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ABSTRACT: A clear understanding of rock stress and its effect on permeability is
important in a coupled simulation where fluid production causes a significant increase in the
effective stress within a reservoir. Changing the in-situ rock stress state can alter the reservoir
properties. As a result, porosity and permeability could be affected due to the rearrangement
of rock particles and the redistribution of sensitive pore structures.

It is known that permeability is more sensitive to stress changes than porosity.
Permeability reduction can range between 10% and 30% as reported in previous publications,
this is within the elastic range of the material under investigation. Once the material reaches its
yield strength a dramatic increase in permeability can then occur or further reduction
depending on the mode of failure of the rock type in question. This study reports on
permeability reduction under increasing stress (within the elastic range) for a number of rock
types, the samples tested are from the Cooper Basin of South Australia; the standard Berea
Sandstone is included for validation purposes. The results are used within a newly developed
finite element coupled code in order to estimate permeability sensitivity to stress changes for
predicting compaction and subsidence effects for a cylindrical wellbore model.

Furthermore, understanding rock mass stress away from the borehole is a major obstacle in
the exploration and development of hydrocarbons. It is standard practice in the petroleum
industry to use drilling data to determine the orientation and estimate the magnitudes of
principal stresses at depth. However, field observations indicate that the orientation of the
principal stresses is often locally perturbed by and around discontinuities, such as faults or
formation boundaries (Kattenhorn et al., 2000; Maerten et al., 2002). Numerical stress methods
have been successfully employed to model the effect of displacing faults on the surrounding
rock mass. 3D distinct element code has been used to show how displacing faults generate
stress variation in 3D about a fault plane (Camac et al., 2004), verified with field observations.
In this work consideration is made of this variability and its effect on wellbore subsidence and
compaction models. A series of models were run which incorporate the stress variability
expected around an example fault under normal stress field conditions. The models show that
the initial stress state conditions associated with a fault give rise to a variation in the stress path
during reservoir production and resultant permeability changes are measured. The extent of the
influence of lateral changes around large-scale structural features is thereby assessed and the
work demonstrates the importance of incorporating this initial stress variability for production
purposes.

1.INTRODUCTION

Understanding stress sensitive permeability has been of wide interest to the petroleum
engineering, geothermal energy and hydrogeological disciplines where coupled rock and fluid
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behavior are now being incorporated into reservoir simulations. Of particular importance to the
petroleum industry is the ability to accurately model and subsequently predict rock and fluid
behavior during hydrocarbon production, which can lead to the accurate prediction of reservoir
compaction and near surface subsidence problems. Previously Ta & Hunt (2005) presented a
finite element model for evaluating compaction and subsidence for a radial well bore model.
This work aims to address the issue of stress sensitive permeability and incorporate this effect
as well as influence of stress perturbation due to a discontinuity

2.SENSITIVITY OF PERMEABILITY TO STRESS PERTURBATION AND
INFLUENCE OF A DISCONTINUITY ON PERMEABILITY

In the past, several authors have used a variety of laboratory based testing procedures to
measure permeability under in situ stress conditions. Some of the earliest work relating to
sensitivity of permeability due to stress variation was presented analytically in which
permeability measurements were conducted for gas well testing (Vairogs et al., 1971). Skin
values for the gas well tests were found to vary as permeability decreased during production,
resulting from the enhanced permeability reduction near the wellbore, the inclusion of stress
sensitive permeability effects altered the welltest analysis significantly. Most authors reached
the conclusion that permeability is reduced from 10% to 30% when confining stress was
increased in a range of 1000psi to 8000psi (Holt, 1990; Warpinski & Teufel, 1992). Further
results showed that the reduction of permeability in low permeability core is greater than
reduction of permeability in high permeability core (Vairogs & Rhoades, 1973), implying that
only certain rock types demonstrate significant stress sensitive permeability. Consequently,
reduction of permeability is dependent on lithology (John et al., 1998) which varies for each
specific oil field. Some work has been done in characterizing stress sensitivity of various rock
types, but no absolute method has been found to determine where a cut-off occurs. Certainly it
is generally considered important to incorporate stress sensitive permeability for tight gas
reservoirs where the permeability value is dominant factor for investigating the behaviors of
fluid flow. A thorough review of hydro-mechanical testing procedures was carried out by
Heiland (2003) where three laboratory procedures are described. In most cases decrease in
permeability occurred with increasing stress. One exception to this where dilatancy leading to
brittle failure occurs under triaxial conditions in which high shear stresses are acting only then
can increased stress give rise to increased permeability.

