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Abstract

Deep complex carbonate reservoirs contain different types of pore space, including vugs
and fractures. Their gas—-water distributions and flow characteristics are complex. The ef-
fect of pore structure and gas—water flow on resistivity in deep complex carbonate reser-
voirs remains unclear. This uncertainty creates challenges for natural gas exploration and
development. A gas—water displacement and impedance synchronous measurement plat-
form was established. Three types of glass-etched micromodels were fabricated from CT
images of real carbonate cores. These models included a fracture-vuggy type with large
aperture, a fracture-vuggy type with small aperture, and a vuggy type. After the micro-
models were saturated with dyed formation water, gas—water displacement and water—
gas displacement were conducted sequentially. Microscopic images of gas—water distri-
bution, water saturation, resistivity, and resistivity index were obtained. The results
showed that gas preferentially entered connected fractures and large pore throats, form-
ing preferential channels. Residual water was mainly retained in vug corners, narrow
throats, and weakly connected zones. During gas-water displacement, resistivity in-
creased as water saturation decreased. The resistivity response showed a three-stage pat-
tern of slow increase, rapid increase, and subsequent slow increase. During water—gas
displacement, resistivity decreased as water saturation increased. The resistivity response
showed a three-stage pattern of slow decrease, rapid decrease, and subsequent slow de-
crease. All three models exhibited non-Archie behavior. The stage-specific saturation ex-
ponent n ranged from 2.62 to 13.10, 4.36 to 7.24, and 5.37 to 9.84 for the fracture-vuggy
type with large aperture, fracture-vuggy type with small aperture, and vuggy type, re-
spectively. Their overall n values were 7.26, 6.36, and 5.39, showing that the fracture—
vuggy type with large aperture had the most abrupt electrical response. This study clari-
fied the relationship between gas—water flow characteristics and conductive response in
carbonate rocks with different pore structures. The results provide pore-scale experi-
mental evidence for water-invasion identification, remaining gas evaluation, and calibra-
tion of rock electrical parameters in complex carbonate reservoirs.
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1. Introduction

Deep complex carbonate reservoirs exhibit strong heterogeneity and well-developed
multi-scale pore space composed of pores, vugs, and fractures. The fluid occurrence state
and migration pathways within these reservoirs are complex. As a result, gas—water two-
phase flow differs substantially from that in conventional homogeneous porous media
[1,2]. In fracture—vuggy carbonate reservoirs, pore structure controls preferential fluid-
migration channels, residual-fluid distribution, and displacement efficiency. It also affects
electrical response and the variation in rock electrical parameters. The relationship among
pore structure, fluid distribution, and conductive response therefore needs to be clarified.
Such clarification is important for understanding gas accumulation and development in
carbonate gas reservoirs and for improving reservoir evaluation and dynamic interpreta-
tion [3,4].

Conventional core-displacement experiments are commonly used to characterize
flow behavior at the macroscopic scale. However, rocks are opaque, and their internal
pore structures are complex. Therefore, two-phase interface migration, local residual trap-
ping, and preferential-channel formation are difficult to observe directly at the pore scale.
High-resolution CT scanning and digital rock analysis provide effective tools for pore-
structure reconstruction and flow-path analysis [5-8]. High-resolution CT and SEM imag-
ing can further resolve mineral and pore features. For example, SEM imaging combined
with numerical simulation has been used to connect microscale rock characteristics with
engineering response [9]. Neutron scattering provides complementary information on
pore-size distributions across multiple scales [10]. Pore-network modeling and pore-scale
imaging can be used to characterize pore-throat structures and connectivity [11-14], as
well as two-phase flow events [15-18]. Recent studies further show that fluid exposure
and fluid-rock interactions can alter microscopic pore structure and cross-scale mechani-
cal response in shale and coal [19,20]. Changes in wettability and cross-scale gas transport
also demonstrate the coupling between microscale fluid behavior and pore-structure evo-
lution [21,22]. Nevertheless, these methods are affected by image resolution, threshold
segmentation, boundary conditions, and model assumptions. Flow results in complex
fracture-vug systems therefore still require validation through physical experiments. By
contrast, transparent micromodels can directly record gas—water distributions in control-
lable pore structures. They provide direct evidence for interpreting pore-scale flow pro-
cesses [23-27].

The present experiments mainly investigate how fractures, vugs, narrow throats, and
their connectivity affect gas—water migration, residual-fluid distribution, and electrical re-
sponse at the pore scale. In actual formations, pore structures are more complex and may
evolve because of stress changes, dissolution, diagenesis, and fluid-rock interactions. Fu-
ture studies should therefore combine micromodel observations with CT, neutron scatter-
ing, NMR, acoustic logging, and formation-evaluation data to relate pore-scale mecha-
nisms to in situ pore-size distribution, permeability, and fluid interpretation [10,28-30].

The rock electrical response of reservoirs provides a fundamental basis for hydrocar-
bon exploration, development, and fluid identification. Archie’s equation established an
empirical relationship among resistivity, porosity, and water saturation, and it laid the
foundation for reservoir evaluation. The Cole-Cole model provides a theoretical basis for
analyzing complex impedance and dispersion characteristics in porous media [31]. In
complex carbonate reservoirs, strong pore-structure heterogeneity and highly discrete
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fluid distribution cause conventional rock electrical relationships to differ among pore
types; recent numerical and electrical rock-typing studies further show that carbonate
electrical parameters are strongly constrained by pore architecture and formation resistiv-
ity factor variability [32-36]. Recent digital-rock simulations and experimental/electrical
rock-typing studies further demonstrate that pore geometry, rock—fluid interactions, and
hydraulic-electric classification can improve saturation and resistivity interpretation in
carbonate reservoirs [37-39]. However, most rock electrical experiments still focus on bulk
core resistivity and average water saturation. This makes it difficult to directly relate the
measurements to the spatial distribution of the water phase in pore space. In carbonate
reservoirs where fractures, vugs, and narrow throats are jointly developed, resistivity var-
iation often depends on whether the water phase connects main fractures and key pore
throats. Average water saturation alone is therefore insufficient for interpreting electrical
responses.

Previous studies have improved glass micromodel methods for fractured porous me-
dia [23], revealed pore-scale mechanisms of two-phase mass transfer in fracture-matrix
systems [24], and summarized the advantages and limitations of micromodels in two-
phase flow studies [25]. These studies indicate that pore-scale visualization experiments
can link digital structure characterization with macroscopic flow interpretation. However,
these studies mainly focused on fluid visualization, and the corresponding electrical re-
sponse was not measured synchronously.

