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Permeability simulation in an elastic deformable sandstone under stress changes
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Fluid flow and rock mechanics become coupled in various important phenomena in Geosciences. In order to study this coupling, laboratory
work has been carried out in triaxial cells along the years for various rock and fluid types at different confinement stress and pore pressure
conditions. In a similar way, poromechanic models have been developed to simulate them, in which constitutive porosity and permeability
correlation models in terms of strain, stress and fluid pressure have to be provided. However, to date, the applicability of the available
correlation models to describe this phenomenon in different types of rock remains to be analyzed. In this work, a single-phase poroelastic
model is applied to simulate a published geomechanical test performed in sandstones to examine the capacity of commonly used constitutiv
porosity and permeability correlations to describe the behavior of a homogeneous poroelastic medium. After discussing the results, we
concluded that for this sandstone, the best permeability constitutive correlation model is Walder and Nur.
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El flujo de fluidos y la me@nica de rocas se encuentran acoplados en variésfamos importantes en Geociencias. Con el fin de estudiar

este acoplamiento, a lo largo de Id®a se han realizado trabajos de laboratorio en celdas triaxiales para diversos tipos de rocas y fluidos
sometidos a diferentes esfuerzos de confinamiento y presiones de poro. Asimismen tsertian desarrollado modelos poroamecos para

simular dichas pruebas, para lo cual se requiere proporcionar correlaciones de la porosidad y permeal#iidadosnde deformagn,

esfuerzos y preén de poro. Sin embargo, hasta la fecha, teal#aita analizar la aplicabilidad de los modelos de corrétadisponibles

para describir este fémeno en distintos tipos de roca. En este trabajo, se aplica un modelogsticremonaddisico para simular una

prueba geomeémica realizada en areniscas y tomada de la literatura, a fin de examinar la capacidad de las correlaciones constitutivas de
permeabilidad y porosidad cammente utilizadas para describir el comportamiento de un medio pstiwel homogneo. Despes de

discutir los resultados, se concluye que el mejor modelo de coialaonstitutiva de permeabilidad para esta arenisca es Walder y Nur.

Descriptores: Poroelasticidad; esfuerzo; permeabilidad; simdaci

PACS: 91.60.Ba; 47.56.+r; 91.60.Np 07.05.Tp

1. Introduction relations depend of the pore structure of the rock. In the case
of sandstones, diverse empirical and theoretical correlations
Fluid flow and rock mechanics become coupled in diverséhave been proposed [6-11], but an analysis of the applicabil-
important phenomena in Geosciences, such as undergrouityl is not available in the literature. In this work, we employ a
water extraction, ground subsidence, CiBjection and de- monophasic poroelastic model together with experimental re-
pressurization of oil or geothermal reservoirs due to hydrosults obtained from Jones and Smart [2] to study the capacity
carbon or water steam exploitation. This non-linear couplingof diverse porosity and permeability constitutive correlations
impacts the flow capacity of the porous medium due to stresgo describe experimental results. The paper is organized as
induced changes in the porous void structure, what becomdsllows. In Sec. 2 the mathematical an numerical model as
manifest by an alteration of the rock permeability. An illus- well as its validation are presented. In Sec. 3 a description
trative simulation has shown, that the impact of non includ-of diverse porosity and permeability constitutive correlations
ing this coupling in hydrocarbon recovery, is that an over-for grain structured porous media are presented. Further, in
estimation of about 10% of the total oil recovery in a reser-Sec. 4 an application of the model to the Jones and Smart
voir can appear [1]. In order to study the flow-stress cou-experiment is shown, in which diverse constitutive relation-
pling phenomenon, laboratory work in triaxial cells has beerships are employed, analyzed and discussed. Final remarks
worldwide performed along the time using cores of diverseand conclusions are presented in Sec. 5.
rock types and structures, various fluids and diverse confin-
ing stresses and pore pressures [2-5]. It has been found that
permeability changes result from a competitions between tw@.  Single phase flow poroelastic model
mechanisms, (i) rock structure compaction that increases tor-
tuosity and causes a decrease in permeability, and (ii) dilataFhis model describes a single phase flow of a slightly com-
tion of voids, what increases pore volume and increments pepressible fluid in a porous medium with linear elastic defor-
meability [2]. In modeling this coupling, some constitutive mation. The medium deformation is described by a quasi-
corelationships between porosity and permeability in termsteady-state moment equilibrium equation. The influence of
of stress depending properties should be provided. This cothe fluid is explained through the concept of effective stress
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due to [12-14]. The total stress acting on a porous mediun2.2. Initial and boundary value problem
is partially supported by the solid matrix and partially sup-
ported by the saturating fluid. The effective stress represen
the part of the total stress that is supported by the solid matri
and can be determined as a function of deformation.

