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ABSTRACT

The accurate modeling of oil, gas, and water reservoirs de-
pends fundamentally upon access to reliable rock permeabil-
ities that cannot be obtained directly from downhole logs. In-
stead, a range of empirical models are usually employed. We
propose a new model that has been derived analytically from
electrokinetic theory and is equally valid for all lithologies.
The predictions of the new model and four other common
models �Kozeny-Carman, Berg, Swanson, and van Baaren�
have been compared using measurements carried out on
fused and unfused glass bead packs as well as on 91 rock sam-
ples representing 11 lithologies and three coring directions.
The new model provides the best predictions for the glass
bead packs as well for all the lithologies. The crux of the new
model is to have a good knowledge of the relevant mean grain
diameter, for example, from MICP data. Hence, we have also
predicted the permeabilities of 21 North Sea well cores using
all five models and five different measures of relevant grain
size. These data show that the best predictions are provided
by the use of the new model with the geometric mean grain
size. We have also applied the new model to the prediction of
permeability from NMR data of a 500 m thick sand-shale
succession in the North Sea by inverting the T2 spectrum to
provide a value for the geometric mean grain size. The new
model shows a good match to all 348 core measurements
from the succession, performing better than the SDR, Timur-
Coates, HSCM, and Kozeny-Carman predictions.

INTRODUCTION

Permeability is the key reservoir parameter in any reservoir as-
essment because it controls the accessibility of hydrocarbon accu-
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ulations that are present at depth. However, it is an extremely diffi-
ult parameter to obtain. Most permeability assessments are carried
ut on cores, where the permeability of a rock is inferred from pres-
ure and flow rate data. However, cores are not always available.
urthermore, the measurements are expensive, suffer from sampling
nd experimental uncertainties, and are carried out at a scale that is
ot representative of the gross fluid flow in the reservoir.

Clearly, it is in our interest to obtain a reliable method for predict-
ng permeability from downhole measurements. No downhole mea-
urement can access permeability directly. However, several tech-
iques have been used to infer permeability from downhole tools.
hese include �1� poroperm crossplots �Tiab and Donaldson, 1996�,

2� principal component analysis �Lee and Datta-Gupta, 1999�, �3�
loud transforms �Al Qassab et al., 2000�, �4� fuzzy logic �Cuddy
nd Glover, 2002�, �5� neural networks �Helle et al., 2001�, �6� ge-
etic algorithms �Cuddy and Glover, 2002�, and �7� a range of empir-
cally determined laws that vary in their validity from formation to
ormation �e.g., Berg, 1970�.All of these methods rely on mathemat-
cal pattern recognition, a simplifying assumption, or calibration to a
ata set from a different formation in a different field which is often
ot even the same lithology.

It is beyond the scope of this paper to consider the first six tech-
iques. There are many types of empirical or semiempirical relation-
hips that are currently used by industry and in university research.
erhaps the one most commonly used is a modified form of the
ozeny-Carman model �Kozeny, 1927; Carman, 1937, 1938, 1956�.
here are many other models �e.g., Berg, 1970; Van Baaren, 1979;
wanson, 1981; Wyllie and Rose, 1950; Timur, 1968; Morris and
iggs, 1967; Coates and Dumanoir, 1974�. Most of these equations
se some measure of the diameter of the grain size or of the pore size
s well as the porosity of the porous medium. Although the porosity
s easy to obtain from a range of downhole tools, until recently, the
rain size was not.

The NMR tool is often feted as having the ability to provide down-
ole permeability measurements directly. However, this claim is
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isleading. The current method for obtaining permeability from
MR data is based upon the so-called Timur-Coates equation

Coates et al., 1991�. This equation is simply another empirically de-
ived relationship that links various NMR-derived parameters to
ermeability. However, the NMR tool has the potential of providing
he distribution of grain sizes or pore sizes within the rock by invert-
ng the T2 relaxation time spectrum. These data are expected to be
xtremely useful �1� because it allows the empirical methods cited
bove to provide predicted permeabilities using solely downhole
ata, and �2� the full distribution of grain or pore sizes should allow
s to ascertain the most apposite mean grain size to use. It should be
aid that the method for obtaining grain size from the T2 relaxation
ime is an empirical procedure, which may introduce errors into per-

eability predictions based upon such grain sizes whether the pre-
iction equations are empirically derived themselves or not, as in the
ase of the RGPZ equation. However, it is expected that better quali-
y predictions should be provided by methods that minimize the use
f empirical relationships.

Here we introduce a new permeability prediction equation. Un-
ike some of the other equations, it does not depend upon calibration
o an empirical data set. Instead, it is derived from the consideration
f the electrokinetic link between fluid flow and electrical flow that
ccurs in a porous medium. The method was originally described in
n unpublished discussion paper by André Revil, Paul Glover, Phil-
ppe Pezard, and M. Zamora. Consequently, we call the new model
he RGPZ model. The derivation of the RGPZ model is given in Ap-
endix A.

This paper has two goals: �1� to validate the RGPZ model and to
ompare its results with those from other common permeability pre-
iction models and �2� to ascertain the optimal method for obtaining
he relevant mean grain size from either MICP �laboratory� or NMR
downhole� data.

PERMEABILITY MODELS

We have used a number of permeability prediction tools in this pa-
er. Each will be described briefly in this section. Nelson �1994� suit-
bly divided these methods into those based upon �1� surface area
e.g., Coates et al., 1991�, �2� pore size �e.g., Carman, 1938; Swan-
on, 1981� and �3� grain size �e.g., Berg, 1970; Van Baaren, 1979�.

The basic permeability prediction model used with NMR data is
he so-called SDR model �Schlumberger Doll Research� �Hidajat et
l., 2004�. The predicting equation is

kSDR = 4 � 10−11�4T2lm
2 , �1�

here kSDR is in m2, � is the fractional NMR derived porosity, and
2lm is the logarithmic mean value of the NMR T2 relaxation time in
econds.

