cylindrical sample of Coconino Sandstone with
an induced tensile fracture was used to complete this study. The permeability
across a fracture decreased with increasing the shear displacement. He
explained the reduction in the permeability is due to the formation of gouge
zones and due to progressive decrease in grain size and porosity of the gouge
zones with increasing shear displacement.
Olsson and Brown (1993) studied the effect of shear offset on fluid flow
rate in natural fracture from drill core. A significant change in the fluid
permeability is expected if the shear stress is strong enough to cause slip in the
discrete fractures. Yeo et al. (1998) studied the effect of shear displacement on
the aperture and permeability of a rock fracture. Aperture replicas of a natural
sandstone fracture with different displacement ranges were used in this study.
The experimental setup permitted shear displacement to be obtained without
causing damage to the two displaced surfaces since the displacement was not
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under normal stress. They observed with increasing the displacement, the
fracture became more permeable in the direction perpendicular to the shear
displacement than in the direction parallel to the displacement. Esaki et al. (1999)
developed a new laboratory technique to investigate the coupled effect of
combined shear deformation and dilatancy on hydraulic conductivity of rock
joints. They conducted the experiment on an artificially created granite joint
sample under constant normal loads and up to maximum shear displacement of
20 mm. the artificial joint was created correctly and easily because the rock
samples had a coupled saw-cut slits at the mid-height of the sample. The result
of their study showed 1.2 to 1.6 orders of magnitude increase in the hydraulic
conductivity for the first 5 mm of shear displacement. After reaching the
maximum shear displacement, the hydraulic conductivity became approximately
constant with increasing shear displacement at constant normal stress.
Lee and Cho (2002) conducted linear flow tests on rough rock artificial
fractures under normal and shear loading. The fracture was created by sawing
and grinding intact rock blocks. They observed exponential decay of the
permeability of the rough rock fracture as the normal stress increases. Also they
observed significant increase in the permeability until reaching the maximum at
displacement of 7 to 8 mm. They claimed the reasons that the permeability
reached a maximum is the combined effects of both asperity degradation and
gouge production which prohibited the subsequent enlargement of mean fracture
aperture.
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A study conducted in Los Alamos National Laboratory (USA) and
Camborne School of Mines (UK) applying the concept of Hot Dry Geothermal
Energy (HDR) to enhance the rock mass permeability suggested that the shear
failure induced along existing joints is the reason behind the permeability
enhancement (Starzec et al., 2000). Foxford et al. (2002) characterized the
Upper Cambrian fractured quartzite reservoir at El Baguel field in eastern Algeria.
This reservoir is located in a complex anticline trap. They claimed that shearing
the critically oriented tensile fractures is a possible reason behind observed
enhancement of fracture permeability.
Above-mentioned papers focused on the effects of shearing existing
tensile fractures. Effects of displacement and confining pressure on the absolute
permeability of existing tensile fractures were studied. Using tow halves of tensile
fractured samples and displacing the fractures at ambient pressure will not allow
grinding the asperities and forming the gouge material which is one of the key
different between the tensile and shear fracture. Almost none of the available
literature discussed multi-phase flow behavior of shear-fractured or even for
sheared-tensile-fractured porous media.

1.1.3.3 Shear Fractures
Most of the available papers either discuss the mechanical properties of
shear fractures or single-phase flow in shear-fractured porous media.
Understanding the relationship between fluid flow and geometry of shear
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fractures is more complicated than tensile fractures because of the need to
account for the formation of gouge zones. Mohammad (2004) first used X-ray
CT to study the effects of a shear fracture induced in a sandstone core cut
perpendicular to the bedding plane. Using conventional tri-axial loading, an
artificial fracture was induced diagonal to the bedding plane and to the fluid flow
axis and multi-phase flow sequences were conducted. This study showed about
80% increase in the absolute permeability. Visualization of the fracture showed
the fracture has a few large-volume voids separated by large asperities. The
sweep efficiency (which represents the fraction of the volume that is swept by the
water and not bypassed) in the matrix at the inlet end of the sample was better
than that at the outlet part.
Al Enezi (2005) conducted a similar laboratory experiment to study the
effects of a shear fracture diagonally induced in a sandstone plug cut parallel to
the bedding planes. The difference between this study and Mohammad’s study is
the orientation of bedding planes. Both samples were cylindrical Berea samples
about 7 cm. in case of Mohammad’s the fluid flow axis was perpendicular to the
bedding planes and the fracture induced diagonally to the fluid flow axis while in
Al Enezi’s case the fluid flow axis was parallel to bedding planes with fracture
induced diagonal to the fluid flow axis. Contrary to the earlier study (Mohammad,
2004), Al Enezi found a reduction in the absolute permeability by about 30% after
fracturing. Also the results of multi-phase flow experiment showed the residual
fluid saturations in the matrix are significantly different than that in the fractures,
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the sweep efficiency variation from the bottom and the top of the sample shown
in Mohammad’s study was not seen in Al Enezi’s study.
Multi-phase flow behavior in sheared-fractured porous media is not fully
understood. Mohammad (2004) and Al Enezi (2005) applied micro-CT scanning
to visualize the fracture aperture distribution and fluids distributions at different
saturation conditions. The resulted fractures in both studies were very complex;
the fractures were induced diagonally to the fluid flow axis. The inlet parts of the
samples were not fractured and the outlet parts had damaged zones with
multiple fractures. Due to the direction of the induced fractures, there were strong
matrix/fracture interactions that made it hard to address the effects of the shear
fractures on multi-phase flow. There were significant different between the results
of both studies, which could be either due to the direction of the fracture relative
to the bedding plane, or could be due to the complexity of the induced shear
fracture.
To address the effects of the direction of the induced shear fracture
relative to the bedding plane and the magnitude of the displacement on absolute
permeability, Al Enezi (2007) conducted a study on four Berea sandstone
samples, two of the samples were cut perpendicular to the bedding plane and
two were cut parallel to the bedding plane. After peak stress two samples (one
perpendicular to bedding and one parallel to bedding) were displaced by 0.2 mm
at constant displacement rate (0.003 mm/sec). The other two remaining samples
were not subjected to additional displacement after the peak stress. The
presence of the fracture increased the absolute permeability between 19% and

14
110% in the specific cases for this study. The macro-volume of the fracture in the
perpendicularly layered sample is larger and more connected than the fracture
volume in the parallel-layered case. Increasing the fracture displacement
reduced the overall macro-porosity volume indicating the enlargement of the
asperity areas and increasing the fracture gouge. In the parallel case, increasing
the fracture displacement increased the connectivity of the fracture and its
absolute permeability (relative to the non-displaced case). In the perpendicular
case, fracture displacement reduced the connectivity and its absolute
permeability. The fractures in the perpendicular case are more connected than
the parallel case as observed in three-dimensional renderings of the fractures.
The motivation of the present experimental work is that multi-phase flow in
shear-fractured porous media needs more investigation since most of the
available papers either discuss the role of the tensile fracture or discuss the
mechanical properties of shear fractures or single phase flow in shear-fractured
porous media. Most of the previous work concentrated on the tensile fracture
because understanding the relationship between fluid flow and geometry of shear
fracture is more complicated than tensile fractures due to the formation of gouge
zones. To understand the nature of fluid flow in sheared-fractured porous media,
many parameters need to be studied. Mechanical properties of shear fractures,
effects of the shear fractures on single phase flow, effects of shear fractures on
multi-phase flow, effects of confining pressure on the behavior of the shear
fractures, effects of the direction of the shear fractures, effects of the rock type
(Sandstone, Limestone, layers), and effects of fluid type are examples of the
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parameters need to be studied. Due to the time limit and the cost of the
experimental work needed to evaluate all the parameters, this study will apply Xray micro CT scanning to determine the morphology of a shear fracture induced
parallel to fluid flow path in a Berea Sandstone core sample and to correlate
multi-phase flow in shear-fractured porous media with changes in confining
pressure.
A modified shear fracturing procedure was applied to induce the fracture
parallel to the fluid flow axis. Single and multi-phase fluid flow experiments were
conducted to study the effects of shear fracture on absolute and relative
permeabilities. The results of this study will be a building block for further
experimental and modeling works to fully understand the role of shear fractures
on multi-phase flow in porous media.