The model considers an isothermal system composed b N N
two phases, one fluid and one solid, each consisting of a Initial conditions
single component. The solid phase is a deformable porous

Phe poroelasticity problem consists of Egs. (1) and (3), and
the unknowns are the pore pressuyiegnd the displacement
u). The initial and boundary conditions are:

medium fully saturated by the ﬂuid.. The ﬂuid_ is Nevvt_onian p(x,to) = pi(x), Yz eQ, t=t (5)
and follows Darcy’s law. Both, fluid and solid are slightly
compressible. The solid phase is at rest, only displacements u(z,to) = ui(x), Ve, t=to (6)

caused by mechanical stresses are present. Also, the solid
has a linear elastic behavior and satisfies a Hooke’s law f%herep-
1

) o _ X ; andw,; are initial values for pore pressure and dis-
its constitutive stress-strain relationship.

placement, respectively.

2.1. Mathematical formulation Boundary conditions

The poroelasticity equation system consist of a momentum

and a mass balance equation derived by [12-14]. Here the u(@,t) = up(@,t), Ve edpl, t>to @

model formulation follows Showalter notation [15]. orp(z,t) -n="Ty(x,t), VYrediQ, t>t (8)
The monophasic flow model in a deformable linear elas-

tic porous medium is formulated as follows [14,16]: p(x,t) = po(x,t), Ve cdpQ, t>to 9)

)
o k q(z,t) -n=gqy(z,t) - n, VeedQ, t>t, (10)
—(cop+apV-u)—V-| — -Vp+pgVz ) =hy, (1) N

ot [f

whereuy, Ty, ps andq, are the displacements, tractions,
pressure and fluid flow at the boundary, respectively. Here,
) is a bounded domain with boundad{? formed by two
parts, one with Dirichlet condition8,2 and another with

Neumann condition®y 2, whered2 = 9pQ U dnQ and

wherec is the storage coefficien,is the fluid pressure, also
known as pore pressureg is the Biot-Willis coefficient [17]
(0 < ap < 1), uisthe displacement vectdr,is the absolute
permeability tensor; is the fluid viscosity,o¢ is the fluid
density,g is the gravity aceleration is the elevation and s

is the fluid source term. IpQNINQ = 0.
The storage coefficient is defined as The fluid flow is expressed by the Darcy’s law
co = (ap — ¢)cs + dey (2) K
=——-(V \Y 11
whereg is the porosityc, is the solid grain compressibility d Ly (Vp+prgVz) (11)

andc;y is de fluid compressibility.
The quasi-stationary momentum balance equation for hereq is the Darcy velocity.
porous medium saturated with a fluid is

-V (0. —appl) = p.gVz, 3)
whereo = o, — appl is the total stress tensor and is 2.3. Numer.ical discretization and computational imple-
the effective stress tensor. Whje is an effective or average mentation

density defined agp s + (1 — ¢)ps, beingp, the rock density.

In particular, the effective stress tensor according toAll equations are discretized using a standard finite element
Hooke’s law for the linear homogenous and isotropic casenethod in space, and the Euler's backward finite difference
can be expressed as method for discretization in time, what gives place to a

9 full implicit scheme. The finite element method is applied
oe=(A+G)V (V- u) + GV u. @ with guadratic Lagrange elements in an unstructured triangu-
where@ and) are the Larg constants. Iar/tetrahedral mesh in 2D/3D. T_he resulting linear algebraic

Note that porosity and absolute permeability tensor carsyStem is solved using the LU direct method UMFPACK for

be functions of the pore pressugs,(displacements), vol- non symmetric and sparse matrices. The Newton-Raphson
umetric strain£,)) or other quantities method is applied, since it is adequate for solving non linear
. .

