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Abstract Carbonates are characterized by a complex system of pores, caves, vugs and fractures that
significantly influence fluid flow and the physical behaviors of rocks. Six rock samples are taken from a
carbonate reservoir in China's Sichuan Basin to perform computed tomography (CT), X-ray diffraction and thin
section analyses. The samples are classified into fractured, fractured-vuggy and pore-cavity types based on their
microstructural properties. Ultrasonic and low frequency tests are performed with different pressures and fluids
to measure the frequency dependence of the elastic properties. The relationships between the pore types and the
elastic properties are investigated, showing that there is no direct correlation between velocity and porosity for
these tight carbonates. Furthermore, the elastic properties of rocks with different structure types are quite
different, suggesting that the pore structure dominates the elastic velocities. The CT data are used to reconstruct
digital rocks to analyze the complex pore structure. We apply a finite difference (FD) method to estimate the
elastic velocities. However, the FD simulations give higher values than the ultrasonic measurements. The
discrepancy is due to the limited accuracy of the CT scans, which does not capture the micro-pore structures of
rocks. We consider the microscopic pores and cracks and develop a reformulated rock physics model by
incorporating the theories of differential equivalent medium and squirt flow based on the simulated elastic
moduli. The model can effectively interpret the experimental multi-frequency data and describe the wave
response of the carbonates with different pore types. This work contributes to characterize the multiscale pore
structure and understand the structural and acoustic properties of carbonate rocks. It bridges multi-frequency
data and provides relevant insights and methods by integrating digital and theoretical rock physics.

Plain Language Summary Carbonate rocks can be classified into fractured, fractured-vuggy and
pore-cavity rocks based on their complex pore structures or types, and furthermore, the physical behaviors of
different types can vary considerably. Laboratory measurements have shown that the relationship between
elastic properties and porosity is not intuitive. Digital rock physics can effectively characterize the pore structure
of rocks and contribute to the understanding and interpretation of the complex macroscopic properties.
However, due to the limited quality of the scan images, it is difficult to fully capture the microscopic pores/
cracks, resulting in finite difference simulations that generally differ from the experiments. We create an
improved rock physics model based on the numerical simulations by taking into account the neglected part of
the micro-pore structures. By combining theoretical and digital rock physics, the model can effectively interpret
multi-frequency data. This study shows that pore structure characterizes the elastic wave responses of the tight
carbonate rocks better than porosity.

1. Introduction

Carbonate reservoirs are important for meeting the global energy demands due to their rich resources and reserves
(Liang et al., 2023; Phukan et al., 2024). The rock of these reservoirs has a complex pore system including
multiscale fractures, caves, vugs, and pores (Bagrintseva & Chilingar, 2007; Lan et al., 2015; Malki et al., 2023),
which significantly affects the seismic propagation (Carcione et al., 2010, 2012; Misaghi et al., 2010; Zhang
etal., 2021, 2022; Zou et al., 2023). Theoretical and experimental studies have shown the significant differences
in the petrophysical behaviors of carbonates (Aliakbardoust & Rahimpour-Bonab, 2013; Borgomano et al., 2019;
Jin et al., 2017; Lubis and Harith, 2014; Mollajan & Memarian, 2016). In recent years, some studies have
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classified carbonate rocks into two types (Agersborg et al., 2009; She et al., 2016; Singh et al., 2021), three types
(Dubiel et al., 2012; Qi et al., 2020; Rosid et al., 2017; Yue et al., 2024), or four types (Li, Mu, et al., 2020; Zhao
et al., 2016) of intergranular pore, fractured, fractured-vuggy, pore-cavity-fracture, and pore-cavity types based
on pore structure and type.

The complex structure of carbonate rocks poses challenges in predicting critical properties such as permeability,
storage capacity, acoustic velocity and mechanical behaviors (Borgomano et al., 2017; El-Bagoury, 2024; He
et al., 2020; Wu et al., 2016). Recently, advances of computed tomography (CT) have accelerated the devel-
opment of digital rock physics (DRP) techniques (Andri et al., 2013a, 2013b; Pang et al., 2024a, 2024b; Sakhaee-
Pour and Bryant, 2014). This approach digitizes rock minerals, skeletons and pore spaces and enables the nu-
merical determination of permeability, fluid flow as well as elastic and electrical responses (Garboczi &
Day, 1995; Kadyrov et al., 2022; Zhu et al., 2023b). Garboczi and Day (1995) performed the static simulations
using the finite element method to obtain the effective elastic properties of materials. Saenger et al. (2005)
performed finite difference (FD) simulations to derive effective elastic properties, while subsequent studies, such
as Sun et al. (2019) and Li, Li, et al. (2020), explored the fluid flow effects and electrical responses using
advanced digital cores constructed from high-resolution CT scans. Tan et al. (2021) used CT images and FD
simulations to investigate how microcracks affect the elastic properties of digital carbonate rock.

DRP is widely used to investigate structural features of rocks in the subsurface, including porosity, connectivity,
and the size and radius of pore openings (Keehm, 2003; Madonna et al., 2013; Okabe & Blunt, 2004; Saxena
et al., 2019). It uses multi-resolution scans and image processing on rock samples to obtain a comprehensive
overview from the microscopic level to the macroscopic level, providing important information about rock
structures and minerals (Saenger & Bohlen, 2004; Saenger, Lebedev, et al., 2016, Saenger, Vialle, et al., 2016;
Siegert et al., 2022). Yu et al. (2019) analyzed the fracture properties of shale rock using CT scans at different
pressures. Wang et al. (2022) evaluated minerals and micro-pore structures by creating digital rocks with multi-
component fractures.

