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Abstract: The exploration and development of shale oil offers significant potential as an
alternative to address oil and gas supply. The complex geological conditions characterized
by inter-lithology and strong heterogeneity pose substantial challenges in fracturing re-
construction. This paper established an integrated geoengineering model of Gulong shale
in the Songliao Basin using multi-source data to accurately characterize the vertical and
lateral heterogeneity of the reservoir. Based on the reconstruction economy, the compress-
ibility evaluation of different reservoirs showed that the advantage of reconstruction was
highest in the Q9 reservoir and lowest in the Q3 reservoir. Analysis of the fluctuation
in the reservoir compressibility and lithology characteristics revealed limited fracture re-
construction volume in highly plastic reservoirs with elevated mudstone concentrations,
which affected reconstruction efficacy. The number of clusters could be increased while
the spacing between the clusters could be reduced in the lithologically brittle region. In
areas characterized by strong lithology and plasticity, the number of clusters was appropri-
ately decreased while the inter-cluster spacing increased. The research results allow local
adjustments according to the logging curve, inform differentiated decisions on fracturing
reconstruction, and support the efficient fracturing reconstruction of the Gulong shale
oil reservoir.

Keywords: continental shale oil; geology-engineering integration; reservoir heterogeneity;
volume fracturing; staged multi-cluster optimization

1. Introduction

The efficient development of unconventional oil and gas resources is conducive to
alleviating the energy crisis [1,2]. China’s recoverable shale oil resources rank first in the
world, offering significant exploration and development potential. Many new discoveries
in various basins in recent years have led to the establishment of three national continental
shale oil demonstration zones, including Gulong shale in the Songliao Basin [3,4]. However,
the geological conditions of continental shale oil, exemplified by Daqing Gulong shale,
are complex and entail substantial development costs [5,6]. Therefore, it is imperative to
enhance research on the essential core technologies of continental shale oil to improve oil
and gas supply capacity.

Staged horizontal-well multi-cluster volume fracturing technology is essential for
advancing shale oil development. Terrestrial shale oil reservoirs are generally characterized
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by high clay content, complex, diverse lithology, and strong heterogeneous distribution,
resulting in notable issues such as poor reservoir reconstruction and unsatisfactory hy-
draulic fracturing yield [7,8]. The unique mechanical properties dictate that its development
cannot simply replicate the existing fracturing technology. Therefore, many studies have
focused on the heterogeneous mechanical characteristics and optimization of fracturing
stage clusters. Core precision mapping indicates extreme horizontal fracture development
in the Gulong shale of the Songliao Basin, featuring hundreds to thousands of fractures per
meter, alongside the simultaneous development of multiple laminae, resulting in a highly
complex fracture morphology in the near-wellbore areas [9,10]. The layered structure of
shale results in significant anisotropy in its mechanical properties, which is mainly affected
by the density and strength of the bedding. Since the mechanical properties of shale differ
substantially along the parallel and vertical bedding plane [11,12], most researchers cur-
rently simplify the analysis by treating it as a transverse isotropic material; micro-detailed
studies on the laboratory level have also been carried out [13,14]. Accurately characterizing
continental shale reservoirs remains challenging due to field-scale multi-lithology and
high-frequency interaction [15-20].

Physical model experiments and numerical simulation methods are used to exam-
ine the optimization of fracture clusters and the balanced propagation of multi-cluster
cracks [21,22]. Due to the complex process, protracted duration, and substantial cost of
conventional physical model experiments, as well as the inability to obtain the temporal
and spatial variations in the mechanical field output [23-26], acoustic or optical monitoring
techniques are usually required to determine crack propagation behavior [27-31], rendering
detailed mechanical analysis challenging. Current numerical simulation methods include
displacement discontinuity and finite element techniques [32-34]. Stress interference be-
tween fractures results in ineffective perforating clusters during the multi-cluster fracturing
process in horizontal wells, with the spacing and number of perforation clusters repre-
senting the primary influencing factors [35,36]. The principle of limiting flow facilitates
the balanced expansion of multiple fractures, promoting a cohesive cutting and fracturing
process [37,38]. However, most existing studies assume that the reservoir is homogeneous
or a simplified interlayer type [39,40], making it challenging to account for the significant
heterogeneity in the reservoir. This is unsuitable for continental shale oil reservoirs, which
leads to a continuous increase in fracturing costs, and the scale of fracture creation fails to
meet expectations, necessitating the exploration of alternative research methodologies.

