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Abstract: In the last decade, low-quality unconventional oil and gas resources have become the
primary source for domestic oil and gas storage and production, and hydraulic fracturing has become
a crucial method for modifying unconventional reservoirs. This paper puts forward a framework
for predicting hydraulic fracture parameters. It combines eXtreme Gradient Boosting and Bayesian
optimization to explore data-driven machine learning techniques in fracture simulation models.
Analyzing fracture propagation through mathematical models can be both time-consuming and
costly under conventional conditions. In this study, we predicted the physical parameters and
three-dimensional morphology of fractures across multiple time series. The physical parameters
encompass fracture width, pressure, proppant concentration, and inflow capacity. Our results
demonstrate that the fusion model applied can significantly improve fracture morphology prediction
accuracy, exceeding 0.95, while simultaneously reducing computation time. This method enhances
standard numerical calculation techniques used for predicting hydraulic fracturing while encouraging
research on the extraction of unconventional oil and gas resources.

Keywords: hydraulic fracture; fracture parameters; machine learning; eXtreme Gradient Boosting
model; unconventional reservoir

1. Introduction

Hydraulic fracturing is the process of using a high-pressure pump on the surface to
inject fracturing fluid with high viscosity into the formation through the well bore, causing
the formation rock to fracture and expand to form artificial fractures. This technology
has been used extensively over the last few decades and has become one of the key
technologies in the global oil and gas industry [1]. The study of the geometry, length,
width and depth characteristics of fractures is essential in the hydraulic fracturing process,
because this research is important for assessing the feasibility of hydraulic fracturing
techniques, optimizing the fracturing parameters, and predicting the response of the
subsurface production.

Hydraulic fracturing research, which began in the last century and continues to evolve
today, can be divided into the following categories.

1. In situ observation methods: This method focuses on observing and recording at the
fracturing site to study the phenomena that occur during hydraulic fracturing. Repre-
sentative field observation methods include seismic exploration, surface deformation
monitoring, and groundwater level monitoring. American petroleum engineer John F.
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Schlumberger invented electronic logging, which can characterize rock fractures by
measuring the speed and path of sound waves propagating through rock, in the 1930s;
Hiroaki Niitsuma [2] used the seismic exploration method to determine the fracture
and stress of underground rocks; and Zou [3] obtained three-dimensional images and
internal fracture information of underground rocks using computed tomography.

2. Laboratory experimental methods: This method mainly uses laboratory experiments
to study the physical and mechanical properties during hydraulic fracturing. J. Groe-
nenboom [4] used the velocity and path of ultrasonic wave propagation in rock to
determine the fracture characteristics of rock; Liu [5] used a triaxial hydraulic frac-
turing experimental setup to study the effects of prefabricated fracture parameters,
fracturing fluid viscosity and rock physical properties on hydraulic fracturing.

3. Mathematical modeling method: This method mainly describes the physical and
mechanical phenomena in the hydraulic fracturing process by establishing mathe-
matical models. Axel KL Ng [6] proposed a numerical procedure based on the finite
element method to predict hydraulic fractures in the core wall of earth and rock dams;
Torres Sergio Andres Galindo [7] proposed a discrete element simulation method of
hydraulic fracture process in oil wells considering the elastic properties of rocks and
the Mohr–Coulomb fracture criterion; and Jeroen Groenenboom [8] proposed a finite
difference model to characterize fractures using seismic waves generated by an active
seismic source.

However, all of the above methods have limitations. In situ observation methods
generally require more equipment and are more geologically demanding. With laboratory
methods, it is difficult to control for the effects of environmental factors and they are
usually used only to study short-term results, making it difficult to predict long-term
results. Mathematical modeling methods require longer and more costly data collection,
model construction and solution processes. They also require a series of assumptions about
the actual problem that may not match the actual situation, leading to inaccuracy and
reduced reliability of the model. These are all issues that need to be addressed in current
hydraulic fracturing projects [9–12].