In this study, an integrated glass-etched micromodel platform for gas—-water dis-
placement and electrical measurement was established. First, pore structures were ex-
tracted from CT images of real carbonate cores. Three types of glass-etched micromodels
were then prepared, including a fracture-vuggy type with large aperture, a fracture—
vuggy type with small aperture, and a vuggy type. This design improved the geological
representativeness of the micromodels. For flow testing, dyed formation water was in-
jected into the models. The models were first brought to an initial water-saturated state.
Gas-water displacement and water—gas displacement were then conducted sequentially
to record gas—water distributions, main flow channels, and residual-fluid locations in dif-
ferent pore structures. For electrical measurement, gold-plated electrodes were integrated
at the inlet and outlet ends of the etched chip. A constant-flow syringe pump, microscopic
imaging system, image acquisition software, and impedance analyzer were combined to
achieve synchronous acquisition of fluid images, water saturation, and impedance data.
To address this gap, microscopic imaging and impedance measurement were synchro-
nized in CT-derived carbonate micromodels. Each impedance value was matched to the
fluid distribution at the same displacement state. This provides a direct experimental basis
for relating water-phase connectivity to staged resistivity variation and non-Archie be-
havior.

2. Experiments and Methods
2.1. Construction of the Glass-Etched Micromodel Experimental System

An integrated glass-etched micromodel platform for gas—water displacement and
electrical measurement was constructed in this study (Figure 1). The platform consists of
four subsystems: a constant-rate displacement system, a microscopic imaging system, an
impedance measurement system, and an image acquisition system. The system mainly
includes an LSP02-1Y constant-flow syringe pump, a HIOKI IM3570 impedance analyzer,
a 2802-B video electronic microscope, supporting image acquisition software, and glass-
etched samples with integrated conductive electrodes. The overall experimental strategy
was to observe the evolution of fluid distribution in the samples in real time through the
visualization unit while maintaining a stable displacement flow rate. When the fluid dis-
tribution changed significantly, the system synchronously recorded impedance data from
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the sample, thereby establishing accurate spatiotemporal correspondence between fluid
migration behavior and electrical response characteristics.

il

l l lvideo image acquisition software

_ fluid conduit

solution recovery device

impedance analyzer

Figure 1. Schematic diagram of the glass-etched micromodel platform for gas—water displacement

and synchronous impedance measurement.

This design was developed around the experimental objective of “visual displace-
ment-synchronous electrical measurement”. Gold-plated electrodes were integrated at
the inlet and outlet ends of the model so that the electrical measurement area was con-
sistent with the main flow area. This arrangement also reduced interference from the elec-
trode structure on fluid migration pathways, thereby improving the reliability of the cou-
pled analysis of fluid distribution and impedance response. The glass samples were 3 cm
x 2 cm in size. The etching depth produced in one cycle ranged from 5 to 50 um. The depth
was selected according to the designed pore size. This range was sufficient for typical
pores and throats. A greater depth was generally avoided because it could cause uneven
channels and wall deformation. For large vugs requiring a depth greater than 50 pum, re-
peated etching could be used to increase the local depth. A surface gold-plating process
on a chromium metal substrate was used for the electrodes to enhance electrical stability.
These parameters indicate that the system can effectively balance pore-structure represen-
tation accuracy, optical observation clarity, and electrical measurement sensitivity.

From the perspective of system function, this experimental platform performs the
core task of simulating gas—water displacement processes in samples with different pore
structures. Based on continuous acquisition of image information at different displace-
ment stages, the system enables accurate identification of liquid-phase, gas-phase, and
rock-skeleton regions. In addition, impedance data under different water saturation states
were completely recorded, providing a data basis for subsequent resistivity calculation,
impedance-characteristic analysis, and interpretation of rock electrical parameters.

2.2. Design and Fabrication of Glass-Etched Samples
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The glass-etched micromodels used in this study did not adopt regular artificial pore
networks. Instead, pore structures were extracted from CT images of real carbonate cores
and converted into processable two-dimensional etching templates. This design can pre-
serve the main geometric characteristics of fractures, vugs, and pore-throat connectivity
under controllable experimental conditions, thereby improving the ability of the micro-
models to characterize pore structures in deep complex carbonate reservoirs.

The core pore-structure extraction process mainly included CT image cropping, im-
age denoising, grayscale analysis, threshold segmentation, and pore-network reconstruc-
tion (Figure 2). First, the full-diameter core CT scanning data were cropped to select rep-
resentative regions of interest. Filtering was then applied to reduce image noise and
boundary interference, making the grayscale contrast among fractures, vugs, and matrix
clearer. On this basis, segmentation thresholds were determined according to peak—valley
characteristics in the grayscale histogram, and binary images of pore and fracture regions
were extracted. Finally, through pore-throat boundary identification and connectivity
analysis, two-dimensional pore-network templates suitable for glass etching were ob-
tained. This workflow effectively preserves major vugs, fracture channels, and narrow
throat structures, thereby providing a structural basis for subsequent synchronous gas-
water displacement and electrical measurement experiments.
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Figure 2. Workflow of core CT image processing and pore-structure extraction: (a) original CT
image; (b) filtered image; (c) capillary-pressure curve; (d) pore-throat radius distribution; (e) ex-
tracted pore network.

Based on the extracted pore-structure templates, chip-scale glass etching was used to
transform real-core pore networks into visual micromodels. Each sample consisted of a
glass substrate, etched pore network, fluid inlet, fluid outlet, and conductive electrodes
(Figure 3). Unlike previous glass-etched models that mostly used regular artificial pore
structures and were mainly applied to visual fluid observation, the pore networks in this
study were directly derived from the CT-image-based extraction results of real carbonate
rocks and were mapped proportionally according to the original pore-throat geometric
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relationships. Thus, the main connectivity characteristics among fractures, vugs, and nar-
row throats were well preserved. Fluid inlets and outlets were arranged at both ends of
the model to ensure stable entry and discharge of gas and formation water through the
pore network. To achieve electrical measurement, metal electrodes were integrated in situ
inside the model. The electrodes used a chromium metal substrate with a surface gold-
plating process to improve electrical stability and measurement repeatability. This struc-
ture allowed the electric-field coverage area to include the main pore network while
avoiding obvious obstruction of fluid channels by the electrodes, thereby meeting the ex-
perimental requirement for simultaneous flow visualization and impedance measure-
ment.

) water outlet
water inlet N

- - = - - c¢lectrode

Figure 3. Structural schematic of the electrode-integrated glass-etched micromodel.