The current exploration and development of unconventional oil and gas resources
has demonstrated the significance of integrating geology and engineering strategies to
enhance production, consequently optimizing resource utilization and the associated eco-
nomic benefits. It is a new technology in the field of geological research and is widely
used [41-47]. A comprehensive, collaborative geological model is established by integrating
multi-source data from seismic detection, drilling, fracturing, and flowback. This model
incorporates multi-dimensional attributes such as structural characteristics, mechanical
properties, fracture systems, and ground stress distribution to construct an integrated
geological engineering platform that offers decision support for various stages of the
development process and allows for the flexible adjustment of construction parameters
according to actual conditions. Research is focusing on optimizing fracturing stage clus-
ters via the geoengineered integration of continental shale oil reservoirs to promote
efficient development.

This paper establishes an integrated geology-engineering model of Gulong shale using
multi-source data to achieve vertical and lateral reservoir heterogeneity. The accuracy of
the model is verified by comparing it with practical field applications. The compressibility
is assessed by analyzing the economic viability of different oil reservoir reconstructions,



Energies 2025, 18, 3066

30f20

while the design of the staged multi-cluster fractures at different intervals is optimized to
facilitate fracturing reconstruction variability in different geological conditions. It provides
support for the efficient fracturing reconstruction of Gulong shale oil reservoirs.

2. Establishment of the Integrated Geology-Engineering Model of the
Gulong Shale
2.1. Study Area
The research block is located in the Paleosyncline zone within the second-order struc-
tural belt of the Qijia-Gulong Depression in the northern part of the Songliao Basin, as
shown in Figure 1. The block has a monoclinal structural formation to the east. The for-
mation mechanism is mainly controlled by the uneven uplift and subsidence of the crust
during the tectonic movement. Under the control of the regional tectonic stress field, the
reservoir acquires a certain degree of stratification, facilitating the lateral migration and
accumulation of oil, gas, or fluids. The region comprises three principal formations: the
northern fault, the western fault, and the eastern fault, and is densely interspersed with
natural fractures. The heterogeneity and complexity of the reservoir have been improved.
Shale oil was mainly present in the first and second members of the Qingshankou Forma-
tion, with east-west and north—south lengths of 4400 m and 6900 m, respectively, burial
depths between 2400 m and 2540 m, porosity values of 6% to 10%, matrix permeabilities
of 0.01 mD to 1 mD, and an average stress difference of 2.4 MPa (between vertical and
horizontal). The reservoir layer was divided into nine sets (Q1-Q9) from bottom to top,

comprising medium and high maturity [7-9].
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Figure 1. A map of shale oil exploration results of Songliao Basin [5].

2.2. Establishment of Geology-Engineering Integration
Three-dimensional reservoir geological modeling integrates multi-source data infor-
mation, including seismic data, logging data, and geological interpretation results. Firstly,
data preprocessing is carried out. Unified coordinate transformation and standardization
processing are performed on the data from different sources to eliminate the differences
between the time domain and the depth domain and ensure the consistency of spatial
positions. The collaborative Kriging interpolation method is adopted to achieve the collab-
orative constraints of multi-source data and improve the resolution of reservoir attribute
modeling. The model reflects the actual situation of an underground reservoir, which has
the advantages of improving spatial resolution, enhancing prediction ability, and improv-
ing decision quality. The stochastic modeling method focuses on the analysis of known
well point data, combined with the geological statistical characteristics characterized by the
variation function, and simulates the unknown reservoir space between Wells by random
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simulation algorithm. Based on the sequential Gaussian algorithm, logging data are used to
reflect the lithology and physical property changes in the reservoir, including curves such as
gamma, density, and porosity. Seismic inversion attribute bodies are adopted to guide the
lateral trend. The structural model includes geometric boundary information such as faults
and layers as hard constraints for simulating the spatial range. By establishing a statistical
model of the attribute space, the attribute values are simulated point by point according
to the random path. At each step, the conditional distribution is calculated based on the
mutation function and adjacent data. During the simulation process, the trend surface
constraint is introduced to control the large-scale distribution trend, especially suitable
for complex areas with strong reservoir heterogeneity and discontinuous or insufficient
geological data.

