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The reservoirs of ultra-deep and low-permeability sandstones typically exhibit
characteristics of lithological tightness and poor physical properties. Fractures
control the oil and gas content as well as the productivity of such reservoirs.
However, the distribution of fractures is complex, exhibiting strong
heterogeneity. Therefore, a systematic study on reservoir fracture modeling
can provide geological foundations for the development of such reservoirs.
Due to the considerable burial depth of these reservoirs, conventional
methods relying solely on seismic information have limited reliability, and the
established discrete network models of fractures are often less dependable. In
this paper, taking the X gas reservoir in a basin in western China as an example, we
discuss a fracture modeling method based on the integration of geological
information to enhance the efficiency and accuracy of fracture modeling. The
modeling method primarily involves the use of deterministic methods to obtain
large-scale fractures, while random simulation is employed for small and
medium-scale fractures. The fracture development control factors and
seismic attribute information are integrated using permanence of ratios (PR)
model to establish a fracture development probability field model. Subsequently,
the geometric parameters of fractures and the fracture density model are used as
input parameters to generate a discrete network model of small and medium-
scale fractures using a object-based modeling method. Finally, based on the
fracture equivalent property model and verified through geological
understanding, analysis of production dynamics, and numerical simulation of
the gas reservoir, it is demonstrated that the fracture model established using the
proposed method aligns with geological understanding and exhibits high
reliability.

ultra-deep sandstone reservoirs, fracture modeling, seismic attribute, probability fusion,
PR model
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1 Introduction

With the maturity of deep exploration and development
technologies and equipment, global oil and gas exploration and
development has gradually entered the ultra-deep layer (Sun et al.,
2013; Lei et al, 2021; Jia, 2023) (>6,000 m). China possesses
abundant ultra-deep oil and gas resources, and in the past
20 years, large oil and gas reservoirs have been discovered in
ultra-deep formations, such as the Changxing Formation in the
Yuanba Gas Field in the Sichuan Basin, the Yanchang Formation in
the Upper Triassic of the Ordos Basin, the Fuman-Shunbei Or-do-
vician and the Kubugi-Dabeikeleisu structural zone in the Tarim
Basin (Guo et al., 2023; Chengzao et al., 2012; Qi and Li, 2014; Zhang
et al., 2014). These sand-stone reservoirs, due to their high burial
depth, experience strong compaction and cementation effects,
resulting in poor matrix properties. However, compared with the
fracture porosity, matrix porosity is still one to three orders of
magnitude higher, making porosity the primary space for oil and gas
accumulation and controlling steady production (Olson et al., 2009;
Zeng and Xiang-Yang, 2009; Liu, 2010; Li et al., 2012; Liu et al., 2016;
Lietal, 2017). Structural fractures serve as the main pathways for oil
and gas migration, providing predominantly permeability (Wang
et al, 2020a; Wang et al, 2020b; Wang et al, 2021; Wang
et al.,, 2022a).

