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Abstract

Quite a few mythical misconceptions exist around the Formation Resistivity Factor and the Resistivity Index of porous rocks.
Ttispapetadd'e&sessomeofﬂmemiscamepm.stnummeFRFversuspwosnylhéaMawgomwhmeoﬁgh?
Should a variable m be used? Must the saturation exponent always be greater than one? How large is the effect of the
tortuosity? Does the temperature affect the FRF? Does the Overburden Pressure affect the Rl ?

Archie originally tried to predict permeability from the resistivity and did not have success. However, it can be done. Extra
information is needed and Petrographic Image Analysis can play a significant role here.

Different methods are used to measure the electrical properties. A few of the methods are compared. The centrifuge
method has so many drawbacks, that it only has fimited usefuiness. A few points of general concemn are mentioned.

Section 1 : Introduction

The Formation Resistivity Factor (FRF) and the Resistivity index (RI) are two of the most widely used formation
pmpetﬁeshloganalysisi\meoilhwsty.ﬂmeFotmaﬁonResisﬁvityFactorisusuaﬂyconelatedtothepotosityhﬂ\efomof
the first Archie refation (1) :

FRF = ¢ 1)}
with

FRF Ro/Rw

Ro resistivity of 100% brine saturated rock

Rw resistivity of saturating brine

¢ porosity

m cementation exponent (cementation factor)

The Resistivity index (RI) is usually correlated to the water saturation in the form of the second Archie refation (2)

Rl =8," 2
with

R RtRo

Ry resistivity of rock desaturated to Sw

Sw water saturation

n saturation exponent (saturation factor)

if the values for m and n are known from lab measurements, Rw from produced fluid analysis, and the correct Rt and ¢
from wireline logs, the water saturation can be calculated from equation [3].

Sw'= RWRY/ " &

Originally the equations were considered to be totally empirical, with no foundations in theory. In 1988 these
equations were analytically desived in the above form by Spalburg (3) using the Effective Medium Model. Other models
(geometiic and computer modeis) also led to the same relations with numerical results. However, as with all models the
results are only relevant as long as the conditions for the model are obeyed and as long as the model is valid. Over the
yearsmanymodelshavebeentrled.Theonesﬂ\atdidnotoonﬁmtoﬂwobservaﬁonsneverwerepubished,meommat
did indeed describe the observations to some level of satisfaction were published. However, that does not necessarily mean
they are physically meaningful. Al modeis fail in some respect.

The Archie relations [1] and [2] are stil empirical refations. There has been a significant amount of discussion
published in the literature on the validity of Archie's relations. And it is no wonder that over the years a number of stubbom
myths were passed around along the grapevine.

This paper will deal with three issues in three sections. First addressed are some of these myths, such as:
Myths

1. FRF versus porosity fine has to pass through the origin. False
2. Saturation exponent [n] must be greater than 1.0 False



3. Variable m-exponent { m = m(¢) ] is useful. False
4. Tortuosity has a large effect on m. False
5. Temperature affects the FRF. False
6. Overburden Pressure affects the Rl . False
7. Four electrode measurement is better than two electrodes method. False
8. When m increases n increases (or decreases) ?

9. Atlower water saturations n decreases (or increases) ?

Next the refation between permeability and resistivity will be examined. Archie’s original aim was to use the
resistivily to predict the permeability. However, he did not have success. Nevertheless, the two are very much related. The
permeability can be predicted from the resistivity with some extra information i.e. the pore throat size. The pore throat size is
difficult to measure in the well bore. Sometimes NMR is used to predict permeability. The NMR yields a measure of surface
area. So, as long as surface area and pore throat size are comrelated this may have some success. in the lab the pore throat
size can be obtained rather inexpensively using Petrophysical image Analysis (P1A) on SEM photographs. In our last
section some of the methods which are used to measure the electrical properties are discussed. There are a number of
different methods in use especially for the RI. Which method should be used? Some methods actually have so many
drawbacks, that they only have fimited usefulness.

Section Il : Myths

This section examines a few of the most common myths around the Formation Factor and the Resistivity index.