In recent years, with the continuous development of new technologies, machine
learning techniques have made significant breakthroughs in the petroleum field [13–16].
Yang [17] established a coal-bed methane fractured well capacity prediction model based
on a combined approach of recurrent neural networks and multilayer perceptron. Shen [18]
established a fractured well capacity prediction model based on convolutional neural
networks and U-Net architecture for real-time diagnosis of fracturing conditions. Saeed
Salehinia [19] presented a method based on nonlinear system identification modeling for
predicting the PVT properties of crude oil systems. Pejman Tahmasebi [20] presented a
fast independent artificial neural network architecture for permeability prediction. Pejman
Tahmasebi [21] developed a neural network workflow to provide a systematic approach
to solving various petroleum engineering problems. F. Torabi [22] developed an artificial
neural network model for predicting and calculating oil viscosity by applying a large
amount of experimental data on dead, saturated and undersaturated oil viscosities of
different samples from Iranian reservoirs. Aref Hashemi Fath [23] utilized multilayer
perceptron and a radial basis function to predict oil viscosity and radial basis function neural
networks to predict the dissolved gas-oil ratio of crude oil systems. Mohammadzaheri
Morteza [24] proposed a new shallow artificial neural network to model the multiphase
flow of submerged oil electric pumps.

We have improved the model to address the drawbacks of the traditional hydraulic
fracturing process. We use a data-driven approach to speed up the computational process
of traditional mathematical modeling and input environmental factors under different
operating conditions to improve the generalizability of the model prediction.

In this study, we identified three model evaluation parameters and introduced four
machine learning model algorithms to model the numerical simulation process based on the
sampled dataset. By fitting the dataset and comparing the prediction accuracy and speed,
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we selected the eXtreme gradient boosting model as the model for numerical simulation of
artificial fractures. Compared with traditional numerical simulation methods, the eXtreme
gradient boosting model does not need to model the physical process or solve complex
nonlinear differential equations—it can be directly trained and predicted by using existing
data. Therefore, this model avoids complex numerical calculations and achieves improved
prediction accuracy and adaptive optimization of the model by continuously and iteratively
modifying the hyperparameters using a Bayesian optimization algorithm.

The overall structure of the study takes the form of five chapters, including this
Section 1. Section 2 introduces the main methods and models used in the research of this
study. Section 3 presents the application of the model to practical engineering applications.
Section 4 details the results and discusses them. Section 5 presents the conclusions of this
study.

2. Research Methodology and Model Construction
2.1. Numerical Simulation

Because the large error and the small amount of statistical data in real production
cannot match the data quality requirements of machine learning, in this study we used
numerical simulation to generate datasets. Specifically, we used the software to simulate
and solve the fluid–solid coupled fracture propagation and proppant transport problem
using three-dimensional displacement discontinuity [25] and finite volume methods [26].
This method allows us to obtain parameters such as fracture height, fracture length, con-
ductivity, etc. under different conditions, providing a reliable database for subsequent
studies. We considered a variety of different physical models and boundary conditions to
accurately simulate actual fracture morphological expansion during the numerical simu-
lations [27–31]. At the same time, we performed several iterations of the experiments to
ensure the reliability and stability of the data. Finally, we obtained a statistically significant
dataset that can be used to support our study.

2.2. eXtreme Gradient Boosting Model

The eXtreme gradient boosting (XGBoost) algorithm implements parallel computing,
efficient processing of sparse data, and optimization of memory usage to achieve a balance
between model predictive effectiveness and computational speed.

After the model is built, it is necessary to evaluate how well the model predicts the
unknown data, so we specify the loss function to be used as an indicator of the predictive
ability of the model. Space complexity and time complexity are two important metrics
for evaluating the computational efficiency of different models and algorithms. XGBoost
achieves this performance through the introduction of a model complexity metric for the
objective function, which is a traditional loss function plus model complexity:

Obj =
m

∑
i=1

l(yi, ŷi) +
K

∑
k=1

Ω( fk) (1)

where i represents the ith sample in the dataset, m denotes the number of samples in the
dataset into which the kth tree is imported, and the total number of trees generated is
denoted by K, yi and ŷi, which are the outputs of the model and the actual outputs, l() is
the loss function, fk is the specific structure of the kth tree, and Ω() is its regularization
factor. The first part is similar to the loss function of the traditional model and is used
to compare the difference between actual and predicted values. The second part of the
objective function measures the complexity of the tree model through the structure of
the tree, which contains a variety of forms. The root mean square error of the traditional
loss function is commonly used to measure the prediction variance of the XGBoost model.
Since the second part is essentially independent of the feature matrix, it is minimized
by finding the minimum value to obtain the optimum at each iteration. Minimizing the
objective function means minimizing both the loss function and the model complexity,
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thus achieving a reduction in the model prediction error rate while reducing the model
complexity.