Fractures in low-permeability sandstone reservoirs are
composed of fractures of different scales (Zeng et al., 2020; Lu
et al,, 2021). Fractures of different scales have different controlling
effects on wells. Large-scale fractures typically extend in the range of
hundreds of meters to kilometers in planar extent, and wells
encountering large-scale fractures have high production capacity
(Xue et al,, 2014; Dong et al., 2020), but they often encounter water
quickly. Medium and small-scale fractures, on the other hand, are
typically within the range of hundreds of meters and can alter the
permeability of the surrounding rock formations (Xue et al., 2014;
Dong et al., 2020). Wells encountering these fractures have higher
production capacity and experience more uniform water invasion
along the fractures. Therefore, a fracture grading modeling approach
is often used (Dong et al, 2020). However, due to the strong
randomness and complex distribution patterns of fractures, it is
challenging to establish fracture models that accurately represent the
actual conditions. Currently, there are mainly two approaches for
reservoir fracture modeling: the equivalent continuous model
(Hennings et al, 2000; Huang et al, 2017) and the discrete
fracture network model (DFN) (Wang and Hu, 2012; Dong et al.,
2018; Yu et al., 2023). The equivalent continuous model divides the
reservoir into a finite number of grids and assigns a certain average
fracture attribute value to each grid (Lang and Guo, 2013). The DFN
model uses discrete surface elements with specific directions,
lengths, and areas to represent the distribution of fractures, and
predicts fluid flow characteristics based on the geometric shape and
conductivity of the fractures (Dershowitz and Wei, 2000).
Compared to the equivalent continuous model, DFN can better
capture the heterogeneity and multiscale nature of fractures. It also
has the advantages of multi-disciplinary collaboration and
utilization of multiple data sources. Therefore, DFN is currently
the most widely used and rapidly developing model for fracture
modeling (Shang et al., 2023). For multiscale fracture modeling, a
combination of deterministic and stochastic modeling approaches is
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generally employed. Large-scale fractures can be determined
through the interpretation of 3D seismic data and thus
deterministic modeling methods can be used (Dershowitz and
Wei, 2000; Hou et al, 2012; Liu et al., 2017). These methods
have higher credibility. Medium and small-scale fractures, on the
other hand, are often modeled using stochastic methods (Sun et al.,
2019; Giuffrida et al., 2020; Wang et al., 2022b; Dan et al., 2022), with
3D seismic attributes used to constrain inter-well predictions.
However, these models are of-ten limited by the accuracy of
seismic data, and relying solely on them can lead to discrepancies
between the models and the actual conditions, which hinders the
efficient development of tight sandstone reservoirs (Ding et al., 2015;
Gao et al., 2018; Lu et al., 2021).

This study takes the X gas reservoirs in a basin in western China
as an example. The core samples and imaging data in the study area
are relatively complete. On the basis of fully considering the
controlling factors of fracture development, a fracture grading
modeling approach is conducted by combining geological and
seismic information. The large-scale fracture model is determined
through deterministic modeling, while the medium and small-scale
fracture model is developed using a probability fusion method based
on the PR probability. The geological and seismic information are
fully integrated to establish a fracture development probability field,
which is used to constrain the construction of the discrete fracture
network model. The aim of this study is to provide geological basis
for the efficient development of this type of oil and gas reservoirs and
to provide references for the fracture modeling of other ultra-deep
low-permeability sandstone reservoirs.

2 Geological overview

The X gas reservoirs is located in a basin in western China and is
a recently discovered trillion cubic meter-level giant gas field. The
natural gas in the reservoirs mainly comes from coal-bearing
in the Middle-Lower
Jurassic and Middle-Upper Triassic strata. It has laid a solid
resource foundation for China’s “West-East Gas Transmission”
project (Wang, 2014; Wang et al., 2018; Yang et al., 2021). The X
gas reservoirs is a billion-cubic-meter-scale large natural gas

formations and lacustrine mudstones

reservoirs discovered under the guidance of salt-related structural
modeling theory.

The X gas reservoirs was formed during the Mesozoic Yanshan
movement and the Cenozoic Himalayan movement. It is a regional
northeast-trending elongated anticline, with a near east-west thrust
fault developed in the northern and southern parts (Figure 1). The
stratigraphy encountered in the study area from top to bottom
includes the Quaternary (Q) series, the Neogene Kuqa Formation
(N,k), the Kangcun Formation (N;_,k), the Jidike Formation (Nj),
the Paleogene Suweiyi Formation (E, 3s), the Kumugeli Formation
(E;.okm), the Cretaceous Baskichik Formation (K;bs), and the Basai
Formation (K;bx). The target reservoirs is the Baskichik Formation,
which is a red-brown fine sandstone and interbedded thin mudstone
in a braided river delta-front depositional system (Gao et al., 2014;
Lai et al., 2018; Wang et al.,, 2023). The cap rock is composed of
gypsum and salt rocks of the Kumugeli Formation. Due to Late
Cretaceous tectonic uplift and erosion, the baskichik Formation is
unconformably overlain by the overlying strata and conformably
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FIGURE 1
Structure map of Baskichik Formation in the study area.
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contacts the underlying Basai Formation (Deng et al., 2009; Wang
etal,, 2016). The measured matrix porosity of the target formation is
an average of 5.4%, and the matrix permeability is an average of
0.055mD. Core observations and imaging logging interpretations
show that structural fractures are highly developed in the study area
(Figure 2). The well test permeability is much higher than the matrix
permeability, indicating that the presence of fractures greatly
improves the reservoir’s fluid flow capacity and is an important
controlling factor for high gas production.