In particular, core-scale CT scans can combine various experimental measurements such as ultrasonic, low-
frequency, porosity, permeability and electrical tests to better characterize the petrophysical and mechanical
properties of rocks (Gonzalez et al., 2022). However, the resolution of core-scale CT scanning is limited by
equipment capability and sample size, obscuring rock features and making accurate identification of microscopic
pore structures difficult (Botha & Sheppard, 2016; Chawshin et al., 2021; Li et al., 2016). The limited image
resolution often leads to discrepancies between laboratory measurements and numerical estimates (Andrd
etal., 2013b; Dvorkin et al., 2011; Lissa et al., 2021). Sarout et al. (2017) compared the geometries (crack density,
aspect ratio and size) of heat-treated marble samples derived from elastic moduli measured in the laboratory with
those derived from 2D and 3D microscope images of the same samples (Delle Piane et al., 2015) and found
significant differences in crack opening size and aspect ratio.

It has been shown that the pore system in tight reservoir rocks is very complex and contains both macro- and
micropores (Bailly et al., 2019; de Vries et al., 2017; Lai & Wang, 2015; Zhu et al., 2023a), where the microscopic
structure content is low but can significantly affect the physical properties of the rocks (Ba et al., 2017; Carcione
et al., 2013; David & Zimmerman, 2012; Guo & Fu, 2024; Guo et al., 2022, 2024; Gurevich et al., 2009, 2010;
Pang et al., 2022). Published work defines the pore space that can be covered and recognized by low-resolution
(core-scale) CT scans as macropores and the pores below the resolution of the scan as micropores (Okabe &
Blunt, 2007; Peng et al., 2014; Tahmasebi and Kamrava, 2018; Wu et al., 2019). Recently, the characterization of
rock microstructures by using multiband/scale data and petrophysical theories has become an important topic (Ba
et al., 2023; Bailly et al., 2019; Durrani et al., 2023; Mena-Negrete et al., 2022; Sarout et al., 2017; Zhang
etal., 2019). We consider this approach as a solution to the problem of missing micro-pore structures on the core-
scale CT images.

In this study, carbonate cores are collected from the Longwangmiao Formation in the Sichuan Basin, China, to
analyze the structural features and mineral compositions, by using core-scale CT scans, cast thin sections (CTSs),
and X-ray diffraction (XRD). Ultrasonic and low frequency testing with different pressures and fluids are con-
ducted to investigate the acoustic responses of carbonate rocks with respect to different structural types and
frequency ranges. The core-scale DRP is analyzed to compare with the experimental data. Numerical simulations,
differential equivalent medium (DEM) theory and a squirt flow model are then used to characterize the multiscale
pore structure and simulate how they affect acoustic wave propagation.
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Figure 1. Schematic diagram of the study area. Wells A and B are indicated with stars.

2. Rock Samples and Laboratory Experiments
2.1. Reservoir Geology and Rock Specimens

This study focuses on a carbonate reservoir of the Longwangmiao Formation in the G-M area, Sichuan Basin, as is
shown in Figure 1. The depth of the formation in this area is generally more than 4 km, the temperature is about
120°C, the overburden pressure is about 110 MPa, and the pore pressure is 65-70 MPa. The rock consists of pure
dolomite with a very low proportion of clay minerals and has low porosity and permeability. The primary pore
types are pores, caves, vugs and fractures, with gas and water being the main fluid types (Pang et al., 2019, 2024a).

To investigate the pore structure, we consider two wells (A and B) in the working area (G-M), and the reservoir
porosity, gas saturation, P and S wave velocities, and density are shown in Figure 2, with the dashed red boxes
representing the sampling locations. The six carbonate cores were taken from the target reservoir, Samples DS_A-
DS_E and DS_F from wells A and B, respectively. The two logs belong to the same stratigraphy and have the
same lithology, which is why, the six samples are examined together in this work. We measure the porosities and
permeabilities of the samples by using the automatic permeameter of the core measurement system. Table 1
contains detailed information on the sampling depths, and lithology and physical parameters of the samples.
Samples DS_A-DS_E have a lower porosity (less than 5%) than sample DS_F, which is consistent with the
interpretations of the logs (Figure 2).

These cores were processed into cylinders with a diameter of 37.92-37.95 mm and a length of 49.48-50.56 mm
and examined in the laboratory, including XRD, CTS, CT scan and ultrasonic measurements of P- and S-wave
velocities as well as low-frequency measurements in relation to different pressures and fluids. These tests
were designed to evaluate the lithology, mineral composition, pore structure and elastic wave properties of the
carbonates.

2.2. XRD, CTS and CT Scans

XRD tests are carried out on the rock samples to analyze the mineral composition. This shows that dolomite
(>98%) predominates with a very low proportion of clay minerals. Thin sections and CT scans are carried out to
illustrate the rock structures. The CTSs of samples DS_B, DS_D and DS_E are shown in Figure 3. The rock
images show that the storage spaces in these rocks consist mainly of intergranular pores, dissolved caves and
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Figure 2. Log data from Wells A (a) and B (b). Left to right: porosity, water saturation, P-wave velocity, S-wave velocity, and
density. The dotted red boxes indicate the sample collection locations.
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Table 1
Physical Properties of Samples
Samples DS_A DS_B DS_C DS_D DS_E DS_F
Lithology Dolomite Dolomite Dolomite Dolomite Dolomite Dolomite
Depth(m) 4,634.3 4,627.15 4,626.8 4,626.8 4,625.6 4,656.7
Porosity (%) 1.91 1.96 2.46 2.81 3.46 3.52
Permeability (mD) 0.001 0.159 0.135 0.141 0.001 0.088
Dry-rock density (g/cm?) 2.786 2.798 2.761 2.753 2.734 2.679

Figure 3. Thin sections of the samples DS_B (a), DS_D (b), and DS_E (c).

fractures. DS_B shows predominantly fractures and fewer pores, DS_D
shows a combination of fractures and pores, while DS_E shows more pores
and caves.