Coates et al. �1991� developed the free fluid model which esti-
ates the permeability based on the free fluid index �FFI,� i.e., the

raction of the rock representing freely moveable water in the porous
edia, and the bulk volume irreducible �BVI� i.e., the fraction of the

ock representing the bound water. The predicting equation is

kNMR � 10−11�4� FFI

BVI
�2

, �2�

here kNMR is in m2 and FFI + BVI = �. For a given T2 distribution,
he relative values of FFI and BVI are defined by a threshold �T2cutoff

in ms��. In the absence of the laboratory data, 33 and 92 ms are the
ommonly used T2cutoff values for sandstones and carbonates, respec-
ively.

More recently, Hidajat et al. �2002� have produced a correlation
etween fluid permeability and the logarithmic mean T2lm from
MR data. The predicting equation is

kHSCM =
A�2T2lm

2

F
= A�2T2lm

2 �m, �3�

here kHSCM is in m2 and A is a constant determined to be 0.002 by
alibration against simulated exponentially correlated 3D porous
edia. The surface relaxivity � = 2.12 � 10−5 m/s after Huang

1997�, and T2lm is the logarithmic mean value of the NMR T2 relax-
tion time in seconds.

Although all of the NMR-based models are easy to apply, each
ontains a calibration constant that is valid only for rocks broadly
imilar to those upon which the calibration was made. It is true that a
ecalibration may be made for a specific field, but that loses the pre-
iction advantage. However, these models can provide a fairly good
nitial range of predicted permeabilities directly from downhole
MR data, providing that the NMR data have been analyzed cor-

ectly.
The Kozeny-Carmen model �Kozeny, 1927; Carman, 1937; 1938;

956� derives from the work of Kozeny in 1927 which was subse-
uently described and reworked by Carman. The form of the model
as evolved, but its present form is

kKC =
1

2Sgr
2 ·

�3

�1 − ��2 , �4�

here kKC is in m2, Sgr is the specific surface area of the rock �i.e., in-
ernal surface area per grain volume in /m�, which is dependent upon
he grain shape, d is the median grain size �m�, and � is the porosity
fractional�. For spherical grains Sgr = 6/d, and, consequently,

kKC =
1

72

d2�3

�1 − ��2 . �5�

The Swanson �1981� model is an empirical relationship that was
reated from mercury injection capillary pressure �MICP� data from
ver 300 cleaned sandstone and carbonate samples from 74 forma-
ions. The predicted permeability is given by

kS = 339�SHg

P
�

apex

1.691

, �6�

here kS is in m2, and �SHg/P� is the value of the mercury saturation
ivided by the applied pressure that corresponds to the apex of the
raph of �SHg/P� as a function of pressure P. The advantage of the
wanson model is that it can provide permeability predictions di-
ectly from a single mercury porosimetry measurement. Despite be-
ng restricted by its calibration, the range of formations represented
y its 300 calibration samples allows its valid application to be fairly
ide. It cannot, however, be used on downhole data.
Berg examined grain packing, grain size, grain sorting, and poros-

ty to derive a complex relationship �Berg, 1970�, which he subse-
uently simplified �Berg, 1975� to give

kB = 8.4 � 10−2d2�5.1, �7�

here kB is in m2, d is the grain size �m�, and � is the porosity �frac-
ional�. The Berg model is finding increasing favor in the industry
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ecause it is simple and often provides fairly good permeability pre-
ictions using only two parameters. However, like the other empiri-
al models, good predictions rely on whether it is applied to rocks
haring broadly similar properties to those upon which the equation
as calibrated.
The Van Baaren model �Van Baaren, 1979�, although derived

rom the Kozeny-Carmen model, bears a striking similarity to that of
erg �1975�. In his review, Nelson �1994� points out that the Van
aaren model is more flexible than the Berg model because it con-

ains two additional variables. It is debatable whether this can be
een as an advantage if it is the robust prediction of permeability that
s the ultimate goal. The Van Baaren model is given by

kVB = 10dd
2��3.64+m�B−3.64, �8�

here kVB is in m2, dd is the dominant modal grain size �m�, � is the
orosity �fractional�, m is the cementation exponent, and B is the
orting index which varies from 0.7 for extremely well sorted grains
o unity for poorly sorted grains.

All of these models were derived empirically or have certain sim-
lifying assumptions in their derivation. By comparison, the new
RGPZ� model is derived analytically from considerations of the
lectrokinetic coupling between fluid flow and electrical flow in a
orous medium. It cannot be said to be based upon grain size, but it is
ertainly highly sensitive to that parameter. Consequently, a large
ortion of this paper is dedicated to analyzing the best method of
roviding a mean grain size for the RGPZ model. The derivation of

igure 1. Behavior of the RGPZ model as a function of its major para
es of cementation exponent, �b� porosity for various values of grain
entation exponent for various values of porosity.
he RGPZ model is given in Appendix A. For the RGPZ model, the
ermeability is given by

KRGPZ =
d2�3m

4am2 , �9�

here KRGPZ is in m2, d is the relevant grain size �geometric mean�, �
s the porosity, m is the cementation exponent, and a is a parameter
hat is thought to be equal to 8/3 for three dimensional samples com-
osed of quasi-spherical grains. Figure 1 shows the behavior of the
GPZ model as a function of its major parameters over ranges ex-
eeding those commonly encountered in reservoir rocks. Note that
he shape of the poroperm plots, Figure 1a–c, is convex-up as we
ommonly find for poroperm plots of single lithologies. It is worth
oting that the model is highly sensitive to changes in d, � and m but
s not sensitive to changes in the packing parameter a. We generally
se a constant a = 8/3 for spherical particles �Schwartz et al., 1989�,
hich is valid for most sedimentary rocks. For spherical particles,
= 1.5 and the RGPZ equation becomes

KRGPZ = 4.16 � 10−2d2�4.5. �10�

For m = 1.8, the typical value for sandstones, the RGPZ equation
ecomes

KRGPZ = 2.89 � 10−2d2�5.4, �11�

hich is very similar to the Berg model, equation 8. It is expected

. Predicted permeability as a function of �a� porosity for various val-
�c� porosity for various values of the packing parameter, and �d� ce-
meters
size,
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hat the RGPZ model will perform better than the empirical models,
specially at low and high permeabilities where the empirical mod-
ls lack sufficient calibration. It is also expected that the RGPZ equa-
ion will exhibit a smaller degree of scattering at all permeabilities
ecause of its greater ability to account for the multivariate behavior
f permeability.