3 Materials and methods

The development of reservoir fractures is complex and is
controlled by multiple fac-tors such as sedimentation and
tectonics (Sun et al, 2019; Giuffrida et al, 2020; Dan et al,
2022). In this study, we fully utilized core samples, thin sections,
imaging well logs, and seismic data to investigate the controlling fac-
tors of fracture development. Based on this, a fracture grading
modeling approach was conducted, with deterministic modeling
used for the large-scale fracture model and stochastic modeling used
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for the medium and small-scale fracture model. In the process of
modeling the medium and small-scale fractures, a probability field of
fracture development controlled by a single factor was first
constructed. Then, a probability fusion method based on PR
probability was used to establish a probability field of fracture
development controlled by multiple factors. This was used to
constrain the construction of the discrete fracture network
model, providing guidance for subsequent well placement

deployment.

4 Results
4.1 Control factors of fracture development

4.1.1 Different positions of anticline

Based on the interpretation of imaging well logs, the fracture
parameters of wells at different locations in the anticline of the X
gas reservoirs were statistically analyzed to analyze their spatial
The show that in
conventional anticline-type oil and gas reservoirs, the core of

distribution characteristics. results
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FIGURE 3
Fracture line density distribution map in different
structural positions.
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FIGURE 4
Fracture line density distribution map in different

structural positions.

the anticline exhibits the strongest curvature deformation and
the highest density of structural fractures. However, in the X gas
reservoirs, the wells located in the flank of the anticline show a
higher density of fracture development compared to those in the
core of the anticline (Figure 3). This is due to the characteristic of
low stress in the core and high stress in the flank of the X gas
reservoirs, which is a result of its reverse thrust-style overthrust
anticline structure.

4.1.2 To the fracture distance

The X gas reservoirs is characterized by the development of
23 major faults with a nearly east-west orientation. Based on the
interpretation of core fractures and imaging well log fractures, the
relationship between fault proximity and the degree of fracture
development in adjacent wells was analyzed, and the distribution
pattern was summarized. It was observed that as the distance from
the fault increases, the line density of fractures gradually decreases
(Figure 4), indicating that fault development is conducive to
reservoir fracture development.
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4.1.3 Lithofacies

Based on the analysis of core samples and laboratory data,
different exhibit
characteristics, ~resulting in petrophysical
parameters. Therefore, based on the lithology, petrophysical
properties, and micro-pore structure characteristics of reservoir

lithologies distinct micro-pore  structure

variations  in

rocks, the distributary channel and sheet-like sand deposition
microfacies were further classified into three lithofacies types:
Type 1, Type 2, and Type 3 The
interdistributary bay mudstone was classified as the fourth
lithofacies type. Type 1 lithofacies mainly occur in the middle of

sandstone facies.

distributary channels, while Type 2 and Type 3 lithofacies are
primarily found at the edges of the channels. Due to the limited
core data, conventional well logging curves are used to determine
lithofacies types. By analyzing the relationship between different
lithofacies types and conventional well logging responses, a well
logging-based lithofacies identification criteria (Table 1) is
established and used for lithofacies classification at individual wells.
Based on the previous classification of different lithofacies types,
the fracture line density of different lithofacies at each well point was
analyzed, with emphasis on imaging well logging interpretation. The
statistical results showed that the fracture line density was highest in
the second lithofacies type, followed by the first and third lithofacies
types, while the fourth lithofacies type exhibited the lowest fracture
line density (Figure 5). This can be attributed to the fact that the
second lithofacies type is mainly composed of fine sandstone, with
high content of brittle minerals such as feldspar and quartz. As a
result, the rock is more prone to fracture and release stress through
brittle deformation, leading to increased fracture development. On
the other hand, the fourth lithofacies is predominantly composed of
mudstone. Under similar stress conditions, mudstone can absorb
more stress, resulting in a lower degree of fracture development.

4.2 Large-scale fracture modeling

Large-scale fractures are interpreted directly from conventional
3D seismic data as faults using deterministic methods. The process
involves initially interpreting the faults on seismic sections based on
their seismic signatures and fault combinations. This enables the
determination of parameters such as fault location and orientation.
Subsequently, a deterministic modeling approach is employed to
directly establish a discrete network model of large-scale fractures
that matches the interpreted faults (Figure 6).

