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Abstract — The main objective of this study is to find a relationship between permeability and porosity,
in the range 0 up to 50%, so that the permeability could be estimated only through geophysical
parameters. This relationship should be consistent with the statistically expected values in
sedimentary basins, and it should include the positive correlation between permeability and porosity
in consolidated media and the negative correlation in unconsolidated ones.

We have also developed another relationship between formation factor and permeability, considering
that the values of porosity and pore fluid resistivity are known from other sources different from
resistivity logs. — The method for determining these relationships has been to generate functions with
the expected geometry and to fit them to empirical data drawn from published papers. As a result we
obtained a new relationship between porosity and permeability, with cementation exponent as added
variable, and a new relationship for indirect estimation of permeability from the formation factor.
Given the formation factor dependence with clay content, we have also developed a theoretical
relationship to calculate the formation factor in a clayey media, assuming that clay content is known
from other logs. In this relationship, we have not taken into account the presence of non-conductive
liquid phases, such as oil.

Comparison of the results obtained from these expressions with data collected in the literature leads to
conclude that it is possible to determine the permeability of each layer in any zone from resistivity logs,
if both the clay content and the resistivity of the interstitial fluid are known.

Résumé — Estimation géophysique de la perméabilité dans les milieux sédimentaires avec des
porosités comprises entre 0 et 50 % — L’objectif principal de cette étude est de trouver une
relation entre la perméabilité et la porosité dans la gamme de 0 & 50 %, de sorte que la perméabilité
puisse étre estimée seulement par des paramétres géophysiques. Cette relation doit étre
statistiquement compatible avec les valeurs attendues dans les bassins sédimentaires, et inclure la
corrélation positive entre la perméabilité et la porosité dans les milieux consolidés et la corrélation
négative dans ceux non consolidés.

Nous avons également développé une autre relation entre le facteur de formation et la perméabilité, étant
donné que les valeurs de la porosité et de la résistivité du fluide des pores sont connues de diverses
sources autres que les diagraphies de résistivité. La méthode de détermination de ces relations a été
générée en fonction de la géométrie attendue, et ajustée aux données empiriques des documents
publiés. En conséquence, nous avons obtenu une nouvelle relation entre la porosité et la
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perméabilité, en utilisant I’exposant de cimentation comme une variable supplémentaire, et un nouveau
rapport a I’estimation indirecte de la perméabilité a partir du facteur de formation.

Compte tenu de la dépendance du facteur de formation avec la teneur en argile, nous avons également
mis au point une relation théorique pour calculer le facteur de formation a partir d’un support d’argile, en
supposant que la teneur en argile est connue a partir d’autre diagraphie. A cet égard, nous n’avons pas
tenu compte de la présence de phases liquides non conductrices, telles que I’huile.

La comparaison des résultats obtenus a partir de ces expressions avec des données collectées dans la
littérature améne a conclure qu’il est possible de déterminer la perméabilit¢ de chaque couche dans
une zone des diagraphies de résistivité, si a la fois la teneur en argile et la résistivité du liquide

interstitiel sont connues.

NOMENCLATURE

C Conductance

F Formation factor

fa Apparent formation factor

k Permeability (the ease of a fluid to flow through a
medium)

R Resistance

Sk Specific surface

Vsh Shale (or clay) content (fraction)

Veray  Clay volume

m Cementation exponent

dg, Average grain diameter

0] Intergranular porosity (the ratio of the pore vol-
ume to the total volume)

p Resistivity

0o Rock resistivity (in Archie’s first law)

PBR Rock resistivity without non conducting phases

oc Clay resistivity

Pcr Resistivity of the rock fraction filled with clay

ow Resistivity of the formation fluid

Pwr Resistivity of the rock fraction filled with fluid

PWRO Rock resistivity when oy — 0

a Conductivity

ow Fluid conductivity

OBR Rock conductivity without non conducting phases
OBRO Rock conductivity when gy — 0
INTRODUCTION

The permeability (k) of rocks is one of the most relevant
physical properties to characterization and management in
the petroleum and groundwater industries. The estimation
of permeability from well logs is of unquestionable interest
because they provide information of all layers traversed
by the borehole, in real environmental conditions at
borehole scale. Moreover, well logging is relatively quick

and inexpensive when compared to test tools such as
repeat-formation-tests or drill-stem-tests, especially if stan-
dard logs such as resistivity and gamma ray (also available
by logging-while-drilling or by using measurements-
while-drilling) are used. In fact, the current use of well
logging in the petroleum industry demonstrates its utility,
even taking into account the possible uncertainty of perme-
ability estimation. That interest is heightened by the com-
mercial transactions of exploitation rights, which are
largely based on information contained in well logs.

Obtaining an expression that establishes a unique k(@)
relationship for any sedimentary environment is, in general,
a difficult goal to achieve because there are many features
(structure and compaction, grain size, sorting, grain shape,
etc.) that affect this relationship. Moreover, it is a common
thought that this goal is not possible. This aim is especially
ambitious if it attempts to obtain an expression which is
valid in media with presence of cement and/or clay.

Studies to estimate the permeability value through poros-
ity have considered two different factors for sedimentary
environments: the internal geometric features, such as spe-
cific surface, hydraulic radius, tortuosity, grain shape or
packing and, on the other hand, the clay or shale content.

Over time, different techniques have been developed to
estimate permeability. These techniques began with the use
of granulometric data (when they were available) to which
the porosity values (@) were added, since those are easier
to obtain indirectly. In most works, the relationship for per-
meability estimation maintains an “effective” grain diameter,
either with similar expressions to Kozeny’s (Kozeny, 1927)
or with power functions of porosity (Morrow et al., 1969;
Bourbie and Zinszner, 1985; Revil and Cathles, 1999;
Bernabé et al., 2003).

Moreover, as the above procedures did not achieve a
widespread permeability estimation, other factors were
added, such as tortuosity or water saturation. New theories
were also developed, such as percolation, network statistics
and fractal models. However, as in the case of effective
diameter, the use of a set of empirical coefficients is required,
because they are approaches of a mean behaviour for the set
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of layers of the different formations in a specific area. Both
through the initial parameters, as well as through these other
factors, permeability-porosity relationships used different
coefficients for different areas, providing very different
results of permeability for the same porosity.

The last challenge to predict permeability is focused on 3D
imaging of the pore structure and reconstructing the diagenetic
evolution, but again these processes required the knowledge
of added factors such as the mineral growth not previously
known. We consider that it is possible to obtain a k() relation-
ship regardless the rock type and diagenetic history assuming
that they generate different geophysical responses.

Many of the developments cited for estimating permeabil-
ity approach the problem from the knowledge of a rather
long series of small-scale features. These processes made
the estimation increasingly complex, since the obtained rela-
tionships required the use of different parameters and more
specific experimental coefficients for each geological envi-
ronment. In this sense, we should note that many of these
factors are undefined for disturbed samples.

For this reason, the central aim of this communication was
the estimation of permeability from the most common geo-
physical parameters and by using the smallest possible num-
ber of them.