VALIDATION OF THE MODEL
WITH BEAD PACKS

The RGPZ model has been validated by constructing a set of fluid
aturated glass bead packs. The glass beads that were used were so-
a-lime glass spheres with a high degree of sphericity and a tight tol-
rance �Endecotts, U. K.�. They were randomly packed into a cylin-
rical cell 2.54 cm in diameter and between 2.5- and 5-cm-long. The
amples were saturated with an aqueous solution of 0.1 M NaCl of a
nown density and electrical resistivity by slow displacement using
Pharmacia P-500 piston pump. Permeabilities were calculated for
ater flow at five flow rates measured gravimetrically �approxi-
ately 0.1, 0.5, 1.0, 4.0, and 8.0 cm3 per minute, or 1.21, 6.06,

2.12, 48.49, 96.99 barrels/m for a 21.59-cm-diameter production
ore�: The differential pressure was recorded using a Keithley 2700
igital multimeter and data acquisition system and a high-resolution
ifferential pressure sensor. The porosity was measured using a
ravimetric technique. Permeabilities were calculated for each flow
ate and no systematic variation of permeability with flow rate was
ound in this range. Consequently, we have used the arithmetic aver-
ge of the calculated permeabilities together with their maximum
nd minimum range as error bars. The complex electrical resistivity
f the samples were measured using a Solartron 1260 impedance an-
lyzer and platinum-blacked platinum gauze electrodes from
MHz to 0.1 Hz. Measurements were made while no flow was oc-

urring in order to avoid systematic errors due to streaming poten-
ials. The cementation exponent was calculated from the porosity
nd the modulus resistivity at 1 kHz. The glass bead pack data are
hown in Table 1.

Figure 2a shows the predicted and measured permeabilities mea-
ured and calculated in this work and from data taken from other au-
hors. The imported data are for glass bead packs, unconsolidated
nd consolidated sandstones �Chauveteau and Zaitoun, 1981�, and
or fused glass beads �Johnson et al., 1987�. It can be seen that all the

able 1. Data from the glass-bead pack experiments.

ead
pack

Measured

Grain
diameter

��m�

Cementation exponent,
m

���
Porosity, �

���
Perme
��10−

A 20 1.49 0.4009 0

B 45 1.48 0.3909 1

C 106 1.50 0.3937 8

D 250 1.50 0.3982 50

E 500 1.46 0.3812 186

F 1000 1.47 0.3954 709

G 2000 1.49 0.3856 2277

H 3350 1.48 0.3965 7706
xperimental data indicate that the RGPZ equation predicts the per-
eability extremely well over six decades of variation.
Figure 2b shows the measured permeabilities as a function of the

rain diameter and compares them with curves representing the
GPZ model and other models. It is clear that the RGPZ and Berg
odels perform relatively well compared to the modified Kozeny-
arman model or the Van Baaren model. It is also clear that the
GPZ model is the most conservative of the four models tested here.

PERMEABILITY PREDICTION IN ROCKS

The permeability predicted by the RGPZ model and other models
as been compared with the measured permeability for 65 samples
hich represent a range of different lithologies �Table 2�. In each

ase, the permeability was measured using a nitrogen gas per-
eameter and was corrected, where necessary, for the Klinkenberg

nd Forscheimer effects. The porosity was measured with a Cober-
ey-Stevens helium pyknometer and by MICP using a Carlo-Erba

ercury porosimeter. The formation factor and cementation expo-
ent were measured with QuadTech, Solartron, and Hewlett Packard
mpedance spectrometers at 1 kHz while the rock was saturated with
igh salinity aqueous NaCl.

These data have been compiled by the authors over a number of
ears to allow a broad range of lithologies to be represented. Berea
andstone is a well-known isotropic clean sandstone analog. Darley
ale sandstone is a well-indurated, granular, felspathic quartz with
5% quartz, 15% feldspar �plagioclase and microcline�, and 10%
uscovite and illite �Glover et al., 1997�. It is isotropic, has a mod-

rate porosity �12%–24%�, and a high permeability �500–2000
D or 4.9 � 10−13–1.97 � 10−12 m2�.
Lochaline sandstone is an extremely pure white sandstone

�99.9% quartz, with 0.04% TiO2 as the next most dominant oxide
y XRF� deposited in the Upper Cretaceous in a depositional envi-
onment that has been the subject of much debate. It occurs in an un-
emented form and a cemented form, both of which are isotropic.
he uncemented form has well-sorted subrounded grains �50–
00 �m�, has a moderately high porosity �18%–25%� and perme-
bility �500–2000 mD or 4.93 � 10−13–1.97 � 10−12 m2�, and is
echanically weak enough to be crushed by hand into loose sand.
he cemented Lochaline sandstone is chemically identical with the
ncemented version except that it has undergone the secondary pre-

