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Abstract: Shale gas reservoirs, as representative reservoirs in the Sichuan Basin, have attracted
widespread attention regarding development. Using gas reservoir numerical simulation to assist
development has greatly improved the work efficiency of workers. However, traditional gas reservoir
numerical simulation is widely criticized for its inability to effectively integrate with geological and
engineering factors. In this study, we proposed a geological engineering integration method that
considers pre-fracturing parameters. We further applied it to a typical well (N03) in a certain block of
the Sichuan Basin. The reliability of the method was determined through historical fitting. Based on
the NO3 geological model, the optimization range of fracturing construction parameters in adjacent
areas was determined with the goal of maximizing EUR. Recommended values for widely distributed
construction parameter combinations of Class II reservoirs were provided through orthogonal analy-
sis. The influence order of fracturing construction parameters is (1) sand addition strength, (2) cluster
spacing, (3) construction displacement, (4) fracture fluid strength, and (5) horizontal segment length.
Finally, we compared the simulated data with the actual case. The results showed that an integrated
numerical simulation method including geological and engineering factors can comprehensively and
accurately assist in reservoir development.

Keywords: integration of geology and engineering; production history fitting; fracturing construction
parameters; orthogonal analysis

1. Introduction

The Sichuan Basin has abundant shale gas resources [1-8]. How to efficiently extract
large-scale shale gas has always been a hot topic of concern for people [9-16]. In the
development process of shale gas reservoirs, numerical simulation techniques are often
used to study the migration laws and state changes. Therefore, the decline in the production
of formation fluids can be predicted [17-22]. This can help improve production measures,
adjust development strategies, and achieve the maximum Estimated Ultimate Recovery
(EUR) of gas reservoirs. However, a single numerical simulation technology for gas
reservoirs cannot accurately depict the morphology of reservoir fractures, nor can it closely
integrate with actual geological and engineering parameters, which may lead to dynamic
prediction of shale gas development deviating from the actual situation [23-26].

In order to combine geological parameters, engineering parameters, and fracture
parameters with the production dynamics of wells, different scholars have proposed
their improvement methods. In terms of combining fracture parameters with geological
parameters, Shang et al. (2021) proposed a comprehensive geological modeling method
that considers both natural and hydraulic fracture models [27]. Fan et al. (2017) conducted
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a comprehensive geological modeling using fracture and microseismic information [28].
Deng et al. (2013) conducted some work on the quantitative characterization of natural
fractures, to lay the foundation for geological modeling and numerical simulation of gas
reservoirs [29]. Jiang et al. (2017) carried out in-depth research on the fracture propagation
law in volume fracturing based on the geological characteristics of the target reservoirs [30].

As for combining geological parameters and fracture parameters with production
issues, Song et al. (2022) analyzed the effects of reservoir and fracture parameters on
production curves based on well-tested models [31]. Mahmoud et al. (2020) evaluated the
short-term and long-term production of wells based on shale gas reservoirs and completion
parameters [32]. Will et al. (2017) introduced a parameter-coupled hydraulic mechanical
three-dimensional finite element modeling method, which can effectively evaluate the
production capacity of wells [33]. Xu et al. (2023) developed a comprehensive fracturing
model to study the production capacity of shale gas reservoirs under different well networks
and fracturing parameters [34]. Zeng et al. (2021) investigated the effects of different
fracturing and geological parameters on productivity after fracturing. A weighted ranking
of parameters was conducted [35].

Motivation

There is a close relationship among shale gas production, fracture parameters, ge-
ological parameters, and engineering parameters. However, in traditional gas reservoir
numerical simulations, this relationship is weakened or even eliminated. The purpose
of this article is to propose a geological engineering integrated simulation method that
considers pre-fracturing parameters to optimize the final production of shale gas. By
adjusting the parameters of perforation and fracturing construction, the geological model,
fracture propagation model, and gas reservoir model are mutually corrected to complete
an integrated simulation.

