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Abstract. In this study, new analytical approaches are presented to predict Formation Resistivity Factor (FRF) and
Resistivity Index (RI) under overburden pressure conditions. The new models are extensions of the recently
presented by Nourani et al. and developed based on Rock Resistivity Modulus (RRM), True Resistivity Modulus
(TRM) and Archie’s equations. The major criticism of lately presented models is that for the sake of simplicity in
deriving the equations, the authors supposed cementation factor and saturation exponent are independent of the
overburden pressure. To address this limitation, the present study based on experimental data assumes linear
relationships between cementation factor and overburden pressure, and between saturation exponent and overburden
pressure. To estimate FRF and RI, these models need the gradients of the linear functions which are calculated based
on the overburden resistivity data. The developed models are compared to the previous model and reasonable
agreements were obtained. The new models are more complex in formulation and application, whereas the simpler
FRF model presented in the previous study is more practical and good enough for predicting FRF at overburden

pressures, especially when FRF has been measured only at ambient condition.

Introduction

Archie's Formation Resistivity Factor (FRF) and Resistivity
Index (RI) are essential petrophysical properties for log
calibration and reservoir characterisation [1]. Archie's
empirical equations describe electrical properties of
sandstones. They have been derived based on the assumption
that the rock is clean, clay-free and strongly water-wet.
Additionally, it is assumed that the pore geometry is simple
and unimodal, the rock grains are non-conductive, and all the
water contributes to electrical current flow [2—4].

The estimation of the volume of hydrocarbon initially in place
(HCIIP) at reservoir conditions is a vital component of
reservoir management. This volume is determined by the
water saturation, porosity, and the total volume of the
reservoir. To obtain this information, the water saturation and
porosity of the reservoir must first be determined. Once these
values are estimated, then the HCIIP can be calculated by
multiplying the water saturation, porosity, and total reservoir
volume [5,6].

It is necessary to calibrate electrical logs in order to calculate
the saturation of water by applying Archie's equation
cementation m-exponent and saturation n-exponent. In order
to accurately determine these exponents, laboratory
measurements on core samples must be performed. To ensure
reliable results, the empirical parameters must be quantified
at representative reservoir overburden pressure and
temperature conditions. The most effective way to do this is
to use the results from Special Core Analysis (SCAL)
measurements. With SCAL, Archie’s exponents can be
accurately determined in the laboratory, and the water
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saturation is calculated by using the Archie's equations. FRF
and RI SCAL laboratory experiments are designed to
simulate reservoir conditions as accurately as possible, but
usually they are conducted at lower overburden pressure and
temperature conditions. Due to limited time, complexity of
measurements, and higher expenses, it is common to perform
FRF experiments at a single overburden pressure in order to
keep expenses within budget [7]. Thus, testing conditions are
usually dissimilar to the actual conditions in the reservoir.
Despite the fact that the results can be dissimilar and are not
totally representative, they can still be of value for
petrophysical interpretations. Therefore, it is important to
consider the limitations of the testing conditions when
analysing the results of FRF tests.

Overburden pressure is a critical concept in geology as it
defines the stress or hydrostatic pressure that is exerted by the
overlying layers of material (rock, salt, water) on a reference
point or layer. The total pressure increases as more material
is added above the reference point. The formation then
compresses once the overburden pressure surpasses the limit
of the pore pressure in the permeable rock[8]. As a result of
compaction, the tortuosity of flow paths is altered
significantly, with the pore sizes becoming smaller. This, in
turn, causes the porosity of the material to decrease.
According to Archie's law, as porosity decreases, the FRF
increases [9—12]. Numerous researchers have conducted
studies on the effect of confining pressure on the FRF of
various rock samples. The results of these studies have been
compelling, showing that the FRF increases as the confining
stress and overburden pressure increase [9-20]. The effect of



The 36™ International Symposium of the Society of Core Analysts

overburden pressure on FRF is highly dependent on the type
of rock, as well as its lithology, pore size distribution, clays
content, fluid saturation, porosity, and permeability. Studies
have found that different rocks exhibit varied responses to
overburden pressure due to these parameters [21].