2.3. Hyperparameter Optimization

Hyperparameter optimization is required when using machine learning in engineering
practice. Hyperparameters are parameters set in machine learning algorithms that are
mainly used to control the performance of the model in terms of complexity, training
speed, and generalization ability. Different combinations of hyperparameters are one of the
key factors affecting the accuracy of XGBoost models. In the model, the commonly used
hyperparameters include learning rate, tree depth, number of trees, column sampling rate,
and so on [32–34].

If the learning rate is too high, the weights of the base learners will shrink too fast,
resulting in the model not being able to reach the optimal state; if the learning rate is too
low, the training time of the model will be longer because the base learners will need more
numbers to reach the same accuracy. In addition, the depth of the tree and the number of
trees are important hyperparameters that affect the accuracy of the model. Deeper trees fit
the data better, but tend to overfit; shallower trees tend to underfit. In addition, the column
sampling rate is the proportion of feature samples used for segmentation on each node
during the construction of each tree. Too small a column sampling rate will result in an
underfitting of the model, while too large a rate will result in an overfitting of the model.

Therefore, the accuracy of the XGBoost model can be effectively improved by choosing
to adjust the hyperparameter combinations. Common methods for adjusting hyperpa-
rameters include grid search, stochastic search and Bayesian optimization. In order to
find the best combination of hyperparameters quickly and automatically, this study uses
Bayesian optimization to automatically adjust the parameters and realize adaptive model
optimization.

Bayesian optimization [35,36] is a global algorithm for optimizing black-box functions
to find the minimum or maximum value without knowing the exact form. Bayesian
optimization makes use of Bayesian inference to find the optimum, approximating the
objective function by building probabilistic models on experimental data. The probabilistic
model of Bayesian optimization can be expressed as:

P(z|D) =
P(D|z)P(z)

P(D)
(2)

where z is the unknown objective function, D is the set of known observations
D = {(x1, y1), (x2, y2), . . ., (xn, yn)} while yn = z(xn) + εn, and ε is the observation error.
P(D|z) is the likelihood distribution of y, and P(z) is the prior probability distribution
of z, which represents the assumptions about the state of the unknown function. P(z|D)
represents the posterior probability distribution of z, which describes the confidence level
of the unknown objective function after correcting the prior probabilities according to the
set of observations.

The main process of using Bayesian optimization techniques to implement the XGBoost
model for hyperparameter optimization is as follows.

Prepare the dataset and divide it into training and test sets. Specify the range and
type of hyperparameter values and determine the optimization objective. Run the Bayesian
optimization algorithm to search for the optimal combination of hyperparameters and keep
updating the search results until a predetermined number of iterations or time is reached.
Finally, the performance of the optimal hyperparameter combinations is tested on the test
set and the prediction accuracy of the model is evaluated.

3. Practical Use of Model
3.1. Background of the Project

The reservoir target area is located in the transition area between the south Sichuan
low steep tectonic belt and the southwest Sichuan low fold tectonic belt, and the structural



Energies 2023, 16, 7890 5 of 24

characteristics are relatively gentle. The longitudinal comprehensive interpretation and
evaluation of the reservoirs are four sub-formations of the Longmaxi Formation and
Wufeng Formation, with an overall thickness of 69.3 m. The curves of organic carbon, gas
content and brittleness index gradually increase from top to bottom, and the reservoirs
gradually become better from top to bottom. The continuous thickness of Class I reservoirs
is 10 m. The reservoir fracture pressure ranges from 104.4 to 139.5 MPa, with an average
of 119.6 MPa. The minimum ground stress is 90.0–106.7 MPa and the average is 97.3 MPa.
The maximum ground stress is 104.6–123.0 MPa, with an average of 111.8 MPa. Vertical
ground stress is 102.7–104.5 MPa, with an average of 103.6 MPa. Average maximum and
minimum principal stress difference is 14.5 MPa.