Here, the solid mechanics sign convention is considered?"oPlems.
which means that compressive stresses are negative and ten- The numerical model is implemented in COMSOL
sile stresses are positive. Multiphysics® using the modul®DE, Coefficient Fornj18].
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2F
50 in \l’ \l' ‘l/ \l( \1’ \l' *ll \1’ v TABPLE I. Mandel’s problem data, taken fr\c/JrT Ref. [21]. _
roperty alue nit
N O O O O O O OZ O O Drained Young modulusKj) 4.49E8 Pa
O 3 . Undrained Poisson ratio{) 0.5 -
Drained Poisson ratia/) 0.0 -
2H i O‘)" B Biot’s coefficient (x) 1.0 -
Fluid compressibility ¢y) 4.0E-10 1/Pa
& Solid grain compressibilityd) 0.0 1/Pa
N ONONOIONONONONOXO) Fluid density p;) 1000 kg/md
Porosity ¢) 0.25 -
* i ,T\ /[\ 'T\ 1\ ’P 1\ 1\ ,T\ ) Absolute permeabilityX) 4.93E-14 m
L 2F - Fluid viscosity {1r) 1.0E-3 Pa.s
i ’| Pressure at = L (Pout) 0 Pa
X 2L Initial pressure o) 0 Pa
Load aty = H (W = F/L) 4.25E6 Pa

FIGURE 1. Mandel’s problem domain and boundaries.

2.4. Model validation:
problem

Mandel's soil consolidation

Our model has been validated through the classical Mandel's

06

e,
=05

ud
>

consolidation problem [19]. This problem is commonly used ﬁ 04
to evaluate the precision of numerical solutions when a cou- &
pling between flow and geomechanical models is present, £ 9-3
since an analytical solution of the problem is available [20]. _go 5
Mandel's problem consists in the consolidation of a &
porous medium in 2D fully saturated by a fluid, which is
placed between two impermeable rigid plates without fric-
tion, on which a compression forde is applied uniformly 0
(see Fig. 1). In the system the lateral boundaries are of zerc 0 01
stress, allowing free fluid flow out of the domdih Due to
the symmetry of this problem, modeling is done only in aFIGURE 2. Normalized pore pressure profilgs/{¥) along the di-
quarter of the domain, where all boundaries are non-flow extectionz/L aty/H = 0.5 for certain dimensionless times The
cept the right one (4) that is open to the flow at a constang@nalytical solution (solid line), the numerical solutions (dotted line)
pressure. The lower (1) and left (3) boundaries are restricte@® Shown.

horizontal and vertical movement, respectively, while a uni-

form load is applied on the upper boundary (2), and the righf'Jlnd 3, where the normalized pore pre_ssp;{éi() and the dis-
boundary (4) is stress free. placement'qﬁx/L)_proﬁlgs along .the direction/L aty/H =

Figure 1 shows the problem setting. The system domair?'5 for various 'dlmensmnless timés are showin. It can be .
is defined by — [0, L] x [0, H], whereL — 15 ft and seen that the discrepancy between the analytical and numeri-

H = 150 ft. The domain is discretized by a regular mesh ofCal SOIU.“O”S IS pretty Iow._ln_d«_aed, the relative approximation
error with respect to the infinite norm was estimated below
10 x 100 square elements. .
0.01in all cases.

0.1

Normaliz

02 03 04 05 06 07 08 09 1
Normalized distance, z/L

2.4.1. Problem data

3. Porosity and permeability models
The data used in the Mandel's problem are taken from [21]

and are displayed in Table I. When a fluid is extracted or injected in a porous forma-
tion certain inherent properties such as porosity and perme-
ability change. The factors that influence this change are
among others, applied stresses, rock mechanical properties,
The comparison of the numerical solution from COMSOL fluid characteristics, temperature, etc. In order to be able to
with respect to the analytical solution is displayed in Figs. 2 describe some of these changes, the equations in Sec. 2 must

2.4.2. Numerical versus analytical solutions

Supl. Rev. Mex.iB. 1 (2) 25-33
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0.005 3.2.  Permeability models

&y —,=0.02
~ —1,=0.08
30_004 -szgﬁg /‘ By consi.dering that a change_ jn the rock porosity induces a
e t,=1.06 | A change in the rock permeability, several authors have pro-
) —1,=1.69 S ol . .
;E) Z posed different correlation models between these two dy-
ot 0.003 A5 namic properties. In this work we applied four well known
2 - ‘ constitutive correlation models to analyze the permeability
5.0.002 behavior.
g | | T |
£ L e 3.2.1. Extended Kozeny-Carman correlation
o -
= . .

