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ABSTRACT

The importance of permeability sensitivity to the changes in pore pressure
drop or effective overburden stress increase has been examined at laboratory
using two types of rocks, sandstone and limestone. @ Whereas the
experimental data were used as an input in the modified Darcy equation for
single-phase steady-state flow through porous medium. The selected rocks
were tested for triaxial compressive strength, permeability, x-ray diffraction,
grain size distribution, stress-strain relationship and thin sections structure.
The experimental work conducted in this study showed that the permeability
of the tested rock samples was significantly influenced by the increase of
effective overburden stress (i.e. pore fluid pressure drop). This result is
supported by thin -sections examination and stress-strain relationship, which
have shown that pore structure was highly affected by the increase in the
overburden stress. Therefore it is very important to include the effect of
effective overburden stress increase (or pore fluid pressure drop) inany
reservoir productivity prediction technique.

1. INTRODUCTION

One problem currently confronting petroleum engineers is the analysis of
formation damage responsible for the reduced well productivity. The inelastic
deformation of several rock materials (pore collapse) is one of the major reasons
beyond the drop in reservoir productivity. The state of stress acting at a subsurface
rock is assumed to be a complex combination of forces. These forces could be due
to gravitational, mechanical or chemical origin. Changes in these forces at any
time will result in changes in the in-situ stress-state. The consequence of the
change in the in-situ stress-state is the variation in rock properties including
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porosity, permeability and mechanical properties. Mechanical and physical
properties of subsurface rocks in the earth which are not subjected to tectonic
forces are influenced by two basic stresses. These are grain-to-grain rock stress
caused by the total weight of the overburden material and pore pressure of the
interstitial fluids as shown in Fig. 1. The effective overburden stress (net confining
pressure) acting on any plan through such rock is the resultant of the two stresses.
Thus the reduction in the pore fluid pressure increases the net confining pressure as
shown in the following equation [1]:

Ge = Ot - PP 1)
where:
oe,ot = Effective and total overburden stresses respectively,

pp = Reservoir pore fluid pressure.

Total overburden stress, o

‘ / Pore pressure, pp

Gt = Ot PP

~~_

Grain-to-grain (Effective)
stress, G

_ Fig. 1. Stresses acting on a fully sturated porous rock at depth.
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A number of researchers have investigated the changes in reservoir rock
porosity, compressibility, density, resistivity, permeability, relative permeability
with changes in net confining pressure [2-24] and reservoir compaction [25-33].
The results all indicated that the permeability is reduced when the confining
pressure is increased. The results for the effect of temperature increase on absolute
permeability show much less consistency [16]. Permeability ratio is defined as
the permeability at some confining pressure divided by the permeability at a
reference confining pressure. It has been common practice with previous
investigators to plot permeability ratio versus net confining pressure. These curves
are of an exponential type, with the permeability ratio decreasing rapidly as the
confining pressure is increased (or the pore pressure is decreased).

2. EXPERIMENTAL WORK

Petropysical Properties and XRD Analysis

Two types of rocks (sandstone and limestone) were selected for this study. The
first sample was sandstone, which is mainly composed of quartz. This sandstone is
fine grained (100 to 600 um) and red coloured due to the presence of iron oxides,
poorly cemented and of high porosity and permeability. The second rock was
limestone, which is mainly composed of calcite. This limestone rock is very fine
grained and yellow in colour, very strong, highly cemented and has low porosity
and permeability (see Figs. 2 and 3). These rock samples are microfractures free
and their porosity and permeability are primary.

Mechanical Properties

A stiff compression machine equipped with a servo-controlled confining
pressure system was used to measure the mechanical properties of the selected
rocks. Tests were conducted according to the standard procedures outlined by the
International Society of Rock Mechanics for samples preparation and testing
procedures [34]. The performed tests include:

@) Uniaxial compressive strength (UCS),

()  Traxial compressive strength (TCS), and
(i)  Stress-strain relationship.

Furthermore, Mohr-Coulomb failure criterion was established for the tested rock
samples.
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Fig. 2. Grain size distribution of the tested sandstone.
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Fig. 3. X - ray diffractograms of the tested rock samples.
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Thin Sections Examination

The ability to study rocks in thin sections greatly enhances understanding the
changes in pore structure caused by the increase in overburden stress or the
decrease in pore fluid pressure. A stereo microscope with a transmitted-light
observation option was used in this study. Thin sections were prepared from rock
samples (before and after testing) were sliced very thinly so that the contained
minerals can transmit light. The analysis of thin sections provided information on
the fabrics, textures, mineralogy and geochemistry of the chosen samples. In the
preparation of thin section samples, sliced rock is placed in a vacuum desiccator
and connected to a vacuum pump. After full evacuation of the rock sample, the
sample is saturated with resin under vacuum (low pressure) to insure an excellent
filling of the pore space with the resin. Then the sample is placed in an oven at 50
°C for 24 hours. The solid material can then be cut to a standard size then abraded
using a lapping machine to produce a face which is as smooth and as flat as is
possible. The sample is then mounted onto a glass slide using special glue such as
Canada balsam. Finally the final thin section is produced by finishing the sample
using a flat glass and carborundum of various sizes.