Based on typical dolomite core photographs and CT images from Well A, and con-
sidering fracture development, vug-distribution characteristics, and pore-throat connec-
tivity patterns, the reservoir pore structures were classified into three types: fracture-
vuggy type with large aperture, fracture-vuggy type with small aperture, and vuggy type
(Figure 4). (1) In the fracture—vuggy type with large aperture, fractures and filled veins
are relatively well developed inside the core, and local dissolution vugs occur. The pore
space shows strong directionality and throughgoing connectivity. The two-dimensional
areal porosity is 14.53%. This structure is suitable for characterizing rapid gas—water two-
phase migration, preferential occupation of main channels, and abrupt changes in the con-
ductive network under large-scale fracture control. (2) The fracture-vuggy type with
small aperture uses continuous inclined fractures as the main skeleton for fluid migration
and contains a small number of fine fractures and local vugs. Compared with the fracture—
vuggy type with large aperture, this structure has markedly smaller fracture aperture and
main-channel scale, and the pore-throat connectivity is relatively limited. Its two-dimen-
sional areal porosity is 13.06%. This structure can be used to analyze displacement-front
propagation, residual-fluid trapping, and resistivity-response variation after fracture
channels become narrower. (3) The vuggy-type core is relatively intact overall, without
developed macroscopic fractures. Its pore space is mainly contributed by local dissolution
vugs and weakly connected pore throats. Its two-dimensional areal porosity is 9.40%. This
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fracture—vuggy type
with large aperture

fracture—vuggy type
with small aperture

vuggy type

structure reflects bypass flow, local trapping, and progressive conductive-network varia-
tion under dispersed vug-connected conditions.

(g) (h) (i)

Figure 4. Typical core photographs from Well A: (a—c) core photograph, CT-based three-dimen-
sional reconstruction, and orthogonal CT slice images of the fracture-vuggy type with large aper-
ture, respectively; (d—f) corresponding images of the fracture-vuggy type with small aperture; (g-
i) corresponding images of the vuggy type.

The design of these three types of glass-etched models mainly considered differences
in pore-structure type and pore-throat scale. The fracture-vuggy type with large aperture
highlights the control of large-scale fractures on preferential channels. The fracture-vuggy
type with small aperture reflects transitional characteristics jointly controlled by narrow
fractures and local vugs. The vuggy type emphasizes heterogeneous flow behavior under
dispersed vug-connected conditions. Gas-water displacement and water—gas displace-
ment experiments conducted on the three model types can further reveal the controlling
mechanisms of different pore structures on two-phase fluid migration, residual-fluid oc-
currence, and resistivity response. The glass-etched micromodel is a two-dimensional rep-
resentation of a three-dimensional pore network. During this conversion, out-of-plane
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connections are removed. This may change pore connectivity, flow-path tortuosity, fluid
trapping, and current pathways. The CT-derived templates nevertheless retain the main
fracture directions, vug distribution, pore-throat sizes, and in-plane connectivity. All three
models were prepared and tested using the same fabrication method, fluids, boundary
conditions, electrode arrangement, and experimental procedure. The dimensional con-
straint was therefore consistent among the models. The results are used to compare their
relative flow and electrical responses rather than to provide absolute three-dimensional
reservoir parameters. In addition, the planar model allows each impedance value to be
matched directly with the fluid distribution at the same displacement state.

2.3. Gas—Water Two-Phase Displacement Scheme and Electrical Measurement Procedure

The gas—water two-phase displacement experiment included three stages: initial wa-
ter saturation, gas—water displacement, and water—gas displacement. These stages corre-
spond to the initial water-saturated state of the reservoir, gas-induced water drainage dur-
ing natural gas accumulation, and gas—water redistribution caused by water invasion dur-
ing late-stage development, respectively. Before the experiment, synthetic formation wa-
ter was prepared according to formation-water salinity and ionic composition, and dye
was added to enhance water-phase distinguishability. The glass-etched model was then
connected to the constant-flow syringe pump, impedance analyzer, and microscopic im-
aging system, and the fluid pipeline, electrode interface, and image acquisition state were
checked. Dyed formation water was injected at 0.001 mL/min until no visible gas bubbles
remained in the pore network. The model was then considered fully water-saturated, and
the initial water saturation was recorded as Swo=100%.

During the gas—water displacement stage, air was injected into the model at a nomi-
nal flow rate of 0.001 mL/min. The flow rate was kept constant throughout this stage. Air
gradually displaced the dyed formation water along the pore network. The microscopic
imaging system recorded gas—water interface migration and residual-water distribution
changes in real time. When the fluid distribution changed markedly, the corresponding
images were acquired, and impedance data were synchronously recorded. As gas inva-
sion continued, the water saturation gradually decreased from Swo to Swi, Swz, and Swn, and
finally approached the irreducible water state (Figure 5). Air was selected as the gas phase
to ensure safe and stable visualization and electrical measurements. The experiments were
conducted at 25 °C and atmospheric pressure (1 atm). The flow rate was maintained at
0.001 mL/min. Differences between air and natural gas may affect quantitative results un-
der reservoir conditions, but their influence on the relative trends obtained under the
same experimental conditions is expected to be limited.

During the water—gas displacement stage, dyed formation water was reinjected at
0.001 mL/min. The flow rate was kept constant throughout this stage. The injected water
gradually displaced the gas in the pore space. This stage focused on observing water-
phase re-occupation of the main channel, residual-gas formation, and residual-gas trap-
ping in vugs, narrow throats, and poorly connected regions. Microscopic images and im-
pedance data were also synchronously acquired when the fluid distribution changed sig-
nificantly, allowing the water-phase recovery process to correspond one-to-one with the
electrical response.

Microscopic images show clear differences among dyed formation water, gas-phase
regions, and the glass skeleton, which can be used for subsequent image segmentation
and water saturation calculation (Figure 5). During gas—water displacement, gas prefer-
entially entered fractures, large pore throats, and preferential channels with stronger con-
nectivity, whereas the water phase mainly remained in vug corners, fine fractures, and
dead-end regions. During water—gas displacement, the water phase re-entered the model
along preferential channels, but part of the gas remained trapped inside vugs and at the
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ends of narrow throats. This phenomenon indicates that the gas—water displacement pro-
cess has obvious path dependence, and that fluid distribution is jointly controlled by pore
structure and channel connectivity.
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Figure 5. Experimental workflow of gas-water displacement and water—gas displacement and rep-
resentative recorded water-saturation states. The pink regions represent dyed formation water,
whereas the light-gray regions represent gas-filled pore space. The magenta dashed arrow indicates

the displacement direction.