To achieve this purpose, since there was not a single A(Q)
for any sedimentary media, first we proceeded assuming that
the formation factor # (ratio between rock resistivity and
pore fluid resistivity) is the parameter which maintains a
more univocal relationship with the permeability.

Although in early works on permeability estimation, a
good correlation between k and # data could be appreciated
(Archie, 1942; Winsauer et al., 1952), this correlation was
not expressed in a relationship form. Many authors have sta-
ted that formation factor maintains a narrow correlation with
permeability (Schopper, 1966; Carothers, 1968; Sawyer
et al., 1971; Ogbe and Bassiouni, 1978; Paterson, 1983;
Wong et al., 1984; Purvance and Andricevic, 2000). These
correlations did not attain a widespread use for any consol-
idated formation, which is partly due to computation of the
formation factor focused on finding a single value for the
cementation exponent for all layers of a specific geological
formation. This paper also enhances this consideration, stat-
ing that the cementation exponent is not only different for
each formation, but also it should be obtained for each ana-
lyzed layer.

Another reason why a k(f') relationship was not further
developed is, in our opinion, because the employed forma-
tion factor was not independent on clay content. The defini-
tion of formation factor is not directly applicable in the
presence of clay because when other conductive elements
are present, the ratio between the resistivity of the rock
and the fluid does not have a constant value for different
fluid conductivities. For this reason, traditionally the forma-
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tion factor is determined by non-conventional core testing
(special core analysis) which, aside from scale consider-
ations, involves a very high cost.

For the previously mentioned reasons, we have developed
a new expression for £ that removes the influence of clay
presence within formations. We have used an electrical anal-
ogy similar to that employed by Waxman and Smits (1968),
although the methodology that we carry out differs from
their approach in critical aspects. The expressions we have
obtained required a theoretical development whose results
do not match exactly with the Waxman and Smits ones,
although show the same behaviour.

Regarding the appropriate formation factor, given that
depends on the resistivity of the formation fluid, in layers
partially filled with oil (considering that oil is not conduc-
tive) it should be necessary to include water saturation
(Sw) of pore fluid. We think that this inclusion should not
be a complex step following a similar method as Archie’s
second law, but given the length of this work we have not
considered this presence.

The next step of our methodology was to develop a k(")
relationship that fits to a wide-ranging bibliographic data set.
Just like in the measurements on samples, the new expres-
sion for ' requires the knowledge of interstitial fluid resistiv-
ities (pyr), which does not change the goal of this work since
the fluid resistivities could also be obtained from geophysi-
cal data, like for example spontaneous potential log. Ever
since the Schlumberger brothers and Leonardon (1934)
launched the spontaneous potential log, there have been
many researchers who have used this possibility (Mounce
and Rust, 1944; Doll, 1949; Wyllie, 1949; De Lima et al.,
2005; Salazar et al., 2008).

As a third step, in order to obtain a k(@) relationship, we
replaced F' given by Archie’s first law (Archie, 1942),
£ = 1/0", in the above k(F') relationship. For different
(k, ©) points, the relationship between them will be fixed
by the values of the cementation exponent.

Finally, to obtain the definitive coefficients of k(") and
k(Q) relationships, we took into account that the resulting
k(') must fit to the compiled (k, #') data, and simultaneously
the resulting A(@) must embrace the wide set of bibliographic
(k, Q) data. Given the diversity of the data used, we have not
focused our study on data that reach the greatest concordance
with our hypothesis, but on the average behaviour for the set.
This work does not intend to find exact laws, but to reach suf-
ficiently valid expressions, non-existent to date, so that future
researches may possibly be able to derive theoretical expres-
sions from the general equations of physics.

Therefore, our objectives were to determine relationships
between the formation factor and permeability, and between
porosity and permeability, for porosities from 0 to 50%,
including both consolidated and unconsolidated media, not
in a geological formation as a whole, but in each layer of
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any formation. We have tried to build these relationships so
that they reflect the more general behaviour of permeability-
porosity in nature, and that would lead the scientific commu-
nity to accept their reliability. Despite these main objectives,
we have considered that showing the complete geometry of
the permeability-porosity relationship for the full range of
sedimentary media is an achievement in itself.

1 BACKGROUND

Flow of a fluid through a porous medium is characterized by
the hydraulic conductivity, which considers the intrinsic per-
meability & of the medium and, on the other hand, the den-
sity, viscosity and temperature of the fluid. The most
complex parameter to determine is permeability, which has
been the subject of numerous studies, as much in hydrogeol-
ogy as in oil exploration.

1.1 Permeability Estimation from Porosity

Permeability estimation from geophysical techniques started
with the measurement of parameters related to formation
porosity. These parameters were mainly electrical resistivity,
scattering and absorption of Gamma-Rays (density log),
scattering and absorption of neutrons (neutron log), elastic
waves propagation speed (mono-frequency sonic log or sim-
ply sonic log), and lastly nuclear magnetic resonance; this
last parameter is the only one from which it is said to provide
direct information on permeability.

Regarding the relationships between the geometrical char-
acteristics and the permeability, although some authors devel-
oped earlier expressions for the permeability as a function of
grain size and porosity (Slichter, 1899; Uren, 1925), the most
accepted relationships are those established by Kozeny
(1927) and Carman (1937) shown in the following equations:

196 ¢°

BEATES e

kkc

Sr being the specific surface of grains. For spherical grains
Sk = 6/d,,, where d,, is the average grain diameter, so that
Equation (1a) takes the form of Equation (1b):

¢3
(1-¢)

This expression provides permeability values in units of sur-
face, which gives rise to the commonly used unit for perme-
ability (um” ~ 1 Darcy) in oil.

The generality of the Kozeny relationship (Eq. 1b) arises
from the fact that it is possible to consider different porosi-
ties and different effective surfaces for the pores of a medium

ke =5.45 - d, (1b)
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(different “effective” grain diameters). Despite its wide-
spread application, the influence of grain size in the Kozeny
equation does not consider the sorting as it was proposed by
Berg (1970), who used a percentile of granulometric devia-
tion, or van Baaren (1979), who included a sorting coeffi-
cient which varies between 0.7 and 1.0. The inclusion of
sorting improves the indirect estimation of permeability,
but it still omits packing so as to complete the geometric
parameters information. To date, however, it is a widespread
opinion that relationships for permeability estimation from
porosity values are only considered adequate for each spe-
cific zone.

1.2 Porosity-Permeability Correlation in Sedimentary
Media

In order to establish a k(@) relationship for the entire range of
porosities from 0 to 50%, it is appropriate to analyze a par-
ticular aspect of the correlation that occurs between porosity
and permeability in sedimentary environments. In a large
number of studies on oil drilling, the existence of a positive
correlation between k and @ is identified (Archie, 1942,
Winsauer et al., 1952; Carothers, 1968; Timur,
1968; Waxman and Smits, 1968; Turner, 1983; Sen et al.,
1990; Nelson, 1994; Pape et al., 1999; Ehrenberg et al.,
2006; Glover and Walker, 2009).