A sequential Gaussian simulation algorithm is a very effective technique in stochastic
simulation, which is widely used to deal with data that needs to conform to Gaussian
distribution or data scenarios that can be properly transformed to conform to Gaussian
distribution. The core of the algorithm is to consider not only the existing sampling point
data but also the spatial information around the simulated point so as to reflect the spatial
distribution and correlation of variables more accurately and provide higher reliability and
accuracy for the description of complex underground reservoirs. The function of variation
provides the spatial dependency structure required for modeling sequential Gaussian
simulations to quantify the spatial correlation and variability of variables, established by
measuring the semi-variance of pairs of data points at different distances.

Sixteen basic faults were identified in the seismic interpretation of the Gulong shale
target block. The corner grid method was used to precisely characterize the complex terrain
and numerous faults in the study block to ensure that the grid structure accurately reflected
the geological complexity. A reservoir range of 6.9 km x 4.4 km x 140 m was established,
resulting in a total grid count of 37,837,800, which effectively prevented grid serration
and enhanced the geological authenticity of the model. The layout of the fault model
in the three-dimensional (3D) space was controlled using the spatial homing technique,
which combined detailed fault polygon and well breakpoint information. Pillar gridding
technology was employed to divide the work area into a precise 3D grid system, while
structural lines, structural points, and stratified data were used for comprehensive seismic
analysis. The geological layer model was accurately constructed using the sequential
Gaussian simulation method, with seismic data serving as a crucial constraint on the trend
surface, resulting in the establishment of the geological structure model for Gulong shale
oil, as shown in Figure 2.

The fracture propagation in continental shale oil reservoirs was significantly affected
by natural fractures and lithologic heterogeneity distribution, which directly impacted
reservoir permeability and production efficiency [48-50]. Firstly, the key seismic attributes
of the research block, including variance and chaos, are extracted to enhance the boundary
characteristics and highlight the discontinuity information of cracks. Based on the ant-body
tracking technology, the space radius of a single ant in a single search is set to 4 m, and
the tracking trajectory deviation is set to within 15° to ensure the calculation efficiency
and accuracy. Using multiple attribute fusion methods to complete the preliminary char-
acterization of natural cracks, the ant body tracking results, as a reference, can accurately
capture large cracks. Furthermore, the crack surface density modeling combined with
co-kriging interpolation is used to capture tiny cracks, and the spatial distribution is esti-
mated by using the spatial correlation between multiple variables. The fuzzy logic method
is adopted to sort different seismic attribute categories, and the seismic attributes highly
correlated with the crack surface density are selected and integrated into a neural network
model. The best 50 predicted values of natural fracture surface density were selected for
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evaluation, and the accuracy of prediction was improved by arithmetic mean value; thus,
the natural fracture modeling was completed, as shown in Figure 3. Sedimentary facies
modeling essentially represented the core component of the lithology model. A sequential
Gaussian algorithm was used to establish a sedimentary facies model for the study block
after a thorough review of the acoustic and resistivity logging data. This algorithm can
express the continuity and correlation of sedimentary facies in space and use the existing
well data to impose fine constraints on the local area to ensure the local rationality of the
modeling results. Essentially, it is a simulation method for continuous variables. When
directly applied to categorical variables (such as mudstone and sandstone), it is necessary
to first perform categorical coding or indicator function conversion to meet the simulation
requirements, as shown in Figure 4.
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Figure 3. The natural fracture model.
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Figure 4. The sedimentary facies model.

Based on the sedimentary facies model, sequential Gaussian simulation technology
was employed to construct a 3D reservoir model to examine physical properties, such as
porosity, permeability, and saturation, as shown in Figure 5. First, the porosity model was
constructed using phase-controlled sequential Gaussian simulation. The attribute data
and lithologic distribution characteristics were thoroughly analyzed, enabling the accurate
selection of the appropriate variation function type. The primary and secondary variation
directions of the variation function were defined accordingly, after which the variational
function was fitted to accurately determine values of the principal, secondary, and vertical
variational ranges. The Petrel 2020 software was employed for random simulation to ensure
the accuracy and reliability of the model.