The staged displacement scheme can continuously record gas invasion and water-
phase back-displacement in the same glass-etched model, thereby reflecting the entry,
trapping, and redistribution characteristics of two-phase fluids in different pore struc-
tures. In Figure 6A, the etched model was fully saturated with dyed formation water. In
Figure 6B, air was injected to displace the formation water. Water saturation decreased
from Swo =100% to the irreducible water state. The corresponding resistivity values were
recorded as RO, R1, R2, ..., Rn, and Rirreducible water. In Figure 6C, formation water was
reinjected to displace the air. Water saturation gradually increased until the residual-gas
state was reached. The corresponding resistivity values were recorded as R1’, R, ..., R,
and Rresidual gas. This procedure allowed the fluid distribution, water saturation, and

resistivity to be compared at the same displacement state.

https://doi.org/10.3390/mi17080897



Micromachines 2026, 17, 897 10 of 21
r-r--=-=--=--=--=-------- - - - - - ------=-=-=-""=-"=-"-"----=-"=-"--"=-"=-"=-"=-=-== ]
1 1
1 |
1 — 7
, salt solution etched sample ;

~
A ! N ©< >@ I
1 So ]
~N
| ~ 1
| 1
1 | fully saturated sample | 1
L e = o = = = o o e e e em em em em em e e e e e e e e e em em e e e e e e e e em e e = e -
_______________________________________________ i
I . . . . 1
| image recording of] dry gas displacing salt solution
| different states |
1
! 1
! e - — | OWy [ e | SWn| —_— | S Wirreducible water I—— 1
1
: - - - - \
B 1 " earl : : : : |
| . early i : : : late
X - accumulation stage - . : ‘accumulation stagd |
: : : : 1
! : H i g H 1
| Rn i Rirreducible water |
! 1
L )
g g g g gy g g e -
salt solution displacing gas
image recording of

late

development stage .

measurement
of resistivity at
corresponding state

early .
development stage .

|

|

I

I

|

_ different states |
S Wresidual gas| «— |Sw_ | = e !
| 5 E s .

. : \

: |

|

|

|

Rresidual gas i

Figure 6. Representative fluid distributions and water-saturation variations during gas—-water dis-
placement and water—gas displacement. (A) preparation of the glass-etched micromodel and com-
plete saturation with dyed formation water; (B) gas—water displacement, showing the recorded wa-
ter-saturation and resistance states from the fully water-saturated state to the irreducible-water
state; and (C) water—gas displacement, showing the recorded water-saturation and resistance states

during water reinjection until the residual-gas state was reached.

Electrical measurement was performed using the two-electrode method. The gold-
plated electrodes at both ends of the model were connected to the impedance analyzer to
measure impedance responses under different water saturation states. Each recorded state
was measured multiple times and averaged to reduce the effects of instrumental fluctua-
tion and contact error. Impedance measurement and microscopic imaging were con-
ducted synchronously, so each set of electrical data corresponded to a definite fluid dis-
tribution state and water saturation.

Before selecting the operating frequency, three continuous frequency sweeps from 4
Hz to 5 MHz were performed under the same fluid-distribution condition. The measured
resistance decreased rapidly in the low-frequency range, indicating a relatively strong
electrode-polarization effect. The resistance gradually approached a stable value near 1
kHz, where the influence of electrode polarization was substantially reduced. Therefore,
an AC frequency of 1 kHz was selected for the subsequent resistance measurements. Near
1 kHz, the coefficient of variation for three repeated measurements was approximately
0.26%, indicating good repeatability. The electrodes consisted of a chromium substrate
coated with a gold layer. Before each experiment, the electrode surfaces were polished
and cleaned to remove possible surface contamination. The contact pressure was then in-
creased to enlarge the effective contact area. The electrode positions, wire connections,
and applied pressure were kept constant during the measurements to minimize variations
in contact resistance.
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This experimental procedure achieved synchronous acquisition of gas-water dis-
placement, fluid distribution, and impedance response. Based on this procedure, differ-
ences in main flow channels, residual-fluid distribution, and resistivity response can be
further analyzed for the fracture-vuggy type with large aperture, fracture-vuggy type
with small aperture, and vuggy type.

2.4. Data Processing

The data processing in this study mainly included two parts: image segmentation
and water saturation calculation, and impedance data organization and rock electrical pa-
rameter analysis. First, during image processing, the acquired microscopic images were
cropped and subjected to grayscale correction to remove invalid boundaries and back-
ground interference. Threshold segmentation was then performed according to the color
and grayscale differences among dyed formation water, gas-phase regions, and the glass
skeleton, and the water-phase area and total pore area within the effective pore region
were extracted. For regions with a uniform etching depth, water saturation was calculated
as x Sw= (Aw/Ap) x 100%, where Aw is the water-filled area and Ay is the total pore area. For
regions with different etching depths, water saturation was calculated as Sw = [Z(Awi x
hi)/Z(Ap,i hi)] x 100%, where hi is the etching depth of region i. This depth-weighted equa-
tion reduces to the two-dimensional area ratio when hi is constant.

Impedance data processing was synchronized with image analysis. The impedance
data acquired under each displacement state were matched with the corresponding mi-
croscopic images, and repeated measurements were averaged to reduce the influence of
instrumental fluctuation and electrode contact error. The impedance results were then or-
ganized in combination with the geometric dimensions, electrode arrangement, and meas-
urement parameters of the glass-etched model, yielding resistivity responses under dif-
ferent water saturation conditions. After processing, each data point could be associated
with a definite fluid distribution state, avoiding the difficulty of explaining microscopic
causes when resistivity curves are analyzed alone.

In the analysis of rock electrical parameters, Archie’s theory was used as the basic
reference, with emphasis on the relationship between the resistivity index and water sat-
uration. The resistivity index can be expressed as I = Ri/Ro, where R: is the resistivity at a
given water saturation state, and Ro is the resistivity at full water saturation. In conven-
tional homogeneous porous media, I and Sw usually exhibit a relatively stable power-law
relationship. However, fractures, vugs, and narrow throats in complex carbonate reser-
voirs change the distribution pattern of the continuous water-phase network, causing the
rock electrical response to exhibit obvious heterogeneous characteristics.

Resistivity variation should be interpreted on the basis of water saturation together
with image-segmentation results and impedance measurement data. For the fracture—
vuggy type with large aperture, fracture-vuggy type with small aperture, and vuggy
type, the key comparisons focused on whether the water phase occupied preferential
channels, whether the main conductive pathways were interrupted, and whether residual
water was retained in vug corners or fine-fracture regions. This analysis further identifies
the microscopic controlling factors responsible for segmented resistivity variation and de-
viation of rock electrical parameters from the Archie relationship.

Overall, the data processing workflow in this study achieved continuous conversion
from images to water saturation, from impedance to resistivity, and from fluid distribu-
tion to rock electrical parameters. This workflow not only preserves the visualization ad-
vantage of glass-etched micromodel experiments, but also provides the electrical response
with a clear interpretive basis in pore structure and fluid distribution. It therefore supports
subsequent discussion of staged resistivity responses and non-Archie behavior under dif-
ferent pore structures.
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3. Results and Discussion
3.1. Gas—Water Two-Phase Flow Characteristics Under Different Pore Structures

Glass-etched models with different pore structures showed obvious differences dur-
ing gas—water two-phase displacement. Combining the core photographs, CT reconstruc-
tion results, and microscopic displacement images described above, the three structural
types gradually transition from strong fracture control to dispersed-vug connectivity con-
trol (Figures 4 and 7-9). As fracture aperture decreases and vug connectivity weakens, the
dominant fluid-flow channel gradually changes from a concentrated throughgoing type
to a tortuous bypass-flow type, and the distribution range of residual fluids also expands.