In this article, the relationship between fracturing engineering factors and produc-
tion was studied based on the actual geological conditions. The effects of fracturing fluid
strength, construction displacement, sand addition amount, horizontal segment length,
and cluster spacing on fracture propagation and production have been clarified. Through
numerical simulation optimization results, we have determined the reasonable range of
fracturing construction parameters and provided recommendations for fracturing construc-
tion parameter combinations of specific reservoirs. Combined with the production data of
an example well, we verify the accuracy of the geological engineering integration method.

2. Model Development

At present, the integrated simulation method combining the Kinetix hydraulic frac-
turing network simulation module with the high-precision numerical simulation of an
Intersect unstructured grid has been widely favored by developers. Its content mainly
includes three parts: geological models, segmented fracturing simulation, and gas reservoir
numerical simulation. In this method, production is taken as the target. Perforation and
fracturing construction parameters are taken as optimization indicators. By correcting the
geological model, fracture propagation model, and gas reservoir model, the integrated
simulation optimization of engineering geology can be achieved.

In this integrated simulation, we used a dual-porosity model instead of a single-
porosity model when using unstructured grids. The fracture internal pressure and water
saturation attributes were directly generated considering the pressure and water saturation
increases after the fracturing simulation.

In addition, considering that fracture and matrix have different stress-sensitive prop-
erties, we applied the stress-sensitive curve of supporting fractures to the equivalent grid
of hydraulic fractures. The stress-sensitive curve of unsupported fractures was applied
to the adjacent grids of hydraulic fractures, while the matrix fracture grid was used for
the fracture grid in other areas. The matrix grid adopted a set of stress-sensitive curves.
For cases where the fitting degree of production history was low, we revised the stress and
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mechanical properties in the geological model to conduct fracture propagation simulation
again. Then, flow simulation and production history fitting were conducted again.

3. Model Implementation and Discussion
3.1. Parameters Setting and History Fitting of Typical Well Model

Taking the N03 well in the Sichuan Basin as a typical case, attribute models such as
porosity, permeability, and water saturation were established using logging and seismic
data, as shown in Figure 1. Its related parameters were as shown in Table 1. Based on a
single well fracturing pump injection program, the hydraulic fracture propagation under
the influence of natural fractures was simulated (as shown in Figure 2). The total segments
of fracturing propagation simulation carried out for Well N03 were 35. The total number
of clusters was 257. The simulation results showed that the average half-length of the
fractures was 140 m, the average height was 10.15 m, the average width was 3.93 mm, and
the average fracture conductivity was 223.67 mD-m.
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Figure 1. Distribution of geological attribute models: (a) Porosity; (b) Permeability; (c) Water

saturation; (d) Poisson ratio; (e) Young’s modulus; (f) Maximum horizontal principal stress.
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Table 1. The basic parameters for numerical simulation.
Layer L1 L2 L3 L4 F5

Porosity, % 5.40 5.30 5.20 4.80 4.00

Toc, % 6.20 5.20 3.80 2.10 2.10

Young’s Modulus, GPa 34.21 34.23 35.67 35.85 42.32

Gas Content, m3/t 9.30 8.20 6.70 5.70 4.20

Brittle Mineral Content, % 57.60 68.90 55.60 61.40 73.20
Breakdown Pressure, MPa 110.90 109.50 109.80 108.70 115.30
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Figure 2. Simulation results of NO3 well fracture propagation.

Based on the above model, using the Intersect unstructured grid gas reservoir numeri-
cal simulation module, the production history of well NO3 was fitted by the historical gas
production rate. The wellhead flow pressure and water production were regarded as fitting
parameters. As shown in Figure 3, the fitting degree of parameters was high. It indicated
that the requirements for subsequent gas reservoir simulations were met.
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Figure 3. The historical fitting curve of N03 well.

What needs to be clarified is that the mesh used for numerical simulation was quadri-
lateral. The total number of grids was 304 x 228 x 136 = 9,426,432. The work area
was 6080 m x 4560 m = 27.73 km?. To ensure the efficiency of numerical simulation, the
fracture grids were equivalent to 1 m.