The samples are then scanned in their total size, as are shown in Figures 4 and
5, with a voxel resolution of 27.6 X 27.6 X 27.6 um. The CT data sets pro-
vided are in 16-bit format, resulting in grayscale intensities ranging from 0 to
65,535. The intensity of the gray scale indicates phases with different ab-
sorption coefficients. Thus, lower absorption coefficients appear as black
tones, like the pore space, and minerals appear as white tones, like dolomite.
It can be observed that the rocks have different structures and pore types
(Figures 4 and 5), which is consistent with the results of the thin sections
(Figure 3). The thin sections show that the rocks have different pore struc-
tures, and the results of the 3D scan further confirm these findings. In this
study, the samples (DS_B), (DS_A, DS_C and DS_D) and (DS_E and DS_F)
are classified as fractured, fractured-vuggy and pore-cavity types, respec-
tively, based on the images.

2.3. Ultrasonic and Low-Frequency Tests
2.3.1. Experimental Conditions

Ultrasonic (1 MHz) and low-frequency (1-100 Hz) tests are carried out with
different pressures and fluids to measure the wave velocities. To achieve a dry
state (with air), the samples are first dried and then moistened in a sealed
container. For the wet state, the sample is first immersed in a tank of water so
that it is spontaneously saturated. To ensure complete saturation with water,
the air is extracted and then the water pressure is increased to fill the pore
spaces. Multi-frequency band wave measurements are performed at a tem-
perature of about 25°C, a pore pressure of one atm and effective (confining
minus pore) pressures from 1 to 50 MPa (which includes the in-situ condi-
tions) for ultrasonic testing and 1-25 MPa for low frequency testing.

2.3.2. Experimental Apparatus

Figure 6 shows the apparatus. The axial load, the confining pressure and the
pore pressure in the upper and lower inlets are controlled by the pumps. The
device is able to measure the elastic moduli and Poisson's ratio of the sample
at different frequencies with a piezoelectric oscillator (Borgomano
et al., 2020; Sun et al., 2022). The sample is held between the two aluminum
end plates with four axial strain gauges to accurately determine the axial
stress (Figure 6). The sample is encased in a neoprene jacket to isolate the
pore fluid from the surrounding oil (Spencer, 1981). In addition, the P and S
wave velocities are measured with the ultrasonic transducers (P and S)
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Figure 4. Computed tomography scan data and pore structures of the samples DS_A (a), DS_B (b), and DS_C (c).

embedded in both end plates (1 MHz). The pore pressure can be controlled by the pumps attached to the end
plates.

2.3.3. Measurements

First, ultrasound tests (1 MHz) are performed at both saturated states. The ultrasonic waveforms passing through
the samples are recorded under the above conditions. The first incoming waves are extracted to compute the
velocities of the P and S waves at different effective pressures (1-50 MPa and 11 points per sample).

Subsequently, low frequency tests (1-100 Hz) are performed in both saturated cases to measure the frequency-
dependent Young's modulus and Poisson's ratio using the forced oscillation apparatus. The samples are connected
to aluminum standards and axial stress oscillations generated by a piezoelectric transducer are applied. Strain

PANG ET AL. 6 of 35
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Figure 5. Computed tomography scan data and pore structure of the samples DS_D (a), DS_E (b), and DS_F (c).

gauges record axial and radial strain amplitudes. In this way, the modulus of elasticity (E) and Poisson's ratio (v)
are determined at different limiting pressures (1-25 MPa and 8 points per sample),

Al
E=Ey2L, )
€77
— @)
€77

where E,; and &5, are Young's modulus and the measured longitudinal strain of the standard aluminum, and e,
and ¢,y are the axial and radial strains of the sample, respectively.
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Figure 6. Ultrasonic and low-frequency experimental apparatus (modified after Borgomano et al. (2019)): (a) Piezoelectric
oscillator (0-100 Hz); (b) P- and S-ultrasonic transducers; (c) rock sample; (d) internal linear variable displacement
transducer (LVDT, global strain); (e) axial and radial strain gauges (sample); (f) thermocouple; (g) axial stain gauges
(aluminum).

Then, the Bulk and Shear Moduli of the Samples Are

E
K=——7—, 3
3(1 =2v) @)

E
G=——-—, 4
2(1+v) @
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respectively, and the P- and S-wave velocities are

VS=

= Q

®)

4
4= [FEO0E ©

respectively, where p is the mass density of the rock.

2.4. Frequency-Dependent Velocities

The results of the ultrasound tests follow. Figures 7 and 8 show the P- and S-wave velocities (Vp, V) as a function
of the effective pressure under gas-saturated and water-saturated conditions. The scatter shapes represent the
different samples. The results show that the velocities generally increase with pressure, which is due to the closure
of microcracks. Vj is higher under wet conditions than that under gas-saturated conditions due to the larger bulk
modulus of water, which increases the stiffness and velocity of the rock. In addition, the fluid (water) flow leads to
wave dispersion, resulting in a greater difference in velocity between water and gas saturated conditions. Vj is
lower in the wet state, which is due to the increasing rock density with water saturation, while the shear modulus
remains unchanged according to the Gassmann equation (Gassmann, 1951).