Recently, Nourani et al. [22] has developed mathematical
models based on Archie’s equation for predicting FRF and RI
under different overburden pressures. FRF models are
referred to both, the Multi-FRF model and the Single-FRF
model. The Multi-FRF model expresses the relationship
between the rock resistivity modulus (RRM, yg, [bar]),
confining pressure difference (AP[bar]) and the reference
FRF as follows:

FRF, = FRF, e "Ro%P (1)

The Single-FRF model relates the cementation exponent (m),
the pore volume compressibility (Cp[bar']), bulk
compressibility (C,[bar']) and the reference FRF as:

FRF, = FRF, e™(Cp~ Cp)AP (2)

The RI model is dependent on the cementation saturation
exponent (1), C,, the formation brine compressibility
(Cfb[bar"]) and the reference R/ as:

RI, = RI, e™Cro=CpP (3)

The models, however, have been met with some criticism due
to the authors’ simplified assumption that the cementation
and saturation exponents are independent of the overburden
pressure. This analytical-experimental study seeks to explore
the relationship between FRF, RI, and overburden pressure.
Through this work, the aim is to develop complementary
mathematical models which enable prediction of FRF and RI
under different overburden pressures, with the understanding
that saturation and cementation exponents are linear functions
of increasing overburden pressure.

Development of the FRF Models

FRF is defined as the ratio of the resistivity of completely
saturated rock with brine (R, [Q2m]) to the resistivity of
formation water (R [2m]). The FRF is related to the porosity
(¢ [fraction]) and cementation exponent by the Archie

equation:
FRF =% = ™™ @)

w

Porosity is a measure of the amount of space within a material
that is filled with voids or pores. It is typically expressed as a
ratio of the pore space volume (1},) to the bulk volume (V},) of
the rock. The Resistivity Index (RI) is the second essential
dimensionless parameter that is calculated as the ratio of the
resistivity of the rock when partially saturated with water (R;
[© m]) to the resistivity of the rock when it is fully saturated
with water (R,). This parameter is related to the amount of
water present in the pore space and is an important factor
when calculating the electrical properties of the rock. It is re-
lated to the water saturation (S,, [fraction]), as follows [1]:

RI=-t=g5,™ ()

o

RRM is the measure of the relative change in the rock
resistivity of rock fully saturated with brine in response to a
pressure change as follows [22]:

1 dR,

Yo = "R op (6)

Similarly, the water resistivity modulus (WRM) and the true
resistivity modulus (TRM) are defined as:

1 ORy

YRw = 7 op (7
1 OR
VR, = _R_ta_Pt (€))

By combining Equations (4) and (6), RMM can be calculated
using the following equation:
R

o™ O
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Figures 1 and 2 are shown some examples of linear
relationships between cementation exponent and overburden
pressure for sandstone and carbonate samples, respectively.
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Fig. 1. Examples of linear relationships between cementation
exponent and overburden pressure for sandstone samples.
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Fig. 2. Examples of linear relationships between cementation
exponent and overburden pressure for carbonate samples.
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In light of experimental observations, it was assumed that the
cementation exponent was linearly related to overburden
pressure as follows:

m=a,P+b, (10)

where a; and b, are the slope and the intercept of the drawn
line between overburden pressure and cementation exponent,
respectively. Consequently, by assuming a linearity between
cementation exponent and overburden pressure over the
pressure interval of interest, taking the derivative of the term

(%) with respect to pressure in Equation (9) and rearranging

it, yields the following equation:
YR, = —— -, t a;Lng +§— (11)

The derivative of the porosity with respect to pressure can be
expressed by the following equation [22]:

2= (Cy— Cp) (12)

By separating the ¢ in Equation (12) and integrating while
assuming constant (C, — C,) over the pressure interval of
interest, the Ln ¢ at a given overburden pressure can be
calculated as follows:

Lng = Lng; +(Cp-Cy,)(P — Py) (13)

where ¢; and P, are porosity and pressure at ambient
condition, respectively. By combining Equations (7), (10),
(11), (12) and (13), yields the following equation:

YR, = VR, t+ (224 P-a1 P, +b,)(Cp- Cp)+a, Lng, (14)

Considering that the water resistivity does not vary with
pressure, the WRM over the pressure interval is zero [22]. In
Equation (6), separating the R, and integrating with respect
to the pressure interval of interest while calculating RRM by
Equation (14), the R, at a given overburden pressure can be
determined as follows:

Roz — R01e[m2(cp- Cp)-aiLlngq |AP (15)
where R, is rock resistivity at initial pressure. As a result of
dividing both sides of Equation (15) by the water resistivity,
the overburden FRF is determined as:

FRF, = FRF, elm2(Cp-Cp)-ailng; ]ap (16)

Validating the Complementary FRF Model

The developed Complementary FRF model was applied and
validated using the same data set from five North Sea
reservoirs as Nourani et al. The dataset involves resistivity
data of fifty-five (55) 1.5-inch diameter plugs from five
different North Sea reservoirs. The range of porosity,
permeability, grain density and bulk mineral composition of

the samples have been previously presented [22]. Nourani et
al. previously showed an example where Single-FRF model
had the largest deviation from experimental data (Figure 3).
To investigate the accuracy of the Complementary FRF
model, the same example data is used.
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Fig. 3. Example, fitting of Multi-FRF model and Single-FRF model
to FRF data; relationship between the overburden pressure and
normalized porosity, permeability and FRF [22].

In Figure 4, the overburden pressure and cementation
exponent data from the example are very well fitted linearly.
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Fig. 4. Linear fitting to overburden pressure and cementation
exponent data from the example in figure (3).

Equation (16) was fitted to the measured FRF data using the
slope and the intercept of the line on Figure 4. Figure 5 shows
an excellent agreement between the Complementary FRF
model and the measured data (R>=0.9999).

In Figure 6, the modelled overburden FRF estimated using
the Complementary FRF model is compared to the measured
overburden FRF of the fifty-five (55) core plug samples
collected from five North Sea reservoirs. The model-
predicted overburden FRF closely matches the experimental
laboratory data. This demonstrates remarkable accuracy in
the Complementary FRF model prediction and indicates that
the model is highly reliable and effective. Table 1 presents
the R? values calculated by Single-FRF, Multi-FRF and
Complementary FRF models for North Sea reservoirs. It is
observed that the Complementary FRF model shows a higher
degree of accuracy than the Single-FRF and the Multi-FRF
models. The R? values for the Complementary FRF model are
higher than those of the other two models, indicating the
superior accuracy of the Complementary-FRF model. This is
expected, since the Complementary FRF model has the
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capability of considering multiple factors, thus providing a
more accurate prediction. The Single-FRF and the Multi-FRF
models, on the other hand, are limited by the factors
considered.
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Fig. 5. Example, fitting of the Complementary FRF model to FRF
data. The fitting shows excellent agreement with the experimental
data (R?=0.9999).
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Fig. 6. Overburden FRF calculated using the Complementary FRF

model, Equation (16), versus measured overburden FRF for five

North Sea reservoirs.

Table 1. Overview of the corresponding R? from FRF models.