Chapter 2
OBJECTIVES AND APPROACH

2.1 Objectives
•

To determine the effects of shear fracture induced parallel to flow in
absolute and relative permeabilities.

•

To visualize the fluid distributions inside the fracture and correlate
that with the conductivity of the fracture.

•

To study the effects of confining pressure on the morphology and
conductivity of a shear fracture and fluid distribution in the fracture.

2.2 Approach
•

Creating a vertical shear fracture parallel to the bedding planes and
along the fluid flow axis and conducting single and two-phase flow
experiments.

•

Using an X-ray Micro CT to monitor the fracture topology and fluid
distribution during:
o Different saturation conditions
o Different confining pressure
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•

Conduct steady-state two-phase flow experiments and monitor the
change in differential pressure at different fractional flow conditions
and relate these conditions to saturation distributions in the fracture
and to oil recovery in the matrix.

Chapter 3
MATERIALS, EQUIPMENT, EXPERIMENTS, CALCULATIONS

3.1 Materials

3.1.1 Sample Characterization

3.1.1.1 Sample Selection
Berea Sandstone has been used by the petroleum industry for many years
as a standard material in core analysis researches and in laboratory core
flooding experiments. This is because the rock is relatively homogenous, well
characterized and available. It is made up of well-sorted and well-rounded
predominately quartz grains, but it also contains minor amounts of feldspar,
dolomite, and clays. Churcher et al. (1991) and Alvarado (2005) stated that
Berea consists of 80-90% of quartz, 3-6% of feldspar, dolomite, clay (kaolinite)
and traces of Iron Sulphides. Berea Sandstone samples were selected as the
porous media in this study to be able to compare the results with other studies
used the same type of rocks.
Two layered Berea Sandstone cores were used to complete this study.
Both samples were about 7 cm in length and 2.5 cm in diameter. Both samples
were cut parallel to the bedding planes because the previous works done by
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Alvarado (2005) and Al Enezi (2005) were completed using similar bedding
planes orientation

3.1.1.2 Sample Pre-Fracturing Characterization
Klinkenberg Air permeability was measured for the sample selected to be
fractured. Brine permeability was not measure to avoid saturating the core with
liquid before fracturing. Porosity of the sample was measured by weight
difference between dry and fully oil saturation at the end of the fluid flow
experiment. Table 3-1 summarizes the results of air permeability and porosity of
the sample selected to be fractured.
Table 3-1: Pre-fracturing
permeability.

porosity

and

Klinkenberg

Kabs, mD
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ϕ, %
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corrected

absolute

3.1.2 Fluids
Distilled water with 5% and 7 % Potassium Iodide, KI (by weight) were
used as the water phase in low confining pressure and high confining pressure
experiments, respectively. Using fresh water is not applicable in this study
because the rock samples contain clay and using fresh water will cause clay
swelling and hence will reduce the permeability. KI salt was added to the water to
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avoid mobilizing the clay and to protect the formation from swelling, and to
increase the contrast between brine and oil phases. The KI concentration was
increased to 7% because after conducting the two-phase flow experiment at low
confining pressure, I found that additional contrast between water and oil phases
was needed. N-Dodecane was used as the oil phase and the confining fluid in
both experiments. KI brine and N-Dodecane are immiscible and resemble the
interaction of the fluids present in the reservoir. Also these two fluids will provide
a clear contrast in x-ray attenuation, allowing the partitioning of the phases in the
fracture. KI brine was de-aireated and then mixed with the oil and allowed to
equilibrate before starting the flow experiments. This step will allow the fluid to
maintain the mass balance and prevent mass transfer between the fluids during
two-phase flow experiment. Table 3-2 shows the viscosity and density of the fluid
used during this experiment.
Table 3-2: Fluid properties.

Fluid
µ, gm/cc
Brine
1.06
N-Dodecane
0.74

ρ, cp
1.05
1.3
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3.2 Equipment

3.2.1 Fluid Pumps
Two Quizix® dual-flow piston pumps (SP-4500 model) (Figure 3-1 ) were
used to inject the water and oil phases into the core sample. Each pump was
assigned to one fluid. These pumps were designed to provide pulse-free fluid
flow and to deliver fluids with accurately controlled very low flow rate.

Figure 3-1: SP-4500 Dual-flow pistons Quizix pumps.
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3.2.2 Core Holder and Flow Distributors
A commercial Aluminum/carbon fiber composite core holder was used to
allow use of the industrial scanner. This core holder can hold up to 3000 psig at
100 oC. The composite fiber carbon core holder has low x-ray attenuation that
improves signal to noise ratios and results in excellent 3-D CT data of the
fractured core at different saturation conditions. The end-plug flow distributors
used in this experiment allow a distributed injection of the fluids into the shear
fracture and the matrix and provide pressure ports at both ends to measure the
pressure drop along the core. Figure 3-2 shows the core holder and the endplugs.

Outlet

Inlet

Figure 3-2: Aluminum/carbon fiber composite core holder and fluid distributors.
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To complete the experiment of the non-fractured Berea core sample using
the medical scanner, an aluminum core holder was used (Figure 3-3). This core
holder also can hold up to 3000 psig at 100 oC. The same fluid distributors used
with the fiber composite core holder were used with this core holder too.

Figure 3-3: Aluminum core holder inside the medical scanner.

3.2.3 X-Ray Scanners

3.2.3.1 The Industrial-Based X-Ray CT Scanner, Omni-x
The high-resolution Omni-x X-ray CT unit (Figure 3-4 ) was used to
visualize the fracture morphology and the fluid distribution at different saturation
conditions during the experiments. Magnification of the object in the image
intensifier can be changed by moving the mounting stage between the x-ray
source and the detector (changing source to object distance). The micro-focus xray source uses up to 225 kV at a maximum current setting of 1 mA. The conebeam x-ray source allows the collection of volumetric data. The micro-focus x-ray
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tube can produce a maximum resolution of 5-10 microns. Data can be collected
at various numbers of views during scanning to optimize resolution. The scanner
can produce images with dimensions of 256 x 256, 512 x 512 or 1024 x 1024
pixel.

Figure 3-4: Omni-x CT-scanner.

3.2.3.2 HD-350 CT-Scanner
HD-350 scanner is a fourth generation CT system as shown in Figure 3-5.
The scanner was used to quantify the oil and water saturation at Swirr and Sor
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conditions for non-fractured Berea core sample. The scanner consists of three
major components:
1- Gantry: consists of X-ray tube, detector and data collection unit.
2- CT control unit: This unit is located outside the scanning room and
allows the operator to select the scanning protocols.
3- Couch: This is used to mount the object to be scanned and allows
precise scanning positioning.
HD-350 medical scanner uses up to 140 kV and 400 mA tube power and
takes about 4 second per each scan. The Dimensions of the images
produced by the HD-350 medical scanners during this study are 512 x 512
pixels with a resolution of 0.117 x 0.117 x 1.0 mm.

Figure 3-5: HD-350 X-ray CT-scanner
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3.3 Experiment

3.3.1 Core Preparation and Fracturing
Both cylindrical Berea sandstone cores (2.5 cm diameter and 7 cm long)
were cut parallel to the bedding planes. The samples were surface ground
(Figure 3-6), one sample was kept un-fractured. The second sample was
jacketed in heat shrinkable Teflon to keep the gouge and matrix intact after
fracturing. To create a shear fracture parallel to the bedding planes and parallel
to the fluid flow axis, the sample was shimmed using half circles of wood and
metal pieces. Then the sample was loaded in the Hoek cell and confining
pressure of 1500 psig (10.3 MPa) was applied. The pressurized Hoek cell was
mounted inside the stiff testing machine and axial compression force was applied
at a displacement rate of 0.003 mm/sec. Figure 3-7 shows the testing machine,
and a schematic of the fracturing process. The confining pressure was
maintained by a hydraulic pump. The vertical load gradually increased up to the
point of failure. After failure, the sample was displaced an additional 0.50 mm to
be sure that the fracture is open and connected. Figure 3-8 shows the
development of applied axial pressure during the fracturing process.
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Figure 3-6: A-Berea plug cut parallel to bedding plane. B- Surface grinding of the
sample.