Predicted

RGPZ
permeability
��10−12 m2�

Kozeny-Carman
permeability
��10−12 m2�

Berg
permeability
��10−12 m2�

Van Baaren
permeability
��10−12 m2�

0.2695 0.6906 0.3135 1.3180

1.3645 3.4962 1.5872 6.6726

7.571 19.399 8.80731 37.024

42.116 107.908 48.9905 205.946

168.465 431.631 195.962 823.784

673.861 1726.52 783.847 3295.14

2695.44 6906.09 3135.39 13180.5

7562.40 19375.9 8796.73 36979.7
ability
12 m2�

.2411

.599

.118

.46

.79

.85

.26

.97
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ipitation of silica on all the original eroded grains. The secondary
recipitation is euhedral resulting in very thin planar grain bound-
ries which represent extremely small pore throats. The euhedral
rains interlock and ensure that the rock has a relatively high
echanical strength. The porosity and permeability are consequen-

ially much lower �2%–8% and 1–5 mD or 0.9869 � 10−16–4.93

igure 2. Comparison of the measured and predicted permeabilities
or a range of glass bead packs and other data. �a� Predicted perme-
bility using the RGPZ model as a function of measured permeabili-
y for soda-lime glass bead packs �Table 1�, glass bead packs, uncon-
olidated sands and consolidated sandstones �Chauveteau and Zai-
oun, 1981�, and fused glass beads �Johnson et al., 1987�. �b� Mea-
ured permeability as a function of grain size for soda-lime glass
ead packs �Table 1�, glass bead packs and unconsolidated sands
Chauveteau and Zaitoun, 1981�, and fused glass beads �Johnson et
l., 1987� compared with four permeability prediction models �lines:
GPZ, Berg, Kozeny-Carman, and Van Baaren�.

able 2. Data from lithologies used to test the RGPZ model.

Lithology Bedding
Number of

samples

erea sandstone Isotropic 20

ochaline sandstone Isotropic, silica cemented 5

ochaline sandstone Isotropic, uncemented 3

ascally sandstone Perpendicular 7

ascally sandstone Parallel 6

ascally sandstone 45° to bedding 6

arley Dale sandstone Isotropic 12

ortland limestone Perpendicular 2

urbeck limestone Isotropic 4
10−16 m2�. A comparison between the two forms is instructive be-
ause of the variation in porosity and permeability derived only from
he addition of the secondary quartz overgrowths.

Fascally sandstone or siltstone is an upper to middle Jurassic
andstone containing significant amounts of clay minerals with clear
edding. We have cored suites of samples both parallel, perpendicu-
ar, and at 45° to the bedding to examine the effect of the bedding on
he ability of the models to predict the permeability of the samples.A
umber of Portland and Purbeck limestones were also tested.

Figure 3 shows the results of predicting the permeability for the
ithologies shown in Table 2 using the RGPZ, Kozeny-Carman, and
erg models. Figure 3 also shows the prediction using the apex mod-
l of Swanson. It is immediately clear that the RGPZ model is the
est of the four models for most of the rock types, especially at high
ermeabilities, with the data points making a tightly grouped cloud
round the one to one line. Most lithologies are well predicted de-
pite variations in porosity, cementation factor, grain size, the pres-
nce of secondary overgrowths, and variations in mineralogy. Figure
a suggests that the capability of the RGPZ model to predict the per-
eability diminishes for low-permeability rocks; however, the val-

es are still well within what would be considered to be a reasonable
ange. It should be noted that the measurement of the Fascally sand-
tone perpendicular to the bedding is systematically overestimated
y up to a factor of about five, and there also seems to be a slight
verestimation of the Fascally sandstone that was cored at 45° to the
edding plane.

By comparison, the Kozeny-Carman model provides a more dif-
use cloud of data points that shows the correct trend at high perme-
bilities �i.e., proportional to d2� but overestimates the permeability
f all samples by a factor of about 40. The overestimation provided
y the Kozeny-Carman model increases at low permeabilities. The
ozeny-Carman model also has the most difficulty predicting the
ermeability of the Fascally sandstone that was cored and measured
erpendicularly to the bedding �overestimations by up to 2000
imes�. The Berg model produces the correct trend but provides an
mprecise prediction that is overestimated by between one and two
rders of magnitude. The Berg model also has great difficulty pre-
icting the permeabilities of the Fascally sandstone perpendicular to
he bedding, whose permeabilities are overestimated by as much as

Range of values

um
sity
�

Formation
factor
���

Cementation
exponent

���

Modal grain
size �MICP�

��m�

Klinkenberg
permeability
�m2 � 10−15�

0.24 12.6–15.6 1.59–1.90 408–815 1650–7010

0.08 34.1–78.9 1.40–1.64 43–200 1.75–4.68

0.22 13.8–14.5 1.71–1.74 34–47 1260–1840

0.28 21.4–26.4 2.13–2.43 30–60 0.0029–0.045

0.36 7.1–17.6 1.73–2.30 20–80 1.56–104.3

0.26 19.4–27.6 2.22–2.33 3–43 0.00588–2.99

0.24 17.3–28 1.83–2.06 182–643 40.9–1644

0.14 45.8–65.3 1.87–2.12 14–30 0.036–0.090

0.13 35.8–399.7 1.75–1.87 20–40 0.0019–0.49
Heli
poro

��

0.20–

0.07–

0.21–

0.24–

0.28–

0.23–

0.16–

0.13–

0.04–
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00 times. The Swanson model performs least well of the three mod-
ls, providing reasonable, if somewhat imprecise, predictions for the
lean sandstones with high permeabilities, but wildly overestimat-
ng the permeabilities of all the lower permeability rocks.

Despite the wide variation in their general prediction capabilities,
ll four of the models seem to have more difficulty predicting the
ermeability of samples of Fascally sandstone that were cored per-
endicular to the bedding compared to those cored parallel or 45° to
he bedding. Is there a direction-sensitive parameter in these models
hat has been misjudged? The parameters used in the models include
orosity, grain size, cementation exponent, and the Swanson param-
ter. The cementation exponent is sensitive to the direction of its
easurement, but in this work, it was measured in the relevant direc-

ion for each sample. The porosity that was used in the modeling was
btained using a helium method which is not directionally sensitive.
he same is true of the Swanson parameter, which is derived from

he increasing saturation of mercury within the rock per unit applied
ressure resulting from the entry of mercury into the sample on all
ides. The grain size is also obtained from the MICP measurements,
ut it is possible, nevertheless, that these data include a directional
ias. The MICP measurements and the calculation of a grain size
pectrum themselves are directionally insensitive. However, we
ave arbitrarily chosen the modal grain size as our measure of the
elevant grain size for permeability prediction for the RGPZ,
ozeny-Carman, and Berg models. It may be that this is erroneous,

s supported by the following rationalization:
It is known that larger grain sizes provide larger pore sizes be-