Res. | R?(Single-FRF) | R?(Multi-FRF) | R?(Comp.-FRF)
1 0.9961 0.9994 0.9998
2 0.9996 0.9984 0.9999
3 0.9949 0.9987 0.9989
4 0.9968 0.9992 0.9994
5 0.9767 0.9908 0.9940

Development of the Complementary RI Model

The calculation of RI can be carried out using a similar
modelling approach. Following experimental observations
[20], it was assumed that the saturation exponent was linearly
related to overburden pressure as:

n=a,P + b, @an

where a, and b, are the slope and the intercept of the drawn
line between overburden pressure and saturation exponent,

respectively. The following equation can be obtained by
combining Equations (4), (5), and (8):

Rw
o™ | 2, ™

Ry opP

(18)

YR, = —

Hence, by assuming a linear relationship between saturation
exponent and overburden pressure over the pressure interval

Rw ) with
@Sy,
respect to pressure in Equation (18) and rearranging it, the
TRM can be calculated as follows:

of interest, and taking the derivative of the term (

-1 0Ry m d0¢ n  0dSy
=2y g, Lnpt = 22+ g, LnS, + — 2 (1
Yr: Ry 0P 1 LY o 9P 2 w S T (19)

The formation brine compressibility; Cp, is expressed as [23]:
Crp = ——— (20)

The derivative of the Sy with respect to pressure can be
calculated by the following equation [22]:

S
ar w( Cp_Cfb) (21

By separating the S,, in Equation (21) and integrating while
assuming constant (C, — Csp) over the pressure interval of

interest, the Ln S,, at a given overburden pressure can be
calculated as follows:

LnS,, =1LnS, +(Cp-Crp)(P—Py) (22)

Thus, the TRM can be calculated by replacing Equations (7),
(12), (13), (21) and (22) into Equation (19) as below:

Y&, = 2P[a1(Cp — Cp)+as(Cp — Cpp)]
-Py[ai(Cp — Cp)+az(Cy — Cpp)]
+ b1(Cp, — Cp) + by(Cp — Cpp) + ailngq+ a, LnSy,

(23)
In Equation (8), separating the R; and integrating while
calculating TRM by Equation (23) with respect to the
pressure interval of interest, the R, at a given overburden

pressure can be determined as follows:

R, = R, e[mZ(CP' Cp)+n2(Crp— Cp)—aiLngy—az LnSy |AP (24)
2 1

By dividing Equation (24) by Equation (15), the RI at a given
overburden pressure can be estimated as:

RI, = Rl e[nz(Cfb— Cp)—az LnSWl]AP (25)

Results and Discussion

The Complementary FRF model, Equation (16), converts to
the Single-FRF model, Equation (2), if the slope of the line
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between overburden pressure and cementation exponent, a;
coefficient, approaches zero. A similar result can be obtained
if the slope of the line between the overburden pressure and
saturation exponent in Equation (17), a» coefficient,
approaches zero, then Equation (25), the Complementary RI
model, converts to the RI model presented in the previous
study.

Table 2 summarizes a comparison of the performance and
data requirements of the developed FRF models. It is
essential that the data on FRF and porosity are available at
ambient conditions in order to run the Single-FRF model. The
ambient porosity can be used to estimate the necessary
compressibilities based on correlations available in the
literature [22]. In order to achieve a satisfactory match
between the Single-FRF model and the experimental data,
porosity must have been measured at least at two additional
overburden pressures. Consequently, it is possible to
determine the difference between pore and bulk
compressibilities by knowing at least three overburden
porosities. For the Multi-FRF model to be run, FRF data must
be available at two overburden pressures. The two FRF data
can be used to estimate roughly the required RRM. Ideally, to
obtain an accurate and satisfactory match between the Multi-
FRF model and the experimental data, FRF needs to be
measured at least at one more overburden pressure. For the
Complementary FRF model to operate, FRF and porosity data
must be available at two overburden pressures. It is possible
to estimate approximately the al and (C, — C,) using the
two FRF and porosity data. Nevertheless, at least another
measurement of FRF and porosity at overburden pressure
should be conducted in order to provide a suitable match
between the Complementary FRF model and the
experimental results.

Table 2. Comparison of the performance and data requirements of
the developed FRF models.

