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Digital rock physics (DRP) has become an important tool to analyze the characteristics of
pore structures and minerals and reveal the relationships between microscopic structures
and the physical properties of reservoirs. However, it is greatly difficult to upscale the rock
physical parameters, such as P-wave velocity, S-wave velocity, and elastic moduli, from
DRP to large-scale boreholes and reservoirs. On the other hand, theoretical rock physical
modeling can establish the internal relationship between the elastic properties and physical
parameters of tight sandstones, which provides a theoretical basis for seismic inversion
and seismic forward modeling. Therefore, the combination of digital rock physics and rock
physical modeling can guide the identification and evaluation of the gas reservoir’s “sweet
spot.” In this study, the CT images are used to analyze the mineral and pore
characteristics. After that, the V-R-H model is used to calculate the equivalent elastic
moduli of rocks containing only the mineral matrix, and then, the differential equivalent
medium (DEM) model is used to obtain the elastic moduli of dry rocks containing minerals
and pores. Subsequently, the homogeneous saturation model is used to fill the fluids in the
pores and the Gassmann equation is used to calculate the equivalent elastic moduli of the
saturated rock of tight sandstones. Rock physical modeling is calibrated, and the reliability
of the rock physical model is verified by comparing those with the logging data. Afterward,
the empirical relationship of rock porosity established from CT images and rock elastic
moduli is obtained, and then, the elastic parameters obtained by seismic data inversion are
converted into porosity parameters by using this empirical relationship. Finally, the porosity
prediction of large-scale reservoirs in the study area is realized to figure out the distribution
of gas reservoirs with high porosity. The results show that the H3b and H3c sections of the
study area exhibit higher porosity than H3a. For the H3b reservoir, the northeast and
middle areas of the gas field are potential targets since their porosity is larger than that of
others, from 10% to 20%. Because of the effects of the provenance from the east direction,
the southeast region of the H3c reservoir exhibits higher porosity than others.
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1 INTRODUCTION

Digital rock physics (DRP) is an important platform for the
characterization of pore systems and minerals and numerical
simulations of rock physics which can involve solid mechanics,
acoustics, electricity, fluid mechanics, and fluid-solid coupling
numerical simulation (Lin et al., 2018; Wu et al, 2018).
Compared with the rock physics experiments, DRP, as a
numerical simulation method, is cheap and effective to obtain
the various rock properties (Yang et al., 2021; Golparvar et al.,
2018). At present, 3D digital rocks have been used to evaluate the
porosity and analyze the pore radius and connectivity
(Anselmetti et al., 1998; Jadoon et al., 2016; Wu et al., 2019a),
elastic moduli (Hossain et al., 2019; Miao et al, 2015),
permeability (Wu et al., 2019b; Nie et al., 2016), and electrical
properties. It is important to construct accurate digital rocks for
the simulation of rock physical properties (Wei et al., 2018; Wu
et al., 2020a). Digital rocks can be constructed by computed
tomography (CT) experiments and stochastic modeling methods,
such as multiple-point statistics and simulated annealing (Laird
and Putnam, 1951). Among them, X-ray CT is the most widely
used physical experiment method to construct 3D digital rocks
(Wu et al, 2018). CT scanning is a non-destructive imaging
method and can be used to obtain the internal spatial structure of
rocks without any damage because it directly scans the core
sample to obtain the required 2D gray slice data and then
generates the 3D digital model of the core samples through
mathematical transformation and image processing methods
(Zhu et al., 2019; Nie 2014; Wu et al,, 2019¢c). The acquired
CT images usually contain mineral information since different
minerals exhibit different gray values on CT images (Wu et al.,
2020b; Wang et al., 2021). For example, Ma et al. (2019) obtained
the relevant information and distribution characteristics of
various components of pyrite rocks, namely, minerals, matrix,
and pores, by using CT images. Mao et al. (2022) realized the
spatial distribution characteristics of different minerals in granite
through the segmentation threshold of the CT gray image.
Rock physics is a bridge to connect the elastic properties of
subsurface rocks with the physical properties of reservoirs and is the
basis of reservoir prediction. Quantitative characterization of the
relationship between elastic parameters such as rock bulk modulus
and shear modulus, and physical parameters such as porosity, shale
content, and water saturation play an important role in the field of
geophysical research. It provides a reasonable rock physical model
for seismic forward modeling and seismic inversion interpretation,
thereby reducing the ambiguity of seismic interpretation (Mavko
etal., 2009; Ba et al., 2017; Liu and Grana, 2018). Traditionally, rock
physics studies are based on physical laboratory tests. However,
because of the limitation of sample preparation and testing methods,
the traditional rock physics research methods cannot fully meet the
actual needs of oil and gas reservoir prediction. With the
development of computer technology and the application of
X-ray CT scanning technology in rock physics experiments,
digital rock physics technology provides a new technical means
for rock physics research (Zhao et al., 2016; Yin et al,, 2015; Jian et al,,
2020). Wang (2006) calculated the compressional and S-wave
velocities of the formation in this area by selecting the differential
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equivalent medium model. In the process of calculation, the error
between the observed P-wave velocity and the calculated P-wave
velocity of the actual formation was minimized through continuous
iterative processing (Hilpert and Miller, 2001), the elastic modulus
parameters of the formation rock were obtained, and the relationship
between the elastic modulus parameters and the P-wave and S-wave
velocities was analyzed (Saenger and Bohlen., 2004). Shao (2009)
obtained multiple mineral components through conventional
logging data and obtained the equivalent elastic modulus of the
formation by using the average mineral formula. Taking the P-wave
velocity as the constraint condition, the S-wave velocity of the
formation is calculated according to the model (Deng, 2009). The
comparison between the calculated results and the measured results
shows that the average relative error is about 5%, which indicates
that the model has good adaptability in the study area (Zong et al,,
2015). In the same year, Deng (2009) tested the P-wave and S-wave
velocities of sandstone samples under simulated reservoir
conditions. The adaptability of the contact cementation model to
the sandstone samples in this area was analyzed and discussed (Zhao
et al, 2016). Zhou (2010) sorted out the rock physics parameters
obtained from the conversion of rock physics experimental data and
conventional logging data and predicted the S-wave velocity of the
study area by using the model, which is highly consistent with the
actual S-wave velocity. It is proven that this method can effectively
solve the problem of S-wave velocity prediction in the area lacking
S-wave logging data (Zhu et al., 2017). Zhang et al. (2019) and Zhang
et al. (2020a) pointed out that the reservoir can be better described
based on the rock physical modeling of two-phase media, and the
concept of critical porosity can also be used to establish the empirical
relationship between the grain matrix and dry rock, providing
parameters for fluid identification.