ween them, and hence produce larger permeabilities. This is despite
he fact that some of the large pores will contain smaller grains be-

igure 3. Comparison of the measured and predicted permeabilities
odel, �b� Swanson model, �c� Kozeny-Carman model, and �d� Berg
ause the occurrence of large pores filled completely with smaller
rains is limited by the dynamic process of preferential grain sedi-
entation which tends to sort and deposit grains of a similar size and

ensity at any given time. Now imagine a sample of rock that is com-
osed of a volumetric distribution of grains of different sizes with no
redefined arrangement of the grains. Suppose that the rock sample
s composed of local subvolumes that are composed of one grain
ize, each of which represents a local permeability. It is the arrange-
ent of these subvolumes that controls the permeability of the sam-

le as a whole. If the subvolumes are arranged in planes parallel to
he direction of measurement, the sample’s permeability should be
alculated by taking the weighted arithmetic mean of the local per-
eabilities, i.e., using the weighted arithmetic mean of the grain siz-

s in the permeability prediction equations. If the subvolumes are ar-
anged in planes perpendicular to the direction of measurement, the
ample’s permeability should be calculated by taking the weighted
armonic mean of the local permeabilities, i.e., using the weighted
armonic mean of the grain sizes. If the subvolumes are arranged
andomly, the sample’s permeability should be calculated by taking
he weighted geometric mean of the local permeabilities, i.e., using
he weighted geometric mean of the grain sizes.

However, in Figure 3 the principal modal grain size was used as
he relevant grain size for permeability prediction. Because the mod-
l grain size was towards the larger grain size end of the grain size
istribution for all the samples studied, the value of the modal grain
ize was closer to the weighted arithmetic mean of the grain size dis-
ribution than to its weighted harmonic mean. This suggests that the

odal grain size is not a reliable measure of grain size for the predic-
ion of permeability in rocks because it may be directionally biased,

samples of sandstones and carbonates shown in Table 1. �a� RGPZ
.
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n this case, favoring measurements made parallel to the bedding.
ne would expect, in Figure 3, that the predicted permeabilities for

he Fascally sandstone cored perpendicular to the bedding would be
rossly overestimated, as is in fact the case.

To confirm the hypothesis, we calculated the weighted harmonic
ean grain sizes for the Fascally perpendicular samples and found

hat they were approximately seven times smaller than the respective
odal grain size. The use of the harmonic mean grain sizes with the
GPZ, Kozeny-Carman, and Berg models results in predicted per-
eabilities that agree very well with the predicted trend from each
odel, and in the case of the RGPZ model, provides permeabilities

n the 1:1 line.
It is clear that high-quality permeability prediction depends fun-

amentally on the choice of the relevant mean grain size to use. It
as impossible to carry out a more detailed study of this phenome-
on with the data set used in Figure 3 because the MICP data was ob-
ained from a porosimeter that lacked sufficient resolution and pres-
ure range. Consequently, we have studied the phenomenon with a
igh-quality data set obtained from industry in the next section.

PERMEABILITY PREDICTION
AND GRAIN SIZE FROM MICP

Real rocks and other naturally derived porous media are com-
osed of a distribution of grain sizes �and shapes�. It is not a trivial
ask to discover the relevant measure of grain diameter for each pre-
iction model. We have used data from 21 cores from an isotropic
andstone succession in the North Sea, U. K. provided by Shell UK
xploration and Production to ascertain the most reliable grain size
arameter for permeability prediction. The porosity was measured
sing a helium porosimeter and the formation factor was measured
t 1 kHz using a Hewlett Packard impedance analyzer with the sam-
le saturated with an aqueous solution of 1 M KCl. Grain size spec-
ra were derived from high-quality mercury injection capillary pres-
ure �MICP� measurements made with a Micromeritics mercury po-
osimeter. In each case, we have confirmed that the results of the
rain size distribution are reasonable by comparing them with as-
essments of the grain size using image analysis of thin sections.
wo samples were discarded because the grain size distribution was
ot consistent with the image analysis assessment. Each grain size
pectrum has been analyzed to provide the modal, median, weighted
rithmetic mean, weighted geometric mean, and weighted harmonic
ean grain size diameters. In several cases, the distribution was
ultimodal, for which both modal values have been used. The per-
eability has been predicted with each type of grain size using the
GPZ model and the Kozeny-Carman model. The predicted perme-
bility using the Swanson method has also been calculated. The
easured permeability had been obtained by using a nitrogen gas

ermeameter and had been corrected for the Klinkenberg and For-
cheimer effects.

The results from these tests are shown in Figure 4. It is clear that
he RGPZ model performs better than the Kozeny-Carman model. It
s also clear that the choice of the relevant grain size is extremely im-
ortant. Figure 4 shows that the median does not provide a relevant
r successful measure of grain diameter for use in permeability pre-
iction and may be discarded. For isotropic rocks such as these, the
est measures of grain size are the modal grain size �the larger if two
eaks are present� and the weighted geometric mean grain size. We
ypothesize that the weighted arithmetic mean and weighted har-
onic means would be successful at predicting the permeability of
learly bedded rocks, cored parallel and perpendicular to the bed-
ing, based upon the measurements and predictions for the Fascally
andstone. However, further tests on clearly bedded rocks are neces-
ary to confirm this.

While the success of the modal grain size is fairly intuitive, a few
ords need to be said concerning the weighted geometric mean. It

an be shown analytically that the arithmetic and harmonic means
epresent fluid flow through either a parallel or a series stack of dif-
erent permeabilities, respectively. By comparison, the geometric
ean is thought to represent the permeability of a medium com-

osed of randomly distributed subvolumes of different permeabili-
ies. If we imagine that the distribution of grain sizes within the rock
s random and that the permeability of each local volume depends
pon the local grain size, it follows that the global permeability may
e modeled by using the weighted geometric mean of the grain sizes

igure 4. Comparison of the measured and predicted permeabilities
or 19 samples of sandstones as a function of five different methods
or obtaining the grain size used in the permeability models. �a�
GPZ model with the Swanson model, �b� Kozeny-Carman model
ith the Swanson model, �c� Predicted and measured permeabilities

hown as a box plot �center line is the median, box limits represent
5th to 75th percentiles, whiskers represent 10th and 90th percen-
iles, dots show extreme points in data�.
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n the rock.An equivalent approach would be to calculate the perme-
bility for each grain size in the grain size distribution and then to
ake the weighted geometric mean of the distribution of those perme-
bilities.