Min. data Min. data
FRF required to required for a Average
Model Rel. Er. (%
run the model | successful match (%)
Single FRFy FRFy 5
1 @1, 92and @3
Multi FRF, and FRF, FRF,, FRF, and FRF; 2.3
Comp. FRF; and FRF, FRF,,FRF, and FRF; <1
@1 and @ @1, 92 and @3

As can be seen in Figure 3, the Single-FRF model deviates
the most from the measured FRF data at 120 bar overburden
pressure. Whereas only 0.4% and 0.2% deviations from the
measured FRF data were observed for the predictions of
Multi-FRF model and the Complementary FRF model,
respectively.

The average relative error for predicting overburden FRF for
samples from North Sea reservoirs by using the
Complementary FRF model is less than 1%, while it was
reported around 5% by using the Single-FRF model in
previous study. Although Table 1 shows improvements in
accuracy using the Complementary FRF model, the R? values
for the Multi-FRF model are very close to those applied the

Complementary FRF model. Aside from this, the single-FRF
model still has acceptable and valuable R? values. The Multi-
FRF model is derived on the premise that the cementation
exponent does not vary with the overburden pressure.
However, the results of the FRF predictions are very close to
those of the Complementary FRF model since this model
actually considers an average RRM over the pressure
intervals of interest and as cementation factor variation with
overburden pressure is in some cases insignificant, the FRF
prediction results are very similar to the Complementary FRF
model predictions.

Conclusions

In this study, complementary analytical FRF and RI models
have been developed. To do this, assumptions were made that
saturation and cementation exponents will behave linearly in
relation to increasing overburden pressure.

The Complementary FRF Model includes the cementation
exponent at overburden pressure, the pore volume
compressibility, the bulk compressibility, the ambient
porosity, and the slope of the line between overburden
pressure and cementation exponent. Components of the
Complementary RI Model include the saturation exponent at
overburden pressure, the formation brine compressibility, the
pore volume compressibility, the ambient water saturation,
and the slope of the line between overburden pressure and
saturation exponent.

The accuracy of the Complementary FRF model and the
Multi-FRF model are higher than the accuracy of the Single-
FRF model. Both the Complementary FRF and the Multi-
FRF models have almost the same accuracy, though the
complementary model is slightly better. The Complementary
FRF model, on the other hand, is more complex than the
Single-FRF and Multi-FRF models, therefore it requires a
greater volume of data for it to be functional, compared to the
Single-FRF and Multi-FRF models. In order to obtain the
parameters required for both the Complementary FRF and
Multi-FRF models, FRF must be already measured under
several overburden pressures. Hence, these two models can
interpolate and extrapolate FRF data to any overburden
pressure, within the boundary conditions of Archie’s
equations. Despite the slightly inferior accuracy of the Single-
FRF model as compared with both the Complementary FRF
and the Multi-FRF models, it is still a viable solution when it
comes to predicting the FRF at overburden pressure,
especially when experimental overburden FRF data are not
available.

Nomenclature

a, Slope of the line in Equation (10), bar?

b, Intercept of the line in Equation (10), dimensionless
a, Slope of the line in Equation (17), bar?
b, Intercept of the line in Equation (17), dimensionless

Cp Bulk compressibility, bar™!
Crp Formation brine compressibility, bar’!

Gy Pore volume compressibility, bar!
AP Confining pressure difference, bar
) Porosity, fraction

FRF Formation Resistivity Factor, dimensionless
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YR,
VR,
YRy,
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Rock conductivity modulus, bar!

Rock resistivity modulus, bar!

True resistivity modulus, bar’!
Water resistivity modulus, bar-!

HCIIP Volume of hydrocarbon initially in place at reservoir
conditions, m?

m
n
P
RI
R,
R,
Ry«
Sw

Cementation factor, dimensionless

Saturation exponent, dimensionless

Pressure, bar

Resistivity Index, dimensionless

Resistivity of rock fully saturated with brine, Qm
Resistivity of rock partially saturated with brine, Qm
Formation water resistivity, Qm

Water saturation, fraction
Volume of the reservoir, m
Bulk volume, m?

Pore space volume, m?
Volume of the formation brine, m?
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