In this study, the 3D image analysis of micro-CT samples
about tight sandstone is carried out to obtain information on the
pore structure, mineral composition, and particle size
distribution, and the rock physical model is established using
these data. Tight sandstone rock physical modeling is mainly
composed of a boundary average model, inclusion model, fluid
replacement model, and so on. The equivalent elastic modulus of
the rock mineral matrix is calculated by using the boundary
average model of the V-R-H model, the dry rock matrix modulus
is calculated by using the differential equivalent medium DEM
model, then the pore is filled with fluid through the uniform
saturation model, and the equivalent elastic modulus of saturated
rock is calculated by using the Gassmann equation. This method
can be used to estimate the equivalent modulus of saturated rock
in a tight sandstone medium. Finally, the reliability of the rock
physical model is verified, the empirical formula of porosity is
established through the petrophysical relationship, and the
prediction of porosity with seismic data is realized.

2 GEOLOGICAL SETTING

This study takes an offshore gas field in eastern China as the study
area. The gas field is mainly structural oil and gas reservoirs with
thick sandstone, but the physical properties of the reservoirs are
generally tight and change rapidly, and the “sweet spot” of the
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FIGURE 1 | Core image and pore structure slice of the tight sandstone reservoir. (A) “Sweet spot” reservoir and (B) “non-sweet spot” reservoir.

reservoir plays an important role in controlling oil and gas
productivity. The target interval in the study area is mainly
the braided delta sedimentary system under the background of
a shore-shallow lake, which mainly developed an underwater
distributary channel, and sandstone is well developed with large
thickness and wide distribution. There are three types of
reservoirs, namely, medium-low porosity and medium-low-
permeability reservoirs, extra-low-porosity and extra-low-
permeability  reservoirs, and  medium-porosity = and
medium-high-permeability reservoirs locally. The oil and gas
reservoirs in the study area are mainly controlled by structures,
such as anticlinal gas reservoirs. The study area is dominated by
sandstone with medium grain size. The lithology developed in the
study area includes mudstone, siltstone, fine sandstone, medium-
fine sandstone, coarse sandstone, argillaceous sandstone, and
glutenite. The color of the sandstone is grayish-white, with
fine grain size and medium sorting. The pore types in the
study area mainly include residual intergranular pores,
intergranular dissolved pores, intragranular dissolved pores,
and moldic pores. The intergranular dissolved pore is the
most common pore type in the reservoir of the study area.
The physical properties of tight sandstone reservoirs are
generally poor, and the coexistence of medium-low porosity
and medium-low-permeability reservoirs and ultra-low-
porosity and ultra-low-permeability reservoirs reflects strong
reservoir heterogeneity (Radlinski et al., 2004; Hu et al., 2012;
Bordignon et al., 2019; Liu and Mukerji, 2022). It is necessary to
build a rock physical model of tight sandstone under
heterogeneous conditions. With the increase of the burial
depth, the tight sandstone in the middle and deep layers tends