1. FREF versus porosity line has to pass throughtheorigin . . . .. ............ False
When the FRF- porosity ine passes through the origin ( FRF = 1 when ¢ = 1) the usual Archie relation applies:

FRF=1/¢" (11
When this fine does not pass through the origin it is usually written with a coefficient a as
FRF=a/¢" 4
with
intercept , cementation coefficient
The fundamental concept behind this myth is that when the porosity is equal to 100% the sample resistivity (Ro)

and the brine resistivity (Rw) should be the same. So FRF = Ro/Rw should be equal to 1 and the line should go
through the origin. Although this makes sense, it is not necessarily true.

Imagine a sample made from a cylfinder 100% filled with brine. This
cylinder will have an FRF equal to 1. When across this sample a plate of
infinite resistivity is inserted the measured resistivity of the sample will
become infinitely large and so will the FRF. When the thickness of the
resistive plate is reduced the resistivity remains very large no matter how
thin the plate is made. In this way 100% porosity can be approached as
close as wanted by making the plate continuously thinner while the
resistivity remains extremely high. In this case the FRF can not be defined nor the value of the cementation exponernt.

Next imagine a model for a dead end vug as illustrated. The vugs are
connected to a straight pore by a relatively small hole. The FRF will equal
D/d . Itis also evident that the vug can be filled with any amount of rock or 44
cement without affecting the resistivity, but reducing the porosity at will.
So the FRF versus porosity line is horizontal with an intercept of Did anda |-
cementation exponent of zero in equation [4]. In vuggy rocks usually
intercepts greater than one are found, with smaller oorrespondhgcementaﬁonemn!s

2. Saturation exponent [n] must be greaterthani0. ...... ... ............ False

If the vugs in the second model in the previous case are filed with oil, the water saturation of the sample
decreases. However, the resistivity remains constant (FRF = D/d ) and RI remains equal to 1.0 and is now independent
of the saturation. So in this case, from the second relation of Archie :

-n

Rl =8, {2



n=0 will be obtained. This clearly llustrates that the saturation exponent can have values lower than one.

Variable m-exponent[m=m{¢)lisuseful . . . .. .. ... ... ... R False

Consider the second model of the first case again. As an example assume that FRF = D/d = 100. (The actual
vakie does not matter at a) So the FRF-porosity fine is horizontal, crossing the axis at 100. Values of a=100 and
m=0.0 should be used in equation [4]. In a variable m-approach the value for a is forced to remain 1.0 but m may vary
with porosity as follows :

FRE=1/§™® o j4crdd 51
In the above case m obeys the following relation in the range of porosities between 5% and 30%
m=1.10+883¢ (6}

which is a very good approximation, within 1% for most of this range. The number of
constants fitted in equation [4) is two a, m and in equation [5] i is also two ¢, d.. So the l-'-P..
number of coefficients ic not a matter of consequence. However, in the variable m approach
m is first determined as m = log(FRF) / log(4). So m is parameter defined by porosity. Next m
is comrelated a second time to the porosity. That introduces fundamental problems from a
statistical point of view, because m is already calculated using the porosity. |
Using a data set of randomly varying FRF-values around an average value of FRF=100 IFRF
+{- 25 , and a random porosity between 0.03 and 0.35, the correlation coefficient (r2) between
FRF and porosity equals zero, whereas the correlation coefficient between m and porosity
equais 0.995. This clearly shows that the variable m approach is incorrect from a statistical point of view.

Next, it was assumed that the FRF was constant, with no dependence on porosity
whatsoever. In using equation [5] this constant FRF value is forced into a dependency on
porosity. By twisting the cementation exponent around , in making it a function of the
porosity, this dependency on porosity is to be eliminated agsin from the final result. This
does not make sense at al. This is very clear in the case of a constant FRF-value. However,
the same arguments apply when the FRF-porosity ine has a siope. The same conclusion is
not evident quite as clearly, because in this case the correlation coefficient for the FRF E]
increases and for the m-exponent ik decreases. The variable m approach was applied in a
highly acclaimed paper by Focke and Munn (4) . The paper has some good information, but
#t was found to be incorrect as far as its objective of the variable m approach was concemed.