However, in studies of well data in non-consolidated
media, this correlation is found to be negative (Jones and
Buford, 1951; Baker et al., 1964; Alger, 1966; Croft,
1971; Worthington, 1977; Heigold et al., 1979; Urish,
1981; Worthington, 1983; Kwader, 1985; Kelly and
Frohlich, 1985; Huntley, 1986; Detmer, 1995; Diaz-Curiel,
1995; Frohlich et al., 1996; Purvance and Andricevic,
2000) and others (Khalil and Santos, 2009). Some of these
studies concluded by setting relationships for k&(@), usually
approximated to linear or power functions. We should note
that in these studies, the existence of this negative correlation
was verified, although in some of them the data processing
was not as comprehensive as in studies concerning oil.

1.3 Porosity and Formation Factor

After Sundberg (1932) established that the relationship
between resistivity formation p, and the resistivity py of the
fluid that fills the pores had a constant value, Archie (1942)
stated that the formation resistivity factor F, defined as the ratio
of the resistivity p, of a formation completely saturated with a
fluid of resistivity py- and such resistivity, is inversely propor-
tional to a power of the porosity value, that is:

1
= @
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where “m” is an exponent which, although Archie (1942) did
not name it in any way, is called the cementation exponent.
Equation (2) is known as Archie’s first law.

Many studies seeking to determine formation factor went
on with Archie’s first law. In particular, Winsauer et al.
(1952) added a factor “a” to the formation factor expression,
obtaining the relationship £'= a/@", for which they found the
values a = 0.62 and m = 2.15 to fit the experimental data.
Following the proposal of Winsauer et al. (1952), other
authors such as Carothers (1968), Porter and Carothers
(1970) or Timur (1968), studied the best combinations for
“a” and “m” which represent the average behavior of differ-
ent formations. In this paper, we have assumed that the best
relationship for the formation factor of sands without clay
(or shale) is Archie’s first law, i.e., excluding the “a” coeffi-
cient, because, although this factor yields better fittings, it
does not comply with 7" equal to 1 if the porosity is 100%
(all the medium is fluid).

This use of Archie’s first law was continued by other
authors who found a relationship between # and porosity
of all the porous layers at each borehole, and even in each
area obtaining the slope of the regression line in the graph
log(f) versus log(@), (Jackson et al., 1978; Salem and
Chilingarian, 1999; Glover and Walker, 2009). As we have
said in the introduction section, we consider that this is only
appropriate for a specific geological formation, while in gen-
eral the cementation exponent should be obtained for each
analyzed layer.

1.4 Formation Factor in Clayey Media

Archie’s first law was established for clean sands, for
which both the measured and the real formation factors
coincide. However in clayey media this does not occur
because the clay content involves simultaneously a perme-
ability reduction and a decrease in the resistivity of the
medium, as it adds electrical conductivity (superficial
and intrinsic).

The study of the influence of clay content in geophysical
parameters began with the work of Patnode and Wyllie
(1950), followed by De Witte (1950), Winsauer and
McCardell (1953), Hill and Milburn (1956), and Waxman
and Smits (1968). These works concluded that when there
are conductive materials between grains, the obtained factor
is an apparent formation factor, and an analogy with electri-
cal circuits was adopted to calculate the formation factor of
clayey or shaly formations.

Waxman and Smits (1968) assumed that #is the same for
the fluid and for the clay, and they considered that the elec-
trical resistance is the parameter that maintains the analogy
with electrical circuits. So, for elements in parallel, the con-
ductance of the set is the sum of the conductances (in their
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Equation (1): C,,ex = C. + C,;, where C,,et, C,, and C,; are
the conductances of rock, of exchange cations associated
with clay, and of free electrolyte, respectively). Then, in their
Equation (2), they stated that 6y =x - . +y - 0,,, Where o, 7,
and o,, are the conductivities of core, of clay exchange cat-
ions, and of salt solution in equilibrium, respectively; and x
and y are the appropriate geometric constants. After, they
assumed that the geometric constant is the inverse of the for-
mation factor (according to their Equation (3) (x =y = 1/F*).
Finally, the main drawback of this work was expressed in
their Equation (4) (o¢ = [0, + 0,,]/F*).

In the literature, one can find different arguments that
limit the use of Archie’s first law to obtain the formation fac-
tor when conductive compounds such as clay are present.
Although some authors consider that Archie’s first law is
not applicable in the presence of clays (De Lima and
Sharma, 1990; Jin and Sharma, 1994; Herrick and Kennedy,
1995), we have taken up again the cited developments
quoted above.

2 METHODOLOGY

As stated by Sen et al. (1990) “Empirical laws have been
extremely useful in geophysical exploration”. In the case
of the k(@) relationship, it has been very common to find
an expression that presents the minimum error against
empirical data from one or more zones with similar charac-
teristics. In order to use it in any sedimentary medium, and to
allow the estimation of the permeability of each layer from
geophysical parameters, we have searched for fitting func-
tions that adapt to the general behaviour, instead of pursuing
the minimum error.

The mathematical expression of the chosen fitting func-
tion, although it is not among the best known conventional
regression functions (power, polynomial, exponential or log-
arithmic), does not involve any theoretical deduction but
simply a knowledge of the geometry of certain mathematical
expressions that are similar to that shown by permeability
data versus formation factor and versus porosity.

Figure 1 shows the (k, @) data of some of the works cited
in Section 1.2. Relating to this data, we must mention that
some of them have been extracted directly from the papers
and other data have been extracted from figures. We have
established some bands that embrace the compiled data, as
general ranges of (k, @) relations for the two behaviours,
positive and negative. These bands are simply drawing
curves, without any mathematical expression, in order to
define the geometry and the confined space of the functions
we must develop. We must point out that most of published
data are located inside the space covered by these band,
therefore this space can be considered enough widespread
for all sedimentary media.
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k, @ values, for consolidated and unconsolidated media,
extracted from the literature, with drawing of proposed bands
(dashed line) that embrace them.

The points spread in the (k, @) space led us to think of an
adjustment to a beta distribution, k= (4 - 0)3 (1 — @) as the
first option, but there was a wide variety of combinations for
these three coefficients. Although the best-fit values were
A=257/m""°, B=10.6 - m"'>’, and C = 86.9 - m"*’, their
determination was somewhat unjustified.

For this reason, starting from this general range of
porosity-permeability values, in order to develop a relation-
ship that linked them, we have simultaneously adopted and
solved several assumptions and premises, which are inter-
connected, between porosity and permeability:

1) electrical porosity is in some way related to ionic mobil-
ity, and therefore to permeability. This is a correspon-
dence that is widely accepted;

2) it is possible to group into a single mathematical expres-
sion the geometric characteristics which are independent
of the presence of clay, both for high and low porosities.
For high porosity values, this expression considers the
reduction of grain size and for low values it also considers
the presence of cement, so that, in practice, both factors
have an influence on permeability values, although in dif-
ferent proportions;

3) it is possible to develop a theoretical expression of the
formation factor, which removes the effect of the
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presence of clays in its calculation, based on measurable
well log values;

4) the formation factor maintains a straightforward relation-
ship with the permeability, because it has an implicit rela-
tionship, through Archie’s first law, with both the
porosity and the cementation exponent;

5) the k(D) relationship that occurs during the sedimentation
process can be fitted by a function that considers the
equality of permeability values for those media that have
the same formation factor.

