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Abstract: S-wave velocity, among the critical parameters
essential for developing 3D/4D seismic forward models, is
prominent. Variations in both P- and S-wave velocities
result from changes in the formation pressure and fluid
saturation inside reservoirs during CO2 geological storage
operations. This study, understanding the significant variety
and uneven stress distributions of tight sandstone reservoirs
in the Ordos Basin, begins with developing a predictive
model for S-wave velocities. The model integrates the Digby
and DEM models and takes into account the changes in the
formation pressure and alterations in pore shapes. Data from
petrophysical experiments are used to validate this model. By
comparing the shear wave velocity prediction results under
four pore shapes, spherical, needle-shaped, disc-shaped, and
coin-shaped gaps, the dominant pore shape of this sedimen-
tary facies belt was selected, and the pore shape of the target
layer was identified as needle-shaped pores. The shear wave
velocity prediction model for this area was then optimized.
Moreover, by analyzing actual well logging data, the metho-
dology is validated and it shows high accuracy when using
the dominant pore shapes to predict the S-wave velocity.
This study emphasizes how important it is to take geological
factors into account when developing 3D/4D seismic petro-
physical predication models of S-wave velocities specifically
designed for tight sandstone reservoirs.

Keywords: tight sandstone reservoirs, bulk modulus, shear
modulus, Digby model, DEM model

1 Introduction

Reducing global greenhouse gas emissions and taking aggres-
sive measures to address climate change are among the most
serious issues facing the society today [1]. The central tech-
nology of Carbon capture, utilization, and storage (CCUS)
emerges as a crucial mechanism for addressing these issues
[2,3]. The use of four-dimensional (4D) seismic technology,
which is essential for CO2 storage site selection, underground
storage safety monitoring, CO2 distribution verification, and
leak detection, is the core of effective CCUS projects [4,5].
Injection of CO2 into subsurface reservoirs causes significant
changes in key reservoir parameters, such as formation pres-
sure and porosity. 4D seismic data subsequently exhibits
observable responses to the changes. Therefore, it is crucial
to take into account the dynamic variations in reservoir para-
meters when building 4D seismic forward models in order to
improve the interpretation and inversion of such data.

P- and S-wave velocities are indispensable parameters
in developing 4D seismic forward models. In recent years,
geophysicists have come to realize the importance of the
pressure as a critical factor in predicting the velocities of P-
and S-waves as 4D seismic research in CO2 geological sto-
rage continues to progress. Granular-medium rock-physics
models, including the Hertz-Mindlin contact model [6], the
Walton model [7], and the Digby model [8], incorporate the
influence of the pressure on dry rock modulus. These
models can be used to establish an effective relationship
between the pressure and the velocities of P- and S-waves.
Existing studies primarily center around the Hertz-Mindlin
model [6]. Hossain et al. [9] developed a petrophysical
model for North Sea Paleocene Green Sand using the
Hertz-Mindlin model. Richesson and Sahimi [10] using
the Hertz-Mindlin model, proposed a permeability fore-
casting model for porous media with variations in pore
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size distribution under external pressures taken into account.
Dvorkin and Nur [11] used the Hashin-Shtrikman bounds
model [12] in combination with the Hertz-Mindlin model to
predict acoustic velocities in highly porous rocks [13]. Wein-
zierl and Wiese [14] applied the Hertz-Mindlin model and the
Biot-Gassmann equation to develop a petrophysical model
and infer parameters, such as CO2 saturation and pore pres-
sure, by deep neural networks. Sayers and Dasgupta [15]
studied unconsolidated sandstones in CO2 injection regions,
highlighted the limitations of the Hertz-Mindlin model and
proposed a novel method to characterize granular contact
properties via inversion. In response to the coordination
number issue in the Hertz-Mindlin model, Makse et al. [16]
used experimental data from empirical formulas for coordi-
nation numbers and the relationship between porosity and
pressure in numerical simulations to validate the model.
Garcia and Medina [17] confirmed the correlation between
the coordination number, porosity, and hydro-static pressure,
which verified the Hertz-Mindlin model. Zimmer et al. [18]
effectively predicted the bulk modulus of glass beads based
on empirical formulas of the coordination number, showing
good agreement with the experimental data. Li andMa [19,20]
using both Hertz-Mindlin and Digby models, proposed a
methodology to calculate the coordination number and build
4D seismic prediction models of P- and S-wave velocities.

Despite extensive research conducted by geophysicists,
most existingmodels are developed for unconsolidated porous
sandstone reservoirs. The Ordos Basin, China’s second-largest
sedimentary basin, has two CO2 geological storage demonstra-
tion projects and also has multiple reservoir-seal combina-
tions. Its geological structure is stable with minimal faults
and fewest seismic activities, thus having a huge potential
for CO2 geological storage [21]. However, reservoirs in the
Ordos Basin are tight sandstone reservoirs characterized by
varied mineral compositions, complex pore structures, low
porosity and permeability, and substantial heterogeneity.
Given its critical role in determining the elastic properties
of tight sandstones, the pore structure poses a challenge in
this context [22–26]. Previous studies often used differential
effective medium (DEM) models to develop prediction models
of P- and S-wave velocities for tight sandstone reservoirs
[27–30], considering the complex pore structure of tight reser-
voirs in the Ordos Basin.

In conclusion, granular contact models can be utilized
to build 4D seismic prediction models of P- and S-wave
velocities, but the models are ineffective for the complex
pore structure of tight sandstone reservoirs. The DEM
model can adequately explain the complex pore structure
of tight sandstone reservoirs, but it is unsuitable for 4D
seismic modeling as pressure effects are not included in
the model. This study considers both factors and proposes

an integrated approach that combines the granular contact
model with the DEMmodel to develop prediction models of
P- and S-wave velocities which change with the pressure
and pore structures for tight sandstone reservoirs. The
endeavor aims to provide theoretical support for the com-
prehensive and large-scale implementation of CO2 geolo-
gical storage in the Ordos Basin of China.

2 Theoretical foundation

2.1 Digby model

In 1981, Digby introduced a method to calculate the bulk
modulus of dry rocks that varies with pressure, as shown
in equations (1) and (2) [8].
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where b can be expressed as equation (3)

= ⎡
⎣⎢

+ ⎛
⎝

⎞
⎠

⎤
⎦⎥

b

R
d

a

R
.2

2
1

2 (3)

and d satisfies equation (1), refer equation (4)

+ ⎛
⎝

⎞
⎠ −

−
−

=d
a

R
d

π ν p

C ϕ μ

3

2

3 1

2 1
0.3

2

p ma

( )

( )
(4)

Based on Murphy’s work, Li and Ma [20] proposed the
calculation formula of the coordination number C as fol-
lows [31]:

= −−C W e11.759 12.748 ,ϕ
p
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where Kdry and μ
dry

represent the bulk modulus and shear
modulus of dry rocks, respectively; ν and μ

ma
, respectively,

denote the Poisson’s ratio and shearmodulus of rockmatrix;
ϕ is the porosity; Cp represents the coordination number; P
is the differential pressure; a denotes the radius of the con-
tact area before deformation, b signifies the radius of the
contact area after deformation, and R represents the radius
of the particle; W is the weighting coefficient.

2.2 Differential effective medium model

According to the theory of Differential effective medium
(DEM), the elastic modulus of a biphasic composite is
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obtained by simulating the gradual embedding of inclu-
sions into solid mineral phases [32–34]. Within the DEM
model, asymmetric relationships between the components
that make up rocks enable the selection of different solid
minerals as the primary phases. When there are multiple
types or diverse shapes of inclusions, the effective modulus
will rely not only on the final volume fractions of each
component, but also significantly on the order of inclusion.
Dry cavity can be simulated by setting the inclusions to zero.

Berryman [27] presented the expression of the DEM
model for multi-phase medium mixtures with a system of
differential equations, namely, the coupling of the effective
bulk modulus K ⁎ and the effective shear modulus μ⁎, as
shown in equations (6) and (7).
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where K ⁎ and μ⁎, respectively, represent the DEM bulk mod-
ulus and the shear modulus, K1 and μ

1
are the bulk modulus

and the shear modulus of the initial dominant phase (Phase 1),
respectively, K2 and μ

2
denote the bulk modulus and the shear

modulus of gradually introduced inclusions (Phase 2), respec-
tively; y is the volume fraction of inclusions (Phase 2), typically
representing rock porosity; P ⁎2( ) andQ ⁎2( ) are geometric factors
for introducing inclusion Phase 2 against the backgroundmate-
rials of the effective modulus K ⁎ and μ⁎. The shapes of inclu-
sions include sphere, needle, disk, and penny cracks [35].

Since the DEM model simulates the properties of satu-
rated rocks at high frequencies, the Gassmann equation
[36] can be used to introduce fluid at low frequencies after
the effective modulus of dry cavity is determined.

2.3 Digby-DEM model

The Digby model can be used to calculate the bulk modulus
and the shear modulus of dry rocks that vary with the
pressure. However, in the Digby model, influence of pore
shapes on the bulk and the shear modulus of dry rocks is
not considered. In this study, a petrophysical model was
established which considered both pressure variations and
diverse pore shapes by integrating the Digby model with
the DEM model. The specific steps are outlined as follows:
(1) Based on the mineral composition and content of sand-

stone reservoir rocks, the Voigt-Reuss-Hill averaging
model was used to calculate the bulk and the shear
modulus of mineral particles.

(2) Substituting equation (5) in the Digby model, a Digby
model was obtained, which contained the unknown
variable W, namely, KDigby (W) and μDigby (W).

(3) Considering the complexity of pore shapes in sandstone
reservoirs, especially in tight sandstone reservoirs, KDigby

(W) and μDigby (W) were introduced into the DEM model
as the initial dominant phase. Since cavities were added,
K2 and μ2 were set to 0. As per equations (8) and (9), P ⁎2( )

and Q ⁎2( ) represented the geometric factors for introdu-
cing inclusion Phase 2 against the background materials
of the effective modulus K ⁎ and μ⁎. These parameters,
being related to pore shape, embodied the structural
impact of pores on the modulus.
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(4) Based on the bulk modulus and the shear strain modulus
of dry rocks that were obtained through DEMmodel simu-
lations, fluid was injected into the cavities using the
Gassmann equation [37]. The Gassmann equation was
used to derive the bulk strain modulus Ksat (W) of satu-
rated rocks, and the shear strain modulus of saturated
rocks equaled the shear modulus of the rock containing
dry cavity rocks denoted as μ* (W). However, due to the
presence of the unknown variable W, directly obtaining
the bulk and the shearmodulus of dry and saturated rocks
became impossible. The value ofW can be computed with
an iterative algorithm bymeasuring P-wave velocities, and
ultimately the bulk modulus and the shear modulus of dry
rocks can be obtained. This process involved the value
determination of W with equations (10) and (11), followed
by calculating the S-wave velocity with pressure and pore
shape changes taken into account through equation (12).
The specific iterative procedure is detailed in Figure 1.

=
+

V

K W μ W

ρ

⁎

,ppredicted

sat

4

3
( ) ( ) (10)

− →V V 0,ppredicted pmeasured∣ ∣ (11)

=V
μ W

ρ

⁎
.spredicted

( )
(12)

3 Case study

3.1 Geological background

The research area is in the western region of the Sulige Gas
Field in the northern part of the Ordos Basin. Main gas
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reservoirs include the Shihezi Formation Segment 8 and
the Shanxi Formation Segment 1 with gas distribution
being controlled by the Yi-Shaan slope, where there are
mainly trap gas reservoirs with low porosity and low per-
meability litholog. The Shanxi Formation can be divided
into two segments from the bottom to the top: Shan 2 and
Shan 1. The Shan 2 segment contains delta plain deposits
with delta front deposits appearing in the southern part,
which comprises a sequence of coal-bearing clastic rock
strata primarily composed of quartz sandstone interbedded
with thin layers of siltstone, mudstone, and coal seams. The
Shan 1 segment is primarily made up of delta plain deposits
with mudstone and fine to medium-grained quartz sand-
stone. The Shihezi Formation Segment 8, however, contains
delta plain deposits featuring light gray conglomeratic
coarse sandstone, light gray medium-grained sandstone,
and grayish-green interbedded mudstone and quartz sand-
stone. The upper part of Segment 8 is made up of shoreline
deposits from shallow lakes and arid lakes, which are pri-
marily composed of a sequence of red mudstone and sandy
mudstone interbedded with thin layers of sandstone and
siltstone (Figure 2). Thus, the Segment 8 of the Shihezi For-
mation and the Segment 1 of Shanxi Formation, which are

both characterized by low porosity and low permeability
reservoirs, display complex pore structures and a variety
of mineral compositions (Figure 3).

3.2 Petrophysical experiments

Wang [38] conducted ultrasonic petrophysical experiments
using 51 rock samples from the Sulige Gas Field in the
Ordos Basin to obtain elastic parameters, such as P- and
S-wave velocities and density at specific pressures. The
results can validate the methodology presented in this
study. In this study, data from tests on five cores of four
wells (Su4, Su5, Su8, and Su10) were used to study a predic-
tive method for S-wave velocities in tight sandstones. The
five cores were taken from the Shihezi and Shanxi Forma-
tions, respectively, with an experimental confining pressure
of 29MPa and a temperature of 105°C. On the basis of the
DEM-Digby model, this study simulated four cases in which
the pore shape was sphere, needle, disk, and penny cracks,
and predictions for S-wave velocities were conducted, which
were represented by VS1, VS2, VS3, and VS4, respectively, in
the following paragraphs. The measured data and predicted
results are shown in Table 1 and Figure 4.

Figure 4 shows the petrophysical test results and the S-
wave velocities predicted by the Digby-DEM model, in

Figure 1: The weighted coefficient W obtained by iterative algorithm.

Figure 2: Map of sedimentary facies in the study area.
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which the stars represent the measured S-wave veloci-
ties, the circles represent the predicted S-wave veloci-
ties. The colors of red, yellow, blue, and green correspond
to the S-wave velocities under the four pore shapes, i.e.,
sphere, needle, disk, and penny cracks, respectively. The
average errors with the measured S-wave velocities are
3.48, 2.52, 5.13, and 6.81%, respectively, for the respective
conditions.

3.3 Verification of actual logging data

Using the methodology given in Section 2.3 of this study, S-
wave velocities of Well Su 11, Well Su 51, and Well Su 130 in
the Sulige Gas Field were predicted. The well location maps
of the three wells are shown in Figure 2. Similar to Section
3.2, this study presented the predicted S-wave velocities for
four pore shapes. For comparison, the Digby model was

Figure 3: Pore structure characteristics of reservoirs in the Sulige Gas Field. (a) Pore structure characteristics of He 8. (b) Pore structure characteristics
of Shan 1.

Table 1: Petrophysical test results and predictions

Well no. Layers Porosity
(%)

Density
(g/cm3)

Measured
P-wave
velocity
(km/s)

Measured
S-wave
velocity Vp
(km/s)

Predicted
S-wave
velocity VS1
(km/s)

Predicted
S-wave
velocity VS2
(km/s)

Predicted
S-wave
velocity VS3
(km/s)

Predicted
S-wave
velocity VS4
(km/s)

Su 4 Shihezi
Formation

6.99 2.49 4.961 3.011 2.910 2.962 3.059 2.761

Su 8 Shihezi
Formation

4.98 2.57 4.659 2.817 2.718 2.728 2.911 2.702

Su 5 Shihezi
Formation

3.81 2.58 5.234 3.157 3.048 3.049 2.757 2.757

Su 5 Shanxi
Formation

4.96 2.55 4.780 2.889 2.783 2.823 3.058 2.761

Su10 Shanxi
Formation

5.53 2.577 5.174 3.133 3.026 3.067 3.203 2.99

Figure 4: A Comparison of petrophysical test results and predicted results.
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also used to directly predict the S-wave velocities in this
area. The results are shown in Figure 5.

Given that the target layers of the Sulige Gas Field
consist of Shihezi Segment 8 and Shanxi Segement 1,
S-wave velocity predictions for both segments were con-
ducted in this study. Table 2 displays the average errors
between the S-wave velocities predicted by the five methods
mentioned above and the measured S-wave velocities of the
three wells.

4 Discussion

Many geophysicists have studied the prediction of P-wave
velocity in low-permeability reservoirs in the Ordos Basin.
In these studies, the complex pore structure of low-perme-
ability reservoirs has been taken into account [30]. They
referred to the elliptical pore models established for con-
ventional sandstone reservoirs [39] and carbonate reser-
voirs [40], and constructed a rock physics model for tight
sandstone. These models provide basic data for “sweet spot”
prediction, amplitude variation with offset forward and
inverse of tight sandstone.

In this study, Figure 2 shows the sedimentary plain
distribution of Shihezi Segment 8 in the western part
of the Sulige Gas Field in the Ordos Basin. By overlaying
the well location map of the study area, the sedimentary
facies associated with each well can be determined. River
channel deposits, transitional zones, and floodplain deposits
are examples of the known sedimentary facies types. Well
Su 11 and Well Su 51 are taken as river channel deposits,
while Well Su 130 is in the transitional zone and closely
resembles river channel deposits in reality. After analyzing
the results of petrophysical tests and the really well logging
data, the average errors for the sphere and the needle
models in the Digby-DEM model are found to be smaller.
From comparing the needle and sphere models, it is evident
that the average error of the needle model in the petrophy-
sical well logging data is typically smaller than that of the
sphere model. Furthermore, the average error of the sphere
model in Shihezi Segment 8 is bigger than that of the needle
model based on the really well logging data. However, pre-
dicted results for Wells Su 51 and Well Su 130 in Shanxi
Segment 1 show that the average error of the sphere model

Figure 5: The logging results of the three wells in the Sulige Gas Field
and a comparison between the measured and the predicted S-wave
velocities. From left to right, there are the parameters of density, por-
osity, water saturation, clay content, and S-wave velocities. In the figure
of S-wave velocities, the black line represents the actual measured S-
wave velocities of the wells, while methods 1–4, respectively, correspond
to predicted S-wave velocities based on the Digby-DEM model of

simulated pore shapes of sphere, needle, disk, and coin slit. Method 5 is
the directly predicted S-wave velocities by the Digby model. (a)
Comparison between the measured and the predicted S-wave velocities
for Well Su 11. (b) Comparison between the measured and the predicted
S-wave velocities for Well Su 51. (c) Comparison between the measured
and the predicted S-wave velocities for Well Su 130.
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is smaller than that of the needle model. In Well Su 11, the
error of the needle model is slightly smaller than that of the
sphere model. In general, the differences are not very
noticeable. This suggests that the sedimentary facies zone
is more suitable for the needle model and can be applied to
other wells within the same sedimentary facies zone based
on petrophysical predictions.

In the well logging data, the Digby model is also used
in the study to directly predict S-wave velocity, and its
average error exceeds 10%. When the Digby model is com-
bined with the DEM model to predict the S-wave velocities
in this area, the error is greatly reduced, indicating that in
tight sandstone reservoirs, the prediction model of S-wave
velocities solely considering pressure changes cannot meet
the actual situation. It is necessary to establish a more
realistic petrophysical model that takes into account both
pressure changes and pore shape variations.

Through the research in this work, it can be found that
when establishing a rock physics model for predicting
shear wave velocity with pressure variation, pore shape
is also one of the factors that must be considered, and the
selection of pore shape is related to the sedimentary facies
zone in which the area is located. Therefore, in practical
applications, rock physics experiments need to be con-
ducted first. By combining rock physics experiments with
rock physics modeling, the pore shape of the study area
can be determined, and then the shear wave velocity of the
entire study area can be predicted.

5 Conclusion

This study analyzed the complex pore shapes in the tight
sandstone reservoirs of the Sulige Gas Field, and a Digby-
DEM model that incorporated both pressure factors and
pore shapes in the predication of S-wave velocities was
proposed. Through the validation of this method with pet-
rophysical test results and well logging data in the area, the
following conclusions are drawn:
(1) Conventional granular contact models that only con-

sider pressure changes cannot be directly applied to
tight sandstone reservoirs, and a rock physics model
that takes in account the pore shapes is necessary as it
is more in line with the complex pores in tight sand-
stone reservoirs.

(2) The pore shapes of the Digby-DEMmodel established in
this study can be confirmed by using petrophysical test
results of the same sedimentary facies zone and the
same stratigraphic level. The confirmation of pore
shapes can further enhance the accuracy of S-waveTa
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velocity predictions during well logging, with most of
the average errors being under 5%.

The Digby-DEM model, which considers both the pres-
sure changes and the complex pore shapes in tight sand-
stone reservoirs, can predict P- and S-wave velocities
under different pressures for 4D seismic forward mod-
eling. This model can provide theoretical support for the
widespread deployment of 4D seismic monitoring of CO2

geological sequestration.
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