to be densified due to strong compaction and cementation.
However, because of the influence of heterogeneity, high-
quality reservoirs with good porosity and permeability
characteristics will appear in local areas, namely, “sweet spots”
(Bloch et al., 2002; Mavko et al., 2009).

To carry out rock physical modeling of heterogeneous tight
sandstone reservoirs, it is necessary to analyze the structural
characteristics of the “sweet spot” reservoir, including rock
mineral composition and pore structures. During the process
of sedimentation and diagenesis, rocks have experienced
tectonism, sedimentation, diagenesis environments, and their
matching process in time and space. For example, Figure 1
shows the core photos and casting thin sections of the “sweet
spot” reservoir and the “non-sweet spot” reservoir. The “sweet
spot” reservoir is different from the “non-sweet spot” reservoir in
terms of rock mineral grain size, pore type, structure, etc., and the
“sweet spot” reservoir exhibits coarser grain size and higher

porosity.

3 DATA AND METHODS

The research process adopted in this study is shown in Figure 2.
First, the mineral composition and corresponding volume ratio of
rocks in the study area are obtained through digital core analysis
and then the rock physical model is established with these data as
the input data. The equivalent elastic modulus of the rock mineral
matrix is calculated by the boundary average model of the V-R-H
model, and the dry rock skeleton containing minerals and pore
modulus is calculated by the differential equivalent medium DEM
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FIGURE 2 | Flow chart of porosity prediction based on seismic data by rock physical modeling.

model. Then the equivalent elastic modulus of saturated rock is
calculated by the Gassmann equation with the homogeneous
saturated model filled with fluid in the pores, to realize the
estimation of the equivalent modulus of saturated tight
sandstone and establish the rock physical model of tight
sandstone digital rock. The rock physical model is calibrated
and its reliability is verified through logging data, then the
empirical relationship of the rock porosity established from
CT images and rock elastic moduli is obtained, and the
porosity parameters can be predicted from seismic data by
using this empirical relationship.

3.1 Digital Rock Physics Methods

The construction of 3D digital rocks containing the real pore
structure of complex reservoir rocks is the first step of DRP
(Markus et al., 2001). The projection data obtained by X-ray CT
scanning is used to reconstruct the 3D gray image of the core
through the filtering (convolution) back-projection technique.
The gray value of the image reflects the density of different parts
of the rock slice (Das et al., 2017; Liu et al., 2022). The whiter the
image (larger gray value), the higher the density, and the darker
the image (smaller gray value), the lower the density. The gray
value reflects the degree of X-ray absorption attenuation of the
material. How to accurately divide the boundary between the
skeleton and the pore is the key to calculating core porosity, pore
structure parameters, and rock physical properties by using
digital rock.

The modeling process of the X-ray CT scanning method can
be summarized into three main steps, namely, CT scanning
experiment, digital image processing, and RVE analysis.

CT scanning uses the X-ray CT scanning technique, which has
the advantages of high imaging resolution, large scanning area,
and no damage to the scanned sample. During the experiment,
when the X-ray passes through the scanned rock sample, part of
the energy of the X-ray will be absorbed by the rock sample and
the energy and intensity of the X-ray will be weakened. This
process can be expressed by Beer’s law as follows (Wildenschild
and Sheppard, 2013; de Figueiredo et al., 2019):

—Jy(s)ds
I=1Ie ) (1)

In the formula, Ij is the intensity of the incident light, pt(s) is
the path of the ray, and s is the local ray attenuation index. By
transforming Eq. 1, the linear attenuation coefficient of each
voxel point can be obtained.