=57 02 03 04 05 06 07 08 09 1 The Kozeny-Carman correlathn model is one _o_f the most

Normalized distance, z/L widely accepted models that gives the permeability in terms

FIGURE 3. Displacement profiles.. /L along the direction:/L of porosity power laws as

aty/H = 0.5 for certain dimensionless times. The analytical 1 by a
solution (solid line) and the numerical solution (dotted line) are k= ko( — 550) ¢ (13)
1

displayed. 0 (1—¢)br’

be solved together with some additional constitutive correwherek is the rock permeabilityk, and¢, are the equilib-
lations, that provide porosity and permeability in term of rium permeability and porosity, respectively, attained prior to
quantities that characterize the mechanical state, such as lodBe stress change process of interest. Paramefeasd b,
stress, volumetric deformation or fluid pressure. A long thedepend on the porous material structure. The model has been
time several theoretical and empirical models has been prdheoretically derived by Carman [25] and Kozeny [26] by
posed [6, 8,9, 22]. It is very important to mention that theseconsidering a uniform bed of spheres. In these waiks- 3
constitutive correlations are not universal, they strongly deandb; = 2 were obtained. In other reports [27, 28] Chard-
pend on the type and structure of the rocks considered. Therébellas considered; = b; = B, whereB is a pore shape
fore some models will be more suited than others to describeoefficient that ranges between 2 and 5.

the behavior of a particular rock. In this work, the capacity

of the most co_mmonly used c_onstitutive correlat_ic_ms to ré-3 5 5 \walder and Nur correlation

produce experimental results is analyzed. Specifically, one

fundamental model for porosity will be employed and four rpq \yaider and Nur correlation model [29, 30] gives the per-
@fferent permeabmty qu.ells will be tested. Thesg_correla—meabimy in terms of a power law of porosity, as
tion models involve the initial values for permeability,]

and porosity ¢g) attained in equilibrium, just previous to the k b\

deformation process to be performed or described. It should T (¢> )

be noticed that these values are not necessarily the laboratory 0 0

values measured without any strebg @nd¢r). Further, it \yhereq, is known as porosity sensitive exponent. The model

should be also noticed that the permeability correlation mody 55 5 theoretical origin supported by empirical data fitting

els have one or two parameters that depend on the characterjgg 35]. Suggested that this exponent ranges from 1 to 25
tics of the porous structure, and in our work, they will be usets, common geological materials [31,32] givg = 11 for a

as free parameters to fit the experimental results. Afterwardgmestone. For Berea, Boise and Darley Dale sandstapes
the obtained fitting values are compared with data reporteg;ianges between 11.3 and 19.5 [33, 34].

for specific rock types. If the fitting value is far outside the

expected value, the model can be considered unappropriated
for this specific rock type. 3.2.3. Touhidi-Baghini correlation

(14)

3.1. Porosity model This correlation model was proposed by Touhidi-Baghini
based on theoretical considereations [27] and was adapted

The porosity correlation model used here was proposed byater by [28]. It gives the permeability in terms of the vol-
Mainguy and Longuemare [23] and it is described by Coussyimetric strain change as

in his book [24]. It provides the porosity in terms of pressure
and volumetric strain

¢ = ¢o + ap(ey — €w0) + cs(ap — ¢o)(p —po) (12)

wheregy, €,0 andpg are porosity, volumetric strain and pore whereas is a constant. Lét al.[27, 28] give for this constant
presure at equilibrium, respectively. a value of 5 in oil sands.

k= ko oxp [;‘;@U _ m)} , (15)
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3.2.4. David correlation at a constant output pressureloétm. Graphical results of