3.2. Methods of Construction and Use of the Dataset

In this study, a numerical simulation program was used to generate fracture exten-
sions. The numerical simulation program is based on the three-dimensional displacement
discontinuity method to solve the fluid–solid coupling problem during fracture growth,
which takes into account the effects of multiple factors, such as interlayer stress inhomo-
geneity, matrix filtration, interstitial stress interference, multiple types of fluid systems,
and transport of proppant with multiple particle sizes. It is used to describe the fracture
deformation using the three-dimensional displacement discontinuity method (3D-DDM),
which defines the amount of displacement discontinuity as:

D1(x1, x2, 0) = u1(x1, x2, 0−)− u1(x1, x2, 0+)
D2(x1, x2, 0) = u2(x1, x2, 0−)− u2(x1, x2, 0+)
D3(x1, x2, 0) = u3(x1, x2, 0−)− u3(x1, x2, 0+)

(3)

where u is the displacement of the object in different states, D1 is the shear displacement
discontinuity, D2 is the normal displacement discontinuity, and the negative D3 indicates
fracture opening. With this formulation, the fracture is discretized into a series of structured
rectangular cells, and the main variables such as pressure are located at the central nodes
of the cells. For a single fracture cell, which is subjected to constant shear and normal
displacement discontinuities, the analytical solution of the stress field is:

σi
sl = ∑N

j=1 Kij
sl,sl D

j
sl + ∑N

j=1 Kij
sl,shDj

sh + ∑N
j=1 Kij

sl,nnDj
nn

σi
sh = ∑N

j=1 Kij
sh,sl D

j
sl + ∑N

j=1 Kij
sh,shDj

sh + ∑N
k=1 Kij

sh,nnDj
nn

σi
nn = ∑N

j=1 Kij
nn,sl D

j
sl + ∑N

j=1 Kij
nn,shDj

sh + ∑N
j=1 Kij

nn,nnDj
nn

(4)

where K is the boundary influence coefficient and N is the total number of cells. The
equations controlling the flow of liquids and sand-carrying fluids within the fracture are:

∂w
∂t

= ∇·q + qi − qL (5)

q = −K(w)
∼
Q(c, w)[∇p− ρg] (6)

qi = δ(x− x0, y− y0)Q(x, y) (7)

qL =
2CL√

t− τ(x, y)
(8)

K(w) =
w3

12µf (9)

ρ = (1− ϕ)ρ f + ϕρp = (1− cϕmax)ρ
f + cϕmaxρp (10)
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∼
Q(c, w) = (1− c)β +

a2

w2 c
∼
D (11)

where w is the flow displacement of the liquid and the sand-carrying liquid in the frac-
ture, q is the flux of sand-carrying liquid, qi is the injected volume per unit time per
unit area in m/s, µf is the viscosity of the fracturing fluid, ρ is the density of the sand-

carrying liquid,
∼
Q(c, w) is used to describe the flow of sand-carrying liquids, β = 1.5,

∼
D = 8(1− ϕmax)

α/3ϕmax, c = ϕ/ϕmax, ϕ is the proppant concentration, and ϕmax = 0.585,
α = 4.1, a is the radius of the proppant particles.

The equation controlling the transport of proppant in the fractures is given by:

∂cw
∂t

= ∇·qp + qi
p (12)

where qp is the volume of proppant injected per unit time per unit area in m/s.
Input data were modified in the program to simulate injection under different con-

ditions, and the different associated fracture extension data were obtained by running
the program. The fracture extension data include fracture area, fracture height, fracture
length, maximum fracture width, displacement of each fracture, friction of each fracture,
and fracture volume. The program outputs the results to different PFC files for storage.

Specifically, this can be accomplished by varying the displacement, time, proppant
volume concentration, and fracturing fluid type. The specific parameters can be varied
in the following ranges: pumping time from 1 to 30 min, discharge volume from 2 to 12,
proppant concentration from 0 to 0.1 and 0 in the first row, and fluid volume/total fluid
volume greater than 30% at 0 concentration.

