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Abstract: The resistivity response equation of sandstone is the most important basis for well logging interpretation to
determine the water saturation of reservoir, but the Archie formula and its derivations are all empirical formulas, and the test error
by experimental data is more than 20%. Because the coincidence rate of the log interpretation of low resistivity oil layers and
high resistivity water layers is low in the current, In order to further improve the calculation accuracy of reservoir water
saturation, it is particularly necessary to deeply understand the essence of rock conductivity. Based on the main influencing
factors of rock conductivity, It is considered that for rocks with given formation water resistivity and porosity, the influence of
pore structure, size, argillaceous content and conductive minerals on rock conductivity is constant and is an inherent factor. rock
resistivity only changes with the change of connected pore water volume, Therefore, the establishment of the relationship
between rock resistivity and connected pore water volume conforms to the functional relationship form of dependent variable
and independent variable, and can reflect the nature of the rock-electricity relationship. On this basis, the model of rock
conductivity per unit volume is proposed, the response equation of sandstone resistivity is deduced, and the general form of the
response equation of sandstone resistivity is obtained. The results show that the formula is in good agreement with the
experimental data, with a correlation coefficient of more than 0.99, and the test error of the experimental data is no more than 5%,
which can represent the theoretical form of the rock resistivity response equation. The new formula considers that rock resistivity
and connected pore water volume or water saturation are power functions, which solves some obscure problems in rock
resistivity response equation for many years. The parameters of the formula are the inherent property parameters of rocks, which
have certain value in use. Based on the new formula, the formula of calculating the water saturation of a reservoir by using the
ratio of radial resistivity has been obtained in practical application to some extent. it shows that the new formula is not only of
theoretical significance, but also of practical application significance, and is worth further popularizing.
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cases, it is an intrinsic property parameter of a substance with
a fixed value under certain temperature conditions. However,
for all kinds of sandstones, the resistivity is not a fixed value,
but varies with the pore water, argillaceous, conductive
mineral and so on in the rock. Because the change of oil, gas
and water in the connected pores of a reservoir can affect the
change of rock resistivity, rock resistivity is one of the most
critical parameters for evaluating the oil saturation of a
Treservoir.

Over the years, many methods [1-5] represented by Archie
formula for calculating reservoir water saturation have been

1. Introduction

Resistivity is a physical quantity used to express the
resistance characteristics of various substances. The resistance
of a conductor of 1 meter in length and 1 square meter in
cross-sectional area made of a certain material is numerically
equal to the resistivity of this material. It reflects the blocking
effect of a substance on the current. It depends on the type of
substance and is affected by temperature. It can also be
expressed as the resistance per unit volume of matter. In most
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formed, and some models for evaluating reservoir resistivity
have been formed, such as the three-water model [6, 7].
However, the research on the conductive mechanism of
sandstone resistivity and the derivation of the calculation
formula are quite complicated, the theoretical derivation and
proof logic are not rigorous, and the practical application is
often inconsistent. These methods cannot effectively evaluate
low-resistivity reservoirs, complex pore reservoirs and
water-flooded reservoirs [8-11]. The formulas formed to
calculate water saturation are all empirical formulas, which
are tested by experimental data and have a large error, such as
Archie's formula, whose error sometimes exceeds 20%. It
shows that these formulas do not reflect the essence of rock
conductivity, and are not the real rock conductivity formula
[12-14].

Therefore, further research on the response equation of
sandstone resistivity, revealing the conductive essence of rock,
is helpful to improve the calculation accuracy of water
saturation, and provide reliable parameters for reservoir
evaluation and reserve calculation.

2. Analysis of the Main Influencing
Factors of Rock Resistivity

Rocks are composed of minerals and pore fluids as well as
cements, Most sandstones, when they do not contain
conductive fluid, the rock skeletons made of rock-forming
minerals are almost nonconductive. Many rocks conduct
electricity because they have pores in the ground to varying
degrees and fill them with a certain amount of saline solution.
These salt solutions form positive ions (such as Na', Ca®",
Mg**, etc.) and negative ions (such as C1°, SO*, etc.) due to
the dissociation of salts, ions move under the action of electric
fields, which form the vectors of current flow in rocks. As a
result, an electric current flows through the pores water of the
rock, and the rock becomes electrically conductive. Among
them, the resistivity of metal minerals is very low, that of
rock-forming minerals and petroleum is very high, that of
igneous rocks is high, and that of sedimentary rocks is low.
The variation of resistivity between different rocks and within
the same rock is caused by many factors. It is generally
believed that the main factors are porosity, pore structure,
fluid properties contained in pores, argillaceous content,
conductive minerals and temperature of rocks [15, 16].

The influence of porosity, pore structure and fluid
properties in the pore on electrical conductivity is the most
important factor. The greater the porosity of the rock, the
simpler the pore structure, and the higher the salinity of the
pore water contained, the lower the rock resistivity, and vice
versa. There is also the question of whether the pore contains a
full fluid. When the connected pores are full of water (water
layer), the rock resistivity is relatively the lowest, while when
the connected pores are full of oil (oil layer), the rock
resistivity is relatively the highest. Therefore, for the same
reservoir, the rock resistivity is a relative concept, which only
indicates that the resistivity of the reservoir with oil content is
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higher than that of the reservoir with water content.
Comparing with the resistivity of other reservoirs, it does not
mean that the reservoir with high resistivity must be oil layer.
This is also the fundamental reason why Archie's formula et al
cannot evaluate low-resistivity oil layer and high-resistivity
water layer when using the same rock-electric parameters for
well logging interpretation [12-14].

The conductive mineral has the most obvious influence on
the rock resistivity. When the rock contains conductive
mineral bands (such as pyrite, etc.), the rock resistivity is
extremely low. If there are non-uniformly distributed
conductive mineral bands in the rock, the accurate evaluation
of the rock resistivity will be affected. The argillaceous
material in the rock is also conductive, but it does not rely on
ions moving freely in the solution to transmit current. Instead,
the ions absorbed by the argillaceous particles under the action
of an external electric field move along the surface (usually
cations) to transmit current. In addition, clay also adsorbed
clay water and formed a conductive network to participate in
the conductive process. The influence of argillaceous content
on resistivity is reflected in the distribution of argillaceous
bands or layered argillaceous materials and clays, which will
lead to the reduction of rock resistivity [17, 18].

The existence of all the above influences requires connected
conductive paths. When conductive minerals, argillaceous
content and pore water are surrounded by the rock skeleton
and no conductive network can be formed, it can be
considered that these components do not participate in the
conductive process without considering their influence on the
conductivity of the rock.

It can be seen that the determining factor of rock
conductivity depends on the conductive network formed
during rock diagenesis, which includes the influence of
porosity and pore structure. Except that changes in the volume
of connected pore water will lead to changes in rock resistivity,
for a given rock with a given formation water resistivity, all
other factors are inherent influencing factors, that is, other
factors are stable and cannot be changed, and only contribute
fixed values (constants) to rock resistivity. Therefore, the
change of rock resistivity is based on a base (inherent
influencing factor), and the main influencing factor of rock
resistivity change is the volume change of connected pore
water. Based on this point of view, the establishment of the
response relationship between rock resistivity and connected
pore water volume (water saturation) will be able to
effectively describe the characteristics of rock resistivity
changes, and more clearly reflect the essence of rock
conductivity. At the same time, in the response relationship,
resistivity is the dependent variable, connected pore water
volume or water saturation is the independent variable, and the
functional relationship is clear. Compared with other
empirical equations of rock resistivity, such as Archie formula,
there are no problems of complex relationship, unclear
concept and insufficient accuracy [12-14]. Moreover, the new
formula is not an empirical formula, but can be derived from
mathematical theory, which shows that the new formula is the
best form of rock resistivity response equation.
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3. Derivation of the Relationship Between
Rock Resistivity and Connected Pore
Water

3.1. The Establishment of Unit Volume Conductivity Model

As mentioned in the previous analysis, the conductive
system of sandstone is a connected network, which is actually
composed of the pore space and the pore throat of the
connected pore space. Because of the homogeneity of
sedimentary sandstones, the concept of unit volume can be
used to simulate and calculate the resistivity of sandstone.
Assuming that a sandstone has a minimum conductive volume
unit, which is called unit volume sandstone, the resistance of
sandstone is the sum of the resistances in series and parallel of
this unit volume sandstone. If the resistance of unit volume is
R, the resistance of sandstone can be expressed as:

— =T (1)

R =lyk=nrg

It can be seen that the sandstone unit volume model can
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simplify the derivation of resistivity formula. According to
unit volume model, the conductive network can be designed as
a parallel conductive mode of large throat connected pore
water (free water), micro throat connected pore water
(irreducible water), and equivalent resistance of inherent
conductive network (including clay, layered clay, conductive
minerals and other conductive factors). Wherein, the
connected porosity per unit volume, namely the effective
porosity of sandstone, is equal to the sum of the pores of free
water and those of irreducible water, namely:

q)e:q)f + CDwi (2)

Based on the three-water conductivity model [19, 20] and
the principle of equivalent resistance, it is assumed that there
are only three curved conductive capillars in sandstone per
unit volume, respectively representing free water, irreducible
water and inherent conductive network, which belong to
non-uniform  capillary  parallel  conduction,  while
non-connected pore water is considered not to participate in
the conduction process. Thus, a rock unit volume conductivity
model can be established, as shown in Figure 1.
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Figure 1. Schematic diagram of nonuniform capillary parallel conduction model per unit volume of rock and its equivalent resistance.

3.2. Formula Derivation of Unit Volume Model

According to the unit volume model of sandstone, it is
assumed that the sectional area of free water capillary is Sg,
length is Ly, the sectional area of irreducible water capillary is
S; and length is L;, and the sectional area of inherent
conductive network capillary is S. and length is L. See Figure
1, then the corresponding resistors Ry, R; and R, are:

L

&=m§ 3)
L

R, =1y 5 “4)
Lc

Re =13 (5)

Then, the resistance per unit volume of rock can be
expressed as:

S (6)

Ry R; R¢

It can be seen that micro-pore water (irreducible water) and
free water should have the same formation water resistivity,
namely Ry, due to the deposition soaking in the same water,
so it is not necessary to set up a separate irreducible water
resistivity Ry Secondly, the curved -capillary is not
conducive to the derivation of the formula. Instead, equivalent
capillary tubes with the same length and different
cross-sectional areas can be used, while the total porosity
remains unchanged, namely:

D =L¢*SetLi*Si=L¢*Sy+L*Sp (7N

It is assumed that the equivalent capillary length of different
cross-sectional areas of the same length is Lt, the free water
cross-sectional area and the irreducible water cross-sectional
area are St1 and St2 respectively, as shown in Figure 1. In this
way, the capillary resistance of free water and irreducible
water per unit volume of the rock can be expressed as:

e
Rf =Tw Sf_rw Se1 (8)
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Rl =Tw S Ty Stz (9)

According to the principle of parallel conduction, the
resistance of sandstone containing water per unit volume can
be expressed as:

1 1 1 1
Re I T TR
St1 St2

(10)

When the reservoir contains oil, the conductive capillary
tube length remains unchanged, but the water-bearing
sectional area becomes smaller. Because most of the pore
volume is oil and gas, assuming that the water-bearing
sectional area is St4, the resistance of sandstone per unit
volume can be expressed as:

1 1 1 1

RTE L ETR (b
WSta WStz
According to formula 11, then:
1 _ StatSta | 1 _ (StatSt2)*le | 1 Pw +L (12)
Rt Twlt Rc¢ TwLe*Le Re TwLexLt Rc¢

@,, for the remaining water pore volume in the connected
pore (remaining free water + micro pore water), besides ®,, as
a variable, the rest are constant, so formula 12 can be
represented as:

R, =—+d (13)
Oy

Where R, is resistivity of rock unit volume, units, Q, m; @
w, the remaining pore water volume in the connected pore, unit,
the decimal; C and D are coefficients and dimensionless.

Formula 13 is the formula form of the resistivity of
sandstone unit volume, which shows that the resistivity of
sandstone and the water-bearing pore volume in an ideal state
is a simple power function.

It can be seen that the rock resistance is only a function of
the remaining water-bearing pores (including micro-pore
water) in the effective pores, When the reservoir contains
different degrees of oil and gas, the contribution of clay
adsorbed water and other inherent conductive factors to the
reservoir conductivity does not change, and the fundamental
cause of reservoir resistivity change is the change of pore
volume of free water. Therefore, the resistivity of oil-bearing
sandstone is the change of resistivity based on clay adsorption
water and other inherent conductive factors. That is, for the
same reservoir, the difference in resistivity between oil and
water is based on a resistivity base, which is the contribution
of clay adsorption water and other inherent conductive factors
to the resistivity. Therefore, the influence of clay adsorption
water and other inherent conductive factors on the resistivity
change is fixed and can be treated as a constant influence. the
oil-gas resistivity response equation can be viewed as a
function of the resistivity and the water-bearing pore volume
in the connected pores of the reservoir, namely:

R=F(Ow) (14)
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How to determine the resistivity formula of sandstone in
practice? Due to the non-meanness of real sandstone, the
resistance per unit volume in different areas of a sandstone
may be different, so the Rt per unit volume in different areas
may be different, but the resistance of sandstone is still
composed of these resistors per unit volume in series and
parallel. Formula 14 can be expressed as:

1 i=n 1

R ~i=l k=n( Cik 4. )
Zk=1 Duik ik

(15)

Since ¢k and d;, are both constant, it indicates that the rock
resistance is still a function of the remaining water-bearing
pores (including micro-pore water) in the effective pores, and
this function is a composite power function.

According to the above analysis, there are two new ideas: (1)
The resistivity of sandstone can be expressed as a function of
the connected water-bearing pore volume of rock; (2) The
formula form of sandstone resistivity can be expressed as
power function relation. According to this principle, a large
number of rock electrical measurement data of a single rock
sample are counted. According to the measurement results of a
single rock sample, the measured resistivity and the
water-bearing pore volume were taken for regression. The
results showed that the sandstone resistivity and the
water-bearing pore volume were a power function, and the
correlation coefficient was as high as 0.99. See Figure 2. The
form of this relationship is:

aR
Ro=5 (16)
Where: Rt - sandstone measuring resistivity, Q, m; Rw -
sandstone formation water resistivity, Q, m; ®,, - pore water
volume of sandstone in the effective pore, decimal; A, M -
regression coefficient, dimensionless.
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Figure 2. Regression relationship of measurement data of single block rock
sample.

Formula 16 is the new resistivity response equation of the
oil-bearing sandstone, indicating that the rock resistivity
varies with the volume of connected pore water contained in
the rock (including micro pores), showing a power function
relationship. Therefore, rock resistivity can be expressed as a
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function of the connected pore water resistivity (formation
water resistivity) and the pore volume of the connected pore
water. The influence of other conductive factors such as clay
water and conductive minerals can be reflected in the
regression coefficient.

At the same time, the relationship between sandstone
resistivity and water saturation is also a power function, which
can be derived from the above formula 16. According to the
sandstone volume model, the water saturation S,, can be
expressed as:

Sw=— 17)

According to the formula of 16, both sides divided by ®",
are:

aRw a
R_aRW_(D_m_(D_mRW_bRW 18
t_cbw_ﬁ_(@_w)m_sm ( )

om D

Then relationship between resistivity and water saturation
is:

_ bRy

R =" (19)

Where, S,, is water saturation, B is coefficient, others are
the same as equation 16. It shows that the relationship between
sandstone resistivity and water saturation is also a power
function, and its index is still a pore structure index, not
another saturation index.

4. Analysis of the Coincidence with the
Experimental Data and Derivation of
the Application Formula

The data of more than 30,000 rock electric experimental
data samples from different blocks of several oil fields were
regresated by formula 16, and the correlation coefficient was
not less than 0.99, which reflected the perfect fit between the
formula and data. It can be seen that there is no inconsistency
in formula 16 as long as the experimental data of rock
electricity are reliable. The power function relationship
between rock resistivity and water saturation can be fully
verified by testing the formula with experimental data. Of
course, this relationship has existed for a long time, and
researchers should have found that this relationship cannot
play an effective role in practical applications because reliable
parameters A and M cannot be obtained in practical
applications. Therefore, empirical formulae such as Archie's
formula have always been dominant in determining reservoir
water saturation, and this relationship has been selectively
ignored by researchers. However, it is not the same now.
According to this new formula, a new formula for calculating
the water saturation of a reservoir based on the ratio of radial
resistivity can be deduced [22]. At present, the formula has
been widely used and achieved good results. It can effectively
identify the difficult logging layers such as low resistivity oil
layer and high resistivity water layer. It shows that it is time to

have a deep understanding of the nature of the rock-electric
relation. Only by expressing the true relation can we
contribute to the further development in the future.

The derivation process of calculating reservoir water
saturation by using radial resistivity ratio is as follows,
According to Formula 16, the deep resistivity of the reservoir

and the flushing zone resistivity can be expressed as:
aR,, Ry ¢

T om x0T Tpm

Ry

Then radial resistivity ratio is:

R, R, ©®™ R, 1
—_ = * ——

Ry S

= * ——
Rxo Rmf CDW

Then water saturation is:

Sw = m ,Rw/Rmf

Rt/Rxo

Therefore, the radial resistivity ratio can be used to
calculate the water saturation of a reservoir. Its advantages and
applications have been described in the relevant articles, and
will not be repeated here. It should be emphasized that the
power function equation of connected pore water volume is
used to express the rock resistivity response equation, which

can grasp the resistivity variation law of oil-bearing sandstone
and reflect the essence of rock conductivity.

(20)

5. The Physical Meaning of Parameter
and Its Innovation

5.1. Parametric Physical Meaning

According to the new resistivity response equation formula
16, the R, is the resistivity of formation rock, and is the
resistivity measured by instrument. Rw is the formation water
resistivity, which can be reversely calculated from formation
water analysis data or adjacent water layer data. @, is
sandstone connected pore water volume, it is need to compute
the result. Therefore, there are only two parameters to be
determined in practice, namely, regression coefficients A and
M of the data measured by a single block of rock electricity,
and the physical meaning of the parameters refers to the
physical meaning of the values of A and M. So let's look at M,
and by the formula, M is an exponent of a power function. In
view of this formula, M value reflects the degree of influence
of the change of connected pore water on the change of rock
resistivity. It shows that, with the big M value, the greater the
R; value changing with value is larger. The greater the change
of resistivity with c®,, onnected pore water, the more
heterogeneous the rock is. Therefore, the size of M value can
reflect the degree of reservoir heterogeneity. The smaller the
M value is, the weaker the reservoir heterogeneity is, and the
larger the M value is, the stronger the reservoir heterogeneity
is.

And the value of A, of course, is a direct proportionality



135 Yang Kebing et al.:

coefficient, The greater the value of A, the greater the
resistivity, and the smaller the value of A, the lower the
resistivity. It can be called the increase rate of reservoir
resistivity with the change of connected pore water. It shows
that for different pore structure lithology, the increasing
multiples of resistivity with the change of water-bearing pore
volume are different.

To sum up, the A value and M value of the formula are
intrinsic property parameters of the rock itself. For the same
rock sample, the regressive parameters are the same after
immersed rock by using different salinity formation water. It
shows that the set of parameters is unique and stable, and can
describe the conductivity of rocks.

5.2. Innovation Ideas

Compared with previous understandings, this study has five
innovations, specifically as follows:

(1) The equivalent resistance is used to simplify the
derivation of rock resistivity formula, which is manifested in
two aspects: First, equivalent resistance is used to replace the
inherent conductive network of clay and conductive minerals
to avoid the influence of its complexity on formula derivation.
First, equivalent resistance is used to replace the inherent
conductive network of clay and conductive minerals to avoid
the influence of its complexity on formula derivation. Second,
the equivalent capillary tubes with different cross-sectional
areas and the same length are used to replace the capillary
tubes with different cross-sectional areas and different lengths,
which simplifies the derivation of the formula. Therefore, the
volume of connected pore water can appear in the expression
of unit volume resistance, which provides a basis for further
understanding of the influence of connected pore water on
conductivity.

(2) The macropore connected water and micropore
connected water (irreducible water) are considered to have the
same formation water resistivity. However, previously, it was
believed that the resistivity of irreducible water was different
from that of formation water [23], with special expressions of
Ryi. The new understanding is based on the principle of rock
deposition and has certain theoretical basis, which reduces the
difficulty of formula derivation.

(3) A new conductive theory of connected pore water is
proposed, which combines the advantages of parallel
conductive between formation water and bound water.

The new formulation avoids the unclear concepts of
porosity and water saturation of Archie's formula [24, 25].
Whether the porosity of Archie's formula is total porosity or
effective porosity has not been determined, Whether the water
saturation is the total water saturation is also controversial,
This study addresses that question. The porosity of the new
formula is undoubtedly that of all connected pores, including
connected micro-pores, which should be the effective porosity
of rocks. The corresponding water saturation shall be the total
water saturation in the effective pores, that is, including
micro-pore water saturation (bound water saturation). In this
way, the calculated oil saturation is generally not more than
80%, which provides a basis for the rationality of the test
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results.

(4) The relationship between rock resistivity and pore
volume or water saturation of reservoir connecting water is
put forward as a power function, and the relationship between
the radial resistivity ratio and water saturation is also a power
function, which provides a basis for further research on rock
resistivity in the future.

(5) The view that parameter A and parameter M value of the
new formula are inherent property parameters of rocks
indicates that the lithology of reservoirs can be further divided
according to A value and M value, which opens up a broad
application prospect for lithology identification and reservoir
evaluation.

6. Conclusions

(1) The derivation process of the new rock resistivity
response equation is reasonable, which is in good agreement
with the experimental data of well logging rock electricity,
and the correlation coefficient of the regression formula is
high, which avoids the limitation of large relative error
between archie formula and the experimental data. It can
reflect the nature of rock conductivity, and can be popularized
in practice.

(2) According to the new formula, the relationship between
rock resistivity and connected pore water volume or water
saturation is a power function, and the relationship between
rock radial resistivity ratio and water saturation is also a power
function. This relationship is more simple and practical, which
is a new concept and completely changes the current
understanding of logging interpretation engineers on rock
resistivity response equation.

(3) The new rock resistivity response equation provides a
theoretical basis for further understanding the rock-electric
relationship and improving the identification accuracy of well
logging oil and water layers, and provides a new means for the
evaluation of low resistivity oil layers and other difficult
layers.

(4) There is no better method to determine the
parameters of the new formula except using the
experimental data of rock electricity, which needs to be
further studied in the future.
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