In the fracture—vuggy type with large aperture, wide fractures and connected vugs
jointly form the main flow channels. During gas—water displacement, gas rapidly invades
along large-aperture fractures, and the water phase in the main channels is quickly dis-
placed, producing a relatively concentrated displacement front. Because main-channel
control is strong, fine fractures, vug corners, and local dead-end regions outside the main
flow areas are more likely to retain residual water. During water-gas displacement, the
water phase still mainly back-displaces gas along the original preferential channels, but
part of the gas remains trapped at vug margins and in local low-disturbance zones. This
structure shows typical preferential-channel-dominated characteristics. Fluid migration
efficiency is relatively high, but local residual fluids remain difficult to displace com-
pletely.
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Figure 7. Fluid distribution and resistivity-response stages during gas—water displacement in the
fracture-vuggy type with large aperture: (a—c) representative fluid-distribution states during gas—
water displacement; (d,e) representative fluid-distribution state during water—gas displacement; (f)

staged resistivity-water saturation response.
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Figure 8. Fluid distribution and resistivity-response stages during gas—water displacement in the

fracture-vuggy type with small aperture: (a—c) representative fluid-distribution states during gas—

water displacement; (d,e) representative fluid-distribution state during water—gas displacement; (f)

staged resistivity-water saturation response.
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Figure 9. Fluid distribution and resistivity-response stages during gas—water displacement in the

vuggy type: (a—c) representative fluid-distribution states during gas—water displacement; (d,e) rep-

resentative fluid-distribution state during water—gas displacement; (f) staged resistivity-water sat-

uration response.
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The fracture-vuggy type with small aperture still has a relatively clear connected
fracture skeleton, but the main-channel width and connectivity scale are markedly smaller
than those of the fracture-vuggy type with large aperture. During gas—water displace-
ment, gas mainly advances along inclined fractures and locally splits at fracture—vug con-
nections. Because the channels are narrowed, capillary retardation and local trapping are
enhanced. The water phase no longer remains only in vug corners, but forms more dis-
crete water clusters in fine fractures, narrow throats, and vug-connection zones. During
water—gas displacement, the water phase can reoccupy part of the main channel, but local
gas remains trapped in weakly connected vug units. This structure reflects transitional
characteristics controlled jointly by preferential channels and local trapping.

The vuggy type lacks continuous large-scale fractures, and fluid migration is mainly
controlled by narrow throats and local connectivity among vugs. During gas—water dis-
placement, gas cannot rapidly break through along a single channel; instead, it gradually
splits and bypasses among multiple vug units. The displacement front is more dispersed,
and residual water is easily formed inside local vugs, in angular corner regions, and at
poorly connected throats. During water—gas displacement, water-phase back-displace-
ment also shows strong heterogeneity, and part of the gas is captured by closed or semi-
closed vugs to form local residual gas. This structure has the most discrete fluid distribu-
tion, and the displacement process is more easily constrained by pore-throat scale differ-
ences and local connectivity.

The extracted main flow channels further demonstrate the control of pore structure
on two-phase flow pathways (Figure 10). In the fracture—vuggy type with large aperture,
the fluid channels are concentrated and strongly throughgoing, and irreducible water is
mainly distributed in small corners and non-main-flow regions. In the fracture-vuggy
type with small aperture, the main channel is still identifiable, but channel convergence
enlarges the distribution range of residual fluids. In the vuggy type, the fluid pathways
are more tortuous, local bypass flow and side flow are more obvious, and irreducible flu-
ids are widely retained in vug corners and weakly connected zones.
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Figure 10. Main flow channels and residual-fluid distributions during gas—water two-phase dis-
placement in different pore structures: (a—c) gas—water displacement in the fracture-vuggy type
with large aperture, fracture—vuggy type with small aperture, and vuggy type, respectively, show-
ing the main gas-invasion channels and residual-water distributions; (d—f) corresponding water—

gas displacement states, showing the main water-invasion channels and residual-gas distributions.
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The blue dashed lines indicate the principal flow paths, the blue arrows indicate the displacement

directions, and the pink regions represent dyed formation water.

Overall, pore structure is the dominant factor controlling gas—water two-phase dis-
placement behavior. The larger the fracture aperture, the more readily fluids advance rap-
idly along preferential channels and the more concentrated the displacement process be-
comes. The more dispersed the vug connectivity, the more likely the fluid front is to un-
dergo bypass flow, flow splitting, and local trapping. These differences provide direct
pore-scale fluid-mechanical evidence for subsequently interpreting staged resistivity re-
sponses and deviations of rock electrical parameters from the Archie relationship.

3.2. Evolution of Fluid Distribution and Resistivity Response

After clarifying the gas—water displacement characteristics of different pore struc-
tures, the microscopic images were further correlated with the impedance measurement
results. The experimental results show good synchrony between water saturation varia-
tion and resistivity response. During gas—water displacement, as the water phase was
gradually replaced by gas, water saturation decreased and overall resistivity increased.
During water—-gas displacement, as the water phase re-entered the pore network, water
saturation increased and overall resistivity decreased (Figure 11). Combined with the
channel-extraction results for different pore structures, the differences in resistivity re-
sponse are closely related to the degree of concentration, throughgoing connectivity, and
dispersed connectivity characteristics of pore channels.
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Figure 11. Staged resistivity responses and evolution of effective conductive pathways in different
pore structures. Curves (a—c) show differences in resistivity responses among the three pore struc-
tures during gas-water displacement. Panels (d-f) correspond to pore-channel extraction results
from the glass-etched models.

The resistivity response during gas—water displacement can be divided into three
stages: slow increase, rapid increase, and renewed slow increase. At the initial displace-
ment stage, gas begins to enter the pore network, but the continuous water phase still
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maintains good connectivity. The main conductive pathways have not yet been clearly
disrupted, so resistivity increases only slowly. As gas further occupies fractures, large
pore throats, or key connected segments, the originally continuous water-phase network
is cut off, electrical conductivity capacity decreases rapidly, and resistivity enters the
rapid-increase stage. At the late displacement stage, the model mainly contains irreduci-
ble water, water film, and local residual water. The conductive network has become highly
discrete, and the increase in resistivity slows again.

The water—gas displacement stage exhibits the opposite electrical response process.
At the early stage of water-phase re-entry into the pore network, only local conductive
pathways can be restored, and resistivity decreases slowly. As the water phase gradually
reconnects the main channel, the conductive network is rapidly restored and resistivity
decreases significantly. In the late stage, part of the gas remains trapped in vug corners,
narrow throats, and poorly connected regions. The degree of water-phase connectivity
tends to stabilize, and the magnitude of resistivity decrease gradually diminishes. This
process indicates that water—gas displacement is not simply the reverse of gas—water dis-
placement, but is jointly controlled by residual-gas trapping and pore-structure heteroge-
neity.