In conclusion, this study mainly simulates different fracturing operations by control-
ling the number of perforation clusters, perforation cluster coordinates, pump displacement,
pumping time, proppant volume concentration, and type of fracturing fluids, simulates dif-
ferent geomechanical properties under different blocks by controlling the Young’s modulus,
Poisson’s ratio, and the maximum and minimum principal stresses of the formation, and
simulates the fracturing of horizontal wells and vertical wells by varying the parameters of
the well trajectory coordinates. A series of datasets were generated by randomly combining
the values of different parameters according to normal distribution and sampling them
with a confidence interval of 0.9 as input parameters. Through this method, 2000 sets of
data were generated to form datasets, and the datasets were categorized into training and
test sets for further use.

3.3. Research Technology Route

The main flow of this study is shown in Figure 1. The overall technical route shown in
the figure includes three parts: data input, machine learning and data output. Firstly, the
fracturing data is prepared and input into the numerical simulation program to generate
a dataset. Next, the dataset is trained using the selected machine learning model, and
the model is continuously modified or hyper-parameterized until the prediction accuracy
meets expectations. Finally, the trained model is output, and the model can optimize and
accelerate the original numerical simulation software.

The input data processing part includes data cleaning, data conversion, data integra-
tion and data dimensionality reduction, the machine learning part mainly includes model
evaluation, Bayesian optimization and model adaptive optimization, and the data output
part includes model generation and packaged output.
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3.4. Model Evaluation Metrics

This study used the coefficient of determination R2 to assess the accuracy of the model.
The coefficient of determination R2 is used in statistics to determine the explanatory power
of a statistical model and to measure the proportion of the variation in the dependent
variable that can be explained by the independent variable [37,38].

For simple linear regression, the coefficient of determination is the square of the
sample correlation coefficient. When other regression independent variables are added, the
coefficient of determination changes to the square of the multiple correlation coefficient.

Assume that a dataset includes a total of n observations y1, y2, . . ., yn, with correspond-
ing model predictions f 1, f 2, . . ., fn. Defining the residuals, the average observation is:

y =
1
n∑n

i=1 yi (13)

The total sum of squares can then be obtained as:

SStot = ∑i(yi − y)2 (14)

The regression sum of squares:

SSreg = ∑i( fi − y)2 (15)
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The residual sum of squares:

SSres = ∑i(yi − fi)
2 = ∑i ei

2 (16)

From this, the coefficient of determination can be defined as:

R2 ≡ 1− SSres

SStot
(17)

The closer this statistic is to 1, the better the fit of the model.
In this study, we explicitly state that when the R2 is greater than 0.9, we consider the

model to be as accurate as required.

4. Results and Discussion
4.1. Model Preference

In order to select the model with the highest prediction accuracy for further learning
and prediction, four different models are selected for pre-validation in this study. Pre-
validation [39,40] is the process of comparing multiple models before selecting one. By
comparing the accuracy and generalization ability of the predictions for the same dataset,
the best model is selected and the risk of overfitting is avoided. To ensure that the error
between learning and prediction is reduced, when using the train_test_split [41] function
of the Scikit-learn library in Python, the same hardware equipment is used, the dataset is
processed accordingly, and the same random numbers are chosen to ensure that the same
training and test sets are used for different models.

A comparison of the prediction accuracy of the different models is shown in Figure 2.
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Figure 2. Comparison of prediction accuracy of different models ((a) eXtreme gradient boosting
model; (b) Bayesian ridge regression model; (c) support vector machine regression model; (d) multi-
layer perceptron regression model).
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Figure 2 and Table 1 show the prediction performance of the models built by eXtreme
gradient boosting, Bayesian ridge regression, support vector machine regression, and mul-
tilayer perceptron regression models. The most accurate XGBoost model has a coefficient
of determination of 0.9985, which is more accurate than the other models. Therefore, the
XGBoost model was chosen for subsequent training and prediction in this study.

Table 1. Comparison of prediction accuracy—R2 scores of different models.

Model R2 Score

eXtreme gradient boosting model 0.9985
Bayesian ridge regression model 0.8645

Support vector machine regression model 0.9395
Multilayer perceptron regression model 0.9736

4.2. Bayesian Optimization

The hyperparameter results obtained by Bayesian optimization during the model
training fitting phase are shown in Table 2.

Table 2. Hyperparameter results of XGBoost model based on Bayesian optimization in model
prediction stage in model training stage.