The first two assumptions are general hypotheses and do
not involve a specific development, therefore we present the
development of the latter three below.

2.1 Development of Hypothesis 3

As we mentioned above, all premises and hypotheses are
interrelated, especially the A(0) and k() relationships.
However, the k&(Q) and k(F) relationships that we were look-
ing for are highly influenced by the presence of clays, with
its consequent increase in the electrical conduction.

To remove this influence in the formation factor, we
assumed (Waxman and Smits, 1968) that £ is the same for
the fluid and for the clay, at least for percentages of clay con-
tent below 50%. In order to consider clay conduction numer-
ically, we have also considered as in Waxman and Smits, that
the electrical resistance, not the resistivity, is the parameter
that maintains the analogy with electrical circuits.

However, we disagree with their subsequent formulation.
First, in their Equation (2), the geometric constant should
have also been applied to the core, otherwise its conductance
would be the same as its conductivity. Second, we think that
the assumption that the geometric constant is the inverse of
the formation factor in their Equation (3) is not correct; if it
were right, the formation factor of, for example, a cylindrical
sample would be different when its length was different,
which is not true. Finally, we think that the main drawback
of Equation (4) of Waxman and Smits (1968) (the final
key on its electrical analogy) is that the fraction of each con-
ductive components does not appear. The fractions of the
rock filled with fluid and filled with clay should affect the
rock resistivity as a function of their ratios, since otherwise
the rock resistivity would be the same for any ratio.

In our model, the electrical resistance of a rock sample
composed of different conductive elements is obtained by
adding conductances of the elements that are distributed
transversely to the current and by adding resistances for
those distributed longitudinally to the current. As any previ-
ous established configuration, we considered isotropic sam-
ples, that is, with a resistance with the same proportion
transversally and longitudinally. Then, the electrical analogy
that we employ consists of a circuit composed by N, resis-
tances R; in parallel with N, resistances R;.
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The resistance of each in-serial set, Ryg, will be:

1 Ny N
= 2 p
Res R Ry S

 RR
"~ Ni-Ry+ Ny R

If we consider a gathering of M in-serial sets, the total resis-
tance will be the sum of their resistances, that is,
Rror= M - Rgg, then multiplying by (V; + N,) in both sides
of the former equation, and inverting:

1 M :Nl/(N1+N2)+N2/(N1+N2)

Rror (N1 + N, ) R, Ry

(3a)

where N, /(N + N,) provides the fraction of resistances R in
the sum of resistances.

To continue the analogy, let us consider a rock sample
composed of (N, + N,) - M volume elements, N, of resis-
tance R; filled with a conductive material, and N, of resis-
tance R, filled with another conductive material. Let us
also consider the volume of each element, AV = AS - AL,
in such a way that the length sample L =M - AL and the cross
section S = (N; + N,) - AS. Naming p; and p, the resistivity
of the elements 1 and 2 respectively, and ppg the resistivity
of the rock as a whole, the resistance of each element
will be given by R; = p; - AL/AS, and of the sample by
RTOT= PBR * L/S, then:

LN/ ANy ) No/ (N AN, )
PBR P1 P2

(3b)

We should note that we use the subscript ‘BR’ rather than the
conventional subscript ‘7 that is usually employed for true
resistivity, because we have not considered the presence of
non-conductive liquid phases, such as oil.

Let us suppose a rock with clay or shale content
Vsh = Veray/Vrorar, and porosity @ = Vyore/Vrorars
dividing both expressions, the pore fraction filled with clay
Veray'Vaore = Vsh/@ is obtained. The other fraction of
the pores, those filled with fluid would be given by:

1 — Vsh/D = (D — Vsh)/D

Continuing the electrical analogy, if we consider that “1”
elements correspond to the portions of the sample filled with
fluid and “2” to those filled with clay, Equation (3b) becomes:

(=W, Vsh/¢

(3¢)

PBR Pwr Pcr

where pyr and pcr stand for the resistivities of the rock frac-
tion filled with fluid and the rock fraction filled with clay,
respectively.
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Every part of the rock, the one filled with fluid and the one
filled with clay, will keep a proportional relationship
between its resistivity and the resistivity of its filling given
by the formation factor, then:

1 _(@—Vsh)/é  Vsh/

psw Fopw  Fepc

(3d)

where pyand pc represent the resistivities of the fluid and
clay, respectively.

From Equation (3d), the formation factor is obtained as a
function of clay content by the following relationship:

(3e)

If one expresses Equation (3d), in a straight line form:

1 1 11

—= +—=—— 3f
PR Pwro  Fapy (3F)
where:
1 Vsh/¢
Pwro  Fpc
and
1 (G- Tsh)/¢
F, F

F, being an apparent formation factor (the slope of rock con-
ductivity app versus fluid conductivity o).

Equation (3f) shows a similar behaviour than the classical
apr(ow) one. For zero values of clay content, Equation (3f)
turns out to be the conventional expression for the formation
factor, and if Vsh = @, gy is constant for any fluid conduc-
tivity. The most important difference is that the slope of
ogr(aw) is different and is function of the ratio (@ — Vsh)/Q.

2.2 Development of Hypothesis 4

As we have mentioned in the Introduction and Background
sections, the formation factor is one of the most analogous
geophysical parameters to the permeability because it
reflects the easiness of the movement of ions present in a
conductive fluid through a porous medium, independent of
the fluid conductivity (ionic content).

Data on the positive correlation between & and £ for con-
solidated sands was reflected in the (k, £') graphs presented
by Archie (1942), Winsauer et al. (1952), Waxman and
Smits (1968), Carothers (1968), Sawyer et al. (1971), and
Sen et al. (1990), among others. Similarly, for unconsolidated
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Figure 2

k, F data for consolidated and unconsolidated media from bib-
liography, with the approximated bands that embrace them.

media there are also available data on the negative
correlation between k and £, of which we have selected those
presented by Jones and Buford (1951), Kosinski and
Kelly (1981), Urish (1981), Kelly and Frohlich (1985) and
Huntley (1986).

Figure 2 shows data extracted from these works, in which
we have not taken into account the very shaly sandstone data
of Waxman and Smits (1968) and the limestone data from
Carothers (1968). As in (k, @) data, some data have been
taken directly from the papers and others extracted from
figures. We consider that selected works are representative
of the general behaviour of k versus £ in sedimentary media.
We must point out that the two different performance of
k(F), the one for F greater than ~10 and the other for # lower
than ~10, was already shown by Worthington (1983),
although in this work a relationship to reflect this behaviour
was not developed.