The rate of resistivity variation differs markedly among different pore structures. In
the fracture-vuggy type with large aperture, fluid and conductive pathways are highly
dependent on wide fractures and their connected vugs. Once the main conductive path-
way is occupied by gas, the continuous water-phase network is disrupted within a short
time, and resistivity rises rapidly. The fracture—vuggy type with small aperture still shows
main-channel control, but narrow fractures, fine throats, and local vugs can provide cer-
tain alternative conductive pathways; therefore, the resistivity-increase rate is relatively
weakened. In the vuggy type, conductive pathways are more dispersed. After gas inva-
sion, multiple weakly connected channels gradually fail, and resistivity changes more
gently.

Thus, the key factor controlling the resistivity response is not a single water satura-
tion value, but the spatial connectivity of the water phase in the pore network. Even when
water saturation values are similar, the model can still maintain strong electrical conduc-
tivity capacity if the water phase is mainly distributed in throughgoing fractures and main
pore throats. If the water phase mainly remains in isolated vugs, corner regions, or water-
film states, the overall resistivity increases significantly. Therefore, the staged variation in
the resistivity curve essentially records the dynamic process in which the continuous wa-
ter-phase conductive network transitions from connected to disconnected and then from
disconnected to reconnected.

Combining image and electrical data indicates that the fracture-vuggy type with
large aperture has a more abrupt resistivity response, the fracture-vuggy type with small
aperture shows a moderate degree of nonlinear variation, and the vuggy type exhibits
more obvious progressive evolution. This difference indicates that resistivity responses in
complex carbonate reservoirs are jointly controlled by fracture development, pore-throat
connectivity, and the spatial distribution of the water phase. Integrated analysis of visu-
alized fluid distributions and impedance measurement results helps identify the water-
invasion process, remaining-gas trapping locations, and connectivity-state changes in
main conductive pathways at the pore scale.

3.3. Variation Characteristics and Controlling Factors of Rock Electrical Parameters

Based on the staged resistivity response, analysis of rock electrical parameters can
further reveal the control of different pore structures on conductive behavior. The exper-
imental results show that all three pore structures exhibited obvious non-Archie charac-
teristics during gas-water displacement. The resistivity index and water saturation did
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not maintain a stable single power-law relationship. This phenomenon indicates that the
rock electrical response in complex carbonate reservoirs is controlled not only by water
saturation, but also closely related to the connectivity state of the water phase in the pore
network.

For the fracture—vuggy type with large aperture, the rock electrical parameter during
the three stages of gas—water displacement, namely the saturation exponent, n, was 2.62,
13.10, and 6.77, respectively, and the overall n value was 7.26. The n value increased sig-
nificantly in the second stage, indicating that when gas occupied wide fractures and main
pore throats, the continuous water-phase conductive network was rapidly cut off, and
resistivity produced an anomalously amplified response to changes in water saturation.
In this structure, both fluid migration and conductive processes are highly dependent on
a small number of preferential channels. Therefore, once the main channel loses connec-
tion, the rock electrical response shows strong abruptness.

For the fracture-vuggy type with small aperture, the n values in the three stages were
4.36, 7.24, and 5.18, respectively, and the overall n value was 6.36. Compared with the
fracture-vuggy type with large aperture, its second-stage n value was lower, indicating
that narrow fractures and local vugs can buffer the rapid disconnection of the conductive
network to some extent. This structure is still controlled by the main fracture, but fine
fractures, narrow throats, and local vugs provide partial alternative conductive pathways,
reducing the abruptness of the resistivity response.

For the vuggy type, the n values in the three stages were 7.25, 9.84, and 5.37, respec-
tively, and the overall n value was 5.39. This structure lacks continuous large-scale frac-
tures, and conductive pathways are mainly controlled by local connectivity among vugs.
Although the overall resistivity variation is relatively gentle, failure of key narrow throats
or locally connected units within certain water saturation intervals can still cause a signif-
icant increase in n. This indicates that the rock-electrical nonlinearity of the vuggy type
does not originate from an abrupt change in a single main fracture, but is jointly caused
by the progressive disconnection of multiple local conductive pathways.

As shown in Figures 7-9 and 11, the contrasting electrical responses of the three pore
structures cannot be explained solely by the amount of pore space. The two-dimensional
areal porosities of the fracture-vuggy type with large aperture, fracture-vuggy type with
small aperture, and vuggy type were 14.53%, 13.06%, and 9.40%, respectively. In the frac-
ture-vuggy type with large aperture, water saturation decreased from 69% to 55% during
disconnection of the main water-phase conductive network. Over the same interval, resis-
tivity increased sharply from 3 to 900 Q-m. Thus, a decrease of 14 percentage points in
water saturation produced a 300-fold increase in resistivity. This response indicates rapid
disconnection of the water-filled main fractures.

In the fracture—vuggy type with small aperture, water saturation decreased from 63%
to 48%, while resistivity increased from 4 to 75 ()-m. The saturation exponent in the second
stage was 7.24. Narrow fractures and local pore throats maintained alternative conductive
pathways, resulting in a more gradual resistivity increase. In the vuggy type, water satu-
ration decreased from 61% to 43%, while resistivity increased from 3 to 50 (2‘m. As water
saturation further decreased to 22%, resistivity gradually increased to 1.3 x 103 Q-m. The
saturation exponent in the second stage was 9.84. This gradual increase indicates sequen-
tial disconnection of several weakly connected pore-throat pathways rather than abrupt
loss of a single dominant fracture.

These results show that similar decreases in average water saturation can produce
different resistivity responses. The fracture-vuggy type with large aperture had the high-
est two-dimensional areal porosity, but electrical conduction was concentrated in a few
well-connected fractures. Gas invasion of these fractures rapidly disrupted the continuity
of the water-phase conductive network. Water remaining in isolated vugs and vug corners
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could not maintain a continuous conductive pathway. Therefore, the observed non-Archie
behavior was controlled mainly by the topology and continuity of the water-filled net-
work rather than by porosity or average water saturation alone.

In terms of the overall n value, the three structures follow the order fracture-vuggy
type with large aperture > fracture-vuggy type with small aperture > vuggy type. This
trend is consistent with the main-flow-channel extraction results discussed above (Figures
10 and 11). The more concentrated the pore structure, the more prominent the preferential
conductive pathway, the more easily the resistivity response is controlled by a small num-
ber of key channels, and the more readily the rock electrical relationship deviates from the
classical Archie model. Conversely, when fluid and conductive pathways are more dis-
persed, the disruption of the conductive network is more progressive, and the overall n
value is relatively lower.

Overall, the key factors controlling variation in rock electrical parameters include
preferential-channel development, fracture aperture, pore-throat scale differences, resid-
ual-water distribution locations, and the integrity of the continuous water-phase network.
Among these factors, whether the continuous water phase connects the main fractures
and key pore throats is the core factor determining abrupt resistivity changes and in-
creases in n. Although irreducible water in vug corners, fine fractures, and poorly con-
nected regions cannot fully maintain the overall conductive network, it delays rapid re-
sistivity increases and affects staged variation in rock electrical parameters.