Hyperparameters Range Optimal Parameter Results

Number of decision trees 1–300 78
Maximum depth of the tree 1–25 3

Minimum sample size for splitting 2–10 2
Bootstrap sampling True/False True

Number of Bayesian iterations / 40
k-fold cross-validation / 5

The test dataset was validated using the XGBoost model before and after Bayesian
optimization. The data accuracy comparison results before and after optimization are
obtained as shown in Table 3.

Table 3. Comparison of model prediction accuracy before and after optimization.

Model R2 Score

Pre-optimization 0.9533
Post-optimization 0.9907

The comparison shows that the predicted R2 of the model after Bayesian optimization
increases from 0.9533 to 0.9907, which proves the effectiveness of Bayesian optimization.

4.3. Analysis of the Results of the Time-Series Fit to the Two-Dimensional Data

In fracture analysis, the study of fracture changes from initial to steady state can
provide critical information. This information reflects the mechanical behavior of the rock
and the evolution of the fracture extension, orientation and morphology, as well as the
various changes in the fracture process. Based on this information, we can assess the nature
of stress distribution in the rock, the size and distribution of the fracture, and the stability
of the rock.

In order to study the characteristics of different fractures over time, we obtained differ-
ent parameters for each fracture from the database and normalized them. The parameters
included area, length, maximum fracture width, displacement per fracture, friction per frac-
ture and fracture volume. To further analyze the evolution of the fracture, we sampled four
different groups of fractures at equal intervals. Each fracture was sampled at a time step,
from which 30 samples were taken to plot the predicted results. This time-step sampling
method avoids problems such as overfitting and underfitting.
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4.3.1. Analysis of Fracture Length Results for Two-Dimensional Data

This study selects the fracture length parameter for sampling prediction. The variation
in fracture length directly reflects the fracture expansion, and the measurement of fracture
length is simple and easy for controlling the accuracy. Therefore, the extension pattern of
fracture length during hydraulic fracturing is an important parameter to study in hydraulic
fracturing [42,43].

This study extracts data from the fracture length file for different fractures according to
the time step and divides the training set and test set for learning and prediction. The results
obtained are plotted in the form of a line graph in the same chart, where the horizontal
coordinate is the time and the vertical coordinate is the fracture length. The results are
shown in Figure 3. At the same time, we calculated each fracture length prediction accuracy
error, and the results are shown in Table 4.
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Figure 3. Different fracture length sampling predictions ((a) the first fracture; (b) the second fracture;
(c) the third fracture; (d) the fourth fracture).

Table 4. Fracture length prediction accuracy error.

R2 Score MAE MSE

The first fracture 0.9667 0.0125 0.000376
The second fracture 0.9726 0.0131 0.000414
The third fracture 0.9614 0.0138 0.000463

The fourth fracture 0.9692 0.0129 0.000406

From the results, it can be seen that the expansion process of fracture length can be
divided into three main expansion stages: in the initial hydraulic fracturing pre-proppant
pumping time step, the expansion rate of fracture length grows linearly with time. With
the increasing pumping time, the pumping program enters the sand addition stage, the
expansion rate of fracture length gradually decreases, the slope of the line graph of fracture
length change gradually decreases, and the shape of the curve starts to change. In some
samples, some fractures will eventually reach a stable state so as not to continue to increase
the length, realizing the process of fracture making to proppant filling. In the initial pre-
fluid stage of fracture length extension, because the length extension of the fracture is
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affected by fewer factors, its influence features are fewer, so the model learns and predicts
it more accurately and can fit the test set label better. As the fracturing process continues,
because the fracture length extension is affected by more and more factors and its related
feature values are increasing, the complexity of the model is increased, which led to a
gradual decrease in the fitting accuracy.

However, by comparing the overall fitting degree (Table 4), it can be calculated that the
average R2 is 0.967475, the average MAE is 0.013075, and the average MSE is 0.00041475,
where the average R2 exceeds the criterion of 0.9 specified in the article, and the average
MAE and MSE results are less than two percent and five ten thousandths of a percent,
respectively, which proves that the model has a high prediction accuracy. The model is
proved to have high prediction accuracy and meets the expected goal specified in the article.
The model can still predict the expansion of fracture length in the hydraulic fracturing
process relatively well and thus can be used in engineering practice.