) ) stress versus strain and volumetric strain versus strain are dis-
This correlation model was proposed by [35] based on a pregjayed in Ref. 2, and in the linear range are shown in our
vious work [36] and on experimental work with different Figs. 7 and 8. At a strain lower than5 % the curves show
sandstone types. This model considers an exponential depeginear elastic behavior with a reported Young's modulus of
dence with stress and pore pressure. A similar expression i1 Gpa and a Poisson's ratio of 0.20. Also the resulting curve
as reality two similar cases from duplicated tests using equiva-

_ lent rock samples are shown) [2]. At small strain values they
k= hoexp{—as[(0:: —02z0) —ap@—po))l}  (16) oo linear reduction of permeability with increasing strain

whereo,. ando,.  are the vertical stress and the equilib- (see our Fig. 6). In this work the data from this linear region
rium vertical stress respectively, ang is a constant known &ré used to fit the constitutive correlation models from Sec. 3.

as pressure sensitivity coefficient. Daeidal. [10,35] exper- B _
imentally obtained that for some common sandstones (Boisé.2. Permeability models comparison

Fontainebleau, Berea, Adamswiller and Rothbach sand-

stones) this coefficient ranges from 0.0066 to 0.018 MPa In this Section the .mathema'tical and numerical model pre-
sented in Sec. 2 will be applied to the experiment described

o in the previous section using each one of the four permeabil-
4. Application ity correlation models from Sec. 3.

The porosity and permeability constitutive correlation mod-4 21 Simulation characteristics

els from previous Sec. 3, valid for a homogeneous poroelas-"""

tic medium, will be applied to describe the previously men-The problem is solved numerically by considering a 3D cylin-
tioned experiment by Jones and Smart [2]. This experimengrical domainQ = [0, R] x [0, H], with R = 19 mm and
was performed in a Hoek triaxial cell using a sandstone corg; _ 7 mm, using Cartesian coordinates y, z, as dis-

subjected to a constant radial confining stress and an aXi"fylayed in Fig. 4, and implementing the computational model
load that increases uniformly in time until rock failure. Dur- gescribed in Sec. 2.3.

ing the process a fluid is injected in the core to analyze the e problem domain is discretized by an unstructured
permeability reduction as function of the axial stress. AC-jesh of tetrahedral elements as shown in Fig. 5.

cordingly with the mathemical poroelastic model described ¢ experiment is modeled into two stages: (i) a first
in Sec. 2 only the elastic response region and monophasigage where the core is subjected to a uniform hydrostatic
fluid flow are examined in this work. Data obtained from the ¢yress 0. 000 psi load on boundary 1, and same value of
graphs displayed in Ref. 2 for differential stress and VOI“'confining stress on boundary 3 (see Fig. 4). The boundary 2

metric strain versus axial strain, and normalized permeabilin(upper) is kept fix (without displacement), and boundaries 1
versus axial strain are used to test the mentioned constitutive

correlations. Specifically, the free constantin each magdgl (

is used to fit the normalized permeability curve in the linear /T_\
zone. The capacity of each model to reproduce experimental 7w \J_z_/
data is analyzed. Specifically, the fitting of permeability, vol-

umetric strain and differential stress data as function of the
axial strain is examined.

4.1. Experiment description

I
I |
I |
I |
ol 1
The Jones and Smart experiment [2] was performed in a set H I I
of Locharbrigg sandstone cores of 38mm diameter and 76mm I | 3
lentgh, with22.2 £+ 0.6% porosity and62 + 82 mD perme- I I
ability. The rock is strongly water wett (Amott index 0.91) I I
and its compostion is 75% quartz, 15% feldelspar and 10% yI /?‘ I
cement, made of clay and hematite. Of our interest is one o s o P,
. . . - P 1 —
of the four reported monophasic experiments. In this exper- v ¥ R :‘i_|_> e
iment the core is subjected to a constant radial confinement _——"(o,o,m| X
stressg, = 21 MPa (actually3, 000 psi), and an axial stress, v

which initially is o0y = o9, and later increases linearly in time
at constant rate df.66E — 4 s~!, until the mechanical rock  Figure 4.Cylindrical system domain used in the simulation, with
failure. During the process, a 5% NaCl-brine is injected atradiusk and height and boundaries designed as 1 for the bottom,
constant flow rate ofi00 ml/h (6.7 ml/min), and produced 2 for the top and 3 for the radial face.
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Axial strain, &, (%)

T T
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FIGURE 6. The change of permeability during axial compression.
Data error range i40.025. All correlation model curves overlap.

