
Citation: Zhang, Z.; Gao, C.; Gao, Y.;

Niu, C.; Ma, S. Theoretical Simulation

of the Resistivity and Fractured–

Cavernous Structures of Carbonate

Reservoirs. Processes 2024, 12, 43.

https://doi.org/10.3390/pr12010043

Academic Editors: Junjian Zhang,

Zhenzhi Wang and Carlos Sierra

Fernández

Received: 28 November 2023

Revised: 19 December 2023

Accepted: 21 December 2023

Published: 23 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Theoretical Simulation of the Resistivity and
Fractured–Cavernous Structures of Carbonate Reservoirs
Zhaohui Zhang 1,2,3,* , Chuqiao Gao 4, Yongde Gao 5, Chunzhen Niu 1 and Shenglun Ma 1

1 School of Geology and Mining Engineering, Xinjiang University, Urumqi 830046, China;
ncz0323@126.com (C.N.); mashenglun010@163.com (S.M.)

2 Key Laboratory of Petroleum Resources Research, Lanzhou 730020, China
3 Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences,

Lanzhou 730020, China
4 College of Geophysics and Petroleum Resources, Yangtze University, Wuhan 430100, China;

gaocq@vip.163.com
5 Zhanjiang Branch, CNOOC Limited, Zhanjiang 524057, China; gyongde2008@163.com
* Correspondence: zhangzhaohui@xju.edu.cn

Abstract: Recently, theoretical modeling based on rock physics has emerged as a pivotal approach to
studying the resistivity of complex fractured–cavernous microstructures. In this work, to study the
effects of fractured–cavernous structures on carbonate reservoir resistivity, electrical conductivity
models were developed based on the effective medium theory and Ohm’s Law, and theoretical simu-
lations were performed to examine how the porosity and resistivity of the rock matrix, the formation
water resistivity, and the parameters of the fractured–cavernous microstructure affect the resistivity
of rocks saturated with petroleum or water. Furthermore, the modeling results revealed the specific
relationships between these factors in petroleum-saturated and water-saturated rocks. For vuggy
reservoirs, a significant negative correlation between throat diameter and resistivity was revealed
when variations in the rock matrix and formation water resistivity were negligible. Furthermore, the
pore shape—especially the extension of pores in the direction of the current—severely reduced the
resistivity of petroleum-saturated rocks. For fractured reservoirs, the porosity and resistivity of the
rock matrix were the primary factors affecting resistivity, with the fracture inclination angle and width
also exhibiting pronounced effects on the resistivity of water-saturated rocks. The rock cementation
exponent was much smaller when the matrix pores were interconnected through fractures than
when they were interconnected through throats. The findings reveal that the effects of the struc-
tural parameters of fractured–cavernous carbonate reservoirs on reservoir resistivity differ between
petroleum-saturated and water-saturated rocks. The conventional Archie’s equation is insufficient
for evaluating fluid saturation in carbonate reservoirs. A saturation evaluation model with a variable
rock cementation exponent tailored to the specific reservoir type should thus be developed.

Keywords: carbonate reservoirs; geologic model; theoretical simulation; resistivity

1. Introduction

Approximately 60% of global oil and gas reserves were developed in carbonate reser-
voirs, and many of the world’s high-yielding oil and gas reservoirs are associated with
carbonate rocks [1–6]. In China, carbonate reservoirs predominantly occur in the Cam-
brian and Ordovician formations of the Tarim Basin; the Sinian, Cambrian, Devonian,
Carboniferous, and Triassic periods of the Sichuan Basin; and the Ordovician formation of
the Ordos Basin [7]. Carbonate reservoirs possess a variety of pore spaces, which can be
classified into four types: porosity, caves, throats, and fractures [8–13]. Depending on the
type and combination of these pore spaces, carbonate reservoirs are categorized into vuggy,
fractured, fractured–vuggy, and cavern types [12,13]. Due to their intense heterogeneity,
carbonate reservoirs exhibit features of secondary porosity, including dissolution-enhanced
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fractures and vugs, making their microscopic pore structures exceedingly complex [6,14,15].
These complex fractured–cavernous structures in carbonate reservoirs result in inexplicable
resistivity response patterns [16–18], such as numerous layers with anomalously high
resistivity, dense layers with low resistivity, and water-bearing layers with high resistivity.
Hence, examining the effects of these fractured–cavernous structures on the resistivity
of geofluid-saturated rocks is important to deepen the understanding of their resistiv-
ity response patterns, identify their fluid properties, and evaluate their fluid saturation
state during the exploration and development of complex fractured–cavernous carbonate
hydrocarbon reservoirs.

Physical experiments and theoretical simulations are two fundamental approaches in
rock physics research [11,18–24]. When physical experiments or the observation of certain
parameters in specific rock media become challenging, theoretical simulations can offer ad-
vantages. Due to the pronounced heterogeneity typically exhibited by carbonate reservoirs,
obtaining representative core samples with diverse fracture characteristics (e.g., fracture
width, dip angle, wettability, and fluid content) remains challenging under current experi-
mental conditions. Furthermore, it is particularly challenging to control variables such as
pore shape, pore size, pore–throat radius ratio, thickness of the fluid film on the particle
surface, and fluid-filling status when studying the electrical properties of rocks. Given these
constraints, theoretical simulation is indispensable in studying the fractured–cavernous
structures of reservoirs. Considering the significant differences in conductivity mechanisms
between the pores and fractures of carbonate reservoirs [4,8,15,20,25], in this study, the
responses of deep laterolog resistivity under various structural parameters of pores and
fractures in the Ordovician carbonate reservoirs of the Yingshan Formation in the Tazhong
area of the Tarim Basin were theoretically simulated. This yielded significant insights into
the effects of fractured–cavernous structures on rock resistivity.

For vuggy porosity, numerous conductivity models have been proposed, including
the dual-porosity model based on a mechanism of series and parallel conduction [26–38],
the tri-porosity model [29,30], and the fractal model [31,32]. A porosity model based on the
effective medium theory has also been developed [33]. The dual-porosity and tri-porosity
models offer innovative approaches to interpreting resistivity well logging data. However,
it remains challenging to determine parameters for the effective medium theory-based
conductivity model, limiting its practical applications. To enhance numerical simulations
of the conductivity of carbonate reservoirs, a variety of pore structure models based on
real-world structures have been proposed, including the capillary bundle model [34,35],
the tortuosity model [36,37], the pore network model [38,39], and the percolation network
model [40]. Based on the analysis of these conductivity and physical models, this study
introduces a simplified physical model by employing the effective medium theory [41,42]
and the pore network model [21,28,38,43] to simulate the effects of pore and throat sizes,
shapes, porosities, and water film thickness on the resistivity of rocks saturated with
two-phase fluids.

Previous research on the electrical properties of fractured reservoir rocks primarily
focuses on numerical simulations of dual laterolog responses [4,24,44,45]. The physical
models under consideration include those for singular fractures at 0◦ and 90◦ [46,47] and
those for fractures with arbitrary orientations [44,48–51]. These studies underscore the ef-
fects of base rock resistivity, fracture inclination angle, and fracture width on dual laterolog
resistivity. However, they often overlook factors such as fluid properties, rock cementa-
tion, and wettability and fail to consider the relationships between fracture orientation,
tool detection depth, and borehole radius. Building on these prior studies, new physical
fracture models for three geometric relationships were established to theoretically simulate
deep laterolog resistivity under various stratigraphic conditions, providing support for the
evaluation of fractured reservoirs.
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2. Conductivity Models of Carbonate Reservoirs
2.1. Porous Reservoirs

For the Ordovician carbonate porous reservoirs of the Yingshan Formation in the
Tazhong area of the Tarim Basin, dissolution pores are the main pore spaces [30,52–54],
followed by intra-granular pores, inter-granular pores, inter-crystalline pores, and a few
micropores. In these reservoirs, fractures are not well developed; thus, throats serve as
the primary seepage channels for geofluids, and they also act as electrically conductive
paths. Considering the conductive characteristics of these pores and structures, previous
models [21,43] were improved, and a new conductivity model was established in this study.
The proposed model is composed of three modules: a model describing the micropore
structure of rocks, a model describing the theoretical resistivity of basic units, and a model
describing the effective medium conductivity.

The micropore structure of rocks is composed of two parts: throats and pores. Throats
are represented by rotating cylinders in the model, while pores are depicted as rectangular
prisms. The model parameters include the throat diameter and length, along with the pore
width, height, and length (Figure 1a). A single throat combined with a pore constitutes a
basic unit of the pore network. The overall distribution network of pores and throats can
be represented by the throat radius distribution function determined by actual capillary
pressure data.
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of the modeled rock, respectively, in µm; D is the diameter of the throat, in µm; d1 is the width and 
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(along the direction of the current), in µm; and h is the water film thickness, in µm. The symbols are 
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the pore; M4 is the rock matrix block 4 located in the lower part of the pore; S1 is the throat and 
surrounding rock matrix module; S2 is the pore and surrounding rock matrix module; PM1, PM2, 
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Figure 1. (a,d) Geologic models of vuggy reservoirs saturated with water (a) and oil (d). (b,e) Cor-
responding conductivity models. (c,f) The equivalent resistance models of vuggy reservoirs. The
model parameters are marked and described as follows: a, b, and L are the width, height, and length
of the modeled rock, respectively, in µm; D is the diameter of the throat, in µm; d1 is the width and
height of the pore (perpendicular to the direction of the current), in µm; d2 is the length of the pore
(along the direction of the current), in µm; and h is the water film thickness, in µm. The symbols
are described as follows: Wt is the throat water; Wp is the pore water; Ot is the throat oil; Op is the
pore oil; M1 is the rock matrix block 1 located in the upper part of the throat; M2 is the rock matrix
block 2 located in the lower part of the throat; M3 is the rock matrix block 3 located in the upper part
of the pore; M4 is the rock matrix block 4 located in the lower part of the pore; S1 is the throat and
surrounding rock matrix module; S2 is the pore and surrounding rock matrix module; PM1, PM2,
PM3, and PM4 are the equivalent resistance of rock matrix blocks 1, 2, 3, and 4, respectively; PWt,
and POt are the equivalent resistance of throat water and oil, respectively; and PWp and POp are the
equivalent resistance of pore water and oil, respectively.

The resistivity of the basic units in the pore network model is defined by Ohm’s Law.
The model posits that the matrix is in parallel electrical connection with the pores and
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throats, while the pores and throats aligned in the direction of the current are electrically
connected in series. When the medium contains two fluid phases (oil and water), the
conduction pathway in hydrophilic rocks is thought to be the water films on the inner-wall
surfaces of the pores and throats, and the thickness of the water film serves as a model
parameter. To simulate the displacement of the wetting phase (formation water) by the
non-wetting phase (oil) in hydrophilic rocks, we assume that the displacement process is
controlled by capillary pressure, the non-wetting phase first enters the pores with relatively
large radii, and a water film always exists on the surface of the rock matrix. According to the
effective medium theory [41,55], rocks saturated with two-phase fluids can be considered
effective media. The conductivity of the basic units in the effective medium network can
represent the conductivity of the entire network.

Mathematical models were developed for two scenarios of pore fluids, as elabo-
rated below.

(1) Rock pores and throats are saturated with water.

Assuming that the rock pores and throats are saturated with water, the geological
model depicted in Figure 1a was transformed into a conductivity model (Figure 1b) based
on the effective medium theory and Ohm’s Law. In the direction of the current, the rock
resistance in this model is the series resistance of modules S1 and S2. The resistance
of module S1 is the parallel resistance of matrix block M1, throat water Wt, and matrix
block M2. The series and parallel circuits are according to Kirchhoff’s laws. Similarly, the
resistance of module S2 is the parallel resistance of block matrix M3, pore water Wp, and
matrix block M4. The equivalent resistance model is shown in Figure 1c. The rock resistance
in this model is derived based on Ohm’s Law:

P =
L − d2

π( D
2 )

2

Rw
+

ab−π( D
2 )

2

Rs

+
d2

d1
2

Rw
+ ab−d1

2

Rs

, (1)

where P is the rock resistance, in Ω; Rw and Rs are the resistivities of formation water and
the rock matrix, respectively, in Ω.m; a, b, and L are the width, height, and length of the
modeled rock, respectively, in µm; D is the diameter of the throat, in µm; d1 is the width
and height of the pore (perpendicular to the direction of the current), in µm; and d2 is the
length of the pore (along the direction of the current), in µm.

According to the law of resistance, the total rock resistance can be calculated as follows:

P =
RtL
ab

, (2)

where Rt is the resistivity of the modeled rock, in Ω.m.
Substituting Equation (2) into Equation (1) yields an equation for the resistivity of the

modeled rock:

Rt =
ab
L (L − d2)

π( D
2 )

2

Rw
+

ab−π( D
2 )

2

Rs

+
ab
L d2

d1
2

Rw
+ ab−d1

2

Rs

. (3)

(2) Rock pores and throats are saturated with crude oil.

Assuming a hydrophilic rock, after the oil phase displaces the water phase, water films
of uniform thickness exist on the inner-wall surfaces of the pores and throats (Figure 1d).
These films serve as the primary conduction pathways, even though the pores and throats
are saturated with oil. The conductivity model is presented in Figure 1e. In the direction of
the current, the rock resistance in this model is the series resistance of modules S1 and S2.
The resistance of module S1 is the parallel resistance of matrix block M1, the throat water
film Wt, the throat oil Ot, and matrix block M2. The resistance of module S2 is similar to
that of module S1. The series and parallel circuits are according to Kirchhoff’s laws. The
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equivalent resistance model is shown in Figure 1f. Based on Ohm’s Law, the mathematical
equation for the resistivity of the rock in this model is derived as follows:

Rt =
ab
L (L − d2)

π( D
2 )

2−π( D
2 −h)

2

Rw
+

π( D
2 −h)

2

R0
+

ab−π( D
2 )

2

Rs

+
ab
L d2

d1
2−(d1−2h)2

Rw
+

(d1−2h)
2

R0
+ ab−d1

2

Rs

, (4)

where Ro is the crude oil resistivity, in Ω.m, and h is the thickness of the water film, in µm.
The value of Ro is generally in the range of 109–1016 Ω.m, much larger than the resistivities
of the formation water and rock matrix; thus, Ro can be regarded as infinite. Accordingly,
Equation (4) can be simplified as:

Rt =
ab
L (L − d2)

π( D
2 )

2−π( D
2 −h)

2

Rw
+

ab−π( D
2 )

2

Rs

+
ab
L d2

d1
2−(d1−2h)2

Rw
+ ab−d1

2

Rs

. (5)

2.2. Fractured Reservoirs

Building upon previous models of singular inclined fractures and inclined slab-like
fractures [16,17], we developed three types of fractured formation models according to the
geometric relationship between the fracture orientation, borehole radius, and detection
depth of the deep lateral resistivity log of the dual laterolog tool: (i) The intersection of the
fracture plane with the bottom plane of the electrode column is outside the radial detection
depth of the electrode (Figure 2a). The angle between the fracture plane and the bottom
plane of the electrode column is the fracture inclination angle θ, in degrees; the vertical
distance between the two walls of the fracture represents the fracture width w, in µm; the
borehole radius is denoted as r, in m; the radial detection depth of the deep laterolog is
r1, in m; and the height of the cylindrical main current of the deep laterolog is H, in m,
which is typically 0.74 m. In all models, the effective conductive medium is analogous
to that of a vuggy reservoir. (ii) The intersection is between the borehole radius and the
radial detection depth (Figure 2b); and (iii) the intersection is within the borehole radius
(Figure 2c). Despite the different geometric relationships described above, these models
have the following features in common: First, the tool is centered and aligned with the
borehole axis, and there is no drilling mud within the borehole; the borehole is externally
surrounded by a uniform, infinitely thick formation (rock matrix). Second, the fracture
divides the formation into upper and lower sections and intersects with the borehole. Even
when the fracture is fully filled with oil, a water film with thickness h (in µm) remains on
the surface of the fracture wall (Figure 2d–f).

(1) When the fracture is saturated with water, the total rock resistance within the detec-
tion depth of the electrode is the parallel resistance of the upper matrix block Mu,
fracture, and lower matrix block Ml (Figure 2a–c). Theoretical models were developed
considering the following three geometric relationships:

(i) The intersection of the fracture plane with the bottom plane of the electrode
column is outside the radial detection depth of the electrode (Figure 2a). In
this scenario, the rock resistance expression is given based on Ohm’s Law:

P =
ln r1 − ln r2

2πωcos θ
Rw

+ 2π(H−ωcos θ)
Rs

. (6)

Furthermore, the rock resistance can be obtained as follows:

P =
Rt(ln r1 − ln r2)

2πH
. (7)
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Substituting Equation (6) into Equation (7) gives the following expression for
rock resistivity:

Rt =
2πH

2πωcos θ
Rw

+ 2π(H−ωcos θ)
Rs

. (8)
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Figure 2. (a–c) Geologic model of fractured reservoirs saturated with water, where the intersection
of the fracture plane with the bottom plane of the electrode column is outside (a), between (b), and
within (c) the radial detection depth of the electrode. (d–f) Geologic model of fractured reservoirs
saturated with oil with the intersection outside (d), between (e), and within (f) the radial detection
depth of the electrode. The model parameters are marked and described as follows: w is the fracture
width, in µm; h is the water film thickness, in µm; r, and rl are the borehole radius and radial detection
depth of the deep laterolog, respectively, in m; θ is the fracture inclination angle, in degrees; and H is
the height of the cylindrical main current of the deep laterolog, in m, which is typically 0.74 m.

(ii) The intersection is between the borehole radius and the radial detection depth
(Figure 2b). In this scenario, the rock resistance is given by:

P =
ln r0 − ln r

2πωcos θ
Rw

+ 2π(H−ωcos θ)
Rs

+
∫ r1

r0

drx
(2π−4β)rxωcos θ

Rx
+ 2πrH−(2π−4β)rxωcos θ

Rx

. (9)

In Equation (9) and subsequent references, r0 denotes the distance from the bot-
tom center of the electrode column to the intersection line between the fracture
surface and the bottom plane of the electrode column, which is calculated as:

r0 =
H

2tan θ
. (10)

In Equation (9), β represents the inclination angle of r0 relative to the fracture
within the integration radius rx, with the following mathematical expression:

β = arccos
H

2rxtan θ
. (11)

Substituting Equation (9) into Equation (7), the rock resistivity is obtained as:
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Rt =

2πH
ln r1−ln r (ln r0 − ln r)

2πωcos θ
Rw

+ 2π(H−ωcos θ)
Rs

+
2πH

ln r1 − ln r

∫ r1

r0

drx
(2π−4β)rxωcos θ

Rx
+ 2πrH−(2π−4β)rxωcos θ

Rs

. (12)

(iii) The intersection is within the borehole radius (Figure 2c). In this scenario, the
rock resistance is:

P =
∫ r1

r0

drx
(2π−4β)rωcos θ

Rw
+ 2πrH−(2π−4β)rωcos θ

Rs

. (13)

Substituting Equation (13) into Equation (7), the rock resistivity is obtained as:

Rt =
2πH

ln r1 − ln r

∫ r1

r

drx
(2π−4β)rxωcos θ

Rw
+ 2πrH−(2π−4β)rxωcos θ

Rs

(14)

(2) When the fracture is saturated with oil, the total rock resistance within the detection
depth of the electrode is the parallel resistance of the upper matrix block Mu, fracture
w, and lower matrix block Ml (Figure 2d–f). Three theoretical models were developed,
considering the following three different geometric relationships:

(i) The intersection of the fracture plane with the bottom plane of the electrode
column is outside the radial detection depth of the electrode (Figure 2d). In
this scenario, the rock resistance is derived based on Ohm’s Law:

P =
ln r1 − ln r

4πhcos θ
Rw

+ 2π(ωcos θ−2hcos θ)
R0

+ 2π(H−ωcos θ)
Rs

. (15)

The rock resistance can be obtained as follows:

P =
Rt(ln r1 − ln r)

2πH
. (16)

Substituting Equation (15) into Equation (16), the rock resistivity is obtained as:

Rt =
2πH

4πhcos θ
Rw

+ 2π(ωcos θ−2hcos θ)
R0

+ 2π(H−ωcos θ)
Rs

. (17)

Since Ro is much larger than the resistivities of the formation water and rock
matrix, it can be considered to be infinite. Thus, Equation (17) can be simpli-
fied as:

Rt =
2πH

4πhcos θ
Rw

+ 2π(H−ωcos θ)
Rs

. (18)

(ii) The intersection is between the borehole radius and the radial detection depth
(Figure 2e). In this scenario, the rock resistance is:

P =
ln r0 − ln r

4πhcos θ
Rw

+ 2π(ωcos θ−2hcos θ)
R0

+ 2π(H−ωcos θ)
Rs

+
∫ r1

r0

drx
(2π−4β)rx2hcos θ

Rw
+ 2πrx H−(2π−4β)rxωcos θ

Rs
+ (2π−4β)rx(ωcos θ−2hcos θ)

R0

. (19)

Substituting Equation (19) into Equation (16), the rock resistivity is obtained as:

Rt =

2πH
ln r1−ln r

(
ln r0 − ln r

)
4πhcos θ)

Rw
+

2π(ωcos θ−2hcos θ)
R0

+
2π(H−ωcos θ)

Rs

+
2πH

ln r1 − ln r

∫ r1
r0

drx
(2π−4β)rx2hcos θ

Rw
+

2πrH−(2π−4β)rx ωcos θ
Rs

+
(2π−4β)rx (ωcos θ−2hcos θ))

R0

. (20)

(iii) The intersection is within the borehole radius (Figure 2f). In this scenario, the
rock resistance is:
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P =
∫ r1

r0

drx
(2π−4β)rx2hcos θ

Rw
+ 2πrH−(2π−4β)rxωcos θ

Rs
+ (2π−4β)rx(ωcos θ−2hcos θ)

R0

. (21)

Substituting Equation (21) into Equation (16), the rock resistivity is obtained as:

Rt =
2πH

ln r1 − ln r

∫ r1

r

drx
(2π−4β)rx2hcos θ

Rw
+ 2πrH−(2π−4β)rxωcos θ

Rs
+ (2π−4β)rx(ωcos θ−2hcos θ)

R0

. (22)

2.3. Rock Cementation Exponent

The rock cementation exponent m (which ranges from 1 to 3) is a key parame-
ter in well logging evaluations for determining the fluid saturation in carbonate reser-
voirs [4,13,15,29,56]. The relationship between m and the structural parameters of fractured–
cavernous rocks was explored using the conductivity model and theoretical simulation
equations, providing guidance for calculating fluid saturation in rocks with variable m
values. We assumed that in a rock fully saturated with water, the pores are interconnected,
showing permeabilities through a fracture with width w, and each pore has a length, width,
and height of d2, d1, and d1, respectively. The physical model for a unit volume with edge
length L is shown in Figure 3.
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The volume of porous space in the physical model is:

V = d1
2d2 + L2w − d1d2w. (23)

Assuming that the rock skeleton is not electrically conductive, the rock resistance is:

P = RW(
L − d2

Lw
+

d2

d1
2 + (L − d1)w

). (24)

According to the law of resistance, the rock resistivity is:

Rt =
PS
L

= RW L

(
L − d2

Lw
+

d2

d1
2 + (L − d1)w

)
. (25)
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The formation factor F is obtained from Archie’s equation as follows:

F =
RO
RW

= L

(
L − d2

Lw
+

d2

d1
2 + (L − d1)w

)
. (26)

The rock porosity in the physical model of Figure 3 is:

∅ =
VW
V

=
d1

2d2 + L2h f − d1d2h f

L3 . (27)

Writing Archie’s equation as F = a/∅m and letting the scale factor be a = 1, the rock
cementation exponent is obtained as:

m = −
ln ( L−d2

w + d2
d1

2+(L−d1)w
)

ln (d1
2d2 + h f − d1d2w)

. (28)

When the pores in the rock are interconnected through throats with diameter D, the
following equation can be used to calculate the rock cementation exponent m:

m = −
ln ( L−d2

π( D
2 )

2 +
d2
d1

2 )

ln (d1
2d2 + π

(
D
2

)2
− (1 − d2))

(29)

3. Univariate Analysis of the Theoretical Models

The theoretical model expressions reveal that the resistivity of carbonate rocks in vuggy
and fractured reservoirs is closely associated with their fractured–cavernous structures.
Given the multitude of fractured–cavernous structural parameters, multiple parameters
in a single simulation can obscure the distinct effect of each parameter on rock resistiv-
ity [4,21,57]. Furthermore, it becomes challenging to identify the primary factor influencing
rock resistivity across different reservoir types. Therefore, in the numerical simulations,
we began by systematically adjusting a specific parameter and recording the response of
resistivity while holding other parameters constant. Subsequently, we generated a cross-
plot of the values of the specific parameter versus the corresponding simulated values of
rock resistivity, enabling a comprehensive evaluation of the effect of the specific parame-
ter on rock resistivity. This method was applied separately to each fractured–cavernous
structural parameter.

3.1. Pore Parameters

Pores and throats are the primary components of the pore system in vuggy reser-
voirs [11,13,58,59]. When electric currents pass through large pores and small throats, their
distribution densities vary, resulting in differential conductivity. In this study, based on the
model presented in Figure 1, we used Equations (3) and (5) to simulate the effect of pore
and throat structural parameters on the resistivity of rocks saturated with different fluids.

Figure 4a depicts the effect of throat diameter on rock resistivity. The parameters
chosen for these models are based on values ranging from 0.002 to 0.01 µm. The parameters
were set as follows: pore height d1 = 0.46 µm; formation water resistivity Rw = 0.02 Ω.m;
rock matrix resistivity Rs = 20,000 Ω.m; pore length d2 = 0.36 µm; and water film thickness
h = 0.001 µm. As the throat diameter increased, both the water-saturated and oil-saturated
rock resistivity decreased notably. When the throat diameter increased within the range
of 0.002–0.004 µm, the resistivity of both water-saturated and oil-saturated rocks declined
steeply, and the decrease was more significant in the water-saturated rock resistivity. When
D increased in the range of 0.004–0.008 µm, the resistivity continuously decreased, but at a
lower rate. When D exceeded 0.008 µm, the decline in resistivity markedly weakened or
was not observable at all. The simulation suggests that as the throat diameter increases,
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the rock resistivity of vuggy reservoirs declines in a triphasic manner: an initial steep
decline followed by a steady decline, and finally a marginal decline. This pattern might be
associated with the distribution density of the injected current.
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Figure 4. (a) Effects of the diameter of the throat, (b) the length of the pore (along the direction of the
current), (c) the width and height of the pore (perpendicular to the direction of the current), (d) the
resistivity of formation water, (e) the water film thickness, and (f) the resistivity of rock matrix on the
resistivity of vuggy reservoirs.

To investigate the effects of pore size and shape on rock resistivity, the pore dimensions
were altered in two directions (along and perpendicular to the direction of the current)
to simulate changes in rock resistivity. When the pore length (d2) was increased in the
direction of the current, the simulation results (Figure 4b) indicate a clear linear decrease
in resistivity for both water-saturated and oil-saturated rocks. The parameters for this
scenario were set as follows: d1 = 0.46 µm, h = 0.001 µm, D = 0.005 µm, Rw = 0.02 Ω.m, and
Rs = 20,000 Ω.m. Notably, the decline in resistivity was more pronounced for oil-saturated
rocks, suggesting that changes in pore dimensions have a more significant effect on the
resistivity of oil-saturated rocks. Conversely, when the pore width and height (d1) were
increased in the direction perpendicular to the current direction, no significant increase or
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decrease in resistivity was observed in either the water-saturated or oil-saturated rocks
(Figure 4c). For this simulation, the pore length was set to d2 = 0.36 µm, while the other
parameters remained the same as above. The simulation results indicate that only changes
in pore dimensions along the direction of the current have a significant effect on reservoir
resistivity, which might be associated with the length of the conduction path.

In addition to the sizes and shapes of pores and throats, the formation water resistivity
is another factor affecting the resistivity of rocks when their pores and throats are saturated
with water or oil (Figure 4d). For this scenario, the parameters were set as follows: d1
= 0.46 µm, d2 = 0.36 µm, h = 0.001 µm, D = 0.005 µm, and Rs = 20,000 Ω.m. As the
resistivity of the formation water increased, both the water-saturated and oil-saturated
rock resistivities displayed notable linear increases. Moreover, the increase in resistivity
was more pronounced for rocks with oil-saturated pores and throats, suggesting that the
formation water resistivity has a stronger effect on the resistivity of oil-saturated rocks than
on that of water-saturated rocks.

The conductivity of a rock with oil-saturated pores and throats depends on the thick-
ness of the water films on the inner walls of the pores and throats. Figure 4e illustrates
the effect of water film thickness on the resistivity of oil-saturated rocks. When the water
film thickness increased from 0.0001 to 0.0005 µm, the resistivity of oil-saturated rocks
decreased sharply. As the water film thickness in the throats further increased to 0.0015 µm,
the rock resistivity continued to decline significantly. With further increases in water film
thickness, the rock resistivity decreased slightly. Overall, as the water film thickness in-
creased, the resistivity of oil-saturated rocks decreased in a triphasic manner: an initial
steep decline followed by a steady decline, and finally a marginal decline. This pattern
might be associated with the distribution density of the injected current.

Finally, the effects of rock matrix resistivity on the resistivity of rocks with oil- and
water-saturated pores and throats were simulated, as depicted in Figure 4f. The param-
eters were set as follows: d1 = 0.46 µm, d2 = 0.36 µm, h = 0.001 µm, D = 0.005 µm, and
Rw = 0.015 Ω.m. The resistivities of both the water-saturated and oil-saturated rocks in-
creased distinctly as the rock matrix resistivity increased, and the effect was more pro-
nounced for oil-saturated rocks. This suggests that rock matrix resistivity has a greater effect
on the resistivity of oil-saturated rocks than on that of water-saturated rocks. Moreover,
the resistivity response value of reservoir rocks was significantly lower than the resistivity
of the rock matrix, indicating the high conductivity of the effective medium in porous
systems. These insights suggest that resistivity can indicate not only the degree of pore
development but also the characteristics of the contained fluids, in close alignment with
Archie’s equation [56].

3.2. Fracture Parameters

Fractures serve both as storage spaces for hydrocarbons and as flow pathways [60–63].
Unlike pores and throats, fractures extend considerably in specific directions, are inclined
at specific angles, and have well-defined widths [11,15]. Fractures identifiable through core
observations and well logging information typically have extension lengths greater than
the radial detection depth of the deep laterolog; however, the widths of these fractures are
much smaller than the detection depth of the instrument [57]. The fracture surface often
intersects at an angle with the current that is injected into the formation by the logging
tool, implying that the structural parameters of fractures have significant effects on rock
resistivity. We now focus on the prevalent scenario where the fracture surface intersects
with the electrode base plane outside of the instrument’s detection depth. Based on the
models depicted in Figure 2, the resistivities of rocks with water-saturated and oil-saturated
fractures were simulated using Equations (8) and (18), respectively.

Figure 5a illustrates the effects of the fracture inclination angle on the resistivities
of rocks saturated with water and oil. The parameters were set as follows: w = 40 µm,
h = 0.32 µm, Rw = 0.04 Ω.m, and Rs = 2000 Ω.m. As the fracture inclination angle increased,
the resistivity of rocks with oil-saturated fractures increased slightly, while the increase in
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resistivity of rocks with water-saturated fractures was more pronounced. When θ < 50◦,
the resistivity of rocks with water-saturated fractures gradually increased with increasing
fracture inclination angle. However, when θ > 50◦, the effect of fracture inclination angle
became more significant, and the rock resistivity increased rapidly with increasing incli-
nation angle. Figure 5b shows the effects of fracture width on the resistivity of rocks with
water-saturated and oil-saturated fractures for a constant fracture inclination angle. With
θ = 80◦ and the other parameters remaining unchanged, the resistivity of rocks with oil-
saturated fractures remained essentially the same as the fracture width increased, whereas
the resistivity of rocks with water-saturated fractures markedly decreased. The simulation
results indicate that the fracture inclination angle and fracture width had stronger effects
on the resistivity of rocks with water-saturated fractures than on that of rocks containing
oil-saturated fractures. This might be related to the distribution of injected current within
the effective medium.
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For rocks with oil-saturated fractures, in addition to parameters related to fracture
development, one must consider whether the presence of water films on the inner walls
of the fractures affects resistivity. Figure 5c illustrates the effect of water film thickness
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on resistivity. When the parameters were set as w = 40 µm, θ = 80◦, Rw = 0.04 Ω.m, and
Rs = 2000 Ω.m, the resistivity of rocks with oil-saturated fractures decreased slightly as the
thickness of the water film increased. Although thin water films possess some conductivity,
their limited thickness is insufficient to significantly reduce resistivity.

Figure 5d presents the effect of formation water resistivity on the resistivity of fractured
reservoirs. The parameters are set as follows: w = 40 µm, θ = 80◦, h = 0.32 µm, and
Rs = 2000 Ω.m. As the resistivity of formation water increased, the resistivity of oil-
saturated rocks increased slightly, while the increase in resistivity of rocks with water-
saturated fractures was more pronounced. When Rw < 0.02 Ω.m, the resistivity of rocks with
water-saturated fractures markedly increased with increasing formation water resistivity.
However, when Rw > 0.02 Ω.m, the effect of formation water resistivity on the resistivity of
rocks with water-saturated fractures became significantly weaker. The simulation results
indicate that the effects of formation water resistivity on the resistivity of rocks with
water-saturated and oil-saturated fractures are generally minor, especially for rocks with
oil-saturated fractures.

In addition to the structural parameters of fractures and the resistivity of formation
water, we also conducted theoretical simulations of the effects of rock matrix resistivity
on the resistivity of rocks with water-saturated and oil-saturated fractures (Figure 5e).
The parameters were set as follows: w = 40 µm, θ = 80◦, h = 0.32 µm, and Rw = 0.04 Ω.m.
The resistivity of rocks, regardless of whether their fractures were saturated with water
or oil, rapidly increased with increasing rock matrix resistivity. This increase was more
pronounced for oil-saturated rocks than for water-saturated rocks. However, the rate
of change in rock matrix resistivity was essentially the same as that of the resistivity of
rocks with oil-saturated fractures. This suggests that fractures have no effect on rock
resistivity when they are saturated with oil, which might be related to the distribution of
the effective medium.

To comprehensively examine the effects of the rock matrix on the resistivity of fractured
reservoirs, the effect of matrix porosity was further simulated. Considering the absence of
matrix porosity in the theoretic resistivity model proposed in this study, we first converted
the given matrix porosity into Rs using Archie’s equation and then substituted it into
Equations (1) and (18) to indirectly simulate the effect of matrix porosity on rock resistivity
(Figure 5f). In this scenario, the matrix water saturation Sw was 30%, with w = 40 µm,
θ = 80◦, h = 0.32 µm, and Rw = 0.04 Ω.m. The resistivities of rocks with water-saturated or
oil-saturated fractures rapidly decreased as the matrix porosity increased. When the matrix
porosity was between 1.5% and 3%, the rock resistivity sharply decreased with increasing
matrix porosity. As the matrix porosity increased from 3% to 6%, the reduction in rock
resistivity gradually diminished, which is in accordance with previous study results [21,28].
When the matrix porosity exceeded 6%, its effect on rock resistivity became notably weaker.
The simulation results indicate that as matrix porosity increases, rock resistivity decreases
in a triphasic manner: an initial steep decline followed by a steady decline, and finally a
marginal decline. The degree of resistivity reduction was more pronounced for rocks with
oil-saturated fractures than those with water-saturated fractures, which might be closely
related to the conductive characteristics of the pore system.

4. Discussion
4.1. Changes in Rock Cementation Exponent

Currently, m is mainly determined through experimental measurements [4,11]. How-
ever, in the case of complex and highly heterogeneous unconventional reservoirs such as
carbonates, volcanic rocks, tight sandstones, and shales, there is an urgent need to estab-
lish quantitative relationships between m and the microscopic characteristics [4,35,62,64].
These relationships are essential for obtaining the value of m as it varies with the hetero-
geneity of the reservoir, thereby enhancing the accuracy of saturation evaluation. In this
study, we developed theoretical mathematical models (Equations (28) and (29)) linking the
fractured–cavernous structural parameters of carbonate reservoirs to m. The variations
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in the porosities of porous carbonate reservoirs mainly originate from the large pores,
whereas the contributions from micro-fractures and throats are relatively minor. Therefore,
within a certain range of rock matrix porosity, both fracture width and throat diameter
remain constant, with only the pore size varying. Using the model depicted in Figure 3
and Equation (28) and setting w = 0.003 µm, the changes in m with matrix porosity for
the scenario were obtained, where pores are interconnected through fractures (Figure 6a).
Using Equation (29) and setting D = 0.03 µm, the changes in m with matrix porosity for
the scenario were obtained, where pores are interconnected through throats (Figure 6a).
Regardless of whether the pores were interconnected through fractures or throats, m in-
creased with increasing matrix porosity. The rate of increase gradually decreased with
matrix porosity, with m tending to stabilize when the matrix porosity exceeded 10%.
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The resistivity simulations of porous reservoirs indicate that changing the pore size
along and perpendicular to the direction of the electric current results in distinct effects on
resistivity (Figure 4b,c). The variation in pore size affects the rock cementation exponent.
By keeping the rock porosity constant and varying d1 and d2, theoretical simulations were
performed to examine the effect of pore shape on m (Figure 6b). The m value gradually
decreased as the ratio of d2 to d1 increased. When d2/d1 > 1, the m value decreased rapidly
as the ratio increased. Thus, we can infer that m is closely related to the pore shape; for a
constant porosity, the larger the value of d2 in the direction of the current, the smaller the m
value.

Keeping the pore size and shape constant, we examined the changes in m with fracture
width and throat diameter (Figure 6c,d). As both fracture width and throat diameter
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increased, the m value decreased in a triphasic manner: an initial steep decline followed by
a steady decline, and finally a marginal decline. When the rock porosity was held constant
and the pores were interconnected through fractures, the value of m was small, even though
the fracture width was much smaller than the throat diameter. This indicates that in rocks,
the capability of fractures to interconnect pores is much greater than that of throats. Hence,
when using Archie’s equation to calculate the saturation of fractured carbonate reservoirs,
the rock cementation exponent m should be set slightly lower than the experimentally
measured value.

4.2. Effects of Fractured–Cavernous Structural Parameters on Resistivity

Based on the physical models of vuggy and fractured reservoirs along with the
principles of resistivity logging methods, the mathematical models of resistivity for dif-
ferent types of reservoirs were established, and univariate simulations were performed
(Figures 4 and 5). The results indicate that the effect of each Fractured–cavernous structural
parameter on the resistivity varies significantly across different types of reservoirs.

For vuggy reservoirs saturated with either oil or water and with insignificant variations
in rock matrix and formation water resistivity (Figure 4), the throat diameter was the
primary factor affecting rock resistivity, followed by vug shape (particularly the pore
length in the direction of current). Conversely, the pore length perpendicular to the current
direction had little effect on resistivity. A comprehensive comparative analysis revealed
that the effect of throat diameter on rock resistivity was stronger for water-saturated rocks
than for oil-saturated rocks, whereas the other parameters had more pronounced effects on
oil-saturated rocks. For the same throat diameter, oil-saturated rocks have more complex
conductive pathways than water-saturated rocks, leading to increased variations in rock
resistivity. When a vuggy reservoir contains a small number of fractures, the rock resistivity
is significantly reduced due to the high conductivity of these fractures, causing the patterns
of changes in the resistivity of the vuggy reservoir to be less evident.

Although pore formation is limited in fractured reservoirs, the matrix porosity of the
rock remains the primary factor influencing rock resistivity (Figure 5), followed by the
matrix resistivity. The inclination angle and width of the fractures had a noticeable effect on
rock resistivity when the fractures were saturated with water but virtually no effect when
the fractures were saturated with oil. The spatial sizes of the fractures in the reservoirs are
much smaller than those of the matrix pores (the former amounting to approximately 1%
of the latter); therefore, the spatial sizes of fractures are not sufficient to dictate the overall
resistivity of the rock mass.

4.3. Causes of Anomalous Resistivity

In the Tazhong area of the Tarim Basin in western China, the Ordovician carbonate
strata consist, from the top to the bottom, of the Sangtamu, Lianglitage, Yijianfang, Yingshan,
and Penglaiba Formations. The Yingshan Formation can be divided into the Ying 1, Ying 2,
Ying 3, and Ying 4 members from the top to the bottom. The Ying 4 and Ying 3 members
are composed of dolomite and grain dolomite. The Ying 2 member is mainly composed
of limestone, dolomite, and argillaceous limestone, while the Ying 1 member primarily
consists of grainstone and micrite. There are several carbonate reservoirs and caprocks in
the Yingshan Formation [65,66].

Figure 7a displays a section of the logging curves of well X of the Ying 2 member
in the Tazhong area. This section represents a vuggy reservoir. In the depth range of
4695–4710 m, the computed porosity averaged 2.3%, and the deep laterolog resistivity
(RLLD) was 4725 Ω.m, suggesting that this section is an oil-bearing layer. However,
production tests for this section had a daily output of 0.23 m3 of crude oil and 32.88 m3 of
water, classifying it as a typical high-resistivity water-bearing layer—contradictory with
respect to the logging interpretation result. The logging curve response characteristics,
along with the macro-porosity and saturation parameters, fail to clarify this anomalous
phenomenon. To gain insights into this anomaly from the perspective of the microscopic
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pore structure, we assumed both d1 and d2 to be 0.25 µm (i.e., matrix porosity Ø = 0.56%),
with Rw = 0.015 Ω.m and Rs = 20,000 Ω.m. Figure 7b illustrates the theoretical simulation of
the rock resistivity of the water-bearing layer in relation to the throat diameter. As the throat
diameter decreased, the resistivity increased. This may be explained as follows: When the
pores are not interconnected, there is no conductive pathway, resulting in a relatively high
resistivity that possibly approaches the matrix resistivity of the rock. This suggests that, in
such a scenario, the rock resistivity is not influenced by the fluid properties within the pores.
As the porosity increased from 1.56% to 3.6% and d1 and d2 correspondingly increased from
0.25 to 0.33 µm, the simulated rock resistivity did not decrease significantly (Figure 7b).
This further confirms that in the absence of pore connectivity, variations in pore size do
not notably influence rock resistivity, and the effect of throat diameter is more pronounced.
Formation microresistivity images of this section display numerous small pores, suggesting
that the narrowness of the pore throats might be the primary factor contributing to the
significantly elevated resistivity of this layer.
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Figure 8a displays a section of the logging curves of well Y in the Tazhong area of
the Tarim Basin, western China. This section represents a fractured reservoir with limited
porosity. In the depth range of 5784–5795 m, the computed porosity was less than 2%,
and the deep laterolog resistivity (RLLD) was ~200 Ω.m, characterizing it as a typical
low-resistivity dense layer. Using the actual parameters of this well and the theoretical
Equation (18), we simulated the effect of fracture width on the resistivity of water-saturated
rocks (Figure 8b). The simulation parameters were set as follows: θ = 60◦, h = 0.32 µm,
Rw = 0.04 Ω.m, Rs = 2000 Ω.m, Sw = 50%, and Ø = 1%. The resistivity of dense rocks
with small matrix pores decreased significantly as fracture width increased. For carbonate
reservoirs with limited porosity, the reservoir resistivity should not differ greatly from
the rock matrix resistivity. However, when fractures are formed and saturated with water
within the reservoirs, an increase in fracture width would enhance the rock conductivity
and thus lead to a substantial reduction in resistivity (Figure 8b); this is a key reason
for the low resistivity of dense reservoir rocks. Such characteristics are predominantly
found in fractured reservoirs and are relatively less common in vuggy reservoirs and
fractured–porous reservoirs.
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4.4. Implications for the Exploration and Development of Oil and Gas in Carbonate Reservoirs

Conductivity is a crucial characteristic of geological formations. Archie’s equation
intimately connects rock properties, electrical properties, and oil content, making it a
fundamental model for calculating formation fluid saturation and a key tool in well logging
evaluations. However, the intense heterogeneity of carbonate reservoirs combined with the
diverse types of storage spaces they possess result in significant conductivity differences
among different pore types. This often leads to anomalies in resistivity curves when
interpreting the curves to identify reservoir fluid properties and assess fluid saturation,
thereby complicating well logging interpretations. To enhance the accuracy of well logging
evaluations, it is imperative to consider the microscopic pore structures based on the type of
storage space and harness the strengths of theoretical simulation methods. This approach
overcomes the shortcomings of traditional experimental research methods to provide a
deeper understanding of how the structural parameters of fractured–cavernous carbonate
reservoirs influence resistivity. The results of the theoretical simulations provide a reliable
basis for the rational interpretation of anomalous well logging curves and lay a theoretical
foundation for calibrating well logging curves against the results of micropore structural
analysis of sample sections. Additionally, for corporate technical experts performing well
logging and geological evaluations, the findings offer valuable guidance to help facilitate the
selection of favorable exploration layers, optimize perforation zones, and modify extraction
strategies to ensure the profitability of oil field operations. Finally, the results serve as a
useful reference for interpreting resistivity in dense sandstone and shale reservoirs.

Numerous exploration practices reveal that the complexity of the geological conditions
in terms of changes in temperature, pressure, mineral composition, and content is closely
associated with the reservoir resistivity. However, theoretically simulating these reservoir
parameters under formation conditions is still challenging. Previous studies only revealed
the effects of predominately pore–fracture parameters on reservoir resistivity. In this study,
the influence characteristics of the pore shape changes on the resistivity of rocks saturated
with petroleum or water were investigated. Nevertheless, measuring the extension direction
of the pores in the formation is constrained by the existing well logging technology. Hence,
future theoretical simulations should focus on important geological factors (i.e., temperature
and pressure of formation) and hydrocarbon saturation.

5. Conclusions

Based on the principles of electrical well logging and Ohm’s Law, electrical conduc-
tivity models were developed for both vuggy and fractured carbonate reservoirs. Mathe-
matical expressions for resistivity were derived for different reservoir types, and the deep
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laterolog resistivity responses in carbonate reservoirs were numerically simulated. The
effects of fractured–cavernous structural parameters on rock resistivity were examined.

For porous reservoirs, univariate simulation suggests that as the throat diameter
increases, the rock resistivity declines in a triphasic manner. Only changes in pore dimen-
sions along the direction of the current have a significant effect on reservoir resistivity.
The formation water and rock matrix resistivity have a stronger effect on the resistivity
of oil-saturated rocks than water-saturated rocks. As the water film thickness increased,
the resistivity of oil-saturated rocks decreased in a triphasic manner. In all, the throat
diameter was the primary factor affecting the resistivity when changes in the rock matrix
and formation water resistivity were insignificant. The second most important factor was
pore shape, particularly the extension of pores in the direction of the current, which can
severely reduce the resistivity of oil-saturated rocks.

For fractured reservoirs, univariate simulation indicates that as the fracture inclination
angle or formation water resistivity increases or the fracture width decreases, the rocks with
water-saturated fractures increase in resistivity more than rocks containing oil-saturated
fractures. In cases where the fractures are saturated with oil, the variations in fracture
parameters have no effect on rock resistivity. However, as matrix porosity increases,
rock resistivity decreases in a triphasic manner. The degree of resistivity reduction was
more pronounced for rocks with oil-saturated fractures compared to those with water-
saturated fractures.

The rock cementation exponent m increased gradually with increasing porosity, al-
though the rate of increase slowed as porosity continued to rise. Pores with a longer major
axis along the direction of the current had smaller m values. As fracture width and throat
diameter increased, the value of m decreased. The m value was much smaller when the
matrix pores were interconnected through fractures than when they were interconnected
through throats.
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