It is interesting to note that the permeability prediction results
rom the Swanson model, which does not rely on the choice of a
rain size measure and performs very well, have been included in
igure 4 for comparison. This is in marked contrast to the results
rom the previous set of data. We suspect that the Swanson model
oes provide a high-quality prediction for reservoir sandstones but
equires high-quality MICP data for it to work well. The MICP data
rom the earlier data set were derived from an aging Carlo-Erba po-
osimeter. The more modern Micromeritics instrument was used to
btain the latter data, which were of much higher quality.

PERMEABILITY PREDICTION
AND GRAIN SIZE FROM NMR DATA

The permeability of a 500 m thick succession of sandstones and
hales from a well in the North Sea has been predicted using the
GPZ model and four other models.All five models have been com-
ared against permeabilities measured on 348 cores distributed
hroughout the succession. The data included conventional and
chlumberger MRIL logs and core analysis data. The conventional

ogs were analyzed to provide porosity, formation factor, and ce-
entation exponent in the conventional way. The MRIL logs were

sed to calculate the porosity, FFI, BVI and T2lm values. The perme-
bility using the SDR, Coates, and HSCM methods can be calculated
irectly from these data. In the calculations, we preferred to use the
MR derived porosity because this would always be more conve-
ient for the ultimate user of the NMR log data. The predicted per-
eabilities from each model are shown in Figure 5 together with the

ermeability measured on cores.
The RGPZ and Kozeny-Carman models were also used to predict

he permeability from this log set. However, both require the input of
relevant grain size. The challenge is to derive such a grain size from

he NMR data. We have chosen to adopt a similar approach to that of
asan et al. �1997� and Coates et al. �1999�. Initially we derived a

epresentative pore throat size from the NMR data using

�throat =
�pore

�
=

�T2lm

�
, �12�

igure 5. Crossplot of the geometric mean grain size derived from
ICP measurements on cores with the value �T2lm/� derived from
MR tool data. The line represents the best linear fit, whose gradient

s equal to C = 218.4.
here �throat is a length scale associated with the pore throat diameter
in meters�, �pore is a length scale associated with the pore diameter
in meters�, � is the surface reflexivity �in m/s�, T2lm is the logarith-
ic mean value of the NMR T2 relaxation time �in seconds� and � is

he mean ratio of �pore to �throat. In this work the value � = 60 has been
sed. This value was obtained from the pore diameters and grain di-
meters derived from the application of Meyer-Stowe theory to
ICPcore data from each of the cores taken from the logged section,

nd has been checked against microphotographs of thin sections
rom 35 of the 348 cores �10% of the cores�. A value of � = 2.12

10−5 m/s has been used after Huang �1997�.
The pore throat diameter thus obtained was correlated with the

eometric mean grain size to provide a scaling factor C that was used
o convert the pore throat diameter to grain diameter. The calculation
f the grain size thus becomes

dgrain = C
�T2lm

�
= D�T2lm. �13�

Figure 5 shows the correlation between grain size and pore throat
ize for the logged interval. It was found that C = 218.4 ± 17.29,
ith R2 = 0.7022 by assuming � = 60.
It is clear that this method of obtaining grain size is specific to each

ormation. It requires two initially unknown parameters � and C,
hich usually will not be available. Further work is necessary to be

ble to say whether there is a large natural variation in � and C, or
hether they can be taken to be approximately constant for a range
f rock types. However, both depend solely upon the geometry of the
ore space. Hence, we have carried out a correlation directly be-
ween the product �T2lm and the geometric mean grain size to provide
single scaling factor D that can be used to convert the product �T2lm

o grain diameter directly �Figure 5�. It was found that D = 3.64
0.2881, with R2 = 0.7022.
Figure 6 shows the NMR derived porosities and core derived po-

osities, together with the core derived permeabilities and the perme-
bility predictions from five models that use the NMR data in their
rediction. It is clear from the porosity log that there is a low back-
round porosity �� 	 0.03� with a number of clearly defined high-
orosity horizons �0.1 	 � 	 0.2�. It is reasonable to expect these
orizons to have permeabilities that are significantly larger than the
ackground permeability.

The SDR and Coates models predict a background permeability
f about 0.01 mD �9.87 � 10−18 m2� and permeable horizons
round 100 mD �9.87 � 10−14 m2� which overestimates the perme-
bility of most of the permeable horizons by comparison with the
ermeability measured from the core material. This overestimation
an be up to two orders of magnitude. The HSCM model, by com-
arison, predicts a background permeability of around 0.1 mD
9.87 � 10−17 m2� and permeable horizons up to 1 mD �9.87

10−16 m2�. This represents an underestimation of the permeability
f some permeable horizons and a slight overestimation of others.
ndeed, the lack of contrast between the background permeability
nd the predictions for the permeable horizons makes it difficult to
istinguish the high-permeability horizons using the HSCM model
lone.

The Kozeny-Carman and RGPZ models predict a background
ermeability of about 0.01 mD �9.87 � 10−18 m2� and about
.001 mD �9.87 � 10−19 m2�, respectively. Both models predict the
osition and the permeability of the permeable horizons very well.
owever, the Kozeny-Carman model tends to underestimate the
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Permeability prediction F57
ermeability slightly for some permeable horizons, whereas the
GPZ model provides highly accurate permeability predictions for
ll eight permeable horizons.

LIMITATIONS OF THE RGPZ MODEL

Although the RGPZ model seems to provide good predictions for
he experimental and downhole data that we have shown in this
ork, it is important that its limitations are made clear.