It can also be seen that the pressure dependence of the samples is different, with DS_A, DS_C, and DS_D
showing large fluctuations with pressure, while DS_E and DS_F show relatively small fluctuations. Sample DS_F
(with the highest porosity) is the least sensitive to pressure, and the velocity of the sample reaches a nearly
constant value when the pressure is above 20 MPa. It can be concluded that the pressure dependence of the
samples is significantly influenced by the pore structure and pore type.

The elastic responses of the samples in the low frequency range (1-100 Hz) are shown in Figures 9-12. They
show the velocity variations with frequency in relation to different pressures (1-25 MPa) and fluid types (gas or
water). The velocities increase with pressure for both saturation states and show a similar trend to the ultrasonic
results. Vp in the gas-saturated state and Vg are almost constant with frequency variations, while Vp in the wet state
increases with frequency. The velocity dispersion result is due to the fluid flow caused by the elastic wave passing
through water-saturated porous rock. It can also be seen that the frequency dependence of the elastic properties
shows a different behavior at variable pressure: the higher the pressure, the lower the dispersion. Samples DS_B
and DS_F show almost no variation with frequency at the high pressure (25 MPa), indicating that rocks with
different pore structures have different sensitivity to pressure, which is consistent with the ultrasonic results
(Figures 7 and 8).

Based on the low-frequency and ultrasonic measurements, the elastic wave responses of samples within multi-
frequency bands can be analyzed by extracting the data at an effective pressure of 1 MPa, as are shown in
Figures 13 and 14. V}, increases with frequency at the wet state and is higher in the ultrasonic frequency range
compared to lower band, while V; in the gas-saturated state and V, are almost unchanged.

2.5. Elastic Properties and the Pore Structure

The measurements also show the large difference in elastic properties between the samples. The ultrasonic ve-
locity at 1 MPa as a function of porosity is shown in Figure 15. It can be seen that there is no reasonable rela-
tionship between the velocity and porosity, with DS_E and DS_F with higher porosity showing even higher
velocities. In particular, DS_F (with the highest porosity) has the highest velocity and DS_A (with the lowest
porosity) shows the lowest velocity, which contradicts conventional measurements and findings and shows that
porosity is not the main factor controlling these attributes for the tight carbonates.

In Section 2.2, we classified the samples into three types based on the CT scan and thin sections: fractured
(DS_B), fractured-vuggy (DS_A, DS_C, DS_D), and pore-cavity (DS_E, DS_F), which are represented by
different colors in Figure 15. From this point of view, the rock types with pore cavities have higher velocities,
while the fractured-vuggy have lower velocities. The fractured type has a high V} and a relatively low V. In the
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Figure 7. Ultrasonic P-wave velocity as a function of effective pressure at gas-saturated (a) and water-saturated (b) states.

area of very low porosity, the pore structure becomes the dominant factor in the wave properties. For rocks with
pore cavities, DS_F with higher porosity has a higher velocity than DS_E, which could be associated with
different pore/fracture characteristics.

The laboratory experiments show that carbonates have complex pore structures that have a considerable influence
on the elastic parameters. In order to interpret the complex petrophysical properties, a DRP analysis is performed
to observe and characterize the rock structure.

PANG ET AL. 10 of 35
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Figure 8. Ultrasonic S-wave velocity as a function of effective pressure at gas-saturated (a) and water-saturated (b) states.

3. Digital Rock Physics

In this work, 3D digital rock is reconstructed by using CT scan data, thin sections (which can help in creating the
digital cores by observing mineral grain sizes), and XRD mineral analysis, to create a pore network model and
derive structural parameters such as pore radius and shape factor. Then, we simulate the effective elastic velocities
by using a FD method with rotated staggered grids.

PANG ET AL. 11 of 35
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Figure 9. P-wave velocity as a function of frequency at different pressures at gas-saturated state. (a), DS_A; (b), DS_B; (c), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.
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Figure 10. S-wave velocity as a function of frequency at different pressures at gas-saturated state. (a), DS_A; (b), DS_B; (¢), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.
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Figure 11. P-wave velocity as a function of frequency at different pressures at water-saturated state. (a), DS_A; (b), DS_B; (c), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.

PANG ET AL. 14 of 35



Aru |
N\\I Journal of Geophysical Research: Solid Earth 10.1029/2024JB030538

ADVANCING EARTH
AND SPACE SCIENCES

Figure 12. S-wave velocity as a function of frequency at different pressures at water-saturated state. (a), DS_A; (b), DS_B; (c), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.
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Figure 13. P-wave velocity as a function of frequency for the samples at 1 MPa effective pressure at gas-saturated (a) and
water-saturated (b) states.

3.1. Digital Rocks and Pore Structure

The digital cores are created by numerical segmentation of the rock images. First, a non-local-mean filter is used
for denoising. A threshold segmentation workflow is then applied based on the individual and repeated appli-
cation of the grayscale threshold for each stage, minimizing the critical boundary regions in the grayscale his-
togram near two peaks that ideally reflect the phase attenuation coefficients (Pang et al., 2024b). Segmentation
takes into account geological diagenesis, mineral composition, sample microstructure and porosity. It is assumed
that the representative element volume (REV) can be used to analyze the rock properties (Karimpouli et al., 2023;
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Figure 14. S-wave velocity as a function of frequency for the samples at 1 MPa effective pressure at gas-saturated (a) and
water-saturated (b) states.