After analyzing typical well cases, we preliminarily verified the accuracy of the inte-
grated simulation method. The following work was to determine the reasonable range of
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platform parameters and fracturing construction parameters for neighboring wells through
existing typical well geological models.

3.2. Optimization of Well Platform Parameters

Under the conditions of fracturing scale with a fracturing fluid strength of 35 m®/m
and a sand addition strength of 3.5 t/m, well group models were designed under different
well spacing conditions, as shown in Figure 4. At the same time, simulations were con-
ducted on the EUR of a 20-year production of well groups with well spacing ranging from
250 m to 550 m (as shown in Figure 5). The results showed that the larger the well spacing,
the larger the average EUR of a single well. When the well spacing was greater than 400 m,
it tended to stabilize. Therefore, it was recommended to have a well spacing of 350400 m.
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Figure 4. Predicting final pressure distribution under different well spacing conditions: (a) 250 m;
(b) 350 m; (c) 450 m; (d) 550 m.
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Figure 5. The variation law of EUR under different well spacing conditions.
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We also optimized the well trajectory. Figures 6-8 show the stimulation effect of
different well trajectories under a set of natural fractures forming a 5° angle with the
maximum horizontal principal stress. It can be seen that the hydraulic fractures formed
were no longer perpendicular to the wellbore as the angle gradually decreased from 90°,
but they gradually tilted towards the wellbore. The range of fracture reformation area

gradually decreased.

Maximum horizontal principal stress

5

I~

Natural fracture

—

— Horizontal well

Figure 6. Natural fractures and maximum horizontal principal stress
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Figure 7. Fracture distribution under different angles between the well and the maximum horizontal
principal stress: (a) Included angle 90°; (b) Included angle 85°; (c) Included angle 80°; (d) Included

angle 75°; (e) Included angle 70°; (f) Included angle 65°.



Energies 2024, 17, 3644 7 of 18

Figure 8. Distribution of formation pressure at the end of production under different angles between
the well and the maximum horizontal principal stress: (a) Included angle 90°; (b) Included angle 85°;
(c) Included angle 80°; (d) Included angle 75°; (e) Included angle 70°; (f) Included angle 65°.

According to the production dynamic simulation results in Figure 9, the EUR was
relatively high when the angle between the well trajectory and the maximum horizontal
principal stress was 80°-90°. It was worth noting that the EUR under the 85° angle was
relatively smaller than the ones under the 80° and 90° angle. This was because the artificial
fractures under the 85° angle extend in the same direction as natural fractures, which made
the fracture modification area relatively small. As a consequence, the EUR was smaller.
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Figure 9. The relationship between EUR and well trajectory direction.
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Fracture half-length (m)

The relationship between the average fracture half-length, cluster spacing, and hori-
zontal segment length is shown in Figure 10. The simulated fracturing fluid volume was
30 m3/min. Under the current well spacing of 350400 m, the half-length of the fracture
should be around 175-200 m. From the trends of curve changes in Figure 10, it can be seen
that: When the segment length was 100 m and the cluster spacing was above 10 m, there
was a risk of exceeding the fracture half-length requirement. When the segment length was
80 m and the cluster spacing was about 8 m or more, it also exceeded the requirement for
the fracture half-length. When the segment length was 60 m, the cluster spacing should be
set below 7 m. When the segment length was 40 m, the cluster spacing should be below
6 m. To achieve the effect of increasing shale gas production, the cluster spacing generally
does not exceed 10 m according to the production experience. It can be seen from Figure 10
that under this condition, the length of the fracturing segment should be below 100 m.
Otherwise, effective utilization of inter-well reserves cannot be realized. Moreover, under
the current shale gas production efficiency, it has been proven that 40 m or less segment
length results in high fracturing costs and cannot achieve economic shale gas extraction.
Therefore, it could be concluded that the optimization range of fracturing segment length
should be set between 40 and 100 m.