So the conclusion is there is no gain to be had from the variable cementation exponent approach. This myth
Bustrates a very good statistical example in which a very high comrelation coefficient is obtained, without any physical
meaning or cause. This high degree of correlation is an artifact resulting from incorrect procedures, not one due to a
natural cause .

Tortuosity has aflarge effectonm . . ., ...... e e False

Mmymmengetsboggeddomhsemanﬁa.Soitbneeessaryﬁodeflnmwatiammbyutuody.
Tonuos‘ly(z)isdelhedhereuﬂnwmgeeﬂecﬁvepammwoftnmmdvldedbyﬂnbr\gmofmesanmh(t-
Le / L), which is a number that is greater than one or equal to one, when the curent path is straight. There Is also an
effect of the pore geometry. The effect of the pore geometry is captured in what will be called here the pore geometric
factor ( T ). To iustrate these concept imagine an example
pore as shown to the side with the following dimensions:

A cross sectional area of the pore
cross sectional area of the pore throat

L length of the sample

4 length of the pore throat

For this pore shape it can be found that

FRF = I"<*/§ 7]
with
=(2€/L(Ala- +1). (1-2/IL(1-alA)) geometric factor
t =le/L = 10 tortuosity

3 porosity



The geometric factor (I") can be made as high desired by reducing the size of the pore throat, while the tortuosity in this
case remains very close to 1.0 . The factor: 2. A /aL dominates the geometric factor. This demonstrates that the
geometric factor has the dominating effect on the FRF, not the tortuosity. The behaviour of the resistivity is understood
better when more attention is focused on the pore geometry. In equation [7] the porosity appears in the denominator.
This is the case in all geometric models. The product FRF. ¢ equals 1.0 for straight tubes for all cross sectional shapes.
For any other geometry the product FRF. ¢ is greater than 1.0. Actually in the detailed study of the FRF behaviour this
finear dependency on the porosity should be removed first. It is much better to use a parameter proposed by Herrick
and Kennedy (5) in 1993,. The proposed parameter was called the Electric Efficiency Factor (EEF):

EEF = 1/ ¢.FRF = 1/T.¢* , 18}

Correiating this parameter to observed geometry effects (e.g. using Petrophysical Image Analysis) is
recommended. In carbonates the Electric Efficiency Factor is quite often not correlated to the porosity at all, which
means that the tortuosity and the geometry vary at random. However, comrelating FRF to porosity stil will show some
porosity dependence, with comelation coefficients r2=0.5, which only reflects the fundamental finear dependency on
porosity.

in a few papers observations are reported that the FRF appears to vary with temperature. This is incorrect. The
FRF is only dependent on the geometry and tortucsily as shown in the previous section. When a temperature effect is
observed it may indicate that the sample is changing its geometry when the temperature changes. It also may indicate
that the laboratory procedures to measure FRF are incorrectly applied. The temperature effect that occurs with shaly
samples is the result of the counter ion behaviour. it can be accounted for as shown by Waxman and Smits (6)

erburden Pressu RE ., False

The overbuwrden pressure has an effect on the pore geometry, but not on the fluid pressure as such. The effect of
the overburden pressure is accounted for by the Formation Resistivity Factor. The fluid pressure affects the interfaclal
tension between brine, odl and rock, which generally speaking affects the Resistivity Index. However, the direction of the
effect up or down with pressure is not a priori known. So fluid pressure may have an effect on RI, but overburden
pressure has no effect.

el easurement is better than two electr method. . ........ False

This myth is a remnant of the old days. The four electrode method uses two disk

electrodes at each end of the sample thet camry the current. There are two extra ring
electrodes, which do not carry any current but are only used to measure a potential
difference. These electrodes are placed at some distance of the current electrodes. It
is supposed that in this case only the current canmying electrodes are subjected to

polarization effects. Polarization occurs when a current passes through an ionic m
solution. The positive electrode (anode) will collect excessive amounts of anions, and C
the negative electrode (cathode) will collect excessive amounts of cations. A second

effect may occur at the transfer of the electric charge between the ions and the electrons in the electrode. When this
requires extra energy the current flow is and a fraction of the voltage is lost over the electrode-fhid interface. These
increased concentrations and charge fransfer energy are refemred to as polarization. They will tend to block the curent
through the fluid and the current is no longer proportional to the voltage. So, polarization will increase the apparent
resistivity and should be avoided or eiminated.