Saxena et al., 2019; Siegert et al., 2022). Subsequently, the REV is selected to achieve a suitable size that allows
accurate characterization of the rock microstructure while meeting the storage and computational requirements. In
addition to satisfying these two conditions, the porosity results are also used as constraints to obtain the
appropriate REV.

The digital models in this work comprise a cube of 400° voxels (Figure 16) divided into pore and mineral phases
(dolomite and clay); the determined volume fractions of the phases are given in Table 2. The rock is dominated by
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Figure 15. Elastic velocities as a function of porosity at 1 MPa effective pressure at gas-saturated state. The solid and empty
scatters are the P- and S-wave velocities, respectively.

the mineral dolomite and has a very low clay content. The segmented porosity is generally higher than the
measured porosity (with the exception of DS_E), which could be due to the presence of isolated pores.
Furthermore, the segmented porosity here refers to pores within the local area of small sizes of the selected

Figure 16. Determined digital rocks based on the segmentation approach. The blue and yellow represent dolomite and pore,
respectively. The clay phase (green) is too small to be distinguished in the figure. (a), DS_A; (b), DS_B; (c), DS_C; (d),
DS_D; (e), DS_E; (f), DS_F.
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Table 2 representative element, which could be another reason for the discrepancy. It
Determined Phases Fractions Based on the Segmentation Approach has been shown that CT scans can cover the isolated pores (Bazaikin
Samples DSA DSB DSC DSD DSE DS_F et al., 2017; Latief & Feran¥e, 2014, L_1 et al., 2022), which are difficult to
measure due to the complexity of the tight rocks.
Porosity (%)  3.5236  1.996  2.9458 3.47 2.81 3.9087
Dolomite (%) 96476 97919 97.0542 9653 97.1873 96.0747 After segmentation, the pore spaces are determined, which allows us to

Clay (%)

0.0004

0.085

0

0

0.0027

0.0166

characterize pore-structure parameters. It should be clarified that the structure
here refers to the macroporous structures. Previous studies have classified
pore structures into macropores and micropores based on CT scans (Bailly

et al., 2019; de Vries et al., 2017; Lai & Wang, 2015; Zhu et al., 2023a). According to their views, this study
considers the pore space recognized by CT scans as macro-pore structures (containing macroscopic pores and

fractures), in addition, the undetected part is considered as microporous structures (including microscopic pores

and cracks).

Figure 17. Pore radii and shape factors of the rock samples.

Figure 17a shows the pore radii of the samples, which have different radius
sizes. DS_F shows a larger radius and DS_B has a smaller radius. Figure 17b
shows the shape factor, which indicates how close a pore is to a sphere (e.g.
an ideal sphere has a shape factor of 1). The shape factor is calculated based
on the surface area and volume of the pores (Lv et al., 2020; Qin
et al., 2022),

367V
SF ==, 9
where SF is the shape factor, and V... and S stand for the volume and surface

area of the pore, respectively. The shape factors are small, indicating that the
pores are irregular in geometry.

Next, the maximal ball algorithm is used to create regularized pore-throat
models (Al-Kharusi & Blunt, 2007) that represent the pore spaces and
structural properties, as shown in Figure 18. The sphere represents the pores,
and the capillaries denote the throats and fractures. It can be observed that
DS_B (fractured type) contains more developed throats and smaller pores,
DS_A, DS_C, and DS_D (fractured-vuggy type) have developed pores and
fractures, DS_E and DS_F (pore-cavity type) have many pores and fewer
throats, and DS_F has significantly larger pore radii. This is consistent with
the behaviors shown in Figure 17a. In this way, the volume fractions of the

) can be

macroscopic pores (Stiff pores, ¢ 1,cro) and throats (fractures, @, yaero

obtained, as shown in Table 3.

3.2. Numerical Simulation

Computer simulations are applied to the wave responses based on the con-
structed 3D digital rocks. First, for the digital core, each phase is supple-
mented by the physical mineral properties according to Mavko et al. (2009),
where the bulk and shear moduli and density of dolomite and clay are
94.9 GPa, 45 GPa, and 2.87 g/cm® and 21 GPa, 7 GPa, and 2.6 g/cm?,
respectively. The content of clay minerals is extremely low, so that it hardly
influences the elastic parameters in the actual simulation. To simulate the
elastic wave propagation, we use an FD method with rotated staggered grids
(Saenger & Bohlen, 2004; Saenger et al., 2000), as is shown in Figure 19.
Here we consider the velocities of elastic waves propagating through a het-
erogeneous material at the long wavelength limit (the pore size is much
smaller than the wavelength).
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Figure 18. Pore network model of the carbonate samples. (a), DS_A; (b), DS_B; (c), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.
The ball colors (sizes) are indicating the pore size volumes.

PANG ET AL. 20 of 35



ot Journal of Geophysical Research: Solid Earth 10.1029/20241B030538
AND SPACE SCIENCES
Table 3 According to Saenger and Bohlen (2004), the effective elastic properties are
Determined Volume Fractions of the Macro-Pores and Fractures determined by solving the elastic wave equations in the displacement-stress
Samples DS.C DSD DSE DSF formulations,
Po.macro (%) 2225 2.65 2266  4.584 Pu P
' i _ 2 7% .
Pe.macro (%) 072 082 0544 1533 Pap = kg +f (i=1,2,3), 8)

where u denotes displacement, p is density, ¢, is the elasticity tensor, f denotes the source, ¢ is time and i indicate
the subindices of the spatial variables.