Permeability Measurement

A saturated cylindrical core sample (3.82 cm diameter and 8.80 cm length) is
loaded into Hoek cell and the axial load is applied to the flat sample ends using a
stiff compression tester. The radial load (confining pressure) is generated using an
automatically controlled constant pressure pump. The cell is therefore capable for
applying independent axial and radial loads. There are two commonly methods
can be applied to establish the relationship between pore pressure drop and
permeability. In the first method, the sample is brought to the in-situ conditions
and left for a while to equilibrate under such conditions. Then the pore pressure
value is reduced by a specific value (while the total confining pressure is kept
constant) and the sample permeability is measured using a liquid permeameter. In
the second technique, the sample is loaded axially and radially until the in-situ
conditions is reached. Then the total confining pressure is increased while keeping
the pore pressure and axial load constant. The liquid permeability is then measured
for each increasing interval. It should be noticed that both of the experimental
procedures yield similar results because the increase in confining pressure has the
same effect of the decrease in pore pressure which can be easily seen in the
effective stress relationship (Eq. 1). In this study the second technique was
applied using the experimental set-up shown in Fig. 4. In this work, the two cores
(sandstone and limestone) were cut and their dimensions were measured, then
saturated with 1% NaCl solution. After full saturation, the physical properties of
these core samples were measured. The permeability of the rock samples was
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measured using a steady-state liquid permeameter. This was done by forcing an
aqueous solution (1% NaCl) of known viscosity through a core plug of known
cross sectional area and length. Pressure and flow rate of liquid through the sample
were measured and initial permeability was calculated using Darcy law for single-
phase steady-state fluid flow through porous medium. The same procedure was
applied when measuring the permeability-confining pressure (or pore fluid
pressure) relationship.

7 E

Constant confining pressure pump.

Sample collector. 3. constant rate pump.
Fluid container.

Hoek cell containing test sample.

Vacuum pump. 7. Stiff compression tester.

AN ol S

Fig. 4. A schematic diagram of the permeability — stress experimental set -up

3. MATHEMATICAL MODELLING OF PERMEABILITY-
STRESS RELATIONSHIP

Two expressions for the fluid flow can be derived: firstly, by neglecting
permeability-pore pressure relationship assuming that the permeability remains
constant at its initial undisturbed value [34]:
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7.081 kh App

q= . (2)
"m( Q)
Secondly, taking into account permeability-pore pressure relationship[1]:
7.081h PP
4=———> [ ao PP+ ppl +-2pp’ +&pp’ 4. ] 3
(%)

where:

n andr, = Reservoir and the wellbore radii respectively, ft.
pp1 and pp; = Initial and new pore fluid pressures respectively, psi.
k = Permeability, Darcy.

q = Flow rate, bbl/day.

h = Formation thickness, ft.

M = Fluid viscosity, cp.
ay,a],... = Correlation constants.
App = Pressure drop, psi.

4. RESULTS AND DISCUSSION

In this study two rock samples were selected.  The first one was limestone
(carbonate) while the second was sandstone. The limestone is of very fine grains,
yellow in color and very strong rock. The sandstone grain size distribution is
shown in Fig. 2. This rock is fine-grained and very weak due to the lack of
cementing material. XRD analysis has shown that the limestone is mainly
composed of calcite and some silica while the sandstone is mainly composed of
quartz, feldspar and iron oxides as shown in Fig. 3. In order to establish the
relationship between pore pressure drop, overburden stress increase and
permeability decrease, the mechanical properties of these rocks were measured.
Fig. 5 shows the relationship between the confining pressure and the axial stress at
failure for the tested rock samples. It can be seen that the uniaxial compressive
strength of the limestone is 30 MPa. Whereas the uniaxial compressive strength of
the sandstone sample was 6 MPa. Itis clear that the tested limestone is S times
stronger than the tested sandstone.

29



Axial stress at failure, MPa

Musaed N. J. Al-Awad

140

——  Limestone sample.
1204 | —#&——  Sandstone sample.

:

80 7

60

40

0T v T v T T T T T v —T T T

0 5 10 15 20 25 30 35

Confining pressure, MPa

Fig. 5. Relationship between confining pressure and axial stress at failure for
the tested rock samples.