Figure 3-7: A: Hoek cell inside the fracturing machine, B: Schematic of the
sample assembling inside the Hoek cell.
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Figure 3-8: Stress vs. Time during the shear-fracturing of the sample.

3.3.2 Characterization of Non-Fractured Berea Sample
To address the effects of the shear fracture on the saturation distribution
in the adjacent matrix and to be able to compare the saturation value in the
adjacent matrix with the values for the non-fractured sample, a two phase flow
experiment using an adjacent non-fractured Berea sample was conducted. The
selected sample has 18% porosity. The confining pressure was 1500 psig.
Absolute and effective permeabilities were measured at Swirr and Sor conditions.
Full CT-scans using the medical scanner HD-350 were acquired at the two
saturation conditions. These were used to determine the average Swirr and Sor
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values. The acquired images were 512 * 512 pixels and the voxel size was 0.117
x 0.117 x 1 mm for dx, dy, and dz, respectively. Figure 3-9 shows the sample
images before and after cutting, the core holder, and the rubber sleeve. Figure 310 shows images of the non-fractured sample at different saturation conditions

A

B

C

Figure 3-9: A: Non-fractured sample inside the core holder. B: After cutting the
core holder and rubber sleeve. C: 3D visualization of the Berea core showing the
different layers at dry condition.

Dry

Wet

Swirr

Sor

Figure 3-10: Example of CT-scans for the non-fractured sample at different
saturation conditions. Light colors reflect higher CT numbers.
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Figure 3-11 shows a plot of water saturation number vs. CT at 0 and 100% water
saturation. Eq. 3.1, which represents the measured relation between Average CT
and Average saturation of brine, was used to calculate Sw at Swirr and Sor
conditions. Swirr and Sor are shown as red and blue dots in figure 3-11,
respectively. Table 3-3 summarizes the results of saturation and permeability
calculations at different saturation conditions

Sw = 0.004 * CTave − 6.6

3.1

1
0.9
y = 0.004x - 6.558
0.8
0.7

Sw

0.6
0.5
0.4
0.3
0 and 100% Sw

0.2

Sw@Swirr

0.1
0
1600.00

Sw@Sor

1700.00

1800.00

1900.00

CT #

Figure 3-11: Sw vs. CTave # at 0 and 100% water saturation showing water
saturation at Sor and at Swirr condition.
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Table 3-3: Saturation and permeability values for non-fractured Berea sample.

Sw ,%

ko, mD

kw , mD

kr

Sw irr

34

98
88

98
-

0.87

Sor

58

-

3

0.03

Condition
100% Brine

100% Oil

101

3.3.3 Fluid Flow Experiments for Fractured Sample

3.3.3.1 Low Confining Pressure
The fractured Berea sample was loaded inside a high-pressure
aluminum/fiber composite core holder. The core holder was mounted inside the
scanner and 1500 psig confining pressure was applied. Then four stages of fluid
flow experiment were carried out. The core holder was not moved out of the
scanner during the experiment to be able to compare CT images at the same
scanning position at different saturation conditions. After mounting the core
holder inside the scanner and applying the confining pressure, vacuum was
applied and then air permeability was measured. A dry scan of the entire sample
was acquired. Then the core plug was saturated with 5% KI brine under vacuum.
Before the start of water flow, the core was pressurized by injecting the brine and
closing the outlet to insure 100% brine saturation. Absolute permeability to brine
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was measured and then a full scan for the entire sample was acquired. After that
oil was injected to bring the sample to irreducible water saturation. Several
hundreds of pore volumes were injected to insure that the core is at irreducible
water saturation (Swirr) before scanning. The effective permeability of oil was
measured, and then a full scan for the entire sample was acquired. A water flood
was performed to bring the sample to residual oil saturation (Sor). Again, several
hundreds of pore volumes were flooded to ensure that the core was at Sor.
Effective permeability to water was measured and then the entire sample was
scanned. A sequence of traverses of the water fractional flow was performed (as
will be discussed later). In the last stage, the sample was cleaned first by
injecting several hundreds of pore volume of alcohol, followed by injecting air for
several hours and then applying vacuum for 10 hours. The core was vacuumsaturated with oil. When the oil was seen in the outlet, the outlet was closed and
the core sample was pressurized to ensure 100% oil saturation. Several pore
volumes were injected then absolute permeability to oil was measured and full
scan of the sample was acquired. Figure 3-12 shows a schematic multi-phase
flow experiment setup. Figure 3-13 shows a schematic of scans acquired at
different saturation conditions.
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Core holder

Figure 3-12: A schematic of the experimental setup.

Figure 3-13: Full scans were acquired at different saturation conditions.
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3.3.3.2 Fractional Flow Experiment
Starting from Sor condition, multiple fractional flow experiments were
conducted. Water flow rate was reduced while oil flow rate was increased
(Drainage process). A total of one pore volume was injected at each step with
total flow rate of 0.25 cc/min, (the pore volume was about 6 cc). Pressure was
monitored and recorded when stabilized. When reaching single phase flow (oil
flood), hundreds of pore volumes were injected to make sure that the core is at
Swirr. Then water flow was initiated (imbibition process). As water flow rate
increased oil flow rate decreased until only water was injected (fo = 0 to fw = 1.0).
Hundreds of pore volumes of water were injected to make sure that the core is
under equilibrium. Pressure was measured and recorded at the end of each step.
Full scans of the entire sample were acquired at fw = 10% and fw = 95%.

3.3.4 CT-Scanning
As mentioned in the fluid flow experiments section (section 3.3.3), X-ray
images were acquired at specific saturation conditions using the industrial
scanner. For these experiments, the micro-focus x-ray source used 170 kV and
current setting of 300 µA. At each scanning stage, 60 rotations were acquired.
Each rotation has 41 images and each image is 1024 x 1024 pixels. The pixel
dimensions were 0.026 x 0.026 x 0.02662 mm for dx, dy, and dz, respectively. A
total number of 2460 images were acquired at each scanning stage. Figure 3-14
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shows three-dimensional rendition of the entire core sample acquired at dry
condition.

Figure 3-14: A three-dimensional rendition of the core at dry condition.

3.3.5 High Confining Pressure
After completing the single and two-phase flow experiments and the
scanning process at confining pressure of 1500 psig, the confining pressure was
increased to 2500 psig while keeping the core holder inside the scanner. The
entire fluid flow experiments and scanning sequences conducted at 1500 psig
confining pressure were repeated at 2500 psig confining pressure. The only
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difference between the two conditions is that the KI concentration in the brine
was increased from 5% to 7% to increase the contrast between the oil and the
water.

3.3.6 Fluid Flow Experiment for Non-Fractured Sample
The non-fractured core sample was loaded inside the aluminum core
holder and 1500 psig confining pressure was applied. Then the core holder was
mounted inside the medical scanner as shown in Figure 3-15 A full scan at dry
condition was then acquired. Then the core was vacuum saturated with 7% KI
brine and the absolute permeability was measured then a full scan was acquired.
After that, the oil flood was started. To make sure that the Swirr condition was
reached, several hundreds of pore volumes were injected. At the end of oil flood,
the oil effective permeability at Swirr condition was measured and a full scan of
the sample was acquired. Water flood was then started to bring the core to Sor
condition. To ensure arriving to Sor condition, hundreds of pore volumes of brine
were injected. Then the effective brine permeability at Sor was measured and a
full scan was acquired. After that, the core was cleaned by injecting several
hundreds of pore volumes of Alcohol, and then dried by air and vacuum. To
make sure the sample is 100 % dry; a dry scan was acquired and compared to
the original dry scan. The last step was to saturate the core with oil. Absolute oil
permeability was measured and a full scan was acquired.
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Figure 3-15: Aluminum core holder inside the medical scanner.