Numerical simulations of the constructed digital cores are carried out, as are shown in Figure 20, which gives a
snapshot of the 3D wavefield of the sample DS_A. P- and S-wave velocities can be determined from the traveling
time of the plane waves. The simulated results are compared with the ultrasonic measurements at different
pressures, as are shown in Figure 21. The results show that the simulated velocities are generally higher than the
measured ones, with DS_A, DS_C, DS_D, and DS_E having even higher velocities than those measured at the
highest pressure. This discrepancy is attributed to the limited accuracy of the CT scan of the entire core, which
does not capture some of the micro-pore structures, resulting in a higher velocity prediction.

4. Reformulated Rock-Physics Model

To capture the undetected microscopic pore structure in core CT scans, we develop a reformulated RPM based on
the numerical simulations with the theories of equivalent medium and squirt flow. The modeling procedure is
shown in Figure 22. The combination of digital and theoretical rock physics enables the characterization of the
multi-scale pores and the simulation of the effects of structure and fluid on the wave response characteristics.

The approach uses DRP to simulate the effective moduli considered for a rock skeleton with the large-scale pore
structures. Microscopic pores and cracks are added using DEM theory to obtain a dry rock with the complete pore
structures. Finally, the squirt flow model is applied to simulate the velocity and attenuation of the saturated rock.

The effective elastic moduli of rocks with larger pores and fractures are calculated with the simulated elastic
velocities and rock density,

Figure 19. Elementary cells of the rotated staggered grid. Locations where strains (e,,, €., £..), displacements (u,, u_), particle

velocities (v,, v,), density (p), and Lamé parameters (4, u) are defined (see Saenger et al., 2000).
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Figure 20. A snapshot of the 3D wavefield of the sample DS_A.

Getr = Vzpeff’ ©

=2 4
Kot = VpPest — gGelTv (10)

Peff = ps(] - ¢macm) + pf¢macr0’ (1 1)

where ¥ and Vg are the simulated P- and S-wave velocities of the digital core, respectively, K rand G, denote
the effective bulk and shear moduli, and p, p, and p, are the densities of the fluid, mineral and rock, respectively.
The macroscopic porosity ..., (Which is the sum of macroscopic stiff porosity ¢ ..o and fracture porosity

@ ¢ macro) Of the digital sample is considered here.

Then the undetected microscopic pores/cracks of the CT scan are considered. We assume that the microscopic
pore structure consists of a series of stiff and soft (crack) pores, which are equivalent ellipsoids with different
aspect ratios. The DEM equations are then applied to successively input the microscopic pores and cracks into the
effective moduli of elasticity from the simulations. The bulk and shear moduli of the dry rock (K., and G,,) with
the multiscale pore structures can be determined with the DEM equations derived by Berryman (1992),

(K — Kip) PU2(y) = (1—3) %[K;,y(yn, (12)
(6= Gy 020) = (1-9) 3 G WL 13)

with the initial conditions K3, (0) = K. and G}, (0) = G, where K¢ and G, are the bulk and shear moduli of

the host material (here, they are the effective moduli of the digital rock), respectively. y is the content of Phase 2

(microscopic pores @ micro OF €racks ¢, icro)» and K, and G, are the corresponding bulk and shear moduli,
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Figure 21. Simulation results (red) compared with the ultrasonic
measurement data (black) at different effective pressures.

respectively. P*> and Q*? are the geometrical factors of the microscopic pores
or cracks (Berryman, 1980; Mavko et al., 2009).

Finally, Gurevich's squirt-flow model is used to obtain the wave responses of
rock with fluid and complex structures. Gurevich et al. (2010) proposed a
squirt flow model in which the compliant (soft) pores act as fluid flow
channels to connect the stiff pores (see Carcione, 2022; Section 7.12).
However, this model is not suitable for the multiscale pore structure inves-
tigated in this work, nor for the squirt flow effects of multiscale fractures. In
recent years, the squirt flow model has been extended to a case with multiple
crack aspect ratios (Sun & Gurevich, 2020; Wu et al., 2022). They study the
case of multiple crack aspect ratios, and based on this idea, we consider two
sets of squirt flow effects with large-scale cracks and small-scale cracks.

The bulk (K,,) and shear (G, dry-rock moduli, including squirt flow effects
of the multiscale fractures, are obtained with (Sun & Gurevich, 2020)

1 1 (/)c,micro
Ky Ki'  ome (- 2)
1 _1 Ky Ks
Ty~ /Ka (14)
+ (f)c,macro

Bemacro L1y
e

1 1
( /Keff /Kd,macro

Lol 1) 5)

* _ 2‘]1(/1)
K= (1= T ) 1o
1 3ion
4= ac‘,i(_?f>’ (17)

where w is the angular frequency, K, is the fluid bulk modulus, 7 is the fluid
viscosity, K is the bulk modulus of the grains, ¢, 400 and @, iy, are the
porosities of the macrofractures and microcracks, respectively, and @, yqero/
Q¢ micro 18 the corresponding aspect ratio. J, and J, are the %th and 'st order Bessel functions, respectively. Previous
studies have indicated that the aspect ratios based on digital cores are significantly higher than those derived from
experimental data and theories (Sarout et al., 2017). The aspect ratios of stiff [0.01-1] and soft pores [<0.01] are
defined and used in many works (David & Zimmerman, 2012; Hudson, 1981; Zhang et al., 2021; Zhao
et al., 2013), which are considered in this study. Moreover, K, is the bulk modulus of the rock without micro-
cracks, and K ; .10 1S the bulk modulus of the rock containing only macroscopic stiff pores, which is obtained by
adding the stiff pores to the rock mineral with the Mori-Tanaka theory (Mori & Tanaka, 1973), that is,