4.3.2. Analysis of Fracture Area Results for Two-Dimensional Data

In this study, fracture area was chosen as the target for sampling and prediction
because it is one of the most important indicators for assessing the size and distribution
of rock fractures and rock stability. By predicting the fracture area, the changing pattern
of fracture in the time series can be understood and can be used to assess the stress
distribution, fracture extension rate and direction, and other properties of the formation
during hydraulic fracturing [44,45].

We plotted the test dataset and the predicted dataset on the same graph for comparison.
By comparing the fit of the two folded curves, a simple preliminary judgment of the
accuracy of the model predictions can be made. In general, the higher the overlap of the
two curves, the better the fit of the model predictions, thus indicating the higher accuracy
of the model predictions. The horizontal coordinate represents the time and the vertical
coordinate represents the fracture area. The plotting results are shown in Figure 4. What is
more, we calculated each fracture area prediction accuracy error and the results are shown
in Table 5.
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Table 5. Fracture area prediction accuracy error.

R2 Score MAE MSE

The first fracture 0.9816 0.0091 0.000225
The second fracture 0.9792 0.0116 0.000377
The third fracture 0.9793 0.0111 0.000311

The fourth fracture 0.9820 0.0093 0.000209

As can be seen from Figure 4, the fracture area increased throughout the process as
the fracturing fluid was pumped in. In the first 5 min time step, the fracture expansion
rate is faster. As the fracturing fluid continues to be pumped in, the fracture area continues
to increase, but the rate of fracture area increase gradually decreases due to the influence
of formation stress. In some samples, the fracture area eventually stabilized as the time
step increased, reaching equilibrium under the combined influence of various factors. The
model can predict the change rule of the area of each fracture under different samples
with high accuracy under the initial time step and the curves can basically overlap, but the
prediction accuracy decreases with the increase in the time step. It can be concluded from
this study that under the initial injection fracturing state, the increase in fracture area is
mainly related to the pressure of the injected fluid and the nature of the formation, which is
basically linear. With the continued injection of fracturing fluid, the change in the pressure
state in the fracture leads to the change in the expansion rate of the fracture, and at the
same time, the expansion rate is also to a certain extent affected by the expansion of the
surrounding fractures, which results in the change in the expansion rate of the fracture
change.

The overall fitting accuracy can be obtained through calculation, and from Table 5, the
average R2 is 0.967475, the average MAE is 0.013075, and the average MSE is 0.00041475, in
which the average R2 exceeds the standard of 0.9 stipulated in the article, and the average
MAE and MSE results are less than two percent and five ten thousandths of a percent
respectively. This proves that the model has a high prediction accuracy and achieves the
expected goal of the article. The above rule of change is in line with common sense in
engineering practice and has high credibility.

4.4. Feature Importance Analysis

Feature importance refers to the extent to which different features contribute to the
performance of a model in a machine learning model. In practice, analyzing feature
importance helps to gain insight into how the model works and helps to select features to
improve the predictive performance of the model.

There are a variety of methods for analyzing feature importance, of which the common
ones include [46–50] the following.

1. Tree model-based feature importance analysis methods: For example, in tree model-
based algorithms such as random forest and GBDT, feature importance metrics (in-
formation gain, Gini index, etc.) can be used to assess the degree of impact of each
feature on the performance of the model.

2. Linear model-based feature importance analysis methods: In linear regression, logistic
regression and other linear model-based algorithms, feature coefficients or normaliza-
tion coefficients can be used to assess the degree of contribution of each feature to the
model.

3. Feature importance analysis method based on model adjustment: The impact of each
feature on the performance of the model can be assessed by gradually removing certain
features and then comparing the change in model performance. After obtaining the
feature importance assessment results, feature selection or adjustment can be carried
out based on the assessment results, and the improvement in model performance and
efficiency can be achieved by retaining features with high importance, eliminating
redundant features, or merging features.
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Since the XGBoost model used in this study is based on the fundamentals of tree
model construction, we used an integrated learning computational approach based on
decision trees to calculate feature importance. In this study, we extracted the data of the
30 min time step and showed the method of feature importance by plotting a histogram.
The plotted results are shown in Figure 5.
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From the results, it can be seen that the most important feature in hydraulic fracturing
is the Young’s modulus of the formation properties. The Young’s modulus can be used to
analyze the deformation extension, stability and bearing capacity of fracturing.