3.4 Calculations

3.4.1 Klinkenberg Permeability
The pre-fracture and post-fracture corrected gas permeabilities were
measured. The method to air measure permeability was a steady state nitrogen
permeability performed at a confining pressure of 1500 psig. Permeability was
measured using Darcy’s law for compressible flow as shown in Eq. 3.2
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k=

2QµLPs
2

2

A( Pin − Pout )

3.2

Where: k (Darcy ) = the permeability to air.
Q(cm 3 / sec) = air flow rate.
A(cm 2 ) A (cm2) = the area of the sample.

µ (cp) = the fluid viscosity.
Ps (atm) = standard pressure (1 atm).
L(cm) = the length of the sample.

Pin (atm) = inlet pressure.
Pout (atm) = outlet pressure.

When measuring gas permeability it is important to correct the
measurements for gas slippage phenomena. In general, it is known with highly
permeable media, the difference between liquid and gas permeabilities are very
small, whereas these differences are considerable for media of low permeability
(Klinkenberg, 1941). The permeability to a gas is a function of the mean free path
of the gas molecules, and thus depends on factors such as the pressure,
temperature, and the nature of the gas. To account for the slip effect in gas flow,
Klinkenberg noted that plotting air permeability versus 1/P(average) gives a straight
line. To get the absolute permeability, the data were extrapolated to 1/P(average)
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=0, (P(average) approaching infinity).

The gas at this condition would be

compressed into a liquid-like state so the extrapolated permeability is assumed to
be the “absolute” permeability to liquid. Eq. 3.3 shows the relationship between
gas and liquid permeabilities

k g = k abs + m(1 / Pave )

3.3

Where: k g (Darcy ) = gas permeability.

k abs (Darcy) = absolute permeability.
m = the slope of the straight line.

Pave (atm) = average pressure, ( Pin + Pout ) / 2 .

3.4.2 Absolute Permeability
Permeability was calculated using the steady-state, incompressible flow
form of Darcy’s law Eq. 3.4 :

q
∆p
=k
A
µL

Where: q (cm 3 / sec) .
A(cm 2 ) = the area of the sample.

3.4
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µ (cp ) = the fluid viscosity.
k (Darcy ) , and it is calculated as the slope of

∆p
q
vs.
.
A
µL

3.4.3 Fracture Definition
Extracting the fracture is the first step of analyzing the fracture properties
and visualizing and quantifying the fluids inside the fracture at different saturation
conditions.
To define and extract the fracture, dry scan was used, and based on the
difference between the CT numbers of the fracture and the matrix, different
thresholds values were selected. Based on the percolation algorithm; one
threshold was selected to define and extract the fractures at both confining
pressure conditions. Detailed procedure of fracture extraction will be discussed in
chapter 4.

3.4.4 Saturation Calculation

3.4.4.1 Saturation Calculation inside the Fracture
Based on the contrast between oil and water, and because the material
balance data is not available, saturation calculation inside the fracture was based
on a fixed threshold values for oil and water. Figure 3-16 shows that the contrast
between the oil and water phases is excellent, regions with pure oil and regions
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with pure water are easy to be defined, but it is much difficult to distinguish
between the oil and water at the interface.

Figure 3-16: Oil and water distribution inside the fracture at Swirr condition at 2500
CP confining pressure.

Figure 3-17 shows the CT number distribution for small regions (red box in
Figure 3-16) of pure water, regions of pure water and how the CT numbers
changes in the interface. Regions in the middle is pure water while regions in
right and left sides are pure oil, the interface regions have CT numbers ranged
from about 2000 near oil regions and about 2250 near water regions. The
threshold value select to distinguish oil from water is 2170. Oil is defined by CT
number of 2170 and below and water defined by CT number of 2170 and above.
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Figure 3-17: CT number distribution in oil, water, and interface regions.

To address the effects of threshold definition on water and oil saturation,
other threshold values above and below 2170 were selected to calculate water
and oil saturation inside the fracture. Table 3-4 shows water saturation
calculation inside the fracture at 2500 psig confining pressure. As seen in Table
3-4 the error in defining the threshold to calculate water and oil saturation inside
the fracture is not significant.
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Table 3-4: Different Threshold selected to calculate Sw at Swirr and Sor condition.
Threshold

Sw at Swir r

Sw at Sor

2150

0.07

0.61

2170

0.06

0.59

2200

0.04

0.56

3.4.4.2 Voxel Saturation Calculation
Water saturation at Swirr and Sor conditions for each voxel was calculated
using Eq. 3.5

 1 − S wirr,ext  φ ext

S w,voxel = 1 − ∆CTvoxel 

 ∆CT avg  φvoxel

Where:






3.5

S w, voxel = water saturation for each voxel

∆CTvoxel = difference in CT for at each voxel.

S wirr ,ext =irreducible water saturation calculated at the end of oil flooding.
∆CT avg = the difference between average CT of water and dry.

φ ext = average porosity measured in separate experiments
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φ voxe l = porosity of each voxel and it is calculated using Eq. 3.6 .

 ∆ CT voxel 

CT
∆
avg



φ voxel = φ ext 
Where:

φvoxel = voxel porosity.

φ ext = average porosity measured in separate experiments.
∆CTvoxel = difference in CT at each voxel (water-dry)
∆CT avg = the difference between average CT of water and dry.

3.6

Chapter 4
RESULTS AND DISCUSSION

4.1 Fracture Characterization

The Fracture was extracted from the dry scan that consisted of 2380
images covering the entire length of the sample. To make working with the data
set easier, the size of each slice was reduced by cropping the images to contain
only the fracture and adjacent rock. The original image size of 1024 x 1024 was
reduced to 905 x 170 pixels (Figure 4-1). The voxel dimensions are 0.026 mm x
0.026 mm x 0.02662 mm for dx, dy, and dz, respectively.

Figure 4-1: Dry scan of the entire length of the sample before and after cropping
process at 1500 psig confining pressure.
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Defining the fracture is the first and most important step in the analysis
process because it is the basis for determining the effect of stress on fracture
morphology and will affect oil and water saturation values at different saturation
conditions. The main goal is to select only the fracture, and not to include the
adjacent matrix. In general, it is more difficult to define shear fractures than
tensile fractures because:
o The presence of low density gouge material makes it hard to
define the actual fracture volume.
o There may be dilatant rock adjacent to the fracture.
o The open volume may or may not be directly connected.
o Even in clearly defined tensile fractures, rugosity combines with
pixilation to make fracture definition some what arbitrary.
Thus a range of thresholds were used, their results were compared and the best
threshold was selected based on connectivity. Figure 4-2 shows the aperture
maps of the fracture partitioned using three different thresholds. Based on
percolation algorithm, the fracture defined using the CT numbers from 0 to 650
was chosen to represent the fracture in this study. Unfortunately there is no nondestructive way to physically measure the fracture volume to compare it with the
threshold method. This CT range was used to define the fracture volume at both
confining pressure conditions.
After defining the fracture, the volume, aperture distribution, average
aperture width, asperity ratio, surface to volume ratio, roughness factor, and
connectivity (Euler-Poincare Constant) were calculated.
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Thresholds: 430

500

650

Figure 4-2: Aperture map of the fracture using three different thresholds.

Looking at the fracture from another angle, Figure 4-3 shows that the
fracture is actually two fractures connected near the center of the sample. This
suggests that the fracture was not initiated from the center of the sample but from
the top and the bottom of the sample, propagated toward the center.
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Figure 4-3: 3-D fracture map (left) and 2-D aperture map (right) show two main
fractures regions connected in the center.
This hypothesis is supported by simulating the fracture process using finite
element analysis (FEA). Due to the complication of running the nonlinear process
and the lack of non-linear elasticity parameters, the FEA model was limited to the
linear elasticity, and assumed isotropic properties. The elastic modulus or
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young’s modulus (E) of 23800 MPa and Poison’s ratio (ν) of 0.19 at 40 MPa
confining pressure was assigned for the rock block (NER). As shown in Figure 44. Loads were applied over opposite halves of the bottom and top of the sample

(red arrows). The maximum xy-shear force distribution occurs at the top and
bottom of the core sample (red areas in figure 4-4), suggesting that these two
points are the most likely areas to initiate the fracture. FE modeling results are in
agreement with the experimental results and confirmed that resulted shear
fracture initiated in the top and bottom of the sample then propagated toward the
center of the sample.