Kd = KS/(l + MPO,macm)v (]8)

1- ¢0,macr0

where @ a0 18 the macroscopic stiff porosity, and Py ., is the corresponding polarization factor, which is
related to the aspect ratio @ maero Of the pores and Poisson's ratio (v) of the solid (Qi et al., 2021; Zhang
et al., 2019) as

(I-v) 40+v)+ 2(1(2)7“”0(7 —2v) — [3(1 +4v)+ 12a%’macm(2 —v) ] g

PO = X 5 (19)
macro = 61— 2y) 203 aero + (1 =403 1100) 8 + (03 raere — D(1 + 1) 82
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Figure 22. Flowchart of the reformulated rock physics model.
with,

v = 3Ky — 2Gs) /(6K + 2Gsy), (20)
where Gy is the shear modulus of the grains, and

aO,macro 2
1 ) 3/2 arccos A0,macro — X0, macro 1- aO,macm (ao,macro < 1)
( - C{O,macm)

g= . @1

@0, macro 2
(l 2 )3/2 @0,macro 1= C{O,macro — arccosh @0, macro (a0,macro > 1)
—Q

0,macro

The P- and S-wave velocities and quality factors of the saturated rocks can be obtained as

Vs =,/-2, (22)

o)

_ Re(Ksm + 4be/3)

= s Al 24
P Im(Kyy +4Gy/3)” 24

respectively (Carcione, 2022), where the complex velocity is v, = 4 /(KSal + dug,/ 3)/p, and the rock density is

p =p(1 = @) + ¢Syp, + PSwpyw, Where p,, p,, and p,, are the densities of mineral, gas and water, respec-

tively. ¢ is the total porosity, which is the sum of macro- and micro-porosities, and K, is the bulk modulus of

sat
saturated rock obtained from the Gassmann equation (Gassmann, 1951).

5. Model and Data

The newly formulated RPM for carbonates with multi-scale pore structures is developed, which integrates nu-
merical and theoretical rock physics to simulate seismic wave responses in rocks with different structures,
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interpret experimental data with multiple frequency bands under different
pressures, and characterize multi-scale pore structures. The model results are
verified with the experimental and logging data.

5.1. Model Results

The reformulated RPM can simulate the wave responses of carbonates with
multiscale pore structures. The bulk modulus of water and gas is 2.24 and
0.017 GPa, the density is 1.002 g/cm® and 0.09 g/cm?, and the viscosity is
7.8 % 10™*Pasand 9.6 x 1078 Pa s, respectively. We take sample DS_A as an
example and consider full water saturation. The volume fractions of the
macroscopic pores are given in Table 3, and the other structural properties
are: @ micro = 0.2%, ¢, = 0.001%, apmacro = 1, @ macro = 0.0001,
Qo micro = 0.6, and & ic;o = 0.0001. Figure 23 shows the P-velocity

¢,micro

dispersion and attenuation due to the multi-scale structure, as well as the
responses caused by large fractures and small cracks alone (obtained from the
Gurevich equations). The reformulated model can effectively compute the
dispersion and attenuation of multi-scale structures, and two relaxation peaks
are observed. Moreover, under the effects of multi-scale pores, the velocity is
lower than that caused by the single structure, and the dispersion and atten-
uation are stronger.

Next, we model the effects of microcracks on wave dispersion and attenuation
by adjusting the volume fraction and aspect ratio, as is shown in Figure 24.
The parameters of the microcracks are given in the caption, the other prop-
erties are the same as in Figure 23. It is showed that P-wave velocity decreases
and the attenuation increases as the content of microcracks increases, whereas
the trends of velocity and attenuation are opposite as the aspect ratio in-
creases. Moreover, the relaxation peaks shift to the lower frequencies as the
aspect ratio increases.

5.2. Modeling Results and Data

Figure 23. P-wave velocity (a) and attenuation (b) of sample DS_A as a The experimental multi-frequency data are used to verify the newly formu-
function of frequency for the multiscale structures. lated RPM. Published studies based on CT tests at different pressures (1—

20 MPa) suggested that the macro-pore space could be almost unchanged
with pressure variations (see Figure 6 in Saenger et al., 2016), thus, we assume that macro-pore properties from
the scans are constant in the pressure range (1-25 MPa) of this study. For the measurements at different pressures,
the simulations (Figures 25 and 26) can be effectively performed by varying the volume fractions of the
microscopic pores and cracks in the model and keeping the aspect ratios constant; these properties of the mul-
tiscale structures are shown in Figures 28 and 29.

Figure 25 shows that the velocity of the P-wave in the water-saturated state varies with frequency, compared with
experimental data under different pressures. The model agrees and interprets the multi-frequency data under
different pressures for different structures and pressures. A dispersion of P-wave velocity due to elastic wave
induced fluid flow can be observed. In addition, the frequency dependence shows different behaviors for different
micro-pore structures and pressures, with the higher the pressure, the lower the dispersion (lower microcrack
content).

It is clear that rocks with different pore types have different frequency sensitivities (Figure 25). To investigate the
relationship between the frequency dependence and the pore structure, a further analysis is performed by closely
examining the experimental data under 1 MPa effective pressure (Figure 26), which shows that the model agrees
with the test results. The fractured samples (DS_A, DS_C, DS_D) exhibit lower velocity, higher dispersion and
stronger attenuation compared to the samples with pore cavity (DS_E, DS_F) and the fractured types (DS_B).
From the macroscopic view based on the rock images (Figures 3-5), there are many pores as well as fractures in
the fractured-vuggy rock, resulting in a stronger squirt flow effect of the fluid between the pore structures. Based
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on the characterized micro-pore structure (Figures 27 and 28), the underlying
mechanisms can be further analyzed under the aspect of microporosity.