The influence of temperature on permeability was also incorporated in searching the
reduction of permeability in reservoir by Gobran et al (1987). This research investigated
absolute permeability as a function of confining pressure, pore pressure and temperature
reaching the conclusion, that permeability was independent of temperature, but was a linear
function of confining pressure.

Jelmert et al (2000) investigated correlations between permeability and effective stress,
reviewing power-law relationships and stating that straight-line correlations were inappropriate
as opposed to polynomial fits to averaged core data. Warpinski & Teufel (1992) had
previously fitted polynomial equations to experimental results. The reduction of permeability
with effective stress increase is discussed further and mathematical relationships are
summarised by Nathenson (1999).

A number of field studies relating to compaction and subsidence in the North Sea have
also shown that permeability changes during production significantly influenced the stress path
of the reservoir (Economides et al., 1994; Rhett & Teufel, 1992). Consequently, there is no
doubt that the constant permeability values assumed in conventional reservoir simulation may
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result in considerable errors. Ambastha & Meng (1996) presented alternative one-two
parameter models to calculate a permeability modulus that can be applied to produce a more
accurate transient analysis in conventional fluid equations. Although these models look
promising, the authors did not discuss the correlation between the reduction of well pressure
and effective stress resulting in reduction of permeability. The investigation of the influence of
the stress path under varying reservoir conditions was discussed by Mashiur & Teufel (1996).
Importantly the results presented, demonstrated that sensitivity of permeability due to stress
perturbation was not only dependent on effective stress but also on the size, geometry and
other reservoir properties (i.e. reservoir boundary conditions). These experimental results on
stress sensitivity demonstrated that the maximum permeability direction is parallel to the
maximum principal stress and the magnitude of permeability anisotropy increases for lower
stress paths. To deal numerically with the stress sensitive permeability problem, Mashiur &
Teufel also used the finite element method that is more rigorous in solving the stress and fluid
flow equations simultaneously. It is certain that permeability is a function of effective stress.
In turn, production conditions will directly influence the reservoir condition where effective
stress is one of the most important properties. In a detailed break-down of the numerical
modeling methodology for permeability variation within a producing reservoir, Osorio et al.
(1997) showed that the most sensitive stress permeability happens near the wellbore and
within the production zone and decreases far from wellbore where the change of the local
effective stress in this area is insignificant. Osorio et al. also incorporated the stress-
permeability relationship into his model by incorporating generic relationships for shear
modulus, bulk compressibility, and permeability against effective stress.
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Fig. 1. Stratigraphy summary of Eromanga Basin (Boreham & Hill, 1998)
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To investigate the influence of increasing effective stress and a discontinuity to stress
perturbation on permeability, the Eromanga-Cooper Basins were used as case example (Fig.
1). These fields are located in central and eastern Australia. The saucer-shaped Eromanga
Basin extends over one million square kilometers in Queensland, New South Wales, South
Australia, and the southeast of the Northern Territory. The Eromanga-Cooper Basins is
overlain by the Lake Eyre Basin, a succession of Tertiary and Quaternary age sediments
occurring extensively throughout central Australia. These sediments are gently folded in some
areas and contain a succession of extensive sandstone formations that serve as oil reservoirs
and regional aquifers. The majority of oil producing reservoirs in the Eromanga-Cooper Basins
is classified as ‘water drive’ reservoirs. Oil pools are usually found in formations that also
contain considerable quantities of water. As a result of the differing physical properties of oil
and water, over time the oil tends to ‘float’ to the surface and sit above the water. These
formations usually exist under pressure so when they are accessed by drilling a borehole the
oil will flow to the surface. Theoretically, fault system usually is consistently parallel Spmax
orientation (Fig. 2). However, field observed data in Eromanga-Cooper Basin showed that the
degree to which the stress field is perturbed relates to the contrast in geomechanical properties
at the interface (Camac et al., 2004; Reynolds et al., 2005). Stress perturbations also occur as a
result of slip on preexisting faults in rocks with homogenous elastic properties. In this
situation, the stress perturbations are greatest at the tips of the discontinuity and can vary as a
result of factors such as the differential stress magnitude, fault models, the friction coefficient
on the discontinuity and the strike of the discontinuity relative to the far-field stress.