Water saturation

0.65000

0.60000
0.55000
0.50000
0.45000
0.40000
0.35000

0.30000

(c) Saturation distribution.

Figure 5. The 3D model of the physical reservoir properties.
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The dipole acoustic logging data in the research block was utilized to evaluate the
relationship between the time difference in the P-wave and S-wave. Then, conversion
formulas were established for the time difference, dynamic and static Young’s moduli, and
Poisson’s ratio. The seismic data of the study block and the sequential Gaussian simulation
method were used to construct a 3D reservoir mechanics model to assess the distribution of
Young’s modulus, Poisson’s ratio, and the tensile strength, which accurately characterized
the transverse and longitudinal heterogeneity of the rock mechanics parameters of the
Gulong shale reservoir, as shown in Figure 6.

Young's modulus [GPa)
18.00

16.00

Rock strength [MPa)
11.00

10.50
10.00
0

(d) Cohesion distribution.

Figure 6. The 3D reservoir mechanics model.

The integrated geological and engineering model of Gulong shale established in this
paper takes into account the heterogeneity of structure, layer, physical parameters, and
mechanical parameters; has the characteristic of finely characterizing the reservoir; and has
a more targeted fracturing design.
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2.3. Model Verification
This paper examined horizontal well fracturing optimization using the integrated

geology-engineering model of Gulong shale. Generalized Hooke’s law was used to calculate

the reservoir rock deformation:
c=C-¢ @)

where 0 is the stress, MPa; C is the flexibility matrix; and ¢ is the strain.
For the plastic deformation that might occur when the external force of a rock exceeds

the elastic limit, the Mohr-Coulomb criterion was used to describe the yield conditions and
fracture behavior of the material:
(2)

T =0y tan(p) +¢

where T is the shear stress, MPa; 0, is the normal stress, MPa; ¢ is the angle of internal

friction, °; and c is the cohesion, MPa.
The coupling effect between the fluid seepage, rock stress, and deformation should be

considered during the fracturing and development of oil and gas reservoirs. The porous
medium theory was adopted to describe this process:
)

Oeff = 0 — Ppore
where 0 is the effective stress, MPa; ¢ is the total stress, MPa; and Ppore is the pore

pressure, MPa.
Well (Q9-X) in the Gulong shale experimental area was selected to verify the fracturing
model. The construction scheme was simulated according to the construction parameter

curve provided on site, as shown in Figure 7.
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(b) Microseismic monitoring results

Figure 7. Fracturing model and field data validation.
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500

The natural cracks and those resulting from fracturing interweaved to form a complex
fracture network structure. The cracks were about 180 m long and 8 m high, with an
opening of approximately 3 mm. Microseismic monitoring of the fracturing results of the
exploratory wells in the target block indicated that the fracture network lengths ranged
between 170 m and 200 m, with an average of 185 m. The fracture network heights ranged
between 7 m and 10 m, with an average of 8.5 m. The azimuth of the fracture network
ranged from NE73° to 100°, with an average of NE83°. The simulation results were mostly
consistent with the microseismic monitoring results, which verified the accuracy of fracture
morphology characterization.

The integrated geoengineering model was verified via multi-period historical fitting
based on the expansion morphology of the hydraulic fractures. The historical fitting analysis
was performed according to the fixed fluid production and bottomhole flow pressure. With
the continuous development of oil and gas production, the amount of fluid produced in
the reservoir and the bottom hole flow pressure fluctuates, and the verification of this can
further explain the accuracy of the mechanical properties, seepage properties, and fracture
scale of the model. The model was fitted with a one-year production history using the
production data provided on site, as shown in Figure 8. The daily fluid production curve
and bottomhole flow pressure derived from the model presented in this paper corresponded
with the actual results. This confirmed that the model satisfied the expected requirements.

45
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Figure 8. The historical fitting curves of the daily fluid volume and bottomhole flow pressure.

In addition, considering the heterogeneity of the reservoir layer, in order to fully
illustrate the accuracy of the model, one well in different reservoir layers was selected for
calculation and verification based on the data of the fractured Wells in the field. The results
are summarized in Table 1. The simulation results are consistent with the actual results,
which can prove the accuracy of the model.