Polarization due to charge transfer can be avoided by using proper equipment. With modern electronic equipment
concentration polarization can actually be efiminated from the measurement even with clean stainless steel electrodes.
Thus using proper procedures, materials and electronics, no polarization concems are necessary. Four electrodes
would only lead to more operational problems. Also, only about half the sample is used to measure the resistivity, so the
measurement eror increases. Usually the two voltage electrodes are at a fixed distance imbedded In the rubber sleeve
around the sample, which limits the sampile size that can be measured.

So four electrode measurements no jonger have advantages, only disadvantages. Comparing results between
these two methods prove the above statements.

When m increases n increases (ordecreases) . . .......... s ?

in vuggy carbonates quite often higher cementation exponents (m) and lower saturation exponents (n) are
observed. In angular sandstones higher m-exponents are often accompanied by higher n-exponents. A survey of all
measwred measuwrements available in Westem Canada by Mahood and Boyd (7), falled to show any correlation



between the two exponents for any lithology. So any rule of thumb that may be observed for a correlation between m
and n may have only very local validity. In various reservoirs both trends could be inferred.

9. Atlower saturations ndecreases(orincreases) . . . ... ... ...,y Y {

Quite often it is difficult to obtain low water saturations during resistivity index measwements. To evaluate
reservoir at even lower saturations it is sometimes assumed that the RI-Sw curve is bending downwards at lower
saturations. This is quite often observed in laboratory measurements. But this may be an artifact. Especially in
commercial measurements the samples are often cleaned using methods that are expected to make them fully water
wet. In this case the value for the n-exponent is expected to approach 1.0 at vary low saturations, when the water is
distributed ke a thin continuous film. However, if there is some ol wetting left, then the water fims are interrupted and
the n-exponent will increase. If the samples are fully oll wet, the conductive path between the pores will be semrated at
a certain ol saturation and the saturation exponent will become infinite.

What happens in the reservolr is generally not known. Restoring the core, before RI measurements are conducted,
may help to shed some exira light on the issue, but does not necessarily restore the core to undistwbed reservoir
conditions. The use of preserved core wil aiso be beneficial in the proper measurement of n-exponents.

Section lil . Permeability and FRF

in this section resistivity to permeability are related to each other. The main reason that this section is included is
that in the above most of the tools to do this have been developed.

To relate permeability to resistivity is not a novel idea (8). Archie’s original attempt was to do just this. Aithough he
was not successful, looking at the physics, most of us would intuitively expect that such a relation should exist, just as he did.
The permeabliity is such an important evaluation parameter that attempts to find such a reiation appear in the iterature every
now and then. Equation [7] for a square pore can be used as a starting point:

FRF =T g
The permeability can be treated in a similar manner. A very similar refation will be obtained

ax=r" % (9

with
k. . permeability
r 1 geometrical factor for the permeabiiity
a : cross sectional area of the pore throat

It can be easily proven that the ratio of: r/r’ is constant over a significant range of the ratio of pore size / pore throat size.
This also is true for many other pore shapes. By dividing equations [7] and [8] the following relation is obtained:

FRFek/fa =T /T = constant {10]

under a large range of condiions. This dimensionless group becomes E I

independent of porosity, of tortuosity, of geometry, of pore size and many -K/a versus Ala
other factors. However, the pore throat size is the connecting factor here. |
Currently there is no down hole measwement that will provide this

information. However, ueing a Scanning Electric Microscope (SEM) and 4
Petrographical Image Analysis (PIA) on samples from previous wells, or Ala
simiar rock, the resesvoir can be finger printed and comrelated to a down hole
measurement.

v T ‘

Equation [10] shows that permeabifity estimates which are derived from surface area measwements only work
when the surface area is related to the pore throat size. in other words when the pore geometry is faily constant. This

explains why the NMR derived permeability, which is calcutated from the measured surface area, often works in sandstones
but s not refiable in carbonates.