Although the RGPZ model is not empirical, but derived analyti-
cally from electro-kinetic considerations, its application requires
knowledge of a characteristic grain size.
If the RGPZ equation is used with downhole NMR data, the re-
quired characteristic grain size currently can be obtained only by
employing an empirical procedure relating grain size to the T2 re-
laxation time.
The F and m values used in the equation should be derived from
saline water bearing rock to minimize perturbation of the results
by surface conduction.
The value of F should be significantly greater than unity. This
constraint means that the RGPZ equation should not be used in
low-porosity fractured rocks. However, it should be valid in
high-porosity fractured rocks.
The RGPZ equation is not valid in the limit that � → 1 �i.e.,
100% porosity�, which amounts to a trivial restriction of the
model.
The RGPZ equation relies on the assumption that O’Konski’s
equation �O’Konski, 1960� for spherical grains can be used for
nonspherical grains providing the grain radius therein is taken as
an equivalent or characteristic grain radius. This is valid provid-
ing the range of grain radii in the target rock is bigger than the av-
erage difference between the smallest radius and the largest radi-

igure 6. Logs showing the laboratory measured porosity and perm
lled circles together with log-derived porosity measurements and p

ies as lines. �a�: Laboratory measured core porosity as filled circles a
orosity as a line. �b�–�f�: Laboratory measured core permeability a
redicted permeabilities using the SDR, Timur-Coates, Kozeny-C
GPZ models shown as lines.
us of each particle. This is true for almost all sedimentary rocks
and is described in detail in theAppendix A.

CONCLUSIONS

Anew model for the prediction of the fluid permeability of porous
edia has been proposed. The new model is derived from the con-

ideration of the electrokinetic link between fluid flow and electrical
ow in a porous medium. Theoretically, the new �RGPZ� model is
alid providing �1� the range of grain sizes in the rock is large com-
ared to the difference between the mean maximum and minimum
ffective grain radii, �2� the F and m values are derived from saline
ater bearing rock, �3� the rock is unfractured such that F � 1, and

4� the model is not used in the limit � → 1 �i.e., 100% porosity�.
one of these limitations seriously affects its application to many

eservoir rocks.
The RGPZ model has been tested with �1� bead pack data �this

ork�, �2� bead pack data from other authors, �3� fused bead pack
ata from other authors, �4� consolidated and unconsolidated sand
ata from other authors, �5� 65 samples of various lithologies �this
ork�, �6� 21 samples from a North Sea sandstone succession �this
ork�, and �7� a conventional and NMR logged interval from a well

n the North Sea compared against measured permeability of re-
rieved core �this work�. In all cases, the RGPZ model has performed
ell compared with the true measured permeability and has out-per-

ormed seven other common permeability prediction methods
Kozeny-Carman, Swanson, Berg, Van Baaren, Coates, SDR, and
SCM�.
The quality of the prediction provided by the RGPZ model �as

ell as the Kozeny-Carman, Berg, and Van Baaren models� depends
ritically upon the choice of a relevant weighted mean grain size. It is
est to use a weighted geometric mean for isotropic rocks, although

the modal grain size also often works well. It is
recommended that a weighted harmonic mean of
the grain size distribution is used for the perme-
ability prediction of a rock measured perpendicu-
lar to a well-developed bedding, and that a
weighted arithmetic mean is used for the perme-
ability prediction of a rock measured parallel to a
well-developed bedding.

The RGPZ model has been combined with a
method to obtain the grain size from NMR log
data. The resulting permeability prediction was
an excellent match with the retrieved core data,
and better than permeability predictions using the
Coates equation or the Kozeny-Carman equation.
The RGPZ model is clearly an improvement on
the other permeability predictors, and could be
used to predict permeability if analyzing data
from NMR tools.
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omments of two anonymous reviewers helped to improve the paper
onsiderably.

APPENDIXA
THE DERIVATION OF THE RGPZ EQUATION

The Bruggeman-Hanai-Sen �BHS� equation resulted from using
he self-consistent medium theory to model the dielectric and con-
uctive responses of a composite porous medium composed of two
onstituents �Bruggeman, 1935; Hanai, 1960; 1961�. The same re-
ult has also been obtained by Sen et al. �1981� using a differential ef-
ective medium approach. The BHS equation can be written as


 − 
m


 f − 
m
�
 f



�D

= � , �A-1�

here � is the interconnected porosity of the porous rock, 
 is the
acroscopic electrical conductivity of the porous rock, 
m is the

lectrical conductivity of the mineral grains including that of the as-
ociated surface diffuse layer, and 
 f is the electrical conductivity of
he pore fluid. The parameter D is called the depolarization factor
nd depends strongly on the topology of the interconnected pore
pace and the shape of the grains �Sen et al., 1981�. For a low-density
ispersion of spherical grains in a conductive fluid D = 1/3
Bruggeman, 1935�, but it has been shown that D retains this value if
he spheres form a denser porous medium �Sen et al., 1981�. Mendel-
on and Cohen �1982� have shown that 0 � D � 1 whatever the to-
ology of the pore space, and Sherman �1985� has obtained 0.32

D � 0.38 for sandstone from laboratory dielectric measure-
ents. However, for the purposes of this derivation, we allow D to

ary.
The BHS equation does not implicitly account for the presence of

urface conduction, which is necessary if the equation is to be ap-
lied to porous media containing clay minerals. However, the effect
f coating nonconducting grains with a specific surface conductivity
s is exactly equivalent to assigning to the grains a total matrix con-
uctivity of


m =
2�s

R
, �A-2�

here R is the radius of the grains �O’Konski, 1960�. Hence, the sur-
ace conductivity 
s is also 
s = 2�s/R. It should be noted that this
ransform is only strictly valid for spherical grains. For nonspherical
rains �e.g., ellipsoids, rods, and disks�, O’Konski �1960� gives oth-
r, more complex, expressions. However, for the purposes of this
erivation, we will assume that 
s = 2�s/R remains valid to a first
pproximation providing we take R as the equivalent grain radius.