Fig. 2. Stress perturbation around the tip of fracture

It is also noted that when fluid is withdrawn from the reservoir, the in-situ stress will be
changed. In turn, due to stress perturbation at the discontinuity, a change in the hydrocarbon
production will occur. This situation should be considered seriously at the point that stress
changes associated with depletion are complicated in compaction reservoir under pore pressure
point of view (Ta & Hunt, 2005). In considering the influence of a discontinuity, the minimum
stress-depletion response in the region of active normal faulting may be expressed (Addis et
al., 1996) as following

oo, =0P, (1 - V(Kp + 1))
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863=0P,(2sin¢/(1+sin¢))
This equation is suitably applied for the Eromanga-Cooper Basins because the minimum
stress acts on the fault plane. According to Addis et al.’s theory, it means that v>(1-sing)/2.

Where: ¢-fault friction angle or angle of internal friction;c-principle stress; P,-pore
pressure and v-poison ratio.

3.TEST EQUIPMENT AND EXPERIMENTAL DESIGN

The experiments to determine the stress sensitive reservoir properties were performed
using a LP401 permeameter and helium porosimeter for measurement of porosity and
permeability. Overburden pressure was applied on the core surface covered around by the
sleeve in core holder. In this paper, the effective maximum stress is difference between the
external applied stress and average fluid pressure.

Only limited work was undertaken on the reservoir unit porosity—permeability trends in
the Eromanga-Cooper basins. The most significant observation is that there is no simple
relationship or adequate models for estimating the reservoir quality with depth in the Coope-
Eromanga basins (Table 1). Consequently, a simplified relationship was used in order to
demonstrate the stress permeability effect in this compaction study. A standard core sample
was tested to compare the laboratory relationship with the field relationship that is for
permeability and overburden pressure as shown in Figure 3. The absolute radial permeability
values ranged from about 0.2mD to 18mD and they decreased in virtually all samples as a
function of increasing effective overburden stress. Figure 3 shows a compilation of all
permeability data for the Eromanga Basin, normalised with respect to the first permeability
measurement at about 145psi effective vertical stress. The normalized permeability range
shows a maximum permeability reduction for the Namur, Hutton and Murta formations of
30%. In the other hand, the normalized permeability for the Poolowanna and Birkhead
formations decreased only 10%. This agrees with that observed in the laboratory literature
studies previously reviewed. The variation in the degree of change between differing
lithologies is attributed to variation in composition and microstructure between individual

samples from various formations.
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Fig. 3. Normalized permeability as a function of effective overburden stress for Eromanga Basin. Core 1
and core 2 are the Berea Sandstone used for comparative purpose.
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The trend of the data indicates a more or less linear decrease of permeability with
increasing effective overburden stress. For fitting a relationship to the overburden pressure, the
permeability and the empirical equation; a polynomial equation (Jelmert et al., 2000; Morton,
1989) can be applied for estimating the overburden permeability for the Cooper Basin (Table