Horizontal Segment Length 100m -
Horizontal Segment Length 90m
Horizontal Segment Length 80m
Horizontal Segment Length 70m
Horizontal Segment Length 60m
Horizontal Segment Length S0m

Horizontal Segment Length 40m

I b 1 L I L | d
6 7 8 9 10
Cluster spacing (m)

Figure 10. Statistics of average fracture half-length under different segment length and cluster
spacing conditions.

Using the Kinetix module to simulate fracture propagation in over-dense cutting to
demonstrate the lower limit of cluster spacing. Figure 11 shows the simulation effect
of concentrated cluster spacing after volume fracturing. It can be seen that the width of
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hydraulic fracture gradually increased with the increase of cluster spacing. According to the
triple particle size bridging theory [36], proppant transport and placement were smoother.
From Figure 11a, it can be seen that in the current design parameters (the construction
displacement is 18 m3/min, and the fracturing fluid strength is 30 m®/m), the width of
hydraulic fractures formed by the 5 m cluster spacing was mostly around 1 mm, which
was already prone to sand plugging. When the cluster spacing was greater than 10 m
(concluded by production practice), the phenomenon of fracturing channeling was easy
to occur. Based on the above analysis, the optimization interval for cluster spacing in
neighboring regions can be set at 5-10 m.
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Figure 11. Changes in fracture width under different cluster spacing conditions: (a) Cluster spacing
is 5 m; (b) Cluster spacing is 6 m; (c) Cluster spacing is 7 m; (d) Cluster spacing is 8 m.

3.3. Optimization of Fracturing Fluid Strength

Figure 12 shows the fracture morphology under different fracturing fluid strengths.
From the perspective of the fracture half-length, using a fluid strength of 25-40 m3/m
can meet the requirements of a well spacing of 350-400 m and achieve control of inter-
well resources. However, the increase in fluid strength slowed down the increase in EUR
(Figure 13). The optimization range of fluid strength was determined to be 25-40 m3/m.
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Figure 12. Fracture half-lengths formed by different fluid strengths under current process parameter
conditions: (a) Cluster spacing is 5 m; (b) Cluster spacing is 6 m; (c) Cluster spacing is 7 m; (d) Cluster
spacing is 8 m.
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Figure 13. Changes in single well EUR under different fracturing fluid strengths.



Energies 2024, 17, 3644

11 0f 18

3.4. Optimization of Sand Addition Strength

As shown in Figure 14, with the increase of sand addition strength, the daily produc-
tion of a single well significantly improved. However, when the sand addition strength
reached 4 t/m and 5 t/m, the daily yield increment decreased significantly. Therefore,
under the current technological and economic conditions, there may be a turning point
in the influence of sand addition strength. The production after fracturing and EUR of a
single well did not increase monotonically with the increase of sand addition strength.

1.6x10° T T T T T T

Sand addition 2t/m
Sand addition 3t/m T
Sand addition 4t/m
Sand addition 5t/m 1

1.4x10° 4

1.2x10° 4

1.0x10° 4
8.0x10*

6.0x10*

Daily gas production (10*m*/d)

4.0%10% -

2.0%10% -

0.0

T T T T T T
0 100 200 300 400 500 600 700
Production time (d)

Figure 14. Comparison of single well production decline curves under different sand additions.

Given the above situation, we simulated the fracture propagation and bottom-hole
pressure under different sanding intensities, as shown in Figures 15 and 16. At a sand
addition strength of 2 t/m, which was significantly lower than the current stage, the bottom-
hole pressure was about 98 MPa. When the sand strength gradually increased to 3 t/m, the
increase in construction pressure was about 1-2 MPa. But when the sand addition strength
increased to 4 t/m, the bottom-hole pressure continued to increase by about 3-5 MPa, and
it reached the construction limit pressure. As the sanding strength continued to increase to
5 t/m, there was a significant increase in bottom hole construction pressure, which may
exceed the working capacity of the equipment. Therefore, the sand addition strength in the
neighboring area should be set between 3 t/m and 5 t/m.