After considering the formation properties, the second important feature affecting the
fracturing pattern in 30 min is the injection rate of hydraulic fracturing fluid from 25 to
29 min, and the closer the injection rate is to the 30 min time step, the more obvious the
influence on the final fracturing pattern is. It can be found that the effect of fracking fluid
on fracture extension during hydraulic fracturing is not effective in time, but has a certain
lag and cumulative nature. With the increase in time, the effect of the fracking fluid injected
in the previous time step will be gradually weakened, while the effect of the current time
step will not be effective immediately, but the effect on the fracture extension will last for
several time steps. This is an important reason that real-time fracture detection and control
of fracturing fluid injection are needed in engineering practice.

4.5. Analysis of the Results of the 3D Data Time-Series Fitting

In order to study the changes in fracture morphology during hydraulic fracturing,
this study visualizes the data predicted by the model and generates directly observable 3D
images to facilitate the study of the whole process.

The main principles of 3D visualization are as follows. In this study, fracture data are
generated by numerical simulation software and specific fracture grids are generated at
different time steps, with an ever-increasing number of grids to simulate the continuous
expansion of the fracture. In this study, a coordinate cell containing four vertices and a
center point can be generated each time, it is shown in the Figure 6, take the prediction
result of fracture width as an example, the software defines a quadrilateral grid based on
the coordinates of these five nodes in the x, y, and z directions, for a total of 15 pieces of
data. In addition, annotated data within the grid will be generated, including data on
fracture widths, inflow capacity, and fracture pressure. When plotting the 3D visualization,
a complete fracture visualization is generated by plotting the five nodes of each cell and
the labeled data within the grid.
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Figure 6. 3D visualization diagram of fracture morphology.

Prediction results often need to be recombined and reordered to achieve a more
intuitive and readable output. In this process, MATLAB is a very powerful tool that can
help visualize the prediction results. In this study, the 3D plotting function in MATLAB can
be used to visualize the fracture morphology under different conditions so as to observe
more intuitively the change in fracture morphology under different conditions. At the
same time, various functions in MATLAB can be used to further analyze and process
the results so as to get more comprehensive and accurate information. This not only
improves the readability and visualization of the prediction results but also provides a
better understanding of the prediction ability of the model, which can provide reference
and support for subsequent model improvement and application.

In this study, the fracture width data at the 10 min, 20 min and 30 min time points
were selected as the basis for the visualization operation, and the output results are shown
in Figures 7–9.
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In Figures 7–9, the left side is the 3D result plotted from the data generated by the
numerical simulation method, while the right side is by the machine learning model. The
average prediction accuracy of all grids at different time steps is obtained by calculating
the results, as shown in Table 6.
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Table 6. Average prediction accuracy at different time steps.

Time Step R2 Score

10 min 0.9976
20 min 0.9803
30 min 0.9782

It is found that the model can effectively predict the morphology of 3D fractures at
different time steps. By comparing the two different outputs, this study can tentatively
conclude that the fracture generation principle of the numerical simulation software can be
obtained, as constantly increasing the corresponding value of 0 to both sides of the “empty
grid” is used to simulate the increase of cracks in the length direction.

The three-dimensional morphology of the fractures can be initially schematically
obtained. As shown in Figures 10 and 11, the model predicted proppant concentrations
and proppant placement concentrations at different time steps. It can be assumed that the
predicted values are sufficiently similar in accuracy to the original data for application in
engineering practice.
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4.6. Actual Engineering Applications

Vertical well fracturing is the most widely used production enhancement technology
in oil and gas exploration and development. Vertical well fracturing has the advantages of
high production capacity, low extraction cost, simple operation and low risk. In addition,
vertical well fracturing technology can be used to increase the production of exploited oil
and gas wells and effectively extend the life and production capacity of oil and gas wells.
Therefore, this section focuses on the proxy modeling study and prediction of single-layer
fracturing in vertical wells. In this section, the fracture width, the fluid pressure in the
fracture, and the volumetric and spreading concentrations of proppant in the fracture are
selected as the main features for prediction.

Different parameter optimizations are needed for different forecasting requirements,
in order to test the applicability of the fracturing simulation machine learning model. This
chapter conducts a vertical well single-layer fracturing simulation prediction in