Jy(s)ds = —ln(IIO>. 2)

In general, I and I, are easily obtained in the formula, so that
the linear attenuation factor p can be calculated. This factor
depends on the density of the scanned material, we can separate
the components of different densities in the tested sample
according to this technique. At present, there are many
methods to convert the linear attenuation coefficient into an
image. One of the most common methods is called filtered back-
projection. It convolves the linear data obtained at each angle
with a specific filter and then back-projects it at the same angle to
obtain the image. The next step is image processing after
obtaining the X-ray CT scan image (Wildenschild and
Sheppard, 2013).

Image processing mainly includes the following processes:
cropping, denoising, threshold segmentation, and REV
(representative elementary volume) judgment. When the
sample is cut, try to select the middle part of the scanned
sample rather than the edges and corners. The purpose of
denoising is to improve the signal-to-noise ratio of the image.
There are many denoising algorithms, such as median filtering,
non-local means filtering, sigma filtering, Nagao filtering, SNN
filtering, majority filtering, recursive exponential filtering,
bilateral filtering, and box filtering. The purpose of threshold
segmentation is to identify and separate the object of study (such
as the pore or oil phase) from the image. Based on the distribution
characteristics of the gray value histogram, the relevant personnel
then observe and judge by naked eyes and experience. This
research object can be separated. The REV judgment is to
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FIGURE 3 | CT images before and after processing. (A) Original CT image; (B) CT image after filter; and (C) image after thresholding segmentation.

S4

FIGURE 4 | Constructed digital rocks using CT.

999
C

determine if the cropped area is greater than the minimum
volume representing the rock. For images with poor image
quality, the process will also include morphological operations
such as dilation, erosion, opening and closing, and removal of
small objects. These image processing processes can be done
based on software or programs such as Image], Fiji, Matlab,
PerGeos/Avizo, etc. Andri et al. (2013) systematically discussed
the issues that should be paid attention to during image
processing.

In this study, six low-permeability sandstone reservoir samples
with different depths are selected as the research objects, which
are sequentially numbered as S1, S2, S3, $4, S5, and S6. They come
from the third and fourth members of the Huagang Formation of
the X-2 well in the Xihu Sag of the study area, and all of them
belong to tight sandstone natural gas reservoirs. The sampling
depths of samples S1-S6 are 3736.6 m, 3785 m, 3818.9 m, 3714.5
m, 3373.1 m, and 4008.3 m, respectively, the resolutions are
14.6 ym, 14.1pm, 13.6pum, 129pum, 13.0pm 8um, and
10.7 um, respectively, and the sample size is 300 x 300 x 300.
All the samples are from the sandstone deposited in a braided

river delta, the lithology is fine sand-medium sandstone, and the
clastic components are mainly quartz, feldspar, and clay.

After the CT scan data volume is obtained, the original CT
images containing gray information are cropped, denoised, and
segmented and the REV is judged by using the image processing
technique. During the process of threshold segmentation, pores
and different minerals are separated according to different gray
values. Figure 3 shows the image processing process of sample S2.
In the original CT image, a smaller gray value corresponds to the
pore and a smaller gray value is quartz, which is the main
component of the rock. A larger gray value corresponds to
feldspar, and the maximum gray value is clay. Therefore, CT
images can be used to segment different mineral components.

After selecting the REV of each sample and completing the
image processing mentioned previously, the REV images of six
samples can be constructed, as shown in Figure 4. It can be seen
from the external and internal views of the six samples that there
are more tiny pores in samples S2, S3, and S5, fewer pores in
samples S1, $4, and S6, and the similarity between samples S2, S3,
and S5 are higher.
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FIGURE 5 | Flow chart of rock physical modeling of tight sandstone.

3.2 Rock Physical Model of Heterogeneous
Tight Sandstones

The heterogeneous tight sandstone reservoir has medium-low
porosity and medium-low permeability. (Cai et al., 2014; Avseth
etal,, 2014; Dutta et al., 2012) proposed a rock physical modeling
method for medium-low-permeability tight rocks by analyzing
the lithofacies type and burial history, that is, the CCT contact
model is used to calculate the low porosity section (35%), while
the HS upper limit is used to calculate the medium-porosity
section (10%-35%) (He, 2017; Tang, 2011; Pan et al., 2019). In
this study, considering the pore type and structure in the middle-
low porosity and middle-low-permeability section, the DEM
model and Gassmann equation, which are suitable for rock
physical modeling of relatively high porosity, are used to
calculate the equivalent rock physical model (Yin et al., 2017;
Antariksa et al., 2022; Fawad and Mondol, 2022; Guo et al., 2016).