TABLE Il. Experimental data used in the simulation.
FIGURE 5. Mesh of 6,318 unstructured tetrahedral elements. P

Parameter Value Unit

2 and 3 are assumed impermeable. From this first stage the voung modulus ) 14.0 GPa
eqU|I|br.|um \{alueskol anq qb_o are obtained. (ii) A second Drained Poisson’s ratio/f) 0.20 i
stage, in which a brine is injected through boundary 2 ata _ fhici
constant flow rate, and produced through boundary 1 at con- BI0ts coefficient @B)_ - 0.79 -
stant output pressure. Boundary 3 is impermeable to the flow. Solid grain compressibilityc) 2.7E-11 1/Pa
The axial stress on boundary 1 increases uniformly in time.  Fluid compressibility {;) 4.0E-10 1/Pa

The data employed in the simulation were taken from  Solid density p.) 2000 kg/m
Ref. 2 apd are shown in Table II. The rock compressipility Fluid density f;) 1000 kg/n?
cs, the Biot's constaniv g and other fluid and rock properties .
) . ) : ) s Rock porosity ) 0.222 -
involved in the simulation are unknown for this specific case, -
but they were taken from typical or similar cases. Rock permeability £ ) 362.0 mD

The procedure to determine the constant&volved in Fluid viscosity (i) 1.0E-3 Pas
the constitutive correlation models considers a manual fitting Production pressure{..) 0.0 Pa
of the experimental normalized permeability data, by a re- |njtial pressure o) 0.0 Pa
cursive systematic application of the numerical model. The ~, . flow injection rate;..) 400 mih
experimental data are those from the upper curve of the nor- Initial st " 3000 .
malized permeability versus strain plot in Ref. 2. Once the nitial stress o) psi

Axial load increase rate 6.66E-4 s71

permeability is fitted, the obtained free parametevalue is
compared against the corresponding value reported in the Ii}-

erature for equivalent sandstone rocks, and the accuracy arman model case (iii), 2.84E-3 for Walder and Nur model

the correlation models to reproduce the experimental stress car 2 ¢ . Touhidi-Baghini model, and 1.18E-3 for David
versus axial strain and volumetric strain versus axial strairy, ., 1 del Accordingly to the A,ppendb.< all correlation

curves is analyzed. models can fit equally well the data since we are in the linear
stress-strain and permeability-strain working region. Thus,
the RMS value can not be used to evaluate the capacity of the
models to reproduce the data.

The resulting fitted value for the free parameters are:

r Kozeny-Carman model case (ii), 1.92E-2 for Kozeny-

4.2.2. Permeability-axial strain dependence

After application of the previously mentioned permeability
fitting procedure, the results obtained for each one of the cor-
relation models are displayed in Fig. 6. The data are dis-
played as black dotes, and estimated experimental error lines
corresponding to an average valuetf.05 are shown. They
show a good match for all the correlation models (they all
overlap). Three fitting cases of the Kozeny-Carman model
are analyzed, as will be described below. The total RMS
value is: 1.42E-3 for Kozeny-Carman model case (i), 1.94E-2

e The Kozeny-Carman correlation model was tested with
three cases: (i) The situation in whiéh = 2 was es-
tablished and:; was optimized to reproduce the per-
meability data, it resulted; = 14.0. The theoretical
model predictsi; = 3. (ii) A second situation is by
settinga; = 3 and leth; to be determined by optimiza-
tion. It follows b, = 41.45, when the expected value is
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2. (iii) The third situation is establishing = a; = B,
and fitsB. It yields B = 11.41. According with the
findings [27,28] a valued aB between 2 and 5 was ex-
pected. Not an unique solution is available when bot
parameters; andb; are simultaneously optimized.

The optimization of the Walder and Nur correlation
model yieldsas 14.5. This value falls inside the
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4.2.3. Axial stress-axial strain dependence

A plot of the axial stress as function of axial strain is provided

Hn Fig. 7. All models describe a straight line and overlap each
other. No better or worse correlation models appear from the
fitting.

4.2.4. \Volumetric strain-axial strain dependence

range expected for sandstones, between 11.3 and 19.5.

The parameter fitting in the Touhidi-Baghini model
yields as
is 5.