i ‘ il
L] ;’ M

) S i
z, N y

@ (b) (0) (d)

i

Figure 15. Fracture propagation under different sand addition strengths: (a) 2 t/m; (b) 3 t/m; (c) 4 t/m;
(d)5t/m.
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Figure 16. Bottom hole pressure of fracturing construction under different sand addition strengths.
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3.5. Optimization of Construction Displacement

As shown in Figure 17, the construction displacement of segmented cluster fracturing
in shale gas horizontal wells was a process parameter that did not have a significant
turning point. At higher construction displacement, shale does not experience the problem
of uncontrolled fracture height similar to conventional reservoirs. The sand-carrying
capacity of the fracturing fluid gradually increases as the displacement increases. However,
the displacement is also controlled by the equipment’s capabilities. Based on the previous
development understanding, the displacement should be at least 14 m3/min to ensure
smooth sand addition and a certain scale of the fracture network. At the same time,
combining the equipment limit of on-site construction and the friction calculation of
casing fracturing construction, it was concluded that the construction displacement limit of
segmented and clustered fracturing construction in shale gas horizontal wells was around
20 m®/min. Therefore, the recommended construction displacement setting range was
14-20 m?/min.

(a) (b)

(c) (d)
Figure 17. Simulation of fracture propagation under different construction displacements: (a) 14 m®/min;

(b) 16 m3/min; (c) 18 m3/min; (d) 20 m3/min.

3.6. Orthogonal Analysis Experiment

In the previous explanation, the fracturing construction parameters of adjacent wells
were determined within an appropriate range. What we need to do next is to screen out
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the parameter levels that can maximize EUR for the Class II reservoir with the widest
distribution in the neighboring area.

The classification criteria for different types of reservoirs are shown in Table 2. The
Class II reservoirs from typical cases were extracted as alternative research objects for
neighboring areas. The orthogonal experimental method was used to evaluate and optimize
multiple fracturing construction parameters, and the results are shown in Table 3. The range
analysis method was used to calculate and determine the results of orthogonal experiments.
The calculation formulas are shown in Equations (1) and (2):

= K Vit Vot Vi

jm =

1)

m m

where Vj,, is the experimental indicator value corresponding to the level m of the jth
influencing factor. Kj;, is the sum of the experimental indicators corresponding to the level

m of the jth influencing factor. Kj,, is the average of Kj,,.

R — max(Kjl,sz, s K]m) - min(Kjl,Kj2,~ . K]m)

] Aj

)

where R; is the range of the jth influencing factor that eliminates the numerical influence.
A is the difference between the different levels of the jth influencing factor.

Table 2. Classification criteria for advantageous areas.

Reservoir Porosi Gas Adsorption Rock
Favorable Thickness ty Saturation Gas Content Density
Area
m % % m3/t g/cm®
I 174 5.6 66 2.2 2.5
I 12.7 3.7 49 2.4 2.6
Area Adsorbed Gas Free Gas Geological Reserve
Favorable Storage Capacity Reserves Reserves Abundance
A
rea km? 108 m3 10® m3 108 m? 10® m3/km?
I 780 729.8 1902.6 2632.4 34
I 216 167.8 191.8 359.5 1.8
Table 3. Orthogonal experimental simulation results.
Number Displacement, Fracturing SandAddition, Segment Length, Cluster Spacing,
v m3/min Fluid Strength, m3/m t/m m m
1 14 25 3 40 6
2 14 30 34 60 7
3 14 35 3.8 80 8
4 14 40 4.2 100 9
5 16 25 34 80 9
6 16 30 3 100 8
7 16 35 4.2 40 7
8 16 40 3.8 60 6
9 18 25 3.8 100 7
10 18 30 4.2 80 6
11 18 35 3 60 9
12 18 40 34 40 8
13 20 25 4.2 60 8
14 20 30 3.8 40 9
15 20 35 34 100 6
16 20 40 3 80 7
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The level values of various factors and final range calculation results are shown in

Table 4, Figures 18 and 19.

Table 4. Range analysis table.