Figure 27 shows the multiscale pore structures characterized by the integra-
tion of the model and the multi-frequency data at water-saturated state. It can
be seen that the content of microscopic pores and cracks changes at different
pressures, indicating a decrease with increasing pressure, while the corre-
sponding aspect ratio is constant with pressure. For different samples, the
equivalent aspect ratios of the stiff pores may be the same, but the cracks have
different aspect ratios. Then, we select the results at 1 MPa effective pressure
to analyze the microporous properties of the samples with different pore
types, as shown in Figure 28. It can be observed that the fractured-vuggy
samples (DS_A, DS_C, DS_D) have higher microcrack/porosity content
than other types, as well as a corresponding squirt flow effect, which also
explains the high-frequency dispersion and strong attenuation of rock from a
microporous point of view. In addition, DS_F has a lower microcrack
porosity than DS_E in the pore-cavity samples, which could explain the
higher velocities of DS_F (higher porosity) compared to DS_E (lower
porosity) in the experimental results (see Figure 15). Thus, this study provides
an insight into the complex petrophysical behavior of tight rocks in terms of
multiscale pore structure and reveals the wave response characteristics of
rocks with different pore types.

We then simulate the elastic velocities (Vg and gas-saturated Vp) based on
the obtained pore structures (Figure 27) and compare them with the
experimental data shown in Figure 29. Since there is no frequency depen-
dence in Vg and V, (gas) of the samples (Figures 9, 10, and 12), the ul-
trasonic measurements (which almost agree with the low-frequency results)
at 25 MPa effective pressure are used to validate the model. The simulated
results generally agree with the ultrasonic velocities, except that Vg of
samples DS_C and DS_D and V;, of gas-saturated sample DS_D are slightly
higher. The results of the FD simulations (see Figure 21) are improved by

Figure 24. P-wave velocity (a) and attenuation (b) of sample DS_A as a including the RPM approach.

function of frequency with different microcracks properties.

To further validate the model, we use borehole data from the working area as
shown in Figure 30. The figure shows the wave velocities (Vp, V) for the
reservoir section compared to the model results (10 kHz) for gas and water
saturated cases at the sampling depths. The structural parameters were chosen at a pressure of 1 MPa. It can be
observed that the wet samples DS_A-DS_E agree well with the formation data, while the gas-saturated samples
(DS_A, DS_C, DS_D) show a slightly lower Vp. In addition, DS_F shows higher velocities than the sonic log
data. This could be related to the fact that the reservoir rock is not fully saturated but partially saturated with a
mixture of fluids (gas and water) and that fluid patches are present between the pore structures.

6. Conclusions

The pore structure and pore type of the six carbonate samples are analyzed by CT scans and thin sections of core
samples, which show complex pore structures and different types. Based on the images, the rocks can be cate-
gorized into fractured, fractured-vuggy and pore-cavity.

The ultrasonic (1 MHz) and low frequency (1-100 Hz) experiments at different effective pressures (1-50 MPa or
1-25 MPa) and fluids (water/gas) are carried out to investigate the elastic properties. The velocities increase with
pressure for both saturation states. Vp in the gas-saturated state and Vg are almost constant with frequency, while
Vp in the wet state increases with frequency. The velocity dispersion is due to the fluid flow caused by the wave
traveling through water-saturated porous rock.
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Figure 25. P-wave velocity as a function of frequency for the water-saturated samples compared with the multi-frequency-
band experimental data at different effective pressures. (a), DS_A; (b), DS_B; (c), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.

The rocks with pore cavities have higher velocities than the fractured-vuggy and fractured ones, with the
fractured-vuggy type showing a greater velocity dispersion. In the saturated state with an effective pressure
of 1 MPa, the dispersion of the fractured-vuggy samples DS_A, DS_C, and DS_D is 4%, 3.3%, and 4.9%,
respectively, while the dispersion of the fractured type (DS_B) and pore-cavity (DS_E and DS_F) is
lower.

The pore space can be divided into macropore and micropore structures, that is, those that can be detected by a CT
scan and those that are not detected by the scan. Digital rock physics is used to calculate the effective moduli of
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Figure 26. P-wave velocity dispersion and attenuation as a function of frequency for the water-saturated samples at 1 MPa
effective pressure.

rocks with larger pores and fractures. Due to the limited scan resolution, the simulated elastic velocities are
generally higher than the experimental results.

A newly formulated model is developed that can effectively simulate the wave responses and interpret multi-
frequency data at different pressures by taking into account the different microstructural properties. By inte-
grating digital and theoretical rock physics, the multiscale structures of the samples are characterized. The results
show that the microcrack content of the fractured-vuggy type is higher than the other types, which is related to a
strong anelasticity. In addition, the proposed model improves the estimated elastic properties of the FD simu-
lations and illustrates the wave response mechanisms of rocks with different pore types.
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Figure 27. Multiscale pore structures of the samples at different pressures. (a), DS_A; (b), DS_B; (c), DS_C; (d), DS_D; (e), DS_E; (f), DS_F.
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Figure 28. Micro-pore structures of the water-saturated samples at 1 MPa effective pressure.

Figure 29. Model results with ultrasonic experimental data at 25 MPa effective pressure.
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Figure 30. Model results with well A data (a. Samples DS_A ~ DS_E) and well B data (b. Sample DS_F).
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