1).
Table 1. Porosity and permeability at ambient conditions (AC)
and overburden condition (OC) in the Cooper Basin
Formation | Depth (m) | Press (psi) | Porosity | Perm (md) | Press (psi) | Porosity Perm
AC (%) AC oC (%) (md)
AC ocC oC

Cuddapan 2663 1000 9.2 1.58 3861.35 8.74 1.054
Tinchoo 2497 1000 11.9 26.1 3620.65 11.305 18.459
Wimma 2157 1000 10 0.926 3127.65 9.5 0.471
Paning 2173 1000 11.6 1.98 3150.85 11.02 1.328
Callamurra 2465 1000 9.7 0.62 3574.25 9.215 0.252
Toolachee 2180 1000 12.4 3.363 3161 11.78 2.280
Daralingie 2424 1000 9.7 0.397 3514.8 9.215 0.125
Epsilon 2409 1000 9.1 0.68 3493.05 8.645 0.291
Patchawarra 2463 1000 10.5 0.933 3571.35 9.975 0.476
Tirrawarra 2643 1000 11.1 1.59 3832.35 10.545 1.061
Merrimelia 2990 1000 7.7 0.109 4335.5 7.315 0.017

4.SUBSIDENCE PREDICTION

This study then analyses the impact of assigning different initial permeability to a coupled
wellbore production model. Table 2 shows the values selected for a reservoir simulated using
the symmetric well model in the Eromanga-Cooper basins. The emphasis is to simulate the
effect permeability variation can have on subsidence and compaction estimates for the oil
reservoir within the radial model (Fig. 4).

Table 2.Material properties of reservoir in the simulation

Material properties Symbol Values Field unit

Initial porosity o; 0.15 -
Poison’s ratio v 0.25 -

Initial permeability k; 30 mD

Young modulus E 5.6 E6 psi

Fluid compressibility Cr 15.E-06 psi’!

Solid compressibility G 7.0E-06 psi”

Initial pressure P 5000 psi
Production zone N/A 1400-1800 ft
Well radius Iy 0.5 ft
External boundary R 7932 ft
Depth z 4798 ft
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Fig.4. Symmetric well model

The reservoir in this model is assumed to be thin related to the depth, the perforated zone
and a field scale example as shown in Figure 4. Oil production is simulated over a 200-day
period. In this model, the well of radius r,, is producing a single-phase fluid at a constant rate
g, from a saturated reservoir. The reservoir is assumed to be homogeneous and isotropic, with
a boundary being restrained from any radial displacement at the producing wellbore, but
allowing free displacement in the vertical direction. The study looks at the concept of
introducing a large structural feature which will laterally give rise to a perturbation in the local
stress field that will in turn influence the evolving reservoir permeability and final subsidence.
Due to boundary condition that is being restrained from any vertical and horizontal
displacement far from wellbore, the subsidence at the external boundary equals zero. This
effect could increase significantly in the area around the wellbore where pore pressure is at a
minimum. At a distance far from the wellbore, this influence will decrease and reach the initial
value. The coupled model analysis is written using the Matlab programming environment and
solves problems involving fluid flow through a saturated elastic porous medium under
transient condition. Mechanical properties derived directly from core data were averaged for
the purposes of the reservoir simulation.
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Fig.5. Subsidence variation between conventional permeability (permeability fixed throughout model
run) and stress sensitive permeability (permeability permitted to vary throughout model run) models
after 200 days of production (kI = 30md, ¢I = 0.15).

Trang 80



TAP CHi PHAT TRIEN KH&CN, TAP 11, SO 11- 2008

Figure 5 shows subsidence of the reservoir during fluid production for the conventional
and the stress coupled permeability models with an initial porosity of 15%. The subsidence
varied between 0.9ft and 0.95ft for the models run over a 200-day period, respectively.
Consequently, it is evident that stress sensitive permeability has an increased effect on the
subsidence magnitude.