Figure 4-4: XY-shear stress distribution when axial load was applied. Red is the
maximum and blue is the minimum shear stress.
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4.2 Effects of Closure Stress on Fracture Properties

One objective of the current research is to address the effect of closure
stress on shear fracture properties. Volumes, asperities, average apertures,
surface area and surface-to-volume ratio were calculated at both closure
conditions. Table 4-1 shows the results of the fracture properties at two different
confining pressures.

Table 4-1: Fractures properties at different confining pressures.

Closure Pressure, psig

1500

2500

Fracture Volume, mm3

275

191

Asperities Ratio, %

19

33

Surface Area, mm2

5500

3900

S/V Ratio

20

20

After increasing the confining pressure to 2500 psig, the fracture volume
was reduced to 191 mm3, a 30% reduction. Figure 4-5 shows 2-D aperture map
of the fracture at dry condition at 1500 psig (left) and at 2500 psig confining
pressure (right). Figure 4-5 shows that the fracture is more connected and has
smaller number of large asperities at 1500 psig than at 2500 psig confining
pressure. The asperity ratio increased from 19% to 33% after increasing the
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confining pressure. Fracture volume and surface area were both reduced after
increasing the confining pressure by similar percentages, thus keeping the
surface-to-volume ratio constant.
1500 psig

2500 psig

Figure 4-5: 2-D aperture map (The linear gray scale is between 0 and 150
microns).
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Figure 4-6 and Figure 4-7 show computed aperture distributions at 1500
psig and 2500 psig closure stress, respectively. The average aperture at 1500
psig is 227 microns. The maximum fracture aperture frequency took place
between 208 to 260 microns. After increasing the confining pressure to 2500
psig, the average aperture was reduced to 193 microns and the maximum
fracture aperture frequency value took place for fracture aperture in the range of
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Figure 4-6: Aperture distribution at 1500 psig confining pressure.
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Figure 4-7: Aperture distribution at 2500 psig confining pressure.

Figure 4-8 compares the aperture distributions at both confining
pressures. As anticipated, there is a shift to the left (smaller apertures) after
increasing the confining pressure which indicates a reduction in average
aperture.
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Figure 4-8: Aperture Distributions at low confining pressure (red) and high confining
pressure (blue).

Roughness factor was calculated using the fracture aperture distribution.
Zimmerman et al. (1991) defined the roughness factor as the ratio of the
standard deviation and the average mechanical aperture of the fracture (Eq. 4.1).

RoughnessFactor =
where

σm

and

a m are

aperture, respectively.

σm

am

4.1

the standard deviation and the average mechanical
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This definition emphasizes that the effect of surface roughness is relative to the
aperture. The flat parallel surfaces have zero roughness factor. As the calculated
roughness factor increases, the validity of parallel plate model should decrease.
Table 4-2 shows the roughness factor of the fracture calculated at both confining
pressures. Roughness factor increases as confining pressure increases
indicating an increase in the rugosity of the fracture. Assuming that the fracture
surfaces themselves do not change, the major cause of the incremental
roughness is actually, is the reduction in the aperture.

Table 4-2: Roughness factors of the fracture at 1500 and 2500 psig confining
pressures.

Closure Pressure

am

σm

psig

(microns)

(microns)

1500
2500

227
193

379
454

Rougness Factor

1.7
2.4

To measure the connectivity of the fracture at both confining pressure, the
Euler-Poincare

Coefficient

(EPC) was

calculated. The

EPC technique,

summarized by Odgaard et al. (1993), has been used for the quantification of the
connectivity of trabecular structure in bones. The EPC coefficient is calculated
using the number of voxels faces, edges, and corners. Table 4-3 summarizes the
EPC calculations at both confining pressures. An increase in EPC at high
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confining pressure was observed. This increase in EPC is a consequence of
creating new asperities.
Table 4-3: EPC average values at 1500 psig and 2500 psig confining pressures.
Closure Pressure

EPC

Connectivity Density
-3
mm

1500

14498

2.20

2500

17978

2.73

psig

To address the relationship between EPC and average aperture in more
detail, the fracture was divided into small regions (Figure 4-9). Aperture
distribution and EPC were calculated for each region separately. Figure 4-10
shows 2-D aperture maps of selected regions in the fracture. Table 4-4 and
Figure 4-11 summarize the average aperture and EPC calculations for the
selected regions. It is clear that EPC has an excellent relation with the average
aperture, as the average aperture decreases, the EPC number increases.
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R5

R4

R3

R2

R1
Figure 4-9: The area inside the red box has the largest average aperture.
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Figure 4-10: Aperture distributions for discrete regions of the fracture at 2500 psig
confining.

Table 4-4: Average aperture and EPC numbers for the selected regions of the
fracture at 2500 psig.

R1
R2
R3
R4
R5
small R

Ave Aperture, µm

EPC

215
210
181
168
211
249

1538
4007
3677
4764
2115
745
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Figure 4-11: EPC vs. average aperture for the selected regions of the fracture

4.2.1 Summary of Stress Effects on Fracture Morphology

Increasing the confining pressure from 1500 to 2500 psig reduced the
fracture volume from 275 mm3 to 191 mm3, and reduced the surface area from
5500 mm2 to 3900 mm2, these reductions in fracture volume and surface area
result in unchanged surface-to-volume ratios for both confining pressure
conditions. Average aperture was reduced after increasing the confining pressure
from 227 to 193 microns, about a 15% reduction. The aperture distribution was
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shifted to the left (decreasing the maximum fracture aperture frequency), and
narrowed. Asperity ratio was increased by about 70% after increasing the
confining pressure. The roughness factor was increased about 40% and EPC
was increased about 20% due to formation of new asperities. EPC showed an
excellent relation with the average aperture.

4.3 Fluid Distribution and Flow at Low Confining Pressure (1500 psig)

4.3.1 Absolute and Effective Permeabilities Measurements

The post-fracture corrected gas permeability was measured as described
in chapter 3 and compared with the pre-fractured data. The permeability after
fracturing increased from 29 to 82 mD, an increase of about a factor of three. A
noted in chapter 3, absolute permeability by water flow was not conducted before
fracturing to avoid saturating the core with liquid before fracturing. The absolute
permeability (after fracturing) measured by water flow is 103 mD, about 20 mD
greater than the corrected gas permeability.
After vacuum saturation with the brine solution, a series of single-phase
and multi-phase fluid flow experiments were performed as described in chapter
3. Oil-and water-effective permeabilities were measured at irreducible water
saturation (Swirr) and at residual oil saturation (Sor) conditions. Oil effective
permeability at Swirr is 96 mD while the effective brine permeability at Sor is 6 mD,
indicating that the fracture was contributing only to the non-wetting phase (oil
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flow). Figure 4-12 and Table 4-5 summarize the results of permeability
measurements during two-phase flow experiment at 1500 psig confining
pressure. In figure 4-12 different permeability measurements are represented by
different colors.
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y = 0.1034x + 0.0002 @ 100% brine
R2 = 0.9999

Flow Rate/A, cc/sec*cm2

0.020

y = 0.0964x + 0.0001 @ swirr
R2 = 0.9966
y = 0.0059x + 5E-06
R2 = 0.9996
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@ sor
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Figure 4-12: Absolute and effective permeability measurements at 1500 psig
confining pressure (in the fractured sample). Different measurement conditions
represented by different colors.
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Table 4-5: Permeability measurements at different saturation conditions at 1500
psig confining pressure.
Condition

ko, mD

kw, mD

kr

100% Brine
Swirr
Sor

97
-

103
6

0.94
0.06

Witherspoon et al. (1980) used the parallel plate approximation to
determine the pressure drop along fracture during single phase flow using the
following cubic law equation. (Eq. 4.2 )

Q=

∆P 3
bW
12µL

4.2

where Q is the flow rate (cm3/sec), ∆p is the differential pressure (atm), µ is the
dynamic viscosity (cp), L is the length of the core (cm), W is the diameter of the
core (cm), and b is the average aperture of the fracture (cm).
Equation 4.2 was applied to estimate the differential pressure through the
fracture during single-phase flow (oil). The experimental differential pressure
measured during injecting the oil with a flow rate of 2 cc/min was 0.6 atm.
assuming that all the flow is carried by the fracture and using b equals to 227
microns, the estimated differential pressure applying equation 4.3 was 0.018 atm.
As mentioned above, the fracture is highly deviated from parallel plate model and
applying cubic law is not valid to estimate the differential pressure during single-
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phase flow, it underestimated the differential pressure and hence will
overestimate the permeability of the fracture.