Therefore, rock electrical parameters in complex carbonate reservoirs are not fixed
constants, but dynamically vary with displacement stage and fluid distribution state. In-
terpreting resistivity responses solely on the basis of water saturation can easily overlook
the influence of pore structure and conductive-network connectivity. Combining micro-
scopic displacement images with impedance measurement results can more accurately
identify the pore-scale causes of non-Archie behavior and provide an experimental basis
for water-invasion identification, remaining gas evaluation, and calibration of rock elec-
trical parameters. The fitted saturation exponents should be regarded as effective param-
eters of the two-dimensional micromodels. Confinement of the current to a planar net-
work may increase its sensitivity to the disconnection of key water-filled channels. The
discussion therefore focuses on the relative differences and staged responses among the
three pore structures rather than direct comparison with absolute values from three-di-
mensional rocks.

4. Conclusions

The experimental results show that pore structure controls dominant fluid-flow
channels, residual-fluid distribution, and resistivity response during gas—water two-
phase flow. In the fracture-vuggy type with large aperture, large-aperture fractures exert
the strongest control on displacement. The flow is concentrated, and the resistivity re-
sponse shows the greatest abruptness. The fracture-vuggy type with small aperture ex-
hibits transitional characteristics under the combined effect of main-channel control and
local trapping. In the vuggy type, fluid pathways are more dispersed. Bypass flow, side
flow, and residual-fluid trapping are more pronounced. During gas—water displacement
and water—gas displacement, resistivity shows staged variation. This variation is mainly
controlled by the connection, disconnection, and restoration of the continuous water-
phase conductive network. All three structures show non-Archie behavior during gas-
water displacement. The stage-specific n values ranged from 2.62 to 13.10, 4.36 to 7.24, and
5.37 to 9.84 for the fracture-vuggy type with large aperture, fracture-vuggy type with
small aperture, and vuggy type, respectively. Their overall n values were 7.26, 6.36, and
5.39. These results indicate that a more concentrated pore structure and a more prominent
preferential conductive pathway lead to a greater deviation of the rock electrical
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relationship from the classical Archie model. The present method links pore-scale fluid
distribution with the corresponding electrical response. Conventional rock electrical ex-
periments provide bulk resistivity data but cannot directly show fluid migration. Visual
micromodel experiments show fluid displacement but usually lack synchronous electrical
measurements. Combining the two measurements helps explain how changes in fluid dis-
tribution and conductive pathways affect resistivity. This method provides an experi-
mental basis for studying water invasion and identifying water-invaded zones in gas res-
ervoirs. With suitable fluids and boundary conditions, it may also be extended to oil-wa-
ter displacement and drilling-fluid invasion.

Author Contributions: Conceptualization, Q.L. and F.W.; methodology, Q.L., ].Y., B.Z., and FW;
investigation, Q.L., ].Y., B.Z,, and F.W.; writing—original draft preparation, Q.L., B.Z,, and FW;
writing—review and editing, ].Y., Y.W,, B.Z,, X.S,, B.X,, C.L., and F.W.; funding acquisition, Q.L.
and F.W. All authors have read and agreed to the published version of the manuscript.

Funding: The authors declare that this study received funding from the National Science and Tech-
nology Major Project (2025ZD1400400) and National Natural Science Foundation of China
(52574047). The funders were not involved in the study design, collection, analysis, interpretation

of data, the writing of this article or the decision to submit it for publication.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the

corresponding author.

Conflicts of Interest: Authors Qiang Lai, Yuyu Wu and Bing Xie were employed by Research Insti-
tute of Exploration and Development, Southwest Oil & Gas Field Company. The remaining authors
declare that the research was conducted in the absence of any commercial or financial relationships

that could be construed as a potential conflict of interest.

References

1. Lucia, F.]J. Carbonate Reservoir Characterization: An Integrated Approach, 2nd ed.; Springer: Berlin/Heidelberg, Germany, 2007.

2. Sun,],; Chi, P; Cheng, Z,; Yang, L.; Yan, W.; Cui, L. A novel saturation calculation model of fractured-vuggy carbonate reservoir
via multiscale pore networks: A case study from Sichuan Basin, China. |. Geophys. Eng. 2021, 18, 85-97.

3. Archie, G.E. The electrical resistivity log as an aid in determining some reservoir characteristics. Trans. AIME 1942, 146, 54-62.

4 Buchgraber, M.; Al-Dossary, M.; Ross, C.M.; Kovscek, A.R. Creation of a dual-porosity micromodel for pore-level visualization
of multiphase flow. J. Pet. Sci. Eng. 2012, 86-87, 27-38.

5. Andrd, H.; Combaret, N.; Dvorkin, J.; Glatt, E.; Han, J.; Kabel, M.; Keehm, Y.; Krzikalla, F.; Lee, M.; Madonna, C.; et al. Digital
rock physics benchmarks-Part I: Imaging and segmentation. Comput. Geosci. 2013, 50, 25-32.

6.  Starnoni, M.; Pokrajac, D.; Neilson, J.E. Computation of fluid flow and pore-space properties estimation on micro-CT images of
rock samples. Comput. Geosci. 2017, 106, 118-129.

7.  Joekar-Niasar, V.; Hassanizadeh, S.M. Analysis of fundamentals of two-phase flow in porous media using dynamic pore-net-
work models: A review. Crit. Rev. Environ. Sci. Technol. 2012, 42, 1895-1976.

8.  Cnudde, V.; Boone, M.N. High-resolution X-ray computed tomography in geosciences: A review of the current technology and
applications. Earth-Sci. Rev. 2013, 123, 1-17.

9. Li, S;Wang, S; Li, Z; Zhou, Y.; Gao, S.; Li, W. Experiment and numerical simulation of rock breaking by micro PDC drill bit
under harmonic dynamic loading. Rock Mech. Rock Eng. 2025, 58, 13809-13826.

10. Hosseini, M.; Arif, M.; Keshavarz, A.; Iglauer, S. Neutron scattering: A subsurface application review. Earth-Sci. Rev. 2021, 221,
103755.

11.  Wildenschild, D.; Sheppard, A.P. X-ray imaging and analysis techniques for quantifying pore-scale structure and processes in

subsurface porous medium systems. Adv. Water Resour. 2013, 51, 217-246.

https://doi.org/10.3390/mi17080897



Micromachines 2026, 17, 897 20 of 21

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

Blunt, M.J.; Bijeljic, B.; Dong, H.; Gharbi, O.; Iglauer, S.; Mostaghimi, P.; Paluszny, A.; Pentland, C. Pore-scale imaging and
modelling. Adv. Water Resour. 2013, 51, 197-216.