So permeability and resistivity are very much refated, but they are connected via the pore throat size, which is not
available down hole from wirefine logs, but may be inferred from NMR, but ls easily investigated using PIA.



Section IV Methods

In this section methods to measure FRF values and Rl values are discussed.
Single Point FRF

in a Single Point FRF determination the sample is usually saturated outside the cell. Then it
is mounted in a sleeve inside a pressure cell with electrodes on either end. The sample is
subjected to overburden pressure and the resistivity of the sample is measured after some -
equilbration ime. The porosily is assumed to be the routine porosity or it is calculated from the . o
routine porosity using a previously established stress correction factor. in the graph an example
with a=10 and m=1.0 (FRF = 100 at 10% porosity) is shown

in this method it is not possible to adjust the data at a later stage for stress comections, if a
uniaxial stress value is required, or when the reservoir is being depleted, because FRF and
porosity are not known as a function of stress.

The time to achieve equilibrium may vary significantly with rock type, depth etc.

Multi point FRF

in a multi point FRF determination the sample is usually saturated outside
the cell, but sometimes when it is mounted in the cel. The last procedure is time
consuming and expensive, but allows for excellert porosity estimates. When the
sample is saturated outside the cell, the porosity has to be back caiculated.
Commonly the overburden pressure is increased in steps and at each step the
equiibration of the resistivity is monitored. When the equiibrium value is

established the resistivity and the amount of expefied brine are measured. Then
the overburden pressure is raised to the next level. And the procedure is repeated.

Usually 5 points are measured. The FRF and the porosity are fitted to a non finear function e.g. a rational function

F=(Fo+Foo)/(l +a,) {11]
and

® = (@ + Ouoy)/ (1 +04) (121 FRF

Fo. %o values at zero stress
Fen @ values atinfinite stress
G, 0p normalized stress values (OBP /¢)

]|

When the routine (Archimedes) porosity is known, the other porosity values
can be calculated from the amount of expelled fluid. So in effect a pore volume e
compressbility can also be measured using this method. porosity

With these two functions, eqgn. [11] and [12], at hand the cementation
exponent can be calculated at any stress value. The cementation exponent can
increase with stress, decrease with stress or stay about the same. It all depends
on how the pore geometry changes as a function of stress. Sometimes the T
cementation exponent can change by as much as 0.3, which means that the stress
resistivity changes by a factor of two. So this information is important to know.

I

3. Porous Plate Rl

Most commonly the Resistivity Index is determined by the Porous Plate -
Technique. A porous piate is a porous material in which the pore throat size is so small, tog Rl
that the capillary forces needed to displace the wetting phase are very much larger than o
for the samples. When the samples are put on the porous plate in good capillary
contact with the plate the wetting phase can be displaced from the sample through the
porous plate. This is usually done in a pressure pot where the samples are surrounded
by gas. The gas pressure is increased in steps and the samples will desaturate
according to the capillary pressure curves. The graph illustrates a case where a sample
was desaturated at five different pressures. The results are usually plotted on a log-log
scale. The line goes through the origin, because the desaturation starts at Sw=1.0. The
slope s equal to the saturation exponent.




Repeated handiing of the sample, grain loss, caplary distwrbance, end effects, evaporation etc. will introduce large
errors. This method can only be recommended for end point determinations, where the sample is desaturated in one
step and only the last point in the graph is determined.

Centrifuge Ri

The fastest method to decrease the water saturations is using a centrifuge. Is it possible to measure the
Resistivity index in a proper manner this way? The answer is definitely no! In this. method the saturation throughout the
sample is not very uniform, especially at the end faces of the sample where the capillary continuum is distwbed. It has
the same handling problems as the porous plate method and additionally problems due to distrbed saturations. It is
also not useful for end point determinations because of the saturation discontinuity at the end faces of the sample.