4.3.2 Change in Fracture Saturation at 1500 psig Closure Stress
CT data were acquired at the end of each saturation condition, Dry, wet
(Sw = 1), Swirr, Sor, Sw = 0 and at two steady-state conditions (fw = 10% and fw =
95%). These data were used to map and visualize the fluid distribution at
different saturation conditions. Figure 4-13 shows examples of CT images at dry,
wet, Swirr, and Sor conditions. The highest CT numbers occur when fully saturated
with the tracer solution, and decrease with increasing oil saturation (no tracer).

Dry

Wet

Residual Water

Residual Oil

Figure 4-13: A: Examples of images acquired during multi-phase flow experiment.
Light colors reflect higher CT numbers. B: small regions of fracture at different
saturation conditions.
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4.3.2.1 Fluid Distribution at Swirr
Oil and water saturations inside the fracture at Swirr were calculated by
assigning a threshold value for each phase as described in chapter 3. Table 4-6
summarizes the saturation values at Swirr condition.

Table 4-6: Oil and water saturations inside the fracture at Swirr condition at 1500
psig confining pressure.

1500 psing confining

Volume, mm3

Fracture

275

Oil

252

92

Water

23

8

percentage

Figure 4-14 shows 2-D distribution maps of the oil and water inside the
fracture at Swirr condition. The oil phase is connected and continuous through the
fracture and tends to occupy the entire volume the fracture while water formed
disconnected films on the wall of the fractures and tend to occupy the small
apertures. In Figure 4-14, mapping water saturation at Swirr condition, reduces the
size of the asperities, confirming that water is saturating the wall of the fracture
while oil saturating the central regions of the fracture. Areas with large average
aperture retain more oil. Oil and water saturation values are consistent with
effective oil permeability at Swirr condition.
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So = 92%

Swirr = 8%

Figure 4-14: Oil (left) and water (right) saturation map at Swirr condition at 1500
psig confining pressure. (Gray scale is from 0 to 0.5 mm for the oil and 0 to 0.08
mm for water).
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4.3.2.2 Fluid Distribution at Sor
Oil and water saturations inside the fracture were calculated using the
same threshold assigned for oil and water at Swirr condition. Table 4-7
summarizes the results of saturation calculation at Sor condition.

Table 4-7: Fracture oil and water saturations at Sor condition at 1500 psig
confining pressure.

1500 psing confining

Volume, mm3

Fracture

275

Oil

129

47

Water

146

53

percentage

Figure 4-15 shows the oil and water distribution inside the fracture at Sor
condition. Table 4-7 and figure 4-15 show that water saturation is higher than Sor
value inside the Figure 4-16 shows disconnected regions of residual oil formed
inside the center and large aperture and shows the water has better connection
than at Swirr condition. Table 4-8 shows the oil percentage of each region. These
blobs represent 88% of the total oil inside the fracture at Sor condition. The red
region retained more oil than the other regions because has a higher average
aperture compared to other regions.
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Sor = 47%

Sw = 53%

Figure 4-15: Oil (left) and water (right) saturation map at Sor condition at 1500
psig confining pressure. (Gray scale is from 0 to 0.5 mm).

.

68
Oil regions

Water regions

Figure 4-16: Oil and water disconnected regions at Sor condition at 1500 psig
confining pressure.
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Table 4-8: Oil regions inside the fracture at Sor condition.

Region

Volume ,mm3

Percentage

Orange

8.9

7

Blue

6.4

5

Red

39.9

31

Green

21.7

17

Yellow

24.2

19

Purple

12.4

10

4.3.2.3 Fluid Distribution at Intermediate Saturation
As described in chapter 3, section 3.2.2, Drainage and imbibition cycles
were repeated several times during fractional flow experiment, while recording
the differential pressure after the pressure stabilized at each flow rate. Figure 417 summarizes the results of fractional flow experiments conducted at 1500 psig
confining pressure. Water-oil steady-state fractional flow trajectories were
repeatable and confirmed a limited mobile saturation range in the fractured
sample. The highest resistance to two-phase flow occurred at a water fractional
flow of 0.95.

Full CT scans were acquired for the sample at saturation conditions of fw =
10% and fw = 95%. Oil saturations were 81% and 51% at fw = 10% and fw = 95%,
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respectively. Saturation calculation confirms high oil occupancy in the large
porosity regions of the fracture. The high oil saturation value and being found in
the large aperture explains the increase in the pressure as water flow rate
increased while conducting the imbibition step.
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Figure 4-17: Normalized pressure drop vs. brine flow rate at 1500 psig confining
pressure. (Dashed lines represent the measurements at only two point, fw = 0.1
and fw = 0.95).
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4.4 Effects of Closure Stress on Fluid Distribution and Flow

4.4.1 Absolute and Effective Permeabilities Measurements

After the confining pressure was increased from 1500 psig to 2500 psig,
the absolute permeability to brine was measured. The absolute permeability
declined from 103 mD at 1500 psig confining condition to 65 mD at 2500 psig,
about 63% decrease. Effective permeability was measured at the end of each
saturation condition. Oil effective permeability at irreducible water saturation
(Swirr) was 58 mD while the effective water permeability at residual oil saturation
(Sor) was 4 mD. The effective oil permeability was reduced by 60% after
increasing the confining pressure while the effective water permeability was
reduced by 65%. Reduction in effective permeabilities is consistent with the
reduction in absolute permeability. Figure 4-18 and Table 4-9 summarize the
results of absolute and effective permeability measurements at 2500 psig
confining pressure.
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Figure 4-18: Absolute and effective permeability measurements at 2500 psig
confining pressure. Different measurement conditions represented by different
colors.

Table 4-9: Permeability measurements at different saturation conditions at 2500
psig confining pressure.

Condition
100% Brine
S wir r
Sor

ko, mD
58.3
-

kw , mD
65.2
4.2

kr
0.89
0.06
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4.4.2 Change in Fracture Saturation

The experimental procedure applied at 1500 psig confining pressure
experiment was applied again at 2500 psig. CT data were acquired at the end of
each saturation condition, Dry, wet (100% brine), Swirr, Sor and at 100% oil
saturation. These data were used to map and visualize the fluid distribution at
each saturation condition, especially at Swirr and Sor conditions. To be able to
compare between Saturation calculation at both confining pressure experiment,
oil and water were extracted using the same threshold used in the case of 1500
psig experiment.

4.4.2.1 Fluid Distribution at Swirr

Table 4-10 summarizes the results of saturation calculation inside the
fracture at Swirr condition.

Table 4-10: Fracture oil and water saturation at Swirr condition at 2500 psig
confining pressure.

2500 psig
Fracture
Oil
Water

Volume, mm3
191
180
11

%
94
6
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Table 4-10 shows that the fracture has very low Swirr values at both
confining pressures. Figure 4-19 shows 2-D maps of oil and water distribution
inside the fracture at Swirr condition. Oil phase almost saturated the entire volume
of the fracture at very low Swirr value.
So = 94%

Swirr = 6%

Figure 4-19: Oil (left) and water (right) distribution at Swirr condition at 2500 psig
confining pressure.(Gray scales are 0 to 0.5 mm for oil and 0 to 0.08 mm for
water)
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4.4.2.2 Fluid Distribution at Sor

Oil and water saturation were calculated inside the fracture at Sor
condition. Table 4-11 and Figure 4-20 summarize the saturation calculation and
fluid distribution inside the fracture at the end of Sor condition. Water saturation
increased from 53% at to 59% after increasing the confining pressure from 1500
psig to 2500 psig. Oil tends to form disconnected and isolated regions, Figure 421 shows the oil regions inside the fracture at Sor condition.