Table 1. Results of model verification.
ll?r ‘l:cl;igrz Average Fracture Averaé:iF;atcture Average Fracture le?l?ll;:;lve Cullrzlll:lliztlve
Well Length (Actual) es Height (Actual) . .
Length m (Simulation) /m Production Production
(Simulation)/m /m (Simulation)/m3 (Actual)/m3
Q9-X 180 185 8 85 1937 1884
Q8-X 178 181 7.6 8.2 1910 1871
Q6-X 161 166 6.8 7.1 1812 1795
Q5-X 165 172 7.2 7.7 1846 1811
Q3-X 140 144 6.2 6.5 1654 1613
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3. Optimal Design of the Fracturing Stages and Clusters
3.1. Evaluation of the Compressibility of the Different Reservoir Layers

To elucidate the distinct characteristics of each layer in the Gulong shale reservoir,
specifically the impact of the vertical heterogeneity on fracturing efficacy, a four-cluster
design scheme with 8 m spacing was employed for fracturing calculations across the entire
well interval for all nine reservoirs, while maintaining a consistent fracturing interval length
of 1500 m. The compressibility of the fracturing effect of different reservoirs was evaluated
and compared in terms of economic factors. The stimulated reservoir volume (SRV) in the
different reservoirs and segments showed that the Gulong shale reservoir exhibited both
vertical and lateral heterogeneity, as shown in Figure 9.
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Figure 9. The SRV results of all the fracturing stages in the different reservoirs.

The SRV directly reflected the local fracturing complexity and accessibility of the
reservoir. Due to the need to pump a large amount of fracturing fluid in the fracturing
process, the cost is mainly determined by the fracturing fluid volume, and the benefit is



Energies 2025, 18, 3066

11 of 20

mainly determined by the reconstruction fracture volume. The economic coefficient was
calculated according to the ratio of the foundation construction amount to the fractured
volume, allowing for the assessment of the fracturing economy of the entire reservoir.
For example, if the amount of fracturing fluid in the Q1 reservoir is 69,000 m> and the
reconstruction volume is 5451 m3, then the economic coefficient is 0.079, and the economic
coefficient of different reservoirs is calculated successively. The Q7-Q9 layers in the upper
section of the reservoir were most favorable, followed by the Q4-Q6 layers, which were of
moderate quality, while the Q1-Q3 layers were the worst. In addition, minor fluctuations
were evident in Q4, Q5, and Q6. The lithology characteristics of the sedimentary facies
model indicated that the oil reservoir with a high mud content displayed significant
plasticity, resulting in a limited fracture reconstruction volume, as shown in Figure 10.
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Figure 10. A comparison between the fracturing economy values of the different reservoir layers.

3.2. Differences and Optimization of the Fracturing in the Q9 and Q3 Reservoir Layers

The fracturing disparities among the different reservoir layers indicated that Q3 and
Q9 were the most prominent. By analyzing the optimization in these two reservoirs, the
variations in the fracturing cluster design across reservoirs exhibiting vertical heterogeneity
could be examined and determined. Different cluster distribution schemes (three to five
clusters with 8~12 m spacing) were designed and applied to the Q9 and Q3 reservoirs for
fracturing simulation to ensure uniform pumping conditions (1500 m? fluid volume and
120 m3 sand volume) for each stage and to explore the fracturing SRV results of the entire
well under different cluster design schemes, as shown in Figures 10-12.