The optimization of the David et al. model gives
as = 0.0022 MPa . The expected value is between
0.0066 and 0.018 MPa. The value obtained is below
the expected range.

® Experimental data
Data error bounds
Kozeny-Carman (i)
Kozeny-Carman (ii)
Kozeny-Carman (iii)
Walder and Nur
Touhidi-Baghini
David et al.

50 1

40 1

30

204

Axial stress, o, (MPa)

10 A

0.25

0.30

0.00 0.35

0.05 0.10 0.15 0.20

Axial strain, &, (%)

FIGURE 7. Axial stress vs. axial strain. Data error ranget$.3
MPa. Note that all fitted correlation model give a straight line and
overlap each other.

Experimental data
Data error bounds
Kozeny-Carman (i)
Kozeny-Carman (ii)
Kozeny-Carman (iii
Walder and Nur
Touhidi-Baghini
David et al.
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FIGURE 8. Volumetric strain vs. axial strain. Data error range is
+2.8. All curves models describe a straight line and overlap each
other.

The simulation results of the volumetric strain as function of
axial strain is provided in Fig. 8. Again, all models describe

11.7. The expected value for sandstonesa straight line and overlap each other.

5. Final remarks and conclusions

The normalized permeability versus axial strain experimen-
tal data fitting yields equal results for the four permeability
correlation models. This could be expected since we are
analyzing the linear elastic region, as discussed in the Ap-
pendix. Thus, the RMS error values can not be used to de-
termine which model results better. Also, the experimental
axial stress versus axial strain, and volumetric strain versus
axial strain data are equally well fitted by all four correla-
tion models. The way that models can be discriminated is
by comparing the obtained free parameter value against the
expected value obtained by other authors from experimen-
tal studies in sandstones. Here, we found that the Walder
and Nur correlation model provides the best description of
the Jones and Smart’s experiment on the Locharbriggs sand-
stone. It has to be mentioned that the correlation models
are not universal, they are applicable to specific rock types
and structures. Thus, we expect that more clear applicability
differences will become apparent when working in the plas-
tic non-linear stress-strain region, which is an area of future
work.

Appendix A.

In this Appendix an analysis of the correlation models used
in the work is presented. Specifically we explore their simi-
larities and differences by performing a linearization on their
volumetric strain and pore pressure dependence. This analy-
sis helps in understanding the result similarities from the four
permeability correlation models examined. The linearization
yields:

e Mainguy and Longuemare correlation, Eq. (12), can
be rewritten as a linear function éf X andAY

¢=¢o(1+AX +AY)

where A X (ap/do)(ey — €vo) and AY
(cs/ o) (as—d0)(p—po) are dimensionless quantities,
that presumably satisfh X <« 1 andAY « 1, and
Po0 = dR+ ABELO —i—CS(OéB — (Z)R)po is the equilibrium
porosity.

(A1)
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e Extended Kozeny - Carman correlation can be approx-
imated in terms oA X andAY as follows

k (a1 + bigo)
ko (1+bi¢o)

whereko = kr(1 — ¢r)" (do/dr)* (1 +bidy) is the
equilibrium permeability.

(AX +AY)  (A2)

e Walder and Nur correlation can be approximated in
terms of AX andAY as follows

k
7%1
o + as

whereko = kg (¢o/¢r)**.

(AX + AY) (A.3)

In the case of the experiment described in this work we
estimateA X and AY by using the data from Sec. 4.1 to-
gether withAe, = 0.03 and Ap = 120 MPa. It follows
AX = 0.11 and AY = 0.008. Thus, the linear expres-
sions obtained, Egs. (A.2) to (A.4), for the correlation mod-
els are good approximations of the full expression presented
in Sec. 3.

By analyzing the curves inside Fig. 6 we see that a linear
behavior of permeability along a wide range of the strain is
easily identified. Thus, it is to be noticed that all four cor-
relations models can be described by a straight line that de-
parts fromk/ky; = 1 and have a slope that depend on spe-
cific quantities, which involve a fitting parameter. Therefore,
any model can fit the linear permeability experimental data

« Touhidi - Baghini correlation can be approximated by as well as any other of the four models analyzed here.

(A.4)

whereko = krexp ((as/odr)evo)-
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