Level Displacement Frac;‘::;ﬁg tl;luld A::::?on S;f:g:;:t Cluster Spacing
K1(x108) 2.18 2.11 2.14 1.41 1.63
Kp(x108) 2.06 2.34 2.52 2.36 231
K5(x108) 2.36 2.31 2.19 2.44 2.55
Ky(x108) 1.99 1.83 1.74 2.38 2.1
Kq(x10%) 0.55 0.53 0.54 0.35 0.41
Ka(x108) 0.52 0.59 0.63 0.59 0.58
K3(x10%) 0.59 0.58 0.55 0.61 0.64
Ky(x108) 0.50 0.46 0.44 0.60 0.53

Optimum Level 18 m3/min 30 m3/m 34t/m 80 m 8m
Rj(><108) 0.05 0.03 0.49 0.01 0.12
Primary and
gecondary Sand Addition > Cluster Spacing > Displacement > Fracturing Fluid Strength > Segment Length
equences

0.7
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According to the range analysis results, the impact intensity of fracturing construction
parameters was determined as follows: (1) sand addition strength, (2) cluster spacing,
(3) displacement, (4) fluid strength, and (5) horizontal segment length. Based on the
analysis of the optimal level, the optimal combination of fracturing parameters for Class II
favorable reservoirs was sand strength of 3.4 t/m, cluster spacing of 8 m, displacement of 18
m?/min, fluid strength of 30 m>/m, and horizontal segment length of 80 m. Therefore, the
construction strength plan for Class II reservoirs is shown in Table 5. The lower reformation
strength was adopted to target casing vulnerable segments.

Table 5. Summary of construction intensity plan.

Construction Parameters Normal Intensity Casing Damage Situation
Horizontal Segment Length 80 m 80~100 m
Cluster Spacing 8m >10m
Fluid Strength 30m3/m 20~25m3/m
Sand Addition Strength 3.4t/m 2.5~3t/m
Construction Displacement 18 m3/min 14~16 m3/min

3.7. Instance Application

In order to verify the accuracy of the optimal fracturing construction parameters for
Class Il reservoir simulation, a neighboring well was selected as an example for comparison,
as shown in Figure 20. It can be seen that the daily gas production obtained from the
integrated simulation fitted well with the initial production of the example. This showed
that the geological engineering integration simulation work carried out in this paper
was reliable.

12

o The actual data

The integrated model simulation result

'wm-ﬁ“'“

%
N

¥

Daily production/(10*m?/d)
(=)

[§)

0 200 400 600 800 1000
Time/d

Figure 20. Comparison of integrated simulation results and example.
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4. Conclusions

This article proposes a geological engineering integrated simulation method that
considers pre-fracturing parameters, which is very effective in optimizing the EUR of
shale gas reservoirs. The relationship between fracturing engineering and well production
capacity has been studied in detail, and the following conclusions have been obtained:

1. By using the integrated geological-engineering simulation method, accurate fitting of
the production history of existing wells can be achieved.

2. Based on the geological model of a typical well, the reasonable range of fracturing
construction parameters in the adjacent area has been determined. The specific details
are as follows: horizontal well length of 40~100 m, cluster spacing of 5-10 m, fracturing
fluid strength of 2540 m3/m, construction displacement of 14 m3/min-20 m?/min,
and sand addition of 3 t/m-5 t/m.

3. The optimal fracturing construction parameters for Class II reservoirs have been de-
termined by using the orthogonal experimental method. The primary and secondary
relations of the parameters are sorted, that is: (1) sand addition strength, (2) cluster
spacing, (3) construction displacement, (4) fracture fluid strength, and (5) horizontal
segment length.

4. The screened fracturing construction parameters are used for integrated simulation.
The comparison between simulation results and the actual well data verifies the
correctness of the selected construction parameters.
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Nomenclature

EUR estimated ultimate recovery, mS;

Ky,  the sum of the experimental indicators corresponding to the level m of the jth influencing factor;
Kjm the average of Kj,;

R; the range of the jth influencing factor that eliminates the numerical influence;

Vim  the experimental indicator value corresponding to the level m of the jth influencing factor;
A the difference between the different levels of the jth influencing factor.
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