Tight sandstone rock physical modeling is mainly
composed of a boundary average model, inclusion model,
fluid replacement model, and so on (Figure 5). The
boundary average model is used to calculate the equivalent
elastic modulus of the rock mineral matrix, the inclusion
model is used to calculate the dry rock matrix modulus, and
the fluid replacement model is used to fill the fluid in the pores
and calculate the equivalent elastic modulus of the saturated
rock. In this way, the equivalent modulus of saturated rock in a
tight sandstone medium can be estimated.

3.2.1 Boundary Average Model

The boundary average model calculates the elastic modulus
(generally refers to the bulk modulus and shear modulus) of
the rock matrix of mixed minerals by calculating the upper and
lower limits of the physical properties of the rock matrix. The
Voigt-Reuss-Hill average is chosen as the boundary average
model in this study. The boundary average model generally
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does not take into account the geometric structure of mineral
components and other factors.

The Voigt-Reuss-Hill (VRH) average is the average of the
Voigt and Reuss models (Voigt, 1907; Reuss, 1929). The Voigt
model is the upper limit of the equivalent elastic modulus of rock
Ky, y,» which assumes that the mineral particles are evenly
arranged along the direction of the force; the Reuss model is
the lower limit of the equivalent elastic modulus of rock Kg, pg,
which assumes that the rock mineral grains are arranged in layers
perpendicular to the stress direction. The rock matrix of tight
sandstone is mainly composed of rigid particles and clay, and the
rigid particles are mainly quartz and feldspar. The elastic modulus
of the rock matrix of a tight sandstone reservoir is calculated by
the VRH average K, y,,:

{K =V,K;+ VaayKeay 3)
ty = Vg + Veaylheay
L _Vy, Vaw
Kz f Kelay
1V, Vduy' @
.”R .”‘q Heiay

In the formula, K,, p, is the Voigt upper limit of the elastic
modulus of the mixed mineral; Kg, yy is the Reuss lower limit of
the elastic modulus of the mixed mineral; Vg, V., is the rigid
particle content and clay content of the reservoir; Keay, f,, is
the modulus of elasticity of the clay; and K, p, is the elastic
modulus of the rigid particle.

Averaging the two models, the elastic modulus of the rock
matrix K,,, p,, is obtained as

Km:Kv_;KR
bty ®
_ Ty R

B = 2

3.2.2 Inclusion Model

The inclusion model can be used to estimate the equivalent elastic
modulus of rock with solid or fluid inclusions. Many different
types of inclusion models have been developed according to the
differences in rock physics characteristics of specific study areas,
such as the differential equivalent medium (DEM)
(Bandyopadhyay, 2009), Kuster-Toksoz (KT) model (Kuster
and Toksoz, 1974), Kachanov model, Mori-Tanaka model,
linear slip model, etc. The fluid inclusion can be represented
as the rock pore space, and the pore can be equivalent to an
ellipsoid, which can be used to analyze the influence of the rock
internal pore structure on rock properties.

The differential equivalent medium model (DEM) assumes
that inclusions in rocks are isolated from each other and do not
interact with each other. The DEM model divides the inclusions
into infinitesimal parts, each part is then added to the background
phase step by step, and the equivalent modulus is affected by the
addition order of the inclusions. It should be noted that the order
of soft and hard pore addition of dry rock has little effect on the
final equivalent modulus results. The equivalent bulk modulus of
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the DEM model Kgzz; and shear modulus pppy; can be
expressed as

(1-y) j—y (K ()] = (Ks = Koa) P (5)
,  (6)
(1-) j—y (e ()] = (i — )" ()

where the initial condition is K7}, (0) = K; and pj,5,,(0) = y;.y
is the percentage of inclusion and P and Q are the polarization
factors related to the inclusion modulus and shape, whose values
are shown in Table 1.

3.2.3 Uniform Saturation Model

For different types of “sweet spot” reservoirs, the plaque-
saturated model (Eqs 7-9) is used to calculate the elastic
modulus of the mixed fluid.

1 _ SO Sg Sw

e (7)
Km Ko K, K,
Kf12 = Koso + KgSg + Kwa, (8)
Koy +K
Kp =~ ©)

In the formula, Ky, K4, and K, are the bulk moduli of oil, gas,
and water, respectively. Sy, S, , and S, are the saturations of oil,
gas, and water respectively, and Sy + S, + Sy = 1.