4.3 Small and medium scale
fracture modeling

In this study, we employed seismic attributes and geological
information that are sensitive to fracture information as the
fundamental constraints for modeling small and medium-scale
Based on the fracture
imaging well logging, fracture development intervals were

fractures. identification results from

delineated, and the probability of fracture development was

calculated for each well. The fracture development probability is
defined as the ratio of the thickness of the fracture development
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TABLE 1 Quantitative division standard of reservoir lithofacies of baskichik formation.

Lithofacies

Lithology

Sedimentary
micro

Capillary curve
type

Matrix
(%)

Logging response
characteristics

First kind medium sandstone | River channel, river flank 1L >7 >1 GR<60 DEN<2.55
Second kind fine sandstone River channel, river flank 1L 7-4 1-0.5 60<GR<80 2.55<DEN<2.6
Third kind Siltstone, muddy River flank, sheet sand LIV >4 0.5-0.035 60<GR<80 2.6<DEN
siltstone
Fourth kind mudstone Interdistributary Bay 80<GR
likelihood attributes exhibit a good response to fracture
0.5 - development. Regions with high curvature and maximum
el 04 likelihood values align well with the distribution of faults in
204 - : . .
B 0.35 the study area. Therefore, these two seismic attributes can be
%03- 0.28 used as secondary data constraints for fracture modeling.
g To facilitate the calculation of probabilities, the maximum
- curvature and maximum likelihood attributes undergo
é 014 0.1 normalization. The formula Eq. 1 for normalization is as follows:
3 0.
-
=
D; - D,
0.0 CD;j = ———™ (1)
First kind Second kind Third kind Fouth kind Dax = Din
Lithofacies . . . .
In the formula, D; is the attribute value of a grid node, D; is the
FIGURE 5

Relationship between fracture development density and
fault distance.

interval to the thickness of the formation. A higher value indicates a
more developed fracture system.

4.3.1 Seismic attribute fusion body

Due to limitations in the accuracy of seismic data acquisition
technology, it is not possible to directly identify small to
medium-scale fractures in seismic attributes. However, these
attributes can provide information on the relative development
of fractures, allowing for inter-well prediction. Seismic
attributes extracted from post-stack seismic data can serve as
important indicators for predicting fractures between wells.
Through analysis of these extracted seismic attributes, it is

observed that the maximum curvature and maximum

FIGURE 6

attribute maximum value of all grid nodes, D,,,, is the attribute
maximum value of all grid nodes, D,,;, is the attribute minimum
value of all grid nodes, CD; value is between 0 and 1, the more
developed the fracture, the greater the value.

The normalized seismic attribute fusion body can reflect the
degree of fracture development. The larger the value is, the more
developed the fracture is, but it cannot directly reflect the probability
of fracture development. Therefore, according to the correlation
analysis (Figure 7) between the fracture development probability
and the seismic attributes of each well, the absolute value of the
correlation coefficient between the seismic attributes and the
fracture development probability is taken as the weight
coefficient of each seismic attribute, and the calculation formula
Eq. 2 of the seismic attribute fusion body is obtained by using the

weighted average method as follows:

5 062 x CCur; +0.51 x CLik;

i

0.62 +0.51

Y-axis

Large-scale fracture model of Baskichik Formation reservoir in the study area.
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FIGURE 8

Maximum curvature and maximum likelihood seismic attribute fusion body

In the formula, S; is the normalized seismic fusion attribute of a
grid node, and the value of §; is between 0 and 1. The more
developed the fracture is, the larger the value is. CCur; is the
normalized curvature value of a grid node, and CLike; is the
normalized likelihood value of a grid node.

Finally, using the formula, the seismic attributes are transformed
into a seismic attribute fusion volume that controls the probability of
fracture development. From Figure 8, it can be observed that the
seismic attribute fusion volume highlights the regions where the
fracture prediction results across different seismic attribute volumes
are consistent. This enhances the visibility of the fracture
development areas and improves prediction accuracy while
reducing inter-well uncertainty.