As in Figure 1, Figure 2 includes some bands that embrace
the data cited above as general ranges of (k, ) relations for the
two behaviours, positive and negative; and again these bands
are simply drawing lines, without any mathematical expres-
sion, in order to define the comprehensive geometry. So, the
development of this hypothesis consisted of searching a
function that relates the (k, £') extracted data.
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Besides achieving a good fit to the data, the k(") relation-
ship should reflect the two mentioned behaviours that occur
in sedimentary environments around a maximum value, that
is, the decrease of permeability, due to the decrease of poros-
ity in consolidated media when F increases, and the increase
of fluid retention in unconsolidated media when F decreases.
To sum up, permeability must increase with # for low £ val-
ues (2 < £ <~10), and decrease for £ > ~10. Based on these
requirements we have decided to use the product of two
functions that would tend to zero for values of £ = 1 and
F = oo, and which would produce the maximum value of
permeability in the range of the formation factor between
5 and 10, corresponding to clean sand or very well sorted
gravel.

With these criteria, the selected product of functions was
an increasing hyperbolic function, 1/, multiplied by an
algebraic decreasing function (£ — 1), and both multiplied
by a constant f;, where f, f>, and f; are the fitting coeffi-
cients. Then, the form of the relationship 4(#') is given by
following equation:

(F-1)"

k=1 Fh

(4a)

Although the number of data values for permeability
versus formation factor is much lower than the ones existing
in the literature for (k, @), they have a much greater disper-
sion than it would be expected according to the hypothesis of
a unique relationship between £ and k. This led us to make a
detailed analysis of them. The first fact we noted is that, in
some works on hydrogeological boreholes, remoulded sam-
ples were used. On the other hand, studies both on data from
unconsolidated samples and oil borehole data have used dif-
ferent procedures to calculate the formation factor than the
one we are proposing in this work, which may explain this
dispersion. In some cases, formation factors are obtained
from regression lines, log(f") — log(@), in core sets. This
procedure considers a single cementation exponent for each
set of samples, which is contrary to the assumptions of this
work (a cementation exponent for each layer), and overesti-
mates the formation factor, so the bands defined in Figure 2
do not include such data. Finally, we must note that,
although the band is much narrower in non-consolidated
media, there is also a considerable dispersion, because the
variation range of the formation factor in these media is
much smaller.

On the basis of the foregoing considerations, the method
used to determine the optimal coefficients was to select those
that achieve a better adjustment to the trends of the data pre-
sented in Figure 2, and not those that produce the minimum
error with respect to data values; that is, these coefficients
have been selected to produce the best correlation with the
behaviour of the data. The relationship between permeability
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Figure 3

Permeability curve versus formation factor following Equation
(4b), and &, F data for consolidated and unconsolidated media
from bibliography.

and the formation factor with the resulting coefficients are
presented in the following equation, and their geometry is
shown in Figure 3.

(F—1)

_ 9
k=2010""

(4b)

Equation (4b), of &(F") is valid for formation factor values of
2.0 < £ <200, which is a generally accepted range for sed-
imentary environments (Sundberg, 1932). In general, given
that /> 2 for most porous media, it is geologically pointless
to pursue its validity in the limit of £ — 1, which according
to Equation (4b), of A&(#") would correspond to zero perme-
ability.

At this point, it should be mentioned that the data of some
referenced works taken separately have a very marked align-
ment; for example (k, ') data from Archie (1942), Winsauer
et al. (1952), for consolidated media, and Jones and Buford
(1951), Huntley (1986), or Kelly and Frohlich (1985) for
unconsolidated media. This leads us to doubt whether the
curve that we have adopted for the k(F) relationship is based
on optimal coefficients, as the change of the coefficients to
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adjust to a specific data set is a simple process. Certainly
the sources of the used data are very diverse, and therefore
it is not possible to assure that the measurements have been
done in the same conditions.

We consider, for example, that the formation factors
conventionally obtained, by calculating the slope in a graph
log(f') — log(), may be very different from the actual val-
ues. Thus, for example, if the cementation exponents for a
series of samples with low porosity (5 to 25%), vary by
six tenths (let us take as an example the range from 1.6 to
2.2), the obtained formation factors become five times
greater than the actual values. Although this would lead us
to adopt different coefficients, both in the interest of the
generality of Equation (4b), of k&(F"), as well as to avoid dis-
agreements with published works, we have decided to take
the coefficients resulting from fitting to all data.

In the same sense, it should be noted that the values of the
obtained coefficients to adjust Equation (4a) to the (k, ')
data, have not been the initial ones. The coefficients were
slightly modified so that they would also produce the best fit-
ting to the trends of (k, @) data, after completing the k(Q)
equations that are described in the development of the fol-
lowing hypothesis.

2.3 Development of Hypothesis 5

Assuming that Archie’s first law should be retained, once the
k() relationship is adopted, the k(@) function was obtained
by replacing £ by 1/@™. The resulting expression for the
k(9) relationship will be as follows:

k=M, - ¢"(1— o™ (5a)

which has a similar behaviour to a beta distribution as we
supposed initially, that is, M, and M5 are coefficients which
determine the geometry in each case, while M, fixes the
maximum value.

To obtain the coefficients of Equation (5a), of the k(@) rela-
tionship, we have related them to the cementation exponent,
forcing the K(©) expression to comply simultaneously with
two requirements. The resulting values must fit with those typ-
ical values found in former works, and provide the same per-
meability in those cases (@, m), corresponding to the same
formation factor (which matches with the link between forma-
tion factor and water mobility assumed in this work).

The first requirement restricts the range of values that M,
and M5 could take, while the second condition establishes
the relationship between them, because if we consider two
media with characteristics (4,, m,) and (@,, m,), and with
the same formation factor, following Archie’s first law, we will
have:

gy =1/ = g = ¢y
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Permeability versus porosity curves according to Equation (5b)
for different values of cementation exponent m, ranging
between 1.0 and 2.5.

This determines the relative position of both points on the
curve, and implies that, regarding permeability behaviour, a
given porosity value must be accompanied with a unique
value of “m” as a function of its formation factor.

Considering these requirements, the resulting relationship
between permeability as a function of the porosity is pre-
sented below:

k=2.0-10"-¢" - (1 —¢™)¥ (5b)

where the value of the first constant matches Equation (4b),
of k(). The k(@) curves obtained using Equation (5b) of
k(Q), for different values of the cementation exponent, are
presented in Figure 4.

The greater absolute values of the slopes in Equation (5b)
of k(@) for consolidated media respecting unconsolidated
ones, come to reflect the fact that decreasing of permeability
in consolidated media occurs at a time with the cement pres-
ence. In any case, for consolidated media, the greater “m” the
lower k, while in unconsolidated media, the higher “m” the
higher £.

We must remark that Equation (5b) does not mean a sin-
gle behaviour of 4(Q) for all sedimentary media, rather on
the contrary, only a specific set of data will have the shape
of the curve for a given “m” (those with the same cementa-
tion exponent). In general, each layer with a certain value of
O will have a unique value of permeability as a function of
its “m” value.