3.2.4 Fluid-Filled Model

The equivalent elastic modulus of saturated rock for different
types of “sweet spot” reservoirs is calculated using the Gassmann
formula (Shi, 2009) and the elastic modulus of saturated rock is
used to calculate the compressional and S-wave velocities of tight
sandstone reservoirs as follows:

v, = \/—(K”/S“) - JE (10)
p P
V.= \/E (11)
p

Here, V,, V, and p are the P-wave velocity, S-wave velocity,
and the density of saturated rock; K and u are the bulk and shear
moduli of the saturated rock.

According to the pore structure characteristics of different
types of “sweet spot” reservoirs, the new rock physical model
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constructs the rock physical models of different types of “sweet
spot” reservoirs, which can be well applied to tight sandstone
reservoirs with large changes in porosity and permeability.

4 RESULTS

Pore refers to the basic reservoir space of fluid in rocks, and pore
structure refers to the type, size, distribution, and connectivity of
pores in rocks. The determination of pore structure parameters is
the basis of calculating the equivalent elastic modulus of the tight
sandstone skeleton.

The pore geometry in the tight sandstone is diverse and the
pore structure is complex. It can be observed from the digital
rock constructed by CT that the rocks in the study area mainly
include primary intergranular pores, intragranular dissolution
pores, and moldic pores. The pore structure of tight sandstone
reservoirs is greatly affected by compaction, and the amount of
primary pores is the key factor to determine the quality of the
reservoir. Rock grain size, quartz content, and clay content are
the main factors affecting the pore structure parameters. The
larger the grain size is, the larger the primary pore will be, so
that the residual intergranular pore and intergranular
dissolution pore are larger under the same burial process
and diagenesis. Quartz is the most important rigid mineral
in clastic rocks which determines the ability of rocks to resist
compaction, that is, the preservation of pores. Rock cuttings
mainly composed of quartz also have strong compressibility.
The clay content is mainly related to the irreducible water
saturation, which is the key factor affecting the seepage. In the
theory of rock physical modeling of tight sandstone, the
primary intergranular pore has a large pore size and good
connectivity. The intragranular dissolution pores are the
dissolution pores of feldspar and rock debris, with small
grain size and poor connectivity. The diameter of the
casting mold hole is larger, but the connectivity is poor.
The reservoir of the H3 member of the granite formation in
the study area has many primary pores, large porosity, and
relatively uniform pore fluid distribution.

The heterogeneity of the tight sandstone reservoir is the
difference in porosity and permeability caused by the grain size
of rock minerals and pore structure types between different
formations. Therefore, according to the geological
characteristics of the study area, using porosity as the
division standard of natural gas “sweet spot,” aiming at the
characteristics of medium-low-porosity and medium-low-
permeability natural gas reservoirs, the rock physical model
of heterogeneous tight sandstone is established. Based on the
aforementioned reservoir characteristics, the basic idea of rock
physics modeling is to use the effective medium theory to add
flat pores (small pore aspect ratio) and more circular pores
(large pore aspect ratio) based on isotropic background media
and calculate the dry rock stiffness coefficient matrix. The
elastic parameters of fluid-saturated rocks are estimated
according to the isotropic replacement method. According
to the digital rock analysis, the minerals of the tight
sandstone reservoir in the study area mainly include quartz,
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TABLE 2 | Basic information of the six samples used in this study.

Rock Physical Modeling

Serial number Quartz/% Feldspar/% Clay/% Porosity/% Measured porosity/% Error
S 66 27 7 9.63 9.75 -1.23%
S2 70 24 6 12.34 12.52 -1.44%
S3 72 21 7 14.36 14.53 -1.17%
S4 66 27 7 8.56 8.44 1.42%
S5 69 26 5 14.27 14.15 0.85%
S6 70 25 5 6.81 6.92 -1.3%
TABLE 3 | Parameters of the mineral constituent and fluid of the model.

Composition Bulk modulus (Gpa) Shear modulus (Gpa) Density (g/m°)
Quartz 48 43 2.65
Feldspar 41 18 2.62

Clay 21 7 2.46
Formation water 2.58 0 1.038

Gas 8x107* 0 6.5 x 107

P-wave velocity ~ (m/s) P-wave error S-wave velocity(m/s) S-wave error
3500 3500 3500 3500
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Measured data by well logging Predicted data
FIGURE 6 | Reconstruction results and errors of P-wave and S-wave velocities based on the rock physical model.

feldspar, shale, and debris, among which quartz is the main
component with high content. Because of the deep burial depth
and complex diagenesis of the heterogeneous tight sandstone
reservoir, the “sweet spot” reservoir has the petrological
characteristics of coarse grain size, high quartz content, and
low clay content. The grain size of rock minerals affects the
pore structure of rocks, so the grain size difference is regarded
as the difference in the pore structure of rocks.

The results of the digital rock (Table 2) show that the volume
fraction of the rigid grains is about 70% for quartz, about 25% for
feldspar, and about 5% for clay. Because the density of quartz and
feldspar is not very different, it is difficult to distinguish and
compare digital rock. However, the difference in elastic physical
parameters between quartz and feldspar is not particularly large.
Therefore, the influence on the accuracy of the rock physical

model results is within an acceptable range. The pore types of
tight sandstone reservoirs are divided into connected pores and
unconnected pores, and a porosity of 12% is defined as the “sweet
spot” of tight sandstone reservoirs. These input parameters
(Table 3) can be used as the input data of the rock physical
model. A rock physical model of heterogeneous tight sandstone is
established and a series of analyses are carried out.

5 DISCUSSION
5.1 Rock Physical Model Validation

According to the experimental data of rock physics in the actual
work area, the reliability of the rock physics model is verified.
Figure 6 shows the comparison between the P-wave and S-wave
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velocity reconstruction results (blue) of the X-2 well based on the
rock physical model and the actual rock physics experimental
measurement data, and the relative error between the rock
physics measurement results and the estimation results. It can
be seen that the error between the rock physics model prediction
value and the experimental measurement value is less than 3%,
which indicates that the model prediction result can reflect the
actual value with high accuracy, and the rock physics modeling
result is more reliable.

5.2 Rock Physical Model Analysis

The effect of porosity is studied based on the constructed rock
physical model of thick and low-permeability reservoirs. Figure 7
shows the effect of the reservoir porosity on the volume and shear
modulus of the “sweet spot” in the H3 section of well X-2. The
curves with different colors indicate that the shale content
increases gradually from top to bottom, and the blue points

represent the data of the actual logging curve of the
corresponding non-sweet spot reservoir. The red dots
represent data from the actual log of the corresponding
segment of the “sweet spot” reservoir. It can be seen from
the figure that with the increase in porosity, the bulk
modulus and shear modulus show a decreasing trend.
Compared with the “sweet spot” data of actually good
data, it is found that the porosity of the “sweet spot”
reservoir is larger than that of the non-sweet spot
reservoir. It is consistent with the changing trend of the
rock elastic modulus calculated by the model, which
confirms the reliability of the rock physics model.

Using the constructed rock physical model, the quantitative
interpretation version between reservoir physical parameters and
elastic parameters can be established, which can be used to
predict reservoir parameters. Figure 8 shows the the rock
physics version of the reservoir in the H3 section of the x gas field.
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5.3 Porosity Inversion
The physical property parameter prediction method based on

linearized rock physics inversion applies to linear or slightly
nonlinear rock physical models (Zhang et al, 2020b; Pan
et al, 2021). For the highly nonlinear rock physical model, the
empirical formula method is used to predict the porosity (Zong
and Yin, 2017; Chen et al., 2017; Pan et al., 2017; Liu et al., 2022).
It is to obtain a statistical empirical relationship between porosity
and rock elastic parameters (such as P-wave velocity, S-wave
velocity, density, and elastic impedance) by using rock physics
test data and logging data and then use this statistical empirical
relationship to convert the elastic parameters obtained by seismic
inversion into porosity parameters.

According to the rock physics version, the fitting formula for
porosity prediction is

¢ = 0.183245 + 0.749747 x Ip*10™* - 0.113664 x V, V.. (12)

In the formula, ¢ stands for porosity, Ip is the longitudinal
wave impedance, and V,/V is the ratio of compressional and
S-wave velocities.

In this study, we used the high signal-to-noise ratio seismic
data processed by a contractor. After processing, the pre-stack
AVO inversion approach was implemented to estimate the
elastic parameters (P-wave velocity, S-wave velocity, and
density). Figures 9A,B show the inversion result of P-wave
impedance and the estimated sensitive parameter V,,/V; of the
reservoir in the research field, respectively.

H3 has three sand bodies of H3a, H3b, and H3c (Figure 10),
and the porosity of each sand body is predicted separately.
Figure 11 shows the well-tie profile of H3a porosity prediction,
in which the top and bottom of H3a are marked with
interpretation horizons. It can be seen from the figure that
the porosity of the H3a reservoir is higher than that of the
upper and lower mudstone formations, which is consistent
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with the reservoir (lithology) prediction results. At the same
time, the H3a porosity profile reflects the distribution
characteristics of the H3a reservoir. That is to say, the
reservoir is relatively thin, but the distribution is relatively
uniform, and the reservoir is slightly thicker at well X-1. The
porosity of H3b is higher than that of the upper and lower
mudstone formations and the H3a reservoir, and it is a high-
porosity thick reservoir, which is consistent with the
prediction results of the H3b thick sand reservoir. The
porosity of H3c near well X-3 and well X-1 is higher, while
the porosity near well X-2 is lower, which is consistent with the
prediction results of the H3c thick sand reservoir.

Figure 12 shows the attribute map of the average porosity of
H3a, which is also similar to the plane distribution law of the H3a
reservoir (lithology). From the attribute map, it can be seen that
the porosity in the middle and northwest of the gas field is
relatively high, with an average porosity of about 5%-8%, while
the porosity in other areas is relatively small, with an average
porosity of less than 5%. The average porosity of sandstone in the
gas-bearing area changes relatively fast.

Figure 13 reveals the attribute map of the average value of H3b
porosity, which is also similar to the plane distribution law of the
H3b reservoir (lithology). The porosity in the northeast and
middle parts of the gas field is relatively high, which can reach
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FIGURE 13| Average attribute map of H3b porosity along with the layer.

18%-20%, while the porosity in the southwest part is relatively
low, with an average porosity of 8%-12%. The average porosity of
the sandstone in the gas-bearing area does not change much.
Figure 14 displays the attribute map of the average value of
H3c porosity, which is also similar to the plane distribution law of

Porosity

FIGURE 14 | H3c porosity average value attribute map of porosity along
with the layer.

the H3c reservoir (lithology). The porosity of the gas field shows a
trend of high in the south and low in the north. The average
porosity in the south of the gas field is around 7.5%-12%, while
the average porosity in the north is less than 3%. The average
porosity of sandstone in the gas-bearing area changes relatively
fast and decreases gradually from south to north.

The results of the porosity prediction are very consistent with
the sedimentary background of the study area. In the H3a period,
the hydrodynamic is weak, the mudstone is developed in the
study area, and the overall porosity is low. During the H3b period,
the high-energy braided channel was mainly developed in the
northeast region of the study area, with abundant and coarse-
grained sediments. Influenced by the resistance of lake water, the
southern waterway of the study area cannot be cut down, the
grain size of sediments becomes smaller, and the thickness of
sandstone becomes thinner. The low-energy braided channel is
developed, which is consistent with the prediction results of
porosity in the study area. During the H3c period, there was a
provenance in the east of the study area. Affected by the water
system from the southeast, the low-energy braided channel is
mainly developed in the study area, and the sediments are mainly
fine sandstones and become thinner and pinched out northward.

6 CONCLUSION

The results of the digital rock constructed using CT show that the
rigid grain quartz accounts for about 70% by volume, the feldspar
occupies about 25% by volume, and the clay minerals account for
about 5%, which can be used as input data for rock physical
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modeling to establish the rock physical model of heterogeneous
tight sandstone.

Tight sandstone rock physical modeling is mainly
composed of a boundary average model, inclusion model,
and fluid replacement model. The boundary average model
is used to calculate the equivalent elastic modulus of the rock
mineral matrix, the inclusion model is used to calculate the dry
rock matrix modulus, and the fluid replacement model is used
to fill the fluid in the pores and calculate the equivalent elastic
modulus of the saturated rock. In this way, the equivalent
modulus of saturated rock in a tight sandstone medium can be
estimated. The error between the rock physical model
prediction and the experimental measurement is less than
3%, which reveals that the model prediction results can
reflect the actual value with high accuracy, and the rock
physical modeling results are more reliable.

The porosity of the whole reservoir is predicted based on
seismic data through rock physical modeling. The average
porosity of the H3a reservoir is about 5%-8%, the reservoir is
thin and evenly distributed, and the porosity in the middle
and northwest regions of the gas field is relatively high. The
reservoir of well X-1 is slightly thicker. The porosity of the
H3b reservoir is higher than that of the upper and lower
mudstone formations and H3a reservoir, with a maximum of
18%-20% and an average porosity of 8%-12%. It is a thick
reservoir with high porosity, relatively high porosity in the
northeast and middle regions of the gas field, and relatively
low porosity in the southwest. On the whole, the porosity of
H3c is higher in the south and lower regions in the north. The
porosity is higher near well X-3 and well X-1, and lower near
well X-2. The average porosity in the south of the gas field is
between 7.5% and 12%, and the average porosity in the north
is less than 3%.
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