4.3.2 Geological information attribute body

Due to the inherent uncertainty in seismic information, relying
solely on seismic data for inter-well predictions often leads to
with
understanding. Therefore, in this study, we have introduced the

discrepancies actual production and development
aforementioned factors controlling fracture development as
constraints to obtain more realistic fracture models. This will
provide stronger evidence for subsequent oil and gas field

development. Based on the structural position, distance to fault,
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Z-axis

Y-axis

and spatial distribution of lithofacies, corresponding attribute
volumes were constructed, and these results were utilized as
supplementary constraints in fracture modeling.

4.3.2.1 The probability distribution of fracture development
controlled by fault distance

We conducted a statistical analysis on the relationship between
the probability of fracture development in individual wells and the
distance to the fault, and found that the probability of fracture
development decreases exponentially as the distance to the fault
increases (Figure 9A). Then, we used the formula Eq. 3 relating the
probability of fracture development to the distance to the fault to
calculate the probability distribution of fracture development
controlled by fault distance (Figure 9B).

F
P[=—) =87.829x7%7",R? = 0.69 3
(Fd) x 3

4.3.2.2 The probability body of fracture development
controlled by lithofacies

Through statistical analysis on the relationship between the
probability of fracture development in a single well and
lithofacies, for ease of calculation, the lithofacies types were
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Fracture development probability body controlled by correlation analysis and geological information. (A) Distance from fault; (B) The distance from
the fault controls the probability of fracture development;(C) lithofacies; (D) Lithofacies control fracture development probability body; (E) Structural
position controls fracture development probability body; (F) Structural position controls fracture development probability body.

renamed according to the descending order of fracture development
probability, and the average probability values for different types
were taken (Figure 9C). Based on this, the probability body of
fracture development conditions was calculated (Figure 9D).

4.3.2.3 The probability volume of fracture development
condition in different positions of the anticline

Based on the statistical analysis of the relationship between the
fracture development probability of a single well and the distance to
the high point of the anticline, the relationship between the fracture
development probability and the distance to the high point of the
anticline is established(Figure 9E). Based on this formula, the
fracture development condition probability body controlled by
different positions of the anticline is calculated from the model
of the distance to the high point of the anticline (Figure 9F).

4.3.3 PR multivariate probability fusion

The PR model refers to the constant updating ratio theory in
engineering approximation learning, which assumes that “the ratio
of probability updates does not change with the introduction of a
variable.” This assumption requires the variables to be in some form
of independence and lack of correlation. This independence is
neither complete nor conditional independence, but rather a
weak assumption that approximates reality and minimizes the
calculation error of the model. Journel provided a detailed
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derivation of the PR model (Jo and wurnel, 2002) and
demonstrated that the model satisfies all the theorems of
probability theory. The computational formula (Eq. 4 and Eq. 5)

for the PR model is as follows:

1
P(ADyi=1,...,n) = —— 4
(AID;, i n =1 (4)
Of which
[1%.d; 1-P(4) , _1-P(AID)
= 20,0 = d; = i=1,...,
X =T 200 Th0 P(AID) ' nG)

In the formula, A represents the main variable (such as fracture
development), D; denotes the i-th secondary variable., n represents
the number of secondary variables, P(A| D;) represents the
conditional probability of the main variable (such as fracture
development) when the secondary variable takes a certain value,
and P(A) represents the main variable (such as fracture
development) prior probability, P(A|D;i=1,...,n) represents when
all the secondary variables(i=1,...,n). The comprehensive
conditional probability of the main variable (such as fracture
development) when taking a set of fixed values.

Due to the multiple controlling factors of fracture development
event (A), in this study, a seismic attribute fusion body (D1),
distance to fault (D2), distance to the highest point of the
anticline (D3), and lithology (D4) were selected as four factors to
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FIGURE 10
Medium and small scale fracture development probability body.

comprehensively evaluate the probability of fracture development in
the study area. The probability of fracture development for each
factor can be calculated individually, but when considering the
interdependence of the four events, it becomes challenging to
recombine these four conditional probabilities as P(A|D1, D2,
D3, D4). The PR method satisfies the requirements of ensuring
all limiting conditions, even in the presence of complex
interdependencies among data. Therefore, this method is chosen
to construct the comprehensive probability of fracture development.