The range of cementation exponents for which Equation
(5b), of k(@) is deemed valid is found between m > 1.20
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and m < 2.40. This range has been chosen because it is a
middle range for sedimentary formations (Archie, 1942;
Wyllie and Gregory, 1953; Coates and Dumanoir, 1974;
Katz and Thompson, 1985; Ehrlich ef al., 1991; Byrnes
et al., 2009; Lee, 2011).

Since this range of variation of “m”, is very small, the
value m = 1.5 is much higher, in relative terms, than
m = 1.2. Moreover, the values of the £(@) function imply
a high degree of variation of & depending on the cementation
exponent values. For these reasons we consider that this
exponent should be presented with at least two significant
digits.

2.4 Vadlidation of Results

First of all, although the degree of uncertainty between the
results of Equations (4) and (5) and the compiled data may
be high, it is not opposite to the main objective of this work.
We consider that it is functional to use a mean curve of the
available data for a wide range of sedimentary media
because otherwise it would imply that the data provided
by each author are not valid. In fact, the difference
among data from different studies will always be higher
than the difference between each one of them and the mean
curve.

In order to estimate the degree of uncertainty of
Equation (4b) of k&(F'), we have computed the mean differ-
ence between the compiled data and the predicted ones,
resulting <0.7 orders of magnitude. These results may be
considered as a good enough approximation for the identi-
fied goal of this work. We should note that the (k, #') data
are very dispersed, as the mean difference of all data in each
branch (positive and negative) is 0.7 orders of magnitude
with regard to the usual power functions.

Regarding the results of Equation (5b), firstly it should be
noted that the £&(©@) curves (Fig. 4) obtained in this paper
provide values that are consistent with the different works
performed to date for porosities less than 30%.

To illustrate this, we have extracted data from the works
of Timur (1968), Waxman and Smits (1968), Turner
(1983) and Sen et al. (1990) and we have represented the
k(D) curves, given by Equation (5b), in Figure 5, together
with the different cementation exponents that contain the
compiled data.

As it is observed in Figure 5, data from these studies are
included in the range of curves obtained from Equation (5b)
of (@), and most of the data set match a particular curve,
that is to say, with a certain cementation exponent.
The cementation exponent values vary, for the set of those
data, between 1.35 and 2.50, and these are quite reasonable
if we consider that clay content has not been taken into
account. The cementation exponent of the k() expression
that embraces the Waxman and Smits (1968) data is between
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Permeability versus porosity referenced data, and permeability
curves according to Equation (5b) of k(@) for different m.

1.9 and 2.5, for the 99% of the data from Turner (1983) is
between 1.5 and 2.2, and for the 96% of Timur (1968) data
from Colorado, is between 1.6 and 2.1.

Among the various comments on the different cases, it is
worth mentioning the high correlation of the derived (Q)
curves with data submitted by Waxman and Smits (1968)
and Turner (1983). The data from Timur (1968) in the
Californian area exhibit a more horizontal distribution than
the remaining data presented, and therefore some of them
lie outside the stated range for that area. Finally, we have
also decided to leave some of the data gathered by
Sen et al. (1990) outside the established range; in particular,
three cases of sandstones with very low porosity in compar-
ison with their permeability value.

A similar gathering is shown in Figure 5 for unconsoli-
dated media on extracted data from the work of Baker
et al. (1964), Detmer (1995) and Diaz-Curiel (1995),
together with the k(@) curves given by Equation (5b) of
k() that contain them, with the corresponding cementation
exponent.

We have represented the curves given by Equation (5b)
for K(9), for values of m = 0.9 and m = 1.5, leaving out
of range data from the upper right, since they have perme-
ability values of ~0.1 Darcy for porosities of about 50%,
which are fairly uncommon simultaneously. The range of
“m” values for Equation (5b), of k(@), that set the limits
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for all Diaz-Curiel (1995) data are between 0.9 and 1.20,
for the 90% of Baker et al. (1964) data between 0.95 and
1.5, and for the 93% of Detmer (1995) data between 0.9
and 1.4.

In order to know a degree of uncertainty for Equation
(5b) of k&(0), we have taken the (k, @) values from Glover
and Walker (2009). The mean difference with the £(Q) val-
ues obtained from Equation (5b) for m = 1.9, is 0.3 order
of magnitude, which once again we consider a sufficiently
close approximation for the goal of this work. We have
showed both together in Figure 6, in which it can be seen
that the cementation exponent from Glover and Walker
(2009) data for porosities >19% are smaller than the
remainder.

We performed the same test for unconsolidated media on
extracted data from the work of Diaz-Curiel (1995) and con-
trasted them with the k(@) values obtained from Equation (5b)
for m = 1.0 (Fig. 6), resulting in an uncertainty average of
0.31 order of magnitude. In this case, the highest cementation
exponent takes place for porosities around 27-35%.

In any case, we would note that the influence of both the
precision in the cementation exponent and the values of the
coefficient of the k(#) relationship produce a high level of
uncertainty that is added to well logs (work on advanced
calculation of this uncertainty can be seen in Viberti and
Verga, 2011).
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Permeability versus porosity data from Glover and Walker (2009)
(diamonds) and from Diaz-Curiel (1995) (triangles). Average
k(") obtained from Equation (5b) (solid line) and bands (dashed
line) of the same equation that embraces the data.
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3 DISCUSSION

3.1 About a5eloy) Behaviour of Equation (3d)

In order to compare the behaviours of Equations (3) and the
classical Waxman and Smits ones, let us consider an exam-
ple with @ = 30%, Vsh = 10% (the pore fraction filled with
clay is 33%), pc =10 Q - m, and £'= 8. Drawing (Fig. 7) the
opr(ow) curve given by Equation (3f), and at the same time
the apparent formation factor, £, = ay/ogp, it is evident that
the trend of the azr(oy) curve is not the same in the upper
and lower limits of fluid conductivity.

When oy tends to the maximum value (at ambient tempe-
rature), the rock conductivity shows a similar behaviour as
that from rocks whose pores are filled only with fluid,
namely proportional to o However, the apparent formation
factor tends to a value of 12, which would be considered as
the real value in the Waxman and Smits model, contrary to
the employed data in the example (£ = 8). That value (12)
derives from the fact that the rock is partially filled (33%)
with clay; therefore it will not present the same value as if
the pores were filled only with fluid.

As it is verifiable throughout the literature since Waxman
and Smits (1968) until Byrnes et al. (2009), when azz(0 )
shows an increasing quasilinear behaviour in bilogarithmic
scale, which implies that F, values increase with increasing
ow. That effect can also be seen in our model. However,
unlike the conventional model, the resulting ozz(o ) values
from Equation (3) are progressively placed above this line
when oy decreases for o)y < 1 S/m. In Figure 7, one can
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Figure 7

Example of rock conductivity versus pore fluid conductivity
and apparent formation factor, £, = opp/oy,; according to
Equation (3f).
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see that for very low oy values, the rock conductivity tend
to a constant value higher than the trend of azz(oy), that
is, the conductivity of a rock partially filled with clay,
agro = (Vsh/@)/(F - pc) (in this example gpy = 0.0042 S/m),
because the remainder is virtually a non-conducting
fluid.