The above assumption is valid providing that the grains are close
o spherical compared to the range of grain sizes in the rock. We can
tate the restriction more quantitatively as follows: The aspect ratio
f a grain can be defined as  = dmax/dmin, where dmax is the largest di-
meter of the grain and dmin is its smallest diameter. The weighted
rithmetic mean of an ensemble of such grains with different aspect
atios  and a mean effective grain diameter Dmean can be assigned
he symbol ��. If Dmin is the effective diameter of the smallest grain
n the ensemble and Dmax is that of the largest grain in the ensemble,
e can define their difference �D = Dmax − Dmin to be the range of
rain sizes in the ensemble. Now it is possible to state the condition
hat ��Dmean � �D. If this condition is true, the assumption is val-
d. The condition is true for almost all clastic rocks and for all bead
acks. For example, a typical reservoir sandstone with subrounded
rains where �� = 2, Dmean = 100 �m, and �D = 990 �m would
ulfill the condition. However, an atypical clastic rock composed of
ell-sorted elongated grains with �� = 5, Dmean = 100 �m, and
D = 300 �m would fail the condition. In the case of bead packs of
single grain size, the range of grain sizes is fairly small if high qual-

ty glass beads are used. However, their sphericity is also extremely
ood, �� → 1, and hence the O’Konski equation is valid without
eeding to make any assumptions.

Following Bussian �1983�, we define m 	 1/�1 − D�, and re-
rite the BHS equation, equation A-1 as


 = 
 f�
m�1 − 
s/
 f

1 − 
s/

�m

. �A-3�

Because 0 � D � 1, it follows that m � 1. Hence, equation A-3
an be rewritten as





 f
= �m/�1−m��1 − 
 f /
s

1 − 
/
s
�m/�1−m�

. �A-4�

The inverse of the classical formation factor F, and the low-salini-
y formation factor f are given by the limits of the ratio of rock con-
uctivity to fluid conductivity �i.e., equation A-4� in the limit as the
urface conductivity goes to zero and to infinity, respectively. By
aking these limits with equation, A-4 we obtain

1

F
= lim


s→0
� 



 f
� = �m, �A-5�

nd

1

f
= lim


s→�
� 



 f
� = �m/�1−m�. �A-6�

It is clear that the parameter m, defined above as m = 1/�1 − D�,
s identical to the Archie cementation exponent because equation
-5 is Archie’s law �Archie, 1942�, as theoretically justified by Sen

t al. �1981� and Mendelson and Cohen �1982� for granular porous
edia. Note that for the special case of m = 2, we have f = 1/F.
The cementation exponent is a measure of the decoupling be-

ween the porosity, which is a purely geometric parameter, and the
ffective part of this porosity used by the electrical current during the
lectromigration of ions. If the interconnected pore space is formed
y a network of interconnected open fractures, it can be shown ana-
ytically that F = 1/�, i.e., m = 1, and consequently, all the porosity
ontributes effectively to the total conductivity. This is not the case
or clay-bearing rocks, where high-cementation exponents �m

2.5� indicate that a large fraction of the pore space �microporosi-
y� does not contribute effectively to conduction due to dead-end
ores and highly tortuous current paths.

We now define a nondimensional parameter

� 	

s


 f
=

2�s

R
 f
, �A-7�

.e., � is the ratio of the surface conductivity to the free electrolyte
onductivity. As noted by Kan and Sen �1987�, this is a key parame-
er allowing the variation of electrical conductivity with salinity to
e mapped �� � 1 for the low-salinity domain, and 0 	 � 	 1 for
he high-salinity domain�. In the high-salinity domain equation A-3
an be simplified by using the binomial expansion �Bussian, 1983�
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 =
1

F
�
 f + m�F − 1�
s� . �A-8�

This equation is similar to the linearized equation obtained by Sen
1987� for the electrical conductivity of a 3D periodic array of
harged spheres in an electrolyte. In the high-salinity limit, the elec-
rical conductivity is also given by Johnson and Sen �1988� as


 =
1

F
�
 f +

2

�
�s� , �A-9�

here � is the length scale that is the characteristic pore-size dimen-
ion associated with transport in the interconnected pore space vol-
me �Johnson and Sen, 1988; Pride, 1994�. The parameter � can be
nterpreted as an effective pore radius for transport in the porous me-
ium. The parameter � is not rigorously a geometrical parameter.
owever, it approximates to the radius of the narrow throats that

ontrol transport in the interconnected pore volume �e.g., Schwartz
t al., 1989; Bernabé and Revil, 1995�.

A comparison of coefficients between equations A-8 and A-9
ives

� =
R

m�F − 1�
�

R

mF
=

d

2mF
, �A-10�

here d is the representative mean diameter of the grains. The ap-
roximation that F − 1 = F is valid if F � 1, which is reasonable
or most porous media. Equation A-10 constitutes a new relationship
etween the length scale � and the formation factor F. For the limit
f a dilute concentration of spheres �i.e., � → 1� we can expand F as
function of �, which gives F 
 �−3/2 = 1 + �3/2��1 − ��, with
= 3/2 for perfect spheres according to Sen et al. �1981�. So, the

ength scale � in this limit is given by � = 4R/�9�1 − ��� which as
lready been established by Kostek et al. �1992� using a different
ethod.
It is known that the length scale is related to the hydraulic perme-

bility through a relationship of the form �e.g., Schwartz et al., 1989;
ostek et al., 1992; and Bernabé and Revil, 1995�

k 

�2

aF
, �A-11�

here a is a constant in the range 2–12 depending upon the topology
f the pore space, and is equal to 8/3 for three-dimensional arrange-
ents of quasi-spherical grains. For a three-dimensional grain con-

olidation model, Kostek et al. �1992� have shown that equation
-11 gives a very good approximation of the hydraulic permeability

xcept in the limit � → 1, where � is the interconnected porosity.
onsequently, we can derive the RGPZ equation from equations
-10 andA-11:

kRGPZ �
d2

4am2F3 =
d2�3m

4am2 =
3d2�3m

32m2 . �A-12�

For spheres, m = 1.5, and kRGPZ becomes

kRGPZ �
d2�3m

24
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