Table 4-11: Fracture oil and water saturation at Sor condition at 2500 psig
confining pressure.

2500 psig
Fracture
Oil
Water

Volume, mm3
191
78
113

%
41
59
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Sor = 41%

Sw = 59%

Figure 4-20: Oil (left) and water (right) distribution at Sor condition at 2500 psig
confining pressure.
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Figure 4-21: Oil regions inside the fracture at Sor condition at 2500 psig confining.
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Average aperture and Sor for the small region in red box in figure 4-20 are
249 microns, and 50%, respectively (Figure 4-22 ). Average aperture is higher
than other regions in the fracture, as discussed in section 4.2, and Sor value is
higher than the Average Sor for the fracture, again, indicating that oil at Sor tends
to occupy large regions aperture in the fracture. This explains the pressure
increase during water injection and the reduction in effective brine permeability at
Sor.

Figure 4-22: Aperture map of small region (top), and oil distribution at Sor
(bottom). Average aperture = 249 µm, Sor = 50%.
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At both confining pressures, oil inside the fracture at Sor condition is
disconnected and form globules in large aperture areas inside the fracture. At
2500 psig confining pressure and due to the reduction in the aperture width, the
number of disconnected oil regions at Sor condition is more than that at 1500 psig
(Figure 4-23). Water tends to saturate the wall, while oil tends to saturate the
central open part of the fracture. Water saturation at Sor condition increased after
increasing the confining pressure because water is the wetting phase and it
tends to occupy the small aperture regions and at high confining pressure the
number of these small regions is greater than that at low confining pressure.
Even though water saturation at Sor is higher than the oil saturation, the water
effective permeability is very low because the large apertures are occupied by
the oil. Effective water permeability at Sor for fractured sample is in agreement
with the water effective permeability of the non-fractured sample at Sor,
confirming that the fracture is only working as conduit for the non-wetting phase
(oil).
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Figure 4-23: Oil regions at Sor condition (Right at 1500 psig, and left at 2500 psig
confining pressures)
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4.4.2.3 Change in Fluid Distribution at Intermediate Saturations

The experiment at a confining pressure of 2500 psig was similar to the
one at 1500. But due to increasing the confining pressure from 1500 to 2500
psig, and due to the limitation of the differential pressure measurement device,
the total flow rate of 0.25 cc/min was not suitable and to keep the differential
pressure within the limit of the device, the total flow rate was reduced to 0.20
cc/min. Figure 4-24 summarize the results of the steady-state experiment. As
seen in the previous experiment at 1500 psi, the water-oil steady-state fractional
flow trajectories were repeatable and the highest resistance to two-phase flow
again occurred at a water fractional flow of 0.95. Full CT scans were acquired for
the core at the end of fw = 10% and fw = 95% steady-state experiments. Table 412 shows high oil saturation inside the fracture at both fractional flow

experiments. Oil, again, occupied the central parts or the fracture which have the
largest aperture width and force the water to flow either throw the wall of the
fracture or through the rock matrix which explains the increase in differential
pressure with increasing water fractional flow. These results are similar to the
result of steady-state experiment at 1500 psig confining pressure.
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Figure 4-24: Normalized pressure drop vs. brine flow rate at 2500 psig confining
pressure.

Table 4-12: Fracture saturations at fw = 0.10 and fw = 0.95 water fractional flow
experiments.

fw , %
10
95

Sw , %
18
57

So,%
82
43
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4.5 Fluid Saturation in the Adjacent Matrix

4.5.1 Matrix Saturation away from the Fracture

To address the fracture/matrix interaction, two regions adjacent to the
fracture were selected as shown in Figure 4-25. Sizes of Matraix_1 and Matrix_2
are 501 x 306 x 2380, and 501 x 251 x 2380 pixels, respectively, with same voxel
dimension of 0.26 mm x 0.026 mm x .02662 mm, for dx, dy, dz, respectively. Oil
and water saturation at Swirr and Sor were calculated at high confining pressure.
Swirr and Sor values observed in the matrix away from the fracture are 50% and
32, respectively.

Matrix_1

Matrix_2
Figure 4-25: Two matrix regions adjacent to the fracture. (Matrix_1 is selected
above the fracture and Matrix_2 is selected below the fracture).
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4.5.2 Matrix Saturation near the Fracture

A thin layer of matrix was selected near the fracture (wall), as shown in
Figure 4-26. Figure 4-27 shows the entire selected volume of the wall of the
fracture. Swirr and Sor in the wall of the fracture were 38% and 36%, respectively.

Figure 4-26: The wall of the fracture of image# 2306.
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Figure 4-27: The entire selected volume of the wall of the fracture.
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Recall that average Swirr and Sor values inside the fracture at 1500 psig
confining pressure were 9% and 47%, respectively, while at 2500 psig confining
pressure, Swirr and Sor values were 6% and 41%, respectively, and Swirr and Sor
values of the adjacent wall were 38%, and 36%, respectively (Figure 4-28). Swirr
values in the matrix are greater than the values of the fracture and the wall at
both confining pressure conditions. At the same time Sor values in the matrix
were lower than that in the fracture and the wall

Figure 4-28: Schematic of saturation variation between fracture and adjacent matrix.
Observed different saturation values could be a result of capillarity or
sweep efficiency.
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4.6 Relation between Morphology and Fluid Flow Properties

After increasing the confining pressure to 2500 psig, the fracture volume
was reduced to 191 mm3, a 30% reduction. The fracture is more connected and
has smaller number of large asperities at 1500 psig than at 2500 psig confining
pressure. The asperity ratio increased from 19% to 33% after increasing the
confining pressure. Parallel plate model and cubic law are not applicable for
shear fracture. Average aperture has an excellent agreement with the Poincare
number (EPC); as the average aperture increase, the Poincare number
decreases.
Increasing the closure stress, reduced the absolute permeability, but has
no effects on the average relative permeabilities. Closure stress has no
significant effects on fluid distribution inside the fracture; oil has a high saturation
value at Swirr condition at both closure stresses and tends to occupy large
apertures at any saturation conditions. Steady-state showed similar behavior at
both confining pressure; the pressure trajectories were repeatable, increasing
differential pressure due to increasing water flow rate, confirming that the fracture
is an oil conduct.
The observed water saturation increases going from the fracture into the
wall and then further the matrix. Two factors may affect the observed saturation
distribution. These are sweep efficiency and capillarity.
First, fracture conductivity combined with low water occupancy mean that
the fracture acts as an oil conduct. For a given flow rate this lower the steady-
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state pressure gradient across the sample and greatly reduce oil flow through the
matrix, making it difficult to sweep the matrix to actual Swirr condition.
Second, there is likely a significant difference in capillary pressure curves
between the fracture (locally) and the matrix. If the fracture locally has lower
capillary pressure, the matrix may imbibe water from the fracture resulting in the
observed low water fraction in the fracture and high water saturation in the
matrix.
Note that high matrix water saturation reduces kro, again resulting in the
fracture acting as an oil conduct.

4.7 Particle Movement

CT images of the same position at different saturation conditions show
that some particles moved in the sample (Figure 4-29). The particle movement
happened after cleaning the core with alcohol, drying and saturating the core with
oil. During cleaning, high flow rates of alcohol and air were applied. When the
fracture was occupied with two phases, the capillary pressure, apparently, holds
the particles in place, attached to the wall of the fracture, but when there is only
one fluid in the core, the capillary pressure role diminished, and some loose
particles tend to move. Particle movement did not appear to affect the fluid flow
in this study, but it could be a severe problem especially when we have singlephase flow. The permeability could be drastically reduced if the particles move
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and plug the pore or aperture throats. Single phase flow is unlikely in
hydrocarbon reservoirs, but it could be important in other fields like hydrology.