The seismic attribute fusion volume, distance to faults, distance
to the crest of the anticline, and lithofacies-controlled fracture
development conditional probability volume were incorporated
into the above formula to calculate the comprehensive fracture
development conditional probability volume (Figure 10). The
that
development are mainly distributed near faults or in certain

model reveals high probability zones of fracture
lithofacies regions. This indicates that fracture development is
primarily influenced by structural factors and lithology, which
aligns with geological understanding and demonstrates the

reliability of the fracture probability volume model.

4.3.4 Fracture density model

The establishment of a fracture density model is crucial in
fracture modeling. Firstly, based on imaging well logs for fracture
interpretation, individual well fracture density curves were plotted.
Fracture density is defined as the number of fractures per unit
formation thickness, and it has a strong positive correlation with
fracture development probability. Higher fracture development
probability corresponds to higher fracture density. Therefore, in
this study, individual well fracture density curves were used as hard
data for modeling, while a fracture probability volume model was
utilized as soft data. The sequential Gaussian co-simulation method
was employed to establish a fracture development density volume
(Figure 11). The model reveals that areas with high fracture density
are distributed near faults and the first type of lithofacies, which is
consistent with geological expectations.

4.3.5 Fracture discrete network model

Based on the statistical data of the occurrence and orientation of
small-scale fractures in the study area, parameters for modeling
small-scale fractures were defined. The object-based marked point
processes simulation was employed to generate fracture slices
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stochastically. At the same time, combined with annealing
simulation, the fracture density model is taken as the objective
function, so that the generated fracture slices meet the fracture
density requirements in the model. Reasonable termination
conditions can make the model closer to the real fracture
network system. In this paper, the number of fractures in the
study area is selected as the termination condition of the
simulation. According to the fracture density of the geological
understanding in the study area, the total number of fractures in
the study area is calculated. When the number of fractures in the
model reaches the calculated total for the study area, the simulation
is terminated. Finally, a discrete network model of small and
medium-sized fractures in the study area is established(Figure 12).

4.4 Fracture properties model

The fracture equivalent porosity of the grid node is equal to the
ratio of the sum of the fracture volume in the grid to the grid volume.
The formula Eq. 6 is as follows:

_ zAfl X Wi

cell

¢ x 100% (6)

In the formula, ¢ is the fracture equivalent porosity of the grid,
%; Ag is the fracture area in the grid, m? wgis the fracture opening in
the grid, m; V. is the mesh volume, m’.

Based on the discrete fracture network model of X gas reservoirs,
the equivalent porosity of each grid is calculated using a formula,
which is coarsened into the matrix reservoir model to obtain the
equivalent porosity model of the fractures (Figure 13A). The
modeling results indicate that the fracture porosity value
is around 0.06%.

Using the Oda method, the equivalent permeability of fractures
in different directions for each grid was calculated. This equivalent
permeability model was subsequently upscaled to the matrix
reservoir model, yielding equivalent permeability models in the i,
j, and k directions (Figures 13B-D). The model shows that the
fracture permeability is mainly in the range of 10 mD to 100 mD,
which is significantly higher than the matrix permeability. This
indicates that fractures can greatly enhance the permeability of tight
sandstone reservoirs. High-value areas with permeability greater
than 75 mD were identified in the DY12, DY4, and DY5 well areas.
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Medium and small scale fracture density model.(A) Imaging logging interpretation of fracture density curve; (B) Fracture density model.

FIGURE 12
Fracture discrete network model of Baskichik Formation in the

study area.

Through comparing with individual well productivity, a correlation
between individual well productivity and fractures is discovered:
under the assumption of similar reservoir thickness, wells with
higher fracture density exhibit larger effective permeability
around the wellbore, resulting in higher daily gas production.
Conversely, wells with lower fracture density yield smaller daily
gas production, indicating that fractures can enhance individual well
productivity by controlling reservoir flow capacity.

4.5 Model verification

The effectiveness of the established fracture model was validated
through three aspects, ensuring that it can accurately reflect the
current geological understanding, align with production practices,
and be used for numerical simulations and fitting.

(1) Geological understanding: The distribution of fractures in
each layer and the total number of fractures in the model
obtained by this modeling are in line with the existing
geological understanding.

(2) Dynamic analysis: Based on the equivalent fracture property
model, the DY12, DY4, and DY5 well areas were identified as
high-permeability zones. By comparing them with the initial
unrestricted flow rates, the unrestricted flow rate of DY 12 well
was 386.6 x 10*m’/d, DY4 well was 195.4 x 10* m*/d, and
DY5 well was 171.7 x 10* m*/d. These values indicate that the
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modeled fracture network corresponds well with the actual
development and testing data, demonstrating a high level of
model accuracy.

(3) Numerical simulation of the reservoir was conducted using
the established fracture model as the underlying geological
model. The historical fitting of daily gas and water production
rates for the X reservoir is illustrated in Figure 14, showing a
high level of accuracy with a conformity rate of over 90%. This
indicates that the developed model of the basement fractures
effectively captures the actual geological characteristics of the
target reservoir.

5 Discussion

In low-permeability sandstone reservoirs, fractures have a direct
impact on the productivity of oil and gas wells. Currently, fracture
modeling typically combines deterministic and stochastic approaches.
The construction of a small to medium-scale fracture development
density model is a current and challenging research focus. Numerous
scholars have conducted extensive work on predicting small to
fractures based on numerical simulation of
fields,

information, and other methods. However, there are still several

medium-scale
structural  stress pre-stack and post-stack  seismic
issues that warrant further consideration: (1) When predicting
fractures in ultra-deep fracture-prone reservoirs, the resolution of
seismic data is often low, leading to significant discrepancies between
the constructed models and the actual fractures present; (2) The
primary controlling factors for fracture development can vary across
different regions. Therefore, the preferred conditions established by
previous researchers may not necessarily be applicable until the main
controlling factors for fractures are explicitly identified; (3) Fracture
orientations can vary within the same region, making it challenging to
integrate fracture density models and fracture orientation attribute
information. As a result, the spatial distribution prediction of fracture
geometry exhibits poor performance.

The future trend in fracture modeling involves the integration of
multiple disciplines and methods. In-depth research can be conducted
in the following areas: (1) Currently, multi-scale fracture modeling is

commonly employed, and there exists a certain correlation between
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Fracture equivalent attribute model. (A) equivalent porosity model; (B) i direction equivalent permeability model; (C) j direction equivalent

permeability model; (D) k direction equivalent permeability model.
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fractures at different scales. It is important to establish a quantitative
model that utilizes large-scale fractures as constraints for modeling
fractures; (2) Strengthening physical
experiments can contribute to the study of fracture patterns in
different rock types under varying stress conditions, providing
guidance for modeling; (3) Multiple methods such as outcrop

small-scale simulation

observations, seismic analysis, reservoir geomechanics, and far-field
acoustic investigations can be used to study the three-dimensional
distribution characteristics of fracture orientations. It is essential to
establish a trend-constrained model for fracture orientations.

6 Conclusion

(1) Fractures in X gas reservoir are primarily controlled by
structural position, distance to faults, and lithofacies. The
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highest fracture line density is observed in the crestal flank
and near fault zones, whereas the fracture density is relatively
lower in the crestal core region. Among lithofacies types, the
second lithofacies exhibits the highest fracture development
line density, followed by the first lithofacies.

A fracture model for the X gas reservoir was established based
on the integration of probability ranking (PR) and geological
information, leading to a fracture modeling technique that
incorporates multiple data sources, including core analysis,
well logging, production dynamics, and seismic data. This
integration enhances the accuracy and reliability of the
constructed fracture model.

At the core of this method is the construction of fracture
development probabilities for different segments based on the
development of fractures. By integrating these probabilities
using PR analysis, a comprehensive fracture development

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1351264

Wang et al.

probability volume is established, thereby improving the
accuracy of inter-well fracture development predictions.

—
N
=

To assess the applicability of the discrete fracture model, three
aspects were considered: geological understanding, dynamic
characteristics of the reservoir production, and numerical
simulations. The distribution of fractures was found to align
with the current geological understanding. Analysis of the
production dynamics of the reservoir indicated that wells
with high initial unimpeded flow rates were predominantly
located in areas with high values of equivalent permeability,
which corresponds to real-world observations. The credibility
of the discrete fracture model was further validated through
numerical simulations, which vyielded a comprehensive
historical fitting of actual daily gas and water production rates.
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