Regarding the factors required to obtain F from the clay
content (Eq. 3), it is important to point out that, in practice,
it is possible to measure both the clay content (Vs/) through
the gamma ray value of each layer, and the clay resistivity
value (pc) through the measurements in the adjacent layers.
Nevertheless, two problems can be found, the presence of
non-conductive fluids in clays, and changes in the clay type.
In this work, we do not consider the presence of oil and gas
in clays, although it is something that should be done in
future. About the resistivity changes derived from variations
on the type of clay, it seems logical to consider that the type
of clay will not change very much in clayey sand layers adja-
cent to the clay layers. In the same way, it should also be
noted that, except for a specific ore, the combinations of
clays that appear in most geological formations result in a
reduced range of resistivity. In most cases, the clay resistivity
value varies from ~5 to ~15 Q - m, with a mean value of
around ~10 Q - m.

The main limitation of the established procedure for elim-
inating the influence of clay on resistivity logs is the hypoth-
esis that it is valid to adopt the same formation factor for clay
and for fluid. In our opinion, as for Waxman and Smits
(1968), this does not mean that conduction through the clay
follows the same pathway as through the formation fluid, or
that clay and fluid have the same geometrical factor. What is
relevant in this hypothesis is that the opposition to both ionic
conductions increases or decreases in the same proportion.
However, the hypothesis concerning the relevance of the
same geometric factor provides a possible limitation of
Equation (3e) for obtaining the formation factor in the pres-
ence of clays.

3.2 About the Influence of Effective Porosity

In the literature one can find another argument that limits the
use of Archie’s first law to obtain the appropriate formation
factor and is, therefore, a reason why the research of the per-
meability estimation did not focus on using the formation
factor. The porosity used in Archie’s first law is fully occu-
pied by free fluid, whereas when there is a “retained” fluid,
the part that it occupies, does not contribute to the porosity
represented by that equation. In such cases, the part that
holds the free fluid is called effective porosity (Archie,
1950; Wyllie and Rose, 1950; Burdine, 1953; Brooks and
Corey, 1964). This effective porosity (fraction of total poros-
ity which allows fluid flow under the influence of a pressure
gradient) is equivalent to the electrical porosity. Then, it
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should be more appropriate to add the subscript “E” to the
porosity in Archie’s first law, referred to electrical porosity.

As we have already said, the porosity that satisfies
Archie’s first law is not the total porosity but the one occu-
pied by “free” water when there is not any other conductive
element in the media. Therefore, Archie’s first law cannot be
used a priori to obtain porosity because the term @g"
involves two unknown factors (Qz and “m”), providing the
same value for different combinations of them. This indeter-
minacy remains today (Thompson et al. 1987; Ahmadi and
Quintard, 1996; Mohaghegh et al., 1995; Slater, 2007; Azar
et al., 2008).

Fortunately, the result of the developed relationship to
obtain the formation factor (Eq. 3e) does not change if it is
considered that the fraction of isolated pores filled with fluid
is the same than the fraction of isolated pores filled with clay.

Regarding the conversion of A(£') to k(©), it should be
remarked that once the A(F') relationship has been determi-
ned by the use of the £ values obtained from @ or @, the
transformation to k(@) can be done through the same process
but using a different cementation exponent. In the case
where the total porosity is considered, the cementation expo-
nent will be “m”, and if the effective porosity is used, the
equivalent cementation exponent “mg” complies with:

/0" = 1/00

so the resulting permeability values are the same.

It is therefore important to remember that the functions we
used satisfy both the (k, ') data and the (k, @) data from the
literature. This was a complex process that required knowl-
edge of different mathematical expressions and testing pro-
cesses to adjust to all mentioned data (especially its

geometry).

3.3 About the Geometry of k(D) Functions

First of all, there have been several possible explanations
presented in the literature concerning the different correla-
tions, positive and negative, between porosity and perme-
ability. Alger (1966) stated that this effect, in freshwater
environments, is due to a progressive importance of the sur-
face conductivity and to a reduction in the influence of elec-
trolytic conductivity. Purvance and Andricevic (2000) made
a similar statement. Independent of the classification and
compaction of the grains, we think that this phenomenon
is directly understandable from the reduction of grain size,
whose effect on permeability is greater than that produced
by the increase of porosity.

In this context, we would point out that, in essence, the
shape of the obtained k(@) curves from Equation (5b) are
not contrary to Kozeny’s expression (Eq. 1b), as may seem
at first comparison. The apparent discrepancy is produced
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when, contrary to what we recommend, a single grain size
for all layers of a certain formation is used in Kozeny’s
equation, because the @ dependence then comes to be
A19)=@*/(1 — @), and permeability should grow asymptot-
ically to infinity when porosity tends to 1. However, uncon-
solidated media have a decreasing grain size with increasing
porosity, that is, silts have greater porosity than sands.

In order to make a comparison, let us consider that sedi-
mentary media have an average grain size d, between
0.2 cm for 25% porosity and 1/256 cm for porosity values
equal to 1% and 49%. Let us also consider that the grain size
shows, for example, a distribution given by the expression
d, = 02 - exp[—68 - (@ — 0.25)%], which is centred at
25% porosity. We would note that this distribution provides
similar average grain sizes for consolidated media than clas-
sical ones. Then, the curve of Kozeny’s expression takes a
very similar shape to that obtained in this work, as shown
in Figure 8. We must mention that the shape of this curve
would be very similar for any continuous distribution with
the same ranges of grain sizes and porosity.

The main difference between the Kozeny curve, showed
in Figure 8, and the obtained results with our model
(Fig. 4) is that Equation (5b) provides several curves because
it takes into account the effects of sorting and packing of the
medium (among other geometrical factors), through the
cementation exponent values. Statistically speaking, in sed-
imentary media the greater the mean grain size the greater
permeability and Kozeny’s expression come to reflect the
(k, @) values in these media.

Permeability-porosity relationship

1E+01 0.24
Kozeny shape¢3
1E+00 0.21
(1-0%)

= 1E-01 1 0.18
e =
8 1E-02 / 015 §
> ; ]
£ 1E-03 012 §
Qo
« £
{E-04 009 ©
£ (5]
[0
o 1E-05 0.06

1E-06 ‘ 0.03

1E-07 “-d 0,00

0 20 30 40 50
Porosity (%)
Figure 8

Permeability versus porosity curve according to Kozeny’s
expression (solid line), for the case of a Gaussian distribution
(dotted line) with an average grain size from 2 mm for porosity
of 25%, to 1/256 mm for porosities of 0% and 50%. Dashed
line: function @%/(1 — @?).
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At this point, it should be highlighted that there are no
works that have obtained permeability functions k(@) neither
in all ranges from 0 up to 50% porosity, nor showing a sim-
ilar behaviour to the ones presented in this paper, namely
using quasi-symmetric convex curves with different position
along the @-axis for different cementation exponents.