Figure 4-29: Particle movement after cleaning the core and saturating it with oil.

Chapter 5
COMPARISION BETWEEN DIFFERENT DIRECTED SHEAR FRACTURE AND
TENSILE FRACTURE

5.1 Diagonal and Parallel Shear Fractures

In previous study Al Enezi (2005), the shear fracture was introduced
diagonal to bedding planes while in this study the fracture is parallel to bedding
plane as shown in Figure 5-1. In both studies the fluid flow was parallel to
bedding planes but at Al Enezi (2005) the fluid flow is not parallel to the fracture.
Topology and fluid flow behavior in both cases are different. The following
comparison shows the effects of the shear fracture orientation.
1- The diagonal fracture volume is 181.48 mm3 representing 0.75% of the
bulk volume and the parallel fracture volume is 275.5 mm3 representing
0.74% of the bulk volume. They almost have the same percentage of the
bulk volumes.
2- Absolute permeabilities of the diagonal sheared sample were reduced
from 10% to 30% while the absolute permeability of the parallel sheared
sample was increased about 3 times.
3- Swirr and Sor values inside the fracture for the diagonal sheared sample
were 36.4% and 45.0%, respectively while for the parallel sheared sample
the Swirr and Sor values were 8.5% and 46.9% showing significant
difference in Swirr values at both fracture orientations.
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Diagonal to bedding Parallel to bedding

Figure 5-1: Shear fractures induced diagonally and parallel to the bedding
planes.

5.2 Shear Fracture and Tensile Fracture

Alvarado (2005) conducted an experimental work to study the effects of
the presence of tensile fracture on the multi-phase flow in Berea sandstone. Swirr
and Sor values at 2500 psig are in a good agreement for both types of fractures.
The major difference between Alvarado’s study and the current work is that
during fractional flow experiment, Alvarado noticed a continuous decrease in the
fracture

conductivity.

The

reason

behind

this

phenomenon

was

the
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rearrangement of the fluid distribution inside the fracture with little change in
saturation. Fractional flow experiment conducted on shear-fractured Berea
sample shows no change in the conductivity of the fracture, and pressure
measurements at different flow rate conditions were repeatable.

Chapter 6
CONCLUSIONS

Fracture properties and multi-phase flow behavior in sheared-fractured
Berea sandstone were investigated in the current studies. Using micro x-ray CT
techniques allowed me to characterize fracture complex geometry and visualize
and quantify different fluid distributions at different saturation conditions. Effective
permeabilities measurements and fluids distributions inside the fracture at Swirr
and Sor confirmed the shear fracture responded the non wetting phase. It also
showed that confining pressure has no significant effects on both the fluid
saturation inside the fracture and end points relative permeabilities. Difference in
capillary pressure and sweep efficiency could be the reason of increasing water
saturation increases going from the fracture into the wall and then further the
matrix. Euler-Poincare Constant (EPC) has an excellent agreement with the
average aperture, showing an excellent potential to be one of the parameter to
characterize the fracture.
The following observations and conclusions can also be made:
1- Shear fracture could cause less damage to hydrocarbon production;
thus to oil production and hence it could shut-off water production

•

Fluid distribution inside the fracture showed high oil saturation. The
oil occupied the large apertures while water occupied the small
ones.
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•

Effective Oil permeability of the fractured-sample at Swirr is very
high at both confining pressures while effective water permeability
is close to the effective water permeability of non-fractured sample.

•

A steady-state, two-phase flow experiment showed that pressure
trajectories are repeatable. Contrary to the tensile fracture where
there was a pressure build up due to the redistribution of the fluid
inside the fracture.

2- Stress-induced geometry changes in fracture

•

Increasing

the

confining

pressure

reduced

the

absolute

permeability by about 35%,
•

Roughness factor calculations at both closure stresses showed a
deviation from parallel plate model.

•

Measurement of absolute permeability and fracture aperture
confirm the invalidity of the cubic law to predict absolute
permeability of shear fractures.

•

Surface-to-volume ratios were similar at both confining pressures,
suggesting that fracture connectivity relies more on fracture
aperture and asperities area than on the surface-to-volume ratio.

•

As anticipated, the properties of the shear fracture (volume of the
fracture, aperture distribution, asperities ratio, surface area,
roughness facture, and connectivity density) decrease with
increasing the confining pressure.
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3- Shear fracture and tensile fracture

•

The cubic law was shown to be invalid for both cases.

•

Closure stress has a significant effect on the multi-phase fluid
distribution inside the tensile fracture, Sor values changed
noticeably with changing the confining pressure, while only a minor
change has been observed in the case of shear fracture.

•

At the same closure stress, Swirr and Sor values inside the fractures
are in excellent agreement with each other.

•

Steady-state flow experiments conducted for the tensile fracture
showed unstable, non repeatable pressure trajectories, even
though the saturation did not change. The reason behind that was
shown to be redistribution of the residual fluid inside the fracture.
Contrary to this observation, the pressure trajectories are
repeatable for the case of shear fracture suggesting that the fluid is
not redistributed during the experiment.

4- Parallel shear fracture vs. diagonal shear fracture

•

Change in absolute permeability is greatly affected by the direction
of the fracture. Fractures induced diagonally to sample axis
reduced the permeability by about 30% while fracture induced
parallel to samples axis increased the absolute permeability about
3 times.

•

Diagonal shear fractures make it more difficult to address the rule
of the fracture on multi-phase flow. Orientation of the bedding

96
planes relative to the induced fractures has a major effect on the
behavior of fluid flow.
•

In both types of shear fracture, Non-wetting phase tend to occupy
the large fracture apertures, and the wetting phase tend to occupy
the small fracture apertures.
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APPENDIX A
DATA CORRECTION

Core holder was not moved out of the scanner during the multi-phase flow
experiment at both confining pressure, 1500 and 2500 psig. The only difference
between the conditions of the two experiments other than the confining pressure
is that the KI concentration was increased from 5% at 1500 psig to 8% at 2500
psig experiment to increase the contrast between the oil and water phases.
Since I need to compare the saturation values at different stages of the
experiments, I need to use the same threshold to define oil and water at both
confining conditions. Increasing KI concentration will affect the CT values for
Wet, Swirr, and Sor conditions. Figure A-1 shows the average CT numbers for
different saturation conditions at both confining.
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Figure A-1: Original average CT at different saturation conditions at 1500 and
2500 psig.

Figure A-1 shows the average CT values at different saturation conditions inside
the fracture for both confining pressures
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Figure A-2: Average CT numbers inside the fracture at different saturation
conditions at both confining pressures.
Figures A-1 and A-2 shows that average CT numbers for dry and oil conditions
are matching inside the fracture but they are not when the matrix is involved. The
reason that the overall averages are not match could be because both scans at
2500 psig experiment were taken after cleaning the sample after conducting the
two-phase flow experiment and since KI percentage is higher at this experiment,
salt could precipitated in the matrix and increased the CT number at 2500 psig
condition. So the first step to correct the data is to bring the CT of dry and oil
condition of 2500 psig experiment to be similar to the CT numbers at 1500 psig
(Figure A-3).
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Figure A-3: Overall average CT numbers after correcting dry and oil CT number
for 2500 psig experiment.

The second step was to correct the data of wet, Swirr, Sor of 1500 psig experiment
based on the data of 2500 psig experiment. The data corrected as follows:

o Wet or 100% water was corrected by adding 260 (the difference
between CT numbers due to increasing KI concentration).

o Since the effects of confining pressure on Swirr and Sor is neglected in
the matrix. Swirr and Sor values should be the same at both confining
pressures.
CTswirr _ corrected = CTswirr _ original + [( S wirr * ( ∆CTwet )]
CTsor _ corrected = CTsor _ original + [( S or * ( ∆CTwet ) ]

Figure A-4 shows the corrected average CT numbers.
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Figure A-4: Average CT numbers at different saturation conditions for both
confining pressure experiments after correction.
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