Berg, S.; Ott, H.; Klapp, S.A.; Schwing, A.; Neiteler, R.; Brussee, N.; Makurat, A.; Leu, L.; Enzmann, F.; Schwarz, ].O.; Kersten,
M.; Irvine, S.; Stampanoni, M. Real-time 3D imaging of Haines jumps in porous media flow. Proc. Natl. Acad. Sci. USA 2013, 110,
3755-3759.

Bultreys, T.; Boone, M.A.; Boone, M.N.; De Schryver, T.; Masschaele, B.; Van Hoorebeke, L.; Cnudde, V. Fast laboratory-based
micro-computed tomography for pore-scale research: Illustrative experiments and perspectives on the future. Adv. Water Resour.
2016, 95, 341-351.

Andrew, M.; Bijeljic, B.; Blunt, M.]. Pore-scale imaging of geological carbon dioxide storage under in situ conditions. Geophys.
Res. Lett. 2013, 40, 3915-3919.

Singh, K.; Bijeljic, B.; Blunt, M.J. Dynamics of snap-off and pore-filling events during two-phase fluid flow in permeable media.
Sci. Rep. 2017, 7, 5192.

Lenormand, R.; Touboul, E.; Zarcone, C. Numerical models and experiments on immiscible displacements in porous media. J.
Fluid Mech. 1988, 189, 165-187.

Riicker, M.; Berg, S.; Armstrong, R.T.; Georgiadis, A.; Ott, H.; Schwing, A.; Neiteler, R.; Brussee, N.; Makurat, A.; Leu, L.; Wolf,
M.; Khan, F.; Enzmann, F.; Kersten, M. From connected pathway flow to ganglion dynamics. Geophys. Res. Lett. 2015, 42, 3888—
3894.

Li, J.; Liu, X; Nie, B.; Li, M.; Nie, J.; Jia, X.; He, C.; Li, Z. Impact of supercritical CO2 exposure time on the pore structure evolution
and fractal characteristics of lacustrine shale. Geoenergy Sci. Eng., 2026, 266, 214658.

Qi, L.; Liu, X.; Nie, B.; He, C.; Hu, S.; Han, W.; Han, H.; Li, Z. Mechanisms of pore structure evolution and cross-scale mechanical
response in soft coal seams modified by acidic SiO: nanofluids. ]. Rock Mech. Geotech. Eng. 2026, in press.
https://doi.org/10.1016/j.jrmge.2026.07.001.

Liu, X,; Qi, L.; Nie, B,; Li, C.; Du, F.; Zhang, L.; Zhao, X.; Wei, S.; Li, Z. Effects of AI203 nanofluids and pH conditions on
wettability and micromechanical properties of coal. ] Rock Mech. Geotech. Eng. 2026, in press.
https://doi.org/10.1016/j.jrmge.2026.03.047.

Liu, X; Jia, X;; Yang, T.; Nie, B.; He, C.; Li, C; Bao, S. Permeability enhancement mechanism in coal beds fractured using high-
voltage electrical pulse treatment: Cross-scale transportation of coalbed methane. Green Smart Min. Eng. 2025, 2, 402-412.

Wan, J.; Tokunaga, T.K.; Tsang, C.F.; Bodvarsson, G.S. Improved glass micromodel methods for studies of flow and transport
in fractured porous media. Water Resour. Res. 1996, 32, 1955-1964.

Rangel-German, E.R.; Kovscek, A.R. A micromodel investigation of two-phase matrix-fracture transfer mechanisms. Water Re-
sour. Res. 2006, 42, W03401.

Karadimitriou, N.K.; Hassanizadeh, S.M. A review of micro-models and their use in two-phase flow studies. Vadose Zone |. 2012,
11, vzj2011.0072.

Wu, F.; Dai, ].; Shi, L,; Fan, L.; Guan, Y.; Li, Y.; Wang, Q.; Chen, C. An experiment-based study of formation damage using a
microetching model displacement method. Micromachines 2022, 13, 270.

Wu, F;; Yao, C,; Cong, L,; Xi, Y. Pore-scale gas-water flow in rock: Visualization experiment and simulation. Open Geosci. 2020,
12, 532-546.

Hosseini, M.; Javaherian, A.; Movahed, B. Determination of permeability index using Stoneley slowness analysis, NMR models,
and formation evaluations: A case study from a gas reservoir, south of Iran. |. Appl. Geophys. 2014, 109, 80-87.

Hosseini, M. Estimation of mean pore-size using formation evaluation and Stoneley slowness. J. Nat. Gas Sci. Eng. 2016, 33, 898—
907.

Hosseini, M. Formation evaluation of a clastic gas reservoir: Presentation of a solution to a fundamentally difficult problem. J.
Geophys. Eng. 2018, 15, 2418-2432.

Cole, K.S.; Cole, R.H. Dispersion and absorption in dielectrics I. Alternating current characteristics. . Chem. Phys. 1941, 9, 341—
351.

Cai, J.; Wei, W.; Hu, X.; Wood, D.A. Electrical conductivity models in saturated porous media: A review. Earth-Sci. Rev. 2017,
171, 419-433.

Glover, P.W.]. A generalized Archie’s law for n phases. Geophysics 2010, 75, E247-E265.

Mohammadi, M.; Niri, M.E.; Bahroudi, A.; Soleymanzadeh, A.; Kord, S. Enhancing formation resistivity factor estimation in
carbonate reservoirs using electrical zone indicator and multi-resolution graph-based clustering methods. Sci. Rep. 2025, 15,
30823.

https://doi.org/10.3390/mi17080897



Micromachines 2026, 17, 897 21 of 21

35.

36.

37.

38.

39.

Sweeney, S.A.; Jennings, H.Y. Jr. Effect of wettability on the electrical resistivity of carbonate rock from a petroleum reservoir.
J. Phys. Chem. 1960, 64, 551-553.

Gomaa, S.; Soliman, A.A.; Mohamed, A.; Emara, R.; Attia, A.M. New correlation for calculating water saturation based on per-
meability, porosity, and resistivity index in carbonate reservoirs. ACS Omega 2022, 7, 3549-3556.

Hou, Y.; Liu, D.; Zhao, T.; Zhou, J.; Tian, L.; Kou, X.; Zhu, B.; Nie, X. Numerical simulation of electrical properties of carbonate
reservoirs using digital rocks. Processes 2023, 11, 2214.

Saadat, K.; Rahimpour-Bonab, H.; Tavakoli, V.; Gholinezhad, J. Experimental investigation and prediction of saturation expo-
nent in carbonate rocks: The significance of rock-fluid properties. J. Pet. Explor. Prod. Technol. 2024, 14, 149-163.

Mohammadi, M.; Emami Niri, M.; Bahroudi, A.; Soleymanzadeh, A.; Kord, S. Development of a new hydraulic electric index

for rock typing in carbonate reservoirs. Sci. Rep. 2024, 14, 18264.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/mi17080897