However, for consolidated media (porosity lower than
~25%) the curves obtained in this work are similar to those
obtained with Equation (21) of Jorgensen (1989):

k=[C/S3]- 0"/l - Of

who included a graph with (@, m) curves, Equation (15) of
Bayles et al. (1989):

k=1/[8¢c-S82]-&*™/1 — O
and Equation (A-12) of Glover et al. (2006):

k= [3d,./32]- @ /m’®

In these works, the permeability was expressed as a function
of porosity and geometric coefficients, using the cementa-
tion exponent as an added factor. Exclusively for the purpose
of illustrating the dependence of these functions with m, in
Figure 9 we show the results of these equations using the
appropriate coefficients (their constants, Sz, and d,,) so that
for m = 2 similar permeability values were obtained in the
0-25% porosity range.

As it can be seen in Figure 9, the works of these authors
suggest that the long-established variability of &(Q) relation-
ships lies in a dependence on the cementation exponent.
Moreover, if according to the decrease of grain size in the
gravel-sand-silt sequence, the variation of S and d,, were
included in the referred equations, the result would be
similar to that obtained for unconsolidated media with
Equation (5b) for &(9).

3.4 Explanatory Examples of k(@) Behaviour

Figure 10 shows some examples of (k, @) pairs of values, in
order to explain to what extent the curves are interrelated.
Consider, first, two media with the same permeability, for
example, a sandstone with @ = 6% and m = 1.40, and another
with @ = 15% and m = 2.10; the formation factors are close
to £ = 51.3 for both media. The most probable reason why
these media have the same permeability (9.7 - 10~* Darcy)
lies in the fact that the latter is more cemented. Similarly,
an unconsolidated sand with @ = 38% and m = 1.20, has a
formation factor of £ = 3.19, which is practically equal to
that of a silt with @ = 46% and m = 1.50, and both have
the same permeability value (2.5 - 10" Darcy). In this case,
the most probable reason why these media have the same

Permeability (Darcy)

Permeability (Darcy)
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Figure 9

Permeability versus porosity functions with a given pore diam-
eter using the cementation exponent as added factor.

Permeability-porosity analysis
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Figure 10

Examples of consolidated and unconsolidated media with dif-
ferent cementation exponent. Horizontal lines: same formation
factor and permeability. Vertical lines: same porosity with
different formation factor.
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permeability, despite the difference of grain size, is that they
present very different sorting.

On the other hand, if we consider different media with the
same porosity value, it is noticeable that a high-permeability
sandstone, for example with @ = 11% and m = 1.60, has
much greater permeability (1.2 - 102 Darcy) than a more
cemented sandstone with @ = 11% and m = 2.00 (permeabil-
ity 8.3 - 107> Darcy). However, unconsolidated sands with
O =43% and m = 1.60 have more permeability (1.3 Darcy)
than sandy silts with @ = 43% and m = 1.20 (permeability
3.7 - 1072 Darcy). Therefore, for a given porosity in consoli-
dated media, the higher the “m” values, which corresponds to
higher formation factor, the lower the permeability values.
On the contrary, the opposite applies to unconsolidated media.

The inference to be drawn from these comparisons is that
there are many combinations of (m, @) values that confer the
same permeability. With our approaches, for each F value, or
for each pair of values (m, @), only one value of permeability
is obtained.

CONCLUSIONS

With the methodology developed in this paper, it is possible
to correct the influence of clay presence on formation factor
using Equation (3e):

P = pun( B0 V1)
o Pw Pc

where pgr, pwand pc represent the resistivities of the rock,
interstitial fluid and clay, respectively, @ the porosity and
Vsh the clay content.

Then using Equation (4b):

k=20-10°(F — 1) /F*

it is possible to obtain the permeability value (in Darcys).
Next, by means of Archie’s first law, one can obtain the
cementation exponent either for the total porosity or for
the effective porosity (electrical porosity) that provide a
unique permeability value using the k() relationship (5b):

k=2.0-10"-¢™. (1 —¢™)*

Regarding the scope of the developed equations, we should
note that one of the objectives of this study was to obtain
relationships that reflect the (k, @) statistical behaviour
occurring in geological sedimentation processes. In this
sense, the obtained equations involve, at the same time,
the in-cement transformation of silicates (and other elements
present in formations) for porosities below 25%, and an
increased presence of clays and marls for porosities above

Page 15 of 18

25%. It also highlights the generality of the developed
approaches, and that the conditions of the used data sets
are sufficiently different as they come from very different
sources. Moreover, both relationships represented in
Equation (4b) between permeability and formation factor,
and Equation (5b) between permeability and porosity as a
function of the cementation exponent, take into account
the existence of a non-effective porosity (non-conductive
from an electrical viewpoint).

Concerning Equation (5b), we should note that the perme-
ability value for each porosity value is established as a func-
tion of the cementation exponent, which is not a problem if
Equation (3d) is used to determine the formation factor as a
function of the resistivities and clay content. Thus, each per-
meability value corresponds to different porosity values as a
function of the cementation exponent, which is available
from @ and F. This exponent will include the internal geom-
etry factors of sedimentary environments, especially the
sorting and packing of the grains. We could add that, given
the dependence on permeability of the cementation expo-
nent, which does not only depend on cementation, we con-
sider that it would be more adequate to name it
“permeability exponent”.

Although we have used a large amount of permeability,
porosity and formation factor data in order to give greater
generality to the developed expressions, this may represent
a limitation for two different reasons. On one hand, data
from the different works consulted have not always been
obtained by direct measurements, but rather indirectly.
On the other hand, there are anomalous data corresponding
to material with unusual characteristics from a geological
point of view, such as for example some media with poros-
ities greater than 50% or less than 5%, which have perme-
ability values around 0.2 Darcy. In this paper, we have not
taken into account many of the data representing these
extreme cases. For this reason, we do not rule out that future
research may optimize the coefficients determined in this
work. In any case, any change in the coefficients of the
developed expressions will reinforce our objective to show
a k(@) relationship over the entire range of porosities
between 0 and 50%.

Regarding the uncertainties of the expressions developed
in this work, the k(F") relationship shows an average differ-
ence of 0.7 order of magnitude with respect to data extracted
from literature. On the other hand, taking into account the
wide range of cases to which the equation for estimating
k(@) is applicable, we have only calculated the uncertainty
for two of the cases under study (where the value of
m was known) one for consolidated formations and another
for unconsolidated ones, resulting in an average value of 0.3
order of magnitude. These values can be considered
acceptable since they are similar to those found in the
literature.
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Finally, not being necessary to emphasize the importance
of knowledge of permeability values for oil and water
extraction wells, it is worth emphasizing the added value
of the contributions made by the developments presented
in this paper. The utility of including permeability in the full
range of porosity, from 0 to 50%, lies not only in the differ-
ence of the resulting values from traditional relationships
(with differentiated curves for consolidated and unconsoli-
dated media), but also in a better characterization of more
productive media that are located in the middle area (25 to
35% porosity). A further advantage is the direct application
at any borehole where well logs are available, as resistivity,
spontaneous potential and natural gamma that are the most
conventional logs.
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