A simulation of reservoir depletion was also run for different stress sensitive models by
applying the same initial conditions for fluid production. Figure 6 presented below shows the
influence of a discontinuity on possible lateral subsidence variation resulting in three models
with different initial stress perturbation at the boundary such as faults or fracture. This is done
in order to assess sensitivity for a stress sensitive reservoir to possible variation in stress
caused by heterogeneity. It can be seen that the subsidence varies significantly from nearly
0.91ft to 0.95 ft over a 200-day simulation run. The results suggest that an increase in stress
due to a large feature could lead to a significant variability in the coupled model runs.
Moreover, because the deformation increased in the near wellbore region, rock properties are
expected to change inelastically. Consequently, petrophysical parameters including
permeability and porosity behaviors will be further complicated. So, detailed more qualitative
calculation investigations are required in future within this plastic regime.
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Fig. 6. Influence of large structure on subsidence, Ac3 is the variation in the predicted applied
horizontal stress possible around a discontinuity such as a fault (applied in the stress sensitive
permeability models after 200days with kI=30md, ¢I=0.15).

5.CONCLUSION

The relationship between the permeability and the stress state as caused by depth and
lateral changes incurred around large structural features such as discontinuities have been
reviewed and studied. Particularly, it can be concluded that the permeability in the deforming
reservoir is stress dependent and this influence is expected to be more significant in the near
wellbore region, as the effective stress is largest during production and well-testing studies.
However, in most calculations used by commercial software the permeability is applied as a
constant.

The selections of fault models, fault friction, friction internal angle and Poisson’s ratio are

very important to assess the influence of discontinuity on the reservoir compaction and
subsidence because it can cause a significantly change in the stress regime.
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The permeability in Eromanga—Cooper Basins in this study decreased by 5% to 10% of the
initial permeability with every 1000psi decrease of the reservoir fluid pressure. Most
experimental results are in agreement with the literature data of compaction/permeability
experiments (David & Crawford, 1998) but disagree with the data of Rhett & Teufel (1992),
who showed that permeability can be increased during the uniaxial compaction of reservoir
sandstone. The observation of increasing permeability is only matched when sample two of the
Berea Sandstone core is at failure and generates more fissures.

Potential subsidence in the Eromanga-Cooper Basins is considered in this work and is an
issue of theoretical future research.
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NGHIEN CU'U SU BIEN THIEN TRUONG UNG SUAT XUNG QUANH CAC
CAU TRUC PIA CHAT VA TAC PONG CUA THAY POI TRUONG UNG
SUAT TOI PQ THAM TRONG MO PHONG TiCH HQP

Ta Quéc Diing”, Suzanne Hunt®
(1) Truong Bai hoc Bach khoa, PHQG-HCM
(2) Truong Dau khi Australia

TOM TAT: Truong vmg sudt cia via va sw thay doi vmg sudt tai ché do khai thdc dau
khi ¢6 thé lam thay d6i tinh chdt via nhw do tham va d rong do cé sw phdn bé lai cau tric 16
r(;ng Cac nghién ciru trudc day da chi ra su thay doi cuia d¢ tham nhay hon so véi sw thay doi
do rong khi img sudt hitu hi¢u tang lén. Nghién ciru cua cdc tac gia da chi ra qui ludt thay doi
dé tham trén nhiéu mau tir bon triing Cooper, Uc va mau chudn cat két Berea. Két qua thi
nghiém duwoc sir dung lam dir liéu ddu vao trong mé hinh phan tir hitu han dé dy bdo sut hin va
co két tai bon triing Cooper. M6 hinh tinh todn ciing chi ra rang trang thai ing sudt ban dau
cia via két hop véi cdc mé hinh dirt gdy sé dan dén thay doi trang thdi img sudt (stress path)
va két qua la @ tham ciia via thay déi khi khai thac dau khi.

Tir khéa: P tham, truong iing sudt, dirt gdy.
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