The adjacent llustration shows how the water
saturation may vary as a function of the sample
length. The increase in saturation at the end face is
due ta the fact that here the water has ta leave the
samples in droplets and no capillary continuum s
exsts. To equiibrate the sample again after 2
desaturation by cenfrifuge would take as much R2
tme (or more) as needed in the porous plate
method. So if you do it right the desired time advantage is illusionary with the centrifuge method.

A

In the equilbrium method the same principie is applied as
with the porous plate method. However, in this case the sample #
is provided with electrodes and the amount of expelied fluid is
measured for each sample. This means that the sample stays in
the cell and no extra handling is required. The pressure stepe
are applied and the resistivity and saturation are monitored as a
function of time. It is not uncommon to have to wait more than

two weeks before the capilary equilibrium is achieved per step.

The illustration shows on top of the sample one electrode.
The cell housing is the ground electrode. At the bottom of the
sample is the porous plate, through which the brine is expelled
and it volume measured. The gas pressure or the oll pressure
may be applied around the sample. When ol is used, the
temperature contral is critical, because the amount of od will be
very large in comparison to the pore volume, and the oil may
expand when the temperature rises. When gas is used the temperature effect is significantly smaller.

Resistivity

Continuous injection RI

This method uses a slow injection technique (9). The R
sample is placed on a porous piate and mounted individually i
in a cel inside a siceve with two electrodes on either side.
Before injection of the displacing fluid, extra brine is flushed
through the sample to have fresh end faces. Because the
fuid ines need to have a small diameter, & is very time

uniess the samples have been restored. pIsesisuviy |

injection rates. injection rates in the order of one microliter per
hour, which is in the order of one milliter per month, are not
uncommon when 1 inch samples are used. The idea is 1o
kewhevbmshmmﬁgkmheﬂoﬁmhﬁ.dgiﬁwﬂymdahnmwm,wmw
equilibrium can be established. At high water saturations capillary equiibrium is difficult to achieve, but that is the case
with any other technique aiso.




General comments.

1.

Tem e i nfial

All Rl techniques (except the centrifuge) need good temperature control. This is especially true for the continuous
injection method, because there the pump contains a relatively large amount of fluid, which can expand into the sample
at a rate significantly higher than the set injection rate if the temperature varies.

2. Pressure cycling introduces Capillary Hysteresis

ltisnotagoodideatorelievetheﬂtidbetweenvariaspressurestotakemesamplesOMand measure the

samﬁonmdmeresisﬁvily.WhenapueiseMeredbyﬂ'ledisplachgphasemecapilarypfessue(Pc)eqmls
P.=o(l/nn+1/n
with
surface tension

r,F2 : curvature radii of the fiuid interface
just before entering the pore the two curvature radii of the displacing fluid are both equal to the pore throat radius.
However, after breaking through the throat the second curvature radius becomes large and negative. This means that
ﬂ\ePcdopstoleesﬂ\anhalfmevaheandmeporeﬁlshonebiggtbmﬁﬁ\emaueismmatiemalsme
original fluid pressure again. When the pressure is refieved the fluid will snap off at the pore throat. The pressure inside
the pore will remain at Pc more or less. To enter the pore again the next capillary pressure has to overcome both the
poreptmeandmeentrypressue.SoithastobetwiceasNgh.Astaleapilarymeasuememsmepreeare
may only go up and not cycle.

3. Desaturation rates can be very slow

When the water saturation is high the relative permeability to the desaturating Relative perms
phase (ol or gas) is low. This means that with the low pressures that have to be
used, equikbration times can become very long. Also when the water saturation
becomes low, the relative permeability to the brine becomes very low, and it takes a Brin
long time to remove the brine from the samples.
At the end of the desaturation dusing continuous injection it is often noticed that
the flowing pressure is significantly higher than the equilibrium pressure. This means Qil
that the viscous forces are larger than the capillary forces. This does not mean that
the Resistivity index data are invalid. At this point the saturation usually falls in the
very steep part of the capillary pressure curve and the water saturation throughout
the sample remains more of less uniform. However, it does mean that capilary
pressure measurements made during continuous injection must be done, when the
oil is not flowing and the pressure is stabilized. This may takes days.
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