Similar conclusion can be obtained from Figs. 6 and 7. These figures show the
established Mohr-Coulomb failure criteria of the tested rock samples. The
estimated apparent cohesion (a measure for the degree of cementing material
strength) was 6 MPa for the limestone and 1.2 for the sandstone which yield the
same ratio as that obtained from the uniaxial compressive strength. In order to
establish the effect of applied stress on the “deformation characteristics of the
chosen rocks, the relationship between axial stress and axial displacement was
established (in the elastic region, i.c. below the measured uniaxial compressive
strength) for both rocks as shown in Figs, 8 and 9. From these relationships, it can
be shown that the tested limestone returns to its initial state without any permanent
deformations, whereas, the tested sandstone exhibited some permanent deformation
after releasing the applied load with a magnitude of 0.0255 mm.
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Fig. 7. Mohr — Coulomb failure criteria of the tested sandstone.
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Fig. 9. Stress — strain relationship for the tested sandstone.
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This permanent deformation is attributed to the breaking of some grains and/or the
cementing material as shown in Figs. 10, 11, 12 and 13. The expenmentally
determined relationships between the absolute permeability and the total confining
(overburden) pressure for the carbonate and the sandstone rock samples are shown
in Figs. 14 and 15. These figures show the decrease in permeability with the
increase in confining pressure. Also, it can be noticed that the carbonate rock
sample had little decrease in permeability when compared to the decrease in the
permeability of the sandstone sample. This reduction in permeability was
appreciable for the first thousands of psi’s but decrease with further increase in the
overburden pressure. The amount of reduction in permeability was found to be
function of the initial porosity and permeability [1]. Based on the experimental
results shown in Figs. 14 and 15, correlations between the absolute permeability
and the pore pressure drop were obtained for a hypothetical oil reservoir and the
results are tabulated in Table 1 and plotted in Figs. 16 and 17. It was found that the
tested limestone =sample restore its initial permeability when the applied confining
pressure (up to 25 MPa) was released indicating that this sample has no permanent
reduction in permeability (pore collapse). Whereas, some permanent reduction in
permeability was observed for the tested sandstone when the applied load (10.5
MPa) was released. If any rock sample is loaded above its yield strength, a
permanent reduction in permeability will be the result due to pore collapse. It must
be kept in mind that the loss of permeability due to pore collapse may not be
restored by acidizing, fracturing or other well stimulation techniques [12]. The
correlation data presented in Table 1 was used to predict the decrease in the
hypothetical reservoir productivity due to pore fluid pressure drop. Two models
where used in this analysis, the first is based on pore pressure (or overburden
stress) independent permeability (Eq. 2) and the second is the pore pressure (or
overburden stress) dependent permeability (Eq. 3) [1]. The results are plotted in
Figs 18 and 19. It can be secen from these two figures that, when the reservoir pore
fluid pressure is decreased, the productivity of the reservoir is also decreased for
both rocks. Thus the assumption of pore pressure independent permeability will
yield overestimated production rates.
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Colored photograph: - (Orange color: matrix Red color:  pores)
Black & White version: (White color:  matrix Black color: pores)

Fig. 10. Pore structure of the tested limestone in its natural state magnified 40
times.

Colored photograph: (White color: grains Bronze color: pores)
Black & White version: (White color: grains Black color:  pores)

Fig. 11. Pore structure of the tested sandstone in its natural state magnified 40
times
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Colored photograph: (Orange color: matrix Red color:  pores)
Black & White version: (White color:  matrix Black color: pores)

Fig. 12. Pore structure of the tested limestone after loading at 65% of the
uniaxial compressive strength value magnified 40 times.

Colored photograph: (White color: grains Bronze color: pores)
Black & White version: (White color: grains Black color:  pores)

Fig. 13. Pore structure of the tested sandstone after loading at 65% of the
uniaxial compressive strength value magnified 40 times.
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Table 1 Reservoir properties and pore pressure-permeability correlation data.

Sample a a a a3 a4 -
Limestone | -0.26407 | 6.7737e-2 | -5.0858¢-3 | 1.6511e4 | -1.8588e-6 1.0
Sandstone | 0.58808 | -14274e-3 | 1.2228e-3 | -1.0962¢4 | 4.0210e-6 1.0

Reservoir properties
ry/rz = 1000 ft. Mo =1.18cp
h=136ft initial pore pressure (pp) = 25 MPa (1 MPa = 145
psi)
0.10
y = - 0.26407 + 6.7737e-2x - 5.0858e-3x"2
+ 1.6511e-4x"3 - 1.8588e-6x"4
R”2 =1.000

. 0.097
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Fig. 16. Relationship between the change in pore pressure and absolute
permeability for the tested limestone.
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Fig. 17. Relationship between the change in pore pressure and absolute
permeability for the tested sandstone.
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Fig. 18. Effect of pore pressure drop on the productivity of the tested
limestone.
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Fig. 19. Effect of pore pressure drop on the productivity of the tested
sandstone.

5. CONCLUSIONS

1. The degree of reduction in rock permeability due to pore pressure drop (or
effective overburden stress increase) is function of the rock initial porosity and
permeability.

2. Calculations based on the elaborated model (Eq. 6) showed that the
permeability reduction due to pore pressure drop significantly affect the
productivity of the examined formations.

3. After the application of confining pressure up to 10.5 MPa, permanent
reduction in permeability was observed for the tested sandstone, whereas no
permanent reduction in the permeability was observed for the tested carbonate
rock at a maximum confining pressure of 25 MPa.

4. Correct productivity estimation cannot be obtained until the permeability is
expressed as a function of effective overburden pressure (i.c. the difference
betwéen the overburden pressure and the reservoir pore fluid pressure).
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Accurate permeability-effective stress relationship can be determined using a
triaxial compression equipment capable to generate independent pore pressure,
and axial and radial stresses.
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