The differences between the Q3 and Q9 reservoir layer reconstruction were analyzed
by examining the fracturing reconstruction economy, as shown in Figure 13. At the same
construction consumption, the overall fracturing reconstruction economic coeffcient of
the Q9 reservoir layer exceeded that of Q3. The economic differences between the cluster
designs of the two layers were assessed, revealing that Q9, characterized by substantial
brittleness, displayed low expansion resistance; long, narrow fractures; and minimal stress
interference between the various fractures. Therefore, the number of clusters could be
appropriately increased while the spacing between them could be reduced. The calculations
indicated that the ideal design for the full utilization of the Q9 reservoir involved four
clusters with 8 m spacing. The significant plasticity of the Q3 reservoir facilitated wide, short
fracture formation due to higher propagation resistance and obvious lateral development.
This increased the stress interference between multiple fracture clusters, which restricted
local inferior crack propagation and promoted the formation of ineffective perforation
clusters. The number of clusters could be appropriately reduced while the cluster spacing
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was increased to promote the uniform, comprehensive expansion of multiple fracture
clusters. The calculation results showed that the optimal design of the Q3 reservoir involved
three clusters with 12 m spacing. Consistent with the optimization law of the on-site
construction test, for continental shale, it is recommended to have fewer clusters within the
section, with a cluster spacing of 5~15 m and a cluster number range of 3~5 [51,52].
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Figure 11. The SRV results of the different cluster quantities and spacings in the Q9 reservoir layer.
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Figure 12. The SRV results of the different cluster quantities and spacings in the Q3 reservoir layer.
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3.3. Differences and Optimization of the Superior and Inferior Fracturing Areas in the
Reservoir Layers

The overall reconstruction of the entire well in the upper section showed that the
optimal design for the Q3 and Q9 reservoir layers involved three clusters with 12 m spacing
and four clusters with 8 m spacing, respectively. Taking the design of the optimal segment
cluster as an example, the comparison of SRV and mud content between Q3 and Q9
reservoirs in the transverse whole well shows that the superior fracturing area is the brittle
area with less mud content, while the inferior fracturing area is the plastic area with more
mud content, as shown in Figure 14. The better reconstruction efficacy should be to form a
larger stimulated reservoir volume through fracture propagation, which is represented by
SRV. To clarify the influence of lateral heterogeneity in the reservoir on the reconstruction



Energies 2025, 18, 3066

14 of 20

efficacy, the superior and inferior fracturing areas were selected from the SRV statistical
diagram in the same fracturing operation conditions (1500 m? fluid volume and 120 m?
sand volume). The superior and inferior fracturing areas of the Q9 oil layer are selected
as Sections 34 and 9, respectively, and those of the Q3 oil layer are selected as Sections 23
and 26, respectively. The local optimization scheme was analyzed further by changing
the cluster number and spacing for the local superior and inferior regions, as shown in
Figures 15-18.
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Figure 14. Comparison of SRV and mudstone content in full-well fracturing stages.

As shown in Figure 19, increasing the cluster number and reducing the cluster spacing
in the superior and inferior fracturing areas of Q9 and Q3 elevated and decreased the
reconstructed volumes, respectively. Therefore, based on the optimal cluster design of
the entire well section, localized adjustments could be implemented along the wellbore
direction according to the logging curve. In regions characterized by significant lithological
brittleness, the number of clusters should be appropriately increased, and the cluster spac-
ing should be reduced. Conversely, in areas exhibiting pronounced lithological plasticity,
the number of clusters should be decreased while the spacing between them should be
expanded, consequently optimizing reservoir utilization via fracturing construction.
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Figure 16. The fracture morphology of a single stage in the inferior fracturing area of the Q9 reservoir.
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Figure 17. The fracture morphology of a single stage in the superior fracturing area of the Q3 reservoir.
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4. Conclusions

(1) Combined with seismic data and logging interpretation data of the study block, a
3D visualization geoengineering integrated model is established, which can truly reflect
the geological characteristics of transverse and longitudinal heterogeneous distribution,
which leads to the difference in fracture expansion scale in different oil formations and
different wellbore perforation locations.

(2) Based on the overall reservoir fracturing economy evaluation, the upper Q7~Q9
reservoir is the best, the Q4~Q6 reservoir is the middle, the Q1~Q3 reservoir is the worst.
Combined with the lithology characteristics, it can be seen that the reservoir with high shale
content has strong plasticity, resulting in limited fracture reconstruction volume. Therefore,
it is suggested to optimize the sweet spot according to the mud content, which is conducive
to realizing efficient reconstruction.

(3) By analyzing the relationship between lithological differences and fracture propa-
gation, a personalized fracturing design of “one strategy for each section” was proposed.
Lithology was identified based on logging curves for local adjustments. For areas with
strong lithological brittleness, the number of clusters can be appropriately increased and
the cluster spacing reduced. For areas with strong lithological plasticity, the number of
clusters can be appropriately reduced and the cluster spacing increased. This provides a
new method for fracturing optimization for different heterogeneous reservoirs.
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