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Abstract: Deep reservoirs are in a high-pressure and high-temperature (HPHT) environment, while
the experimental conditions for rock electrical properties that meet the deep reservoir conditions are
harsh and costly. Although digital rock technology can simulate the electrical properties of rocks, it is
limited to electrical simulation studies under normal temperature and pressure conditions (NPT),
which limits their ability to capture the electrical characteristics of deep hydrocarbon reservoirs. This
limitation affects the accuracy of saturation prediction based on resistivity logging. To simulate
the rock electrical properties under HPHT conditions, we proposed a low-cost and high-efficiency
HPHT digital rock electrical simulation workflow. Firstly, samples from deep formations were CT-
scanned and used to construct multi-component digital rocks that reflect the real microstructure of
the samples. Then, mathematical morphology was used to simulate the overburden correction under
high-pressure conditions, and the changes in the conductivity of formation water and clay minerals
at different temperatures were used to simulate the conductivity changes of rock components under
high-temperature conditions. To carry out the electrical simulation of digital rock in deep reservoirs,
a numerical simulation condition for HPHT in deep layers was established, and the finite element
method (FEM) was used. Finally, based on the equivalent changes in the conductivity of different
components, the effects of clay minerals and formation water under HPHT conditions on rock
electrical properties were studied and applied to predict the water saturation based on well logging
data. We found that considering the influence of temperature, salinity, and clay type, the saturation
index (n) of the rock depends on the ratio of the clay conductivity to the formation water conductivity.
The larger the ratio is, the smaller the value of n. In addition, the average relative error between
the predicted water saturation under HPHT conditions and the sealed coring analysis was 6.8%,
which proved the accuracy of the proposed method. Overall, this method can effectively simulate
the pressure and temperature environment of deep formations, reveal the electrical conductivity
mechanisms of rocks under formation pressure and temperature conditions, and has promising
prospects for the study of rock physical properties and reservoir evaluation in deep formations.

Keywords: digital rock physics; high pressure and high temperature; deep reservoirs; rock electrical
properties
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1. Introduction

With the increasing demand for oil and gas resources, oil and gas exploration has
expanded to deep formations, making the deep strata a key target and research hotspot. To
address the difficulties encountered in the accurate prediction and quantitative evaluation
of deep reservoirs, it is necessary to conduct systematic and quantitative research on the
micro characteristics of such reservoirs and their effects on electrical properties. Research
methods for the electrical characteristics of deep mainly include rock electrical experiments
and numerical simulations [1–4]. With the advancement of experimental techniques and
equipment, both rock physics experiments and numerical simulation techniques have
made significant progress. Deep oil and gas geological conditions are complex and fall
under high pressure and high temperature (HPHT) conditions, and conventional rock
physics experiments and numerical simulations cannot meet scientific research needs under
deep conditions. Therefore, conducting HPHT rock physics experiments and numerical
simulations to study the electrical and acoustic characteristics of rocks under real geological
conditions is of great significance. Under HPHT conditions, rock electrical parameters and
well logging response parameters such as density and acoustic time have certain differences
from those under normal pressure and temperature (NPT), and some parameters do not
have clear variations with pressure and temperature, which poses certain difficulties for oil
and gas identification and reserve calculation under deep HPHT conditions.

Rock electrical parameters are important for analyzing reservoir physical properties
and calculating reservoir saturation. Their values are closely related to rock composition,
pore structure, and the distribution of internal two-phase fluids, and they change with
pressure and temperature. In recent years, scholars have carried out a large number of
HPHT rock electrical experiments, developed rock conductivity measurement methods
suitable for different HPHT laboratory equipment, and studied the possible factors that
may affect rock electrical properties under HPHT conditions. They systematically stud-
ied the changes in rock electrical parameters under HPHT conditions, mainly from the
aspects of temperature, pressure, mineral composition, water saturation, particle size, and
boundary thickness, and conducted in situ measurements of the electrical conductivity
of geological materials, such as hornblende gabbro, gabbro, diorite, water-bearing melt
basalt, molten andesite, and carbonated melts, under HPHT conditions [5–11]. In the field
of resource exploration, there have been many research results on the influence of pressure
and temperature on rock electrical properties through laboratory measurements [12–15].
Due to different research areas, opposite conclusions can be drawn about the variation
in the cementation index m with temperature. Jing et al. [16] conducted experimental
measurements of sandstone under reservoir conditions and concluded that geological
factors increase with increasing pressure and temperature. Mahmood et al. [17] varied
the pressure and temperature of experimental measurements and found that increasing
confining pressure slightly increased the rock core cementation index m and saturation
index n. At low clay content, the temperature did not affect m, while n decreased with
increasing temperature and varied with rock type. Li [1] measured the conductivity of
sandstone samples by setting a series of pressures, temperatures, salinities, and saturations.
It was found that pressure had a minor effect on the properties of sandstone samples, while
temperature and salinity had a significant effect on the conductivity of the samples.

Due to the difficulty in quantitatively analyzing the combined effects of clay mineral
content and type and temperature/pressure conditions on electrical properties in HPHT
rock electrical experiments, which typically measure the overall electrical resistivity of cores,
there are many inconvenient factors in the study of rock conductivity mechanisms. The dis-
tribution of clay minerals in rocks affects the electrical properties of rocks [18]. For example,
pure sandstone exhibits hydrophilic wetting properties, while clay minerals such as chlorite
may cause the rock to exhibit some degree of hydrophobic wetting properties [19,20]. Clay
minerals such as montmorillonite, illite, and kaolinite have cation exchange capacity and
adsorption properties and develop certain micropores that change the conductivity of rocks
and may also cause low-resistance phenomena in reservoirs [21,22]. Therefore, clarifying
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the influence of clay mineral content and type on the sandstone electrical properties in
HPHT is of great significance for well logging interpretation of oil and gas saturation
calculation and reservoir evaluation. In recent years, digital rock technology has played a
significant role in the analysis of rock’s physical properties [23–26]. The most commonly
used technique for studying the 3D spatial structures of porous media is X-ray micro-
computed tomography (CT), which is capable of accurately identifying the structure of
pores and clay mineral fractions [27–29]. When the constructed 3D digital rock models are
combined with numerical simulation methods such as finite elements, the rock’s electrical
properties can be calculated. Therefore, it is an effective means for the study of rock conduc-
tivity mechanisms. Garboczi [30] converted the problem of solving the voltage distribution
of each pixel in digital rock to the problem of solving the system energy minimum based
on the variational principle and ultimately determined the effective electrical conductivity
of digital rock. Knackstedt et al. [31] studied the relative interconnectivity and tortuosity of
pores and fluid phases in different samples and their contributions to electrical transport.
Jiang et al. [32] used the finite element method (FEM) based on a digital rock to study
the influence of the wetting and solubility of natural gas in the formation of water on
the electrical properties of natural gas reservoir rocks. Nie et al. [33] used the FEM to
simulate the electrical properties of shale digital rocks by setting the clay content and
conductivity characteristics. Yan et al. [34] constructed a multi-mineral type digital rock
and, based on the control variable method, studied the effects of factors such as porosity,
clay content, temperature, water mineralization, heavy minerals, clay type, and wetting
properties on rock electrical resistivity. Fan et al. [35] constructed a digital rock containing
clay sandstone. They conducted an erosion process on the skeleton connected to the pore
wall and established mud sandstones with different porosities and clay volume fractions
to study the effects of clay volume fraction, clay mineral content, and water conductivity
on electrical properties. Wu et al. [36] combined the discrete element method (DEM) and
quadruplet structure generation set algorithm (QSGSA) to construct multi-component and
multi-scale digital rocks based on pore size distribution and mineral composition percent-
age and studied the effects of mineral composition on rock electrical and elastic properties.
Liu et al. [37] established a three-dimensional multi-mineral digital rock through multiscale
imaging technology and used the FEM to study the effects of clay minerals and scanning
resolution on calculated conductivity. Math2Market GmbH team used the explicit-jump
immersed interface method to solve the electrical conduction and diffusion equation [38],
and they found that small compressions lead to very different material properties. Previous
researchers have made significant progress in HPHT rock physics experiments, and there
has been significant development in the numerical simulation of the electrical properties
of rocks. However, existing numerical digital rock simulation methods primarily focus
on ambient temperature and pressure conditions, and there is a lack of research on the
numerical simulation of rocks under HPHT conditions. This study aims to fill this research
gap by conducting a digital rock simulation under HPHT conditions.

Here, low-permeability tight sandstone samples from the East China Sea shelf basin
were selected for quantitative evaluation of minerals by scanning electron microscopy
(QEMSCAN) and CT scanning experiments. Digital rock technology was used in combina-
tion with HPHT conditions to conduct numerical simulations of rock electrical properties.
Compared to the 3D digital rock electrical simulations under NPT conditions, the key
aspects of digital rock electrical simulations under HPHT conditions are the simulation
of changes in rock pore structure and the variations in resistivity of different conducting
components. In our study, mathematical morphology was used to simulate the overburden
correction under high-pressure conditions, and the changes in the conductivity of formation
water and clay minerals at different temperatures were used to simulate the conductivity
changes of rock components under high-temperature conditions. The influence of factors
such as clay minerals and formation water on rock electrical properties was analyzed, and
the numerical simulation results were applied to calculate the water saturation from well
logging data.
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2. Materials and Methods
2.1. Materials

The samples were selected from the X depression in the northeastern part of the East
China Sea shelf basin. The X depression is a large depression with an east fault and a
west uplift, which has undergone three major evolutionary stages of faulting, folding,
and regional subsidence on the pre-Palaeocene basement. The studied interval is a low-
permeability tight sandstone gas reservoir in the area, with the main gas-bearing strata
buried at depths greater than 3400 m. The formation has undergone strong compaction
and multiple changes in the diagenetic environment due to two episodes of tectonic uplift,
resulting in poor physical properties, strong heterogeneity, an anomalous pressure system,
and a complex pore structure. In this study, low-permeability sandstone samples from
the studied interval were selected, with burial depths greater than 3500 m and formation
temperatures greater than 130 ◦C, belonging to HPHT formations. We collected core
plug samples and conducted overburden pore permeability experiments, laboratory rock
electrical experiments, QEMSCAN experiments, and CT scanning experiments. Detailed
experimental information is described in the following text.

2.2. D Multi-Component Digital Rock Reconstruction

The low-permeability sandstone sample was selected for QEMSCAN scanning and CT
scanning experiments to analyze the pore structure characteristics and mineral distribution.
The QEMSCAN 650F rock analysis system (FEI Company, Hillsboro, OR, USA) was used
to perform backscattered electron (BSE) imaging and mineral identification on samples,
with an image resolution of 2 µm. The QEMSCAN test mainly reflects the 2D pore and
mineral distribution of the low-permeability sandstone sample, as shown in Figure 1. The
mineral scanning images were color-coded to represent pores and different minerals. Based
on the proportion of different components, six main components were segmented, namely,
pore, quartz, feldspar, kaolinite, illite, and chlorite. Their contents were 9.80%, 66.95%,
7.26%, 4.99%, 10.09%, and 0.91%, respectively. Figure 1 shows that the selected sandstone
sample has a complex pore structure, mainly including intergranular pores and micropores
in clay. The quartz appears relatively clean, while some feldspar is mixed with illite. The
content of chlorite is low, and kaolinite is the predominant clay mineral with the highest
content. Microscopic pores are developed in feldspar, illite, and kaolinite. Based on the
QEMSCAN images, the types and proportions of pores and minerals can be determined,
which provides an important reference for the further construction of 3D multi-component
digital rock cores.
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Figure 1. QEMSCAN image and major component segmentation. (a) Original image, (b) pore
(9.80%), (c) quartz (66.95%), (d) feldspar (7.26%), (e) illite (4.99%), (f) kaolinite (10.09%), and
(g) chlorite (0.91%).
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The sample was scanned using a nanoVoxel-2000 CT scanner (Sanying Precision
Instruments, Tianjin, China) with a resolution of 3 µm. To construct a 3D multi-component
digital rock, it is necessary to determine the mineral components in the CT images of the
core. Different methods have been attempted for CT image segmentation. The conventional
image processing procedure, which involves filtering and threshold segmentation, was
initially used. In this study, we used the non-local means filter, which removed noise
from the input CT image but preserves the sharpness of pore edges. The search window
size was set to 8 voxels, and the spatial standard deviation in the Gaussian function was
set to 5 to achieve a relatively good similarity weight. However, due to the presence
of many micropores in the sample, filtering caused the loss of these pores, as shown in
Figure 2b,c, where only the large pores were retained. Direct pore segmentation of the
original CT images was another option. Threshold segmentation (Otsu’s thresholding
method) and edge extraction (top-hat filter) were performed on the CT images to obtain
the pore structure of the sample, as shown in Figure 2d. This method provided more
accurate pore structure extraction results. For mineral segmentation, we attempted to
incorporate the mineral composition results obtained from QEMSCAN into the digital
rock model. However, due to the two-dimensional nature of the results obtained from
QEMSCAN experiments and the overlapping grayscale values of different minerals in CT
images, we had to conduct X-ray diffraction quantitative analysis experiments to obtain
accurate primary clay mineral composition. It was conducted on the D2 PHASER XRD
Analyzer (Bruker Corporation, Middlesex, MA, USA). The total clay content was 10.90%,
with a content of 8.2% for kaolinite and 2.70% for illite. Additionally, the quartz content was
70.72% and the feldspar content was 7.08%. Therefore, we utilized the content values of
these components as standards to perform segmentation on the CT images. The non-local
means filtered and denoised image was directly segmented and divided into three parts:
clay, quartz, and feldspar. As a result, a 3D multi-component digital core was constructed.
Figure 3 shows the 3D grayscale image of rock with 500 × 500 × 500 voxels and the 3D
multi-component digital rock.
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2.3. Numerical Simulation of Rock Electrical Properties

Rock electrical conductivity pathways are controlled by fluid distribution; therefore,
determining fluid distribution at different water saturations is crucial for resistivity calcu-
lations [39]. Mathematical morphology is an effective method for simulating the process
of decreasing water saturation in rocks and involves two basic operations: erosion and
dilation. The erosion operation reduces the size of the target region using a structuring ele-
ment, which results in image boundary contraction. The erosion operation can be expressed
as follows:

A	 B = {x|(B)x ⊆ A}, (1)

where A and B are both data sets, 	 is the erosion operator.
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The dilation operation, on the other hand, enlarges the target region using a structuring
element, resulting in image boundary expansion. The dilation operation can be expressed
as follows:

A⊕ B = {x|(B)x ∩ A 6= ∅}, (2)

where A and B are both data sets, ⊕ is the dilation operator.
For set A, the opening operation involves performing an erosion operation using set

B, followed by a dilation operation using the same set B. Based on the different wetting
properties, the opening operation can simulate both drainage and imbibition processes.
Then, digital rocks at different water saturations can be obtained. The opening operation
can be expressed as follows:

A ◦ B = (A	 B)⊕ B, (3)

where A and B are both data sets, A ◦ B is the opening operation, 	 is the erosion operator,
and ⊕ is the dilation operator. In the wet state, the pores generated by the opening
operation are assumed to be occupied by oil, while the remaining pores are occupied by
water to simulate the drainage process of rock pores. Therefore, based on the existing
low-permeability sandstone digital rocks, an opening operation can be used to simulate the
process of decreasing water saturation.

Based on the constructed low-permeability sandstone digital rocks, the FEM was
used to calculate the rock’s electrical resistivity [30]. In the FEM, the governing equations
for calculating the electrical resistivity of rocks can be expressed using Ohm’s law for
electric fields. This equation describes the relationship between current density, electric
field strength, and electrical conductivity, and can be written as

→
j = σ

→
E (4)

where
→
j is the current density vector,

→
E is the electric field strength vector, and σ is the

electrical conductivity of the rock, which is inversely related to electrical resistivity. By
solving the above governing equation, the distribution of electric field strength and current
density within the rock can be calculated, and subsequently, the distribution of electrical
resistivity can be derived. This can be achieved by discretizing and solving the electric field
equation on a finite element mesh. The data of the digital rock are a matrix composed of a
large number of voxels. For a given 3D digital rock, an electric field is applied between any
two ends, and the voltage distribution on each voxel ultimately determines the energy of
the entire 3D digital rock. According to the variational principle, the calculation problem
of voltage distribution can be transformed into a problem of finding the extreme value
of the system energy, and the effective electrical conductivity of the digital rock can be
determined. For the system energy En to reach a minimum, the partial derivative of the
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system energy with respect to all nodal voltage variables um should be zero, expressed
as follows:

∂En

∂um
= 0. (5)

where En is the system electric energy, and um is the nodal voltage variables.
In the actual numerical simulation process, the partial derivative of energy En with

respect to the node voltage can be obtained by the gradient vector square, and when
the square sum is within a given error range, the system energy is considered to reach
the minimum value, and the system is in a stable state. At this time, Equation (5) can
be approximately valid, and the voltage distribution in the digital rock is determined.
When the voltage distribution tends to be stable, the resistivity of the digital rock can be
obtained. We utilized the program described in reference [30] to simulate the resistivity
of 3D digital rock. The program was implemented in Fortran, and the simulation was
conducted on hardware with the following specifications: CPU (i7-11700), 80 GB of RAM,
and a 1 TB SSD. On average, the computation time for a 3D digital rock model with
dimensions of 500 × 500 × 500 voxels was approximately 4 h. A detailed explanation and
the limitations of this method can be found in reference [30]. They will not be discussed in
detail here.

2.4. Correction for Deep Pressure and Temperature

Based on previous experimental results, it is known that pressure primarily affects
the structure of rocks, while temperature primarily affects their electrical conductivity. To
investigate the changes in rock properties under deep conditions, we collected the overbur-
den pore-permeability data of 41 samples in the study area using the CMS-300 (Core Lab
Instruments, Houston, TX, USA) overburden pore permeability system. Figure 4a shows
the results of the measurements of porosity and permeability under 5 MPa and 43 MPa
pressure conditions. It can be observed that both porosity and permeability decrease as
pressure increases. The relationship between the porosity φ and permeability K under
conventional experimental conditions and the porosity φ′ and permeability K′ under deep
high-pressure conditions are shown in Figure 4b,c, and can be determined as follows:

φ′ = 0.9664φ− 0.4341,
K′ = 0.3193K1.2522.

(6)

The rock properties were corrected for formation pressure based on the relationship
between rock properties and pressure. Considering that the compressibility of the pore
volume and clay structure under overburden pressure is more significant than that of the
rock skeleton deformation, mathematical morphology operations were performed on clay
minerals and pores to simulate the equivalent changes in rock structure under overburden
conditions. The total volume of clay and pores was eroded to achieve volume compression
under high pressure. In this study, we incrementally increased the erosion radius starting
from 1 to 3 voxels. The pore was separately eroded to achieve compression of the pore
volume under high pressure. The comparison of the 3D digital rock models before and after
overburden correction is shown in Figure 5, which shows the compression of micropores
and microcracks, as well as the compression and expansion of clay minerals, in accordance
with the theoretical changes [16,17]. Porosity decreases as pressure increases. The volume
ratio of different rock components before and after overburden correction is shown in
Table 1. The lattice Boltzmann method was used to calculate the permeability before and
after overburden correction. The variations in porosity and permeability obtained from
numerical simulation are in good agreement with the results measured by the experiment
(Table 1). Thus, the pressure correction of deep formations was achieved through the
abovementioned methods.
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Figure 4. Results of the overburden pore-pressure permeability experiment. (a) The porosity-
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pressures, (c) the permeability relationship under different pressures.
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To calculate the electrical conductivity of digital rock, the conductivity of each compo-
nent needs to be incorporated. The conductivities of formation water and clay minerals
at different temperatures were calculated to simulate the rock conductivity under actual
formation conditions, achieving deep temperature correction. The electrical conductivity of
clay minerals was determined using the Waxman-Smits (W-S) model, which was weighted
by the content of different clay types [25]:

Ccl = BQv, (7)

Qv =
CEC(1− φt)ρcl

φt
, (8)

where Qv represents the cation exchange capacity, B represents the equivalent conductance
of exchange cations on clay particle surfaces, CEC represents the cation exchange capacity
of clay minerals, and ρcl represents the average density of clay. The value of B is obtained
from the chart proposed by Waxman and Thomas at different temperature conditions [22].
The clay conductivity in the numerical simulation is determined based on the B [22] and
CEC of different clay types (Table 2) at different temperature conditions in the W-S model.

Table 2. CEC of each clay mineral.

Clay Mineral Mean CEC (mol/100 g)

Illite 20
Kaolinite 3

The electrical conductivity of formation water is determined by its salinity and tem-
perature. The resistivity of water can be calculated using the following equation [22,25]:

Rw1 =

(
1

2.74× 10−4 × C0.955
w

+ 0.0123
)
×

(
81.77

1.8T1 + 38.77

)
, (9)

Rw2 = Rw1 ×
1.8T1 + 39
1.8T2 + 39

, (10)

where Cw represents the electric conductivity of the formation water, S/m; Rw1 represents
the resistivity of water at temperature T1 (◦C), Ω·m; Rw2 represents the resistivity at
temperature T2 (◦C), Ω·m.

3. Results and Discussion
3.1. Verification of Simulation Results Accuracy

Based on the measurements of pore and permeability in the laboratory environment,
the total porosity of the selected sample is 15.58%, and after correction for overburden
pressure, the total porosity is approximately 14.66%. The visible porosity is 10.35%, and the
clay content is 10.96%, with 4.31% of the pores contained in the clay, resulting in an average
porosity of 39.28% for the clay. The conductivity of clay minerals is determined by Equations
(7) and (8), where the CEC of kaolinite is 0.03 mmol/g and the CEC of illite is 0.2 mmol/g,
indicating that illite has stronger conductivity. As shown in Table 1, the corrected clay
content is 10.96%. Moreover, the kaolinite content is approximately 8.25%, and the illite
content is approximately 2.71%. Since it is difficult to separate different clay minerals, the
conductivity of clay is directly calculated using the aforementioned proportions in the
numerical simulation. Under the aforementioned conditions, laboratory experiments and
numerical simulations were performed, with a model size of 500 × 500 × 500 voxels in
numerical simulation. According to Equations (9) and (10), the electrical conductivity of
formation water is related to factors such as salinity and temperature. In the laboratory, the
salinity of the salt solution (NaCl equivalent) was 8000 mg/L, and the temperature was
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25 ◦C, resulting in a solution electrical conductivity of approximately 1.47 S/m. Similarly, in
the numerical simulation at the same temperature, formation water was endowed with the
same properties as in the laboratory experiment. Based on the aforementioned conditions,
the experimental measurements and simulation results of rock electrical properties at the
NPT were studied, where the resistivity index was calculated by the Archie equation,
revealing the relationship between rock resistivity and water saturation [40]:

RI =
Rt

R0
=

b
Sn

w
, (11)

where Rt is the resistivity of the oil-bearing rock, R0 is the resistivity of the water-saturated
rock, b is a coefficient, Sw is the water saturation, and n is the saturation exponent.

The HPHT electrical experiments were conducted using the SCMS-E High-Temperature
and High-Pressure Rock Core Multi-Parameter Measurement System (Center for Well Com-
pletion & Logging Lab, Chengdu, China). A 10,000 mg/L NaCl solution was used. The
NTP conditions were set at a temperature of 141 ◦C, pressure of 52 MPa, formation water
resistivity of 0.158 Ω·m, and rock porosity of 7.3%. The HPHT conditions were set at a
temperature of 26 ◦C, pressure of 3 MPa, formation water resistivity of 0.539 Ω·m, and
rock porosity of 5.6%. Figure 6 shows the comparison between the experimental mea-
surements and numerical simulation results. By using Equation (11) and analyzing the
curve in Figure 6, we calculated that the saturation exponent was 1.56 for the experimental
data and 1.46 for the simulation data, resulting in a relative error of 6.41%. This result
serves to validate the accuracy of our simulation method. As there was no rock electrical
conductivity experiment conducted under HPHT for the selected sample, the experiment
from an adjacent well was chosen for comparison. Figure 7 shows the comparison of HPHT
experiments and numerical simulations. The simulations were conducted under HPHT at
140 ◦C, and the conductivity of the formation water was at 5.10 S/m. The experimental and
simulation results both show a decrease in the saturation index n under HPHT, which is con-
sistent with previous research results, validating the accuracy of the numerical simulation
results under HPHT. The main reason for the discrepancy between the experimental and
simulated results in Figure 7 is that different rock samples were used. The difference in pore
structure between the two samples resulted in different resistivity values. The comparisons
aim to illustrate the trend of the resistivity index with variations in temperature and pres-
sure. The consistency of these trends indicates the reliability of our simulated conclusions.
Figure 8 shows the current field cross-section of the simulation results. Figure 8a–d show
the current field of the digital rock with 100% water saturation and 37% water saturation
at the NPT, respectively. Figure 8e–h show the corresponding results under HPHT. In the
state of low water saturation, water mainly exists in pore corners, micropores, and clay,
which are the main conductivity pathways at low water saturation. For formation water,
generally, its electrical conductivity tends to increase with increasing temperature. This is
because higher temperatures enhance the molecular motion of water and the activity of
ions, thereby facilitating conductivity. Regarding clay minerals, in general, the conductivity
of clay minerals tends to increase with temperature due to enhanced ion diffusion within
the mineral lattice. The discussion on the effect of temperature on the conductivity of the
formation water and clay can be found in the reference [41]. Under high pressure, the
electrical resistivity of water and clay generally decreases. This is because high pressure
causes water molecules or clay electrons to become more closely packed, increasing the
frequency of electron collisions and, consequently, conductivity. Therefore, compared with
NPT, the conductivity of the formation water and clay are higher under HPHT, leading to a
stronger current intensity.
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Figure 6. Comparison of laboratory experiments and numerical simulations for the selected sample.
(a) The relationship between resistivity and water saturation, and (b) the relationship between
resistivity index and water saturation.
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3.2. Factors Affecting the Electrical Properties of Sandstone

The electrical conductivity of sandstone is affected by factors such as the conductivity
of formation water, temperature, and clay minerals. The conductivity of formation water
increases with increasing salinity and temperature. The effects of temperature and for-
mation water conductivity on the conductivity of water-saturated rock were simulated
separately for real clay mineral proportions (8.25% kaolinite and 2.71% illite) and pure
illite (10.96% illite). The simulation results are shown in Figure 9, which indicate that the
rock conductivity increased with increasing formation water conductivity, temperature,
and conductivity of clay minerals. The dashed line represents the relationship between
the conductivity of rock and water saturation under actual conditions (8.25% kaolinite
and 2.71% illite), while the solid line represents the relationship when all 10.96% of the
clay minerals are illite. Kln and Ill are abbreviations for kaolinite and illite, respectively.
From Figure 9, it can be observed that when the solution conductivity was low, the rock
conductivity increased rapidly with the solution conductivity, and the rate of increase of
the rock conductivity was greater than that of the solution conductivity. When the solution
conductivity further increased, the rock conductivity increased linearly, and the boundary
point was approximately 5 S/m of solution conductivity. According to the W-S model, at
a certain temperature, when the solution salinity reached a certain value, B tended to a
stable value, and the conductivity of clay minerals hardly increased anymore. The higher
the solution conductivity, that is, the higher the salinity, the lower the impact of additional
clay conductivity on the total rock conductivity. The B value increased with temperature,
and under the same salinity, the increase in temperature led to an increase in both solution
conductivity and clay additional conductivity.
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Figure 9. Relationship between rock conductivity and solution conductivity at different temperatures.

To further investigate the influence of temperature, formation water salinity, and clay
conductivity on rock electrical properties, we simulated the effects of temperature and clay
conductivity on rock conductivity separately. The trends of different clay types and rock
conductivity were found to be similar. Therefore, only two cases were considered: the real
clay proportion and pure illite, and the temperatures were chosen to be 25 ◦C and 140 ◦C.
The simulation results showed that when the salinity was 8000 mg/L and 30,000 mg/L,
similar results were obtained. Based on the comparative analysis at different temperatures,
it was observed that as the temperature increased, the electrical resistivity decreased. This
indicated a negative correlation between temperature and electrical resistivity, suggest-
ing that higher temperatures promoted lower electrical resistance. Furthermore, in the
comparative study across different clay types, it was noted that as the conductivity of
the clay increased, the electrical resistivity decreased. This implied a direct relationship
between clay conductivity and electrical resistivity, suggesting that higher conductivity in
clay led to reduced electrical resistance. Thus, only the results for a salinity of 8000 mg/L
are presented in Figure 10. The rock resistivity decreased with increasing temperature and



Processes 2023, 11, 1758 13 of 19

enhanced clay conductivity, especially at low water saturation. As the water saturation
decreased, the difference between the resistivity curves increased gradually. The distance
between the curves in the figure showed that the influence of temperature on the rock
resistivity was more significant than that of clay conductivity, as the clay conductivity also
varied with temperature. Conversely, the influence of clay conductivity on the resistivity
index was more significant.
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Figure 10. The influence of temperature and clay conductivity on rock conductivity. (a) The relation-
ship between resistivity and water saturation, and (b) the relationship between resistivity index and
water saturation.

According to Equation (11), the resistivity index of pure sandstone was independent of
the formation water conductivity. Thus, although there was a large temperature difference
between the surface and the subsurface, the Archie equation parameters calculated from
laboratory experiments could be used for downhole situations. However, the resistivity
index of clayey sandstone was affected by clay conductivity, that is, it depended on the
ratio of clay conductivity to formation water conductivity. The larger the ratio is, the
flatter the shape of the curve. This indicates that the relationship between clay conductiv-
ity and formation water conductivity under HPHT affects the saturation index n of the
Archie equation.

Based on the previous discussion, it can be inferred that the saturation index n in the
Archie equation is primarily determined by the relationship between clay conductivity and
formation water conductivity. Numerical simulation results can be used to directly calculate
n under deep conditions. Simulations were conducted to investigate the effect of formation
water salinity on rock resistivity, considering both the actual clay mineral proportions
and pure illite. The simulation temperature was set at 140 ◦C, and the conductivity of
clay was found to be similar for salinities ranging from 8000 to 30,000 mg/L, with the
same contribution from clay conductivity at salinities of 20,000 and 30,000 mg/L. As
shown in Figure 11, the curve of the rock resistivity index became steeper with increasing
formation water salinity. When the formation water salinity was high, especially with a
water saturation above 40%, the curve of the resistivity index basically overlapped. When
the water saturation was low, clay became the main conductive pathway, and the curve
of the resistivity index showed a downward bend. Therefore, for clay-bearing rocks, the
saturation index n increased with increasing formation water salinity.

Using mathematical morphology methods of erosion and dilation operations, digital
rocks with varying clay contents were constructed, as shown in Figure 12. The influence
of clay content on rock resistivity under deep conditions was simulated, and the results
are shown in Figure 13. As the clay content increased, the resistivity index decreased. The
impact of clay content on the resistivity index was mainly reflected at low water saturation,
with little difference in the resistivity index at high water saturation. As the saturation
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decreased, the pore water was no longer connected, leading to a significant increase in the
resistivity index. When the clay content was low, the change in clay content had little effect
on the resistivity index. Therefore, the clay content is also a factor to consider in practical
applications.
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In conclusion, rock conductivity is affected by factors such as formation water, tem-
perature, and clay content. Temperature and salinity are the key factors that determine
rock conductivity. As salinity increases, both the conductivity of the formation water and
clay increase, but the clay conductivity will tend toward a certain extreme value, meaning
that the higher the salinity is, the less significant the contribution of clay conductivity. As
the temperature increases, both the conductivity of the formation water and the additional
conductivity of clay increase. Considering the influence of temperature, salinity, and clay
type, the saturation index n of the rock depends on the ratio of the clay conductivity to the
formation water conductivity. The larger the ratio is, the smaller the value of n. The clay
content is also a factor to consider, with n decreasing as the clay content increases at low
water saturation.

Pressure has a significant impact on the electrical conductivity of rocks. In our study,
mathematical morphology was used to simulate the overburden correction under high-
pressure conditions. As pressure increases, the electrical conductivity of rocks tends to
decrease. This is primarily attributed to the reduction in pore volume and the closure
of interconnected pathways for fluid flow within the rock matrix. The reduction in pore
volume leads to a decrease in the amount of conductive fluid present in the rock, resulting
in a decrease in electrical conductivity. Additionally, under high-pressure conditions, the
closure of microfractures and the compaction of the rock matrix can further restrict the
movement of charged particles, reducing the overall conductivity. In 1965, Brace et al. [12]
measured the electrical resistivity of eight igneous rocks and two crystalline limestones
under different pressure. They found that with the increase of pressure, the resistivity of
each rock increased, suggesting that some passages together with the conductive surface
films were completely cut off. Subsequently, an increasing number of findings support this
discovery. Jing et al. [16] conducted experimental measurements on sandstone under reser-
voir conditions and found that the rock conductivity decreases with increasing pressure
and temperature. They attributed the changes in rock conductivity with pressure to rock
deformation and compaction. Mahmood et al. [17] performed experimental measurements
by varying pressure and observed a slight decrease in rock conductivity with increased
confining pressure. Malekimostaghim et al. [42] investigated the variation of shale resis-
tivity with increasing pressure and found there was a steady increase in the resistance of
the samples as the confining pressure increased. It could be linked to the closure of the
micro/nano pore space which increases the resistivity. To investigate the effect of pressure
on rock’s resistivity, Kolah-kaj et al. [43] studied 39 limestone samples under seven different
effective pressures and obtained similar conclusions. They believed that the tortuosity
factor of the samples increased with effective pressure due to pore compaction. Therefore,
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the significant impact of pressure on the resistivity of rocks mainly arises from the changes
in the rock pore structure.

3.3. Well Logging Interpretations

According to the influence of different factors on rock conductivity, the numerical sim-
ulation under HPHT conditions was further applied to reservoir evaluation. The simulation
results showed that for the selected formation, under HPHT conditions,
m = 1.61, and n = 1.74. The formation water salinity was approximately 8000 mg/L,
and the average clay content was 7.1%. The rock electrical parameters under HPHT condi-
tions were then used in the Archie equation to calculate the water saturation of the reservoir.
The calculation results are shown in Figure 14a, where the first curve is the resistivity, the
second curve is the porosity, and the third curve is the comparison of the water saturation
calculated under HPHT conditions with that obtained from the sealed coring analysis. The
calculated water saturation under HPHT conditions agrees well with the sealed coring
analysis (Figure 14b), with an average relative error of 6.8%. This indicates that the rock
electrical parameters under HPHT conditions were more suitable for the local area.
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4. Conclusions

The existing digital rock simulation methods for electrical properties are applica-
ble under normal temperature and pressure conditions, and they cannot be directly ap-
plied to simulate the electrical characteristics of rocks in deep hydrocarbon reservoirs.
Therefore, this study innovatively proposed a digital rock simulation workflow for high-
temperature and high-pressure conditions, which was applied to resistivity well logging
evaluation in deep hydrocarbon reservoirs. Based on the present research, we obtained the
following conclusions:

(1) Using CT scanning, 3D multi-component digital rocks were constructed. Math-
ematical morphology methods were employed to correct the overburden effect of rock
permeability measurements. Based on the variation in formation water and clay mineral
conductivity under HPHT conditions, the conductivity of rock components was deter-
mined. A deep HPHT numerical simulation was established, and the electrical simulation
of deep reservoirs was carried out using the in-house FEM code [30]. The simulation results
were in good agreement with the experimental measurements, demonstrating the accuracy
of the simulation results;

(2) The conductivity of rock is influenced by factors such as formation water, temper-
ature, and clay. The conductivity of formation water and clay increases with increasing
salinity, but the contribution of clay gradually tends toward a certain maximum. The
conductivity of formation water and the additional conductivity of clay both increase with
increasing temperature. The saturation index n of the rock decreases with an increasing
ratio of clay conductivity to formation water conductivity and with increasing clay content;

(3) The numerical simulation results under HPHT conditions were applied to calculate
the water saturation from well logging data. The average relative error between the
predicted water saturation under HPHT conditions and the sealed coring analysis was
6.8%. This work effectively simulated the pressure and temperature environment of deep
reservoirs, reveals the electrical conductivity mechanism of sandstone under formation
pressure and temperature conditions, and has good potential in the applied research of rock
physical properties and quantitative evaluation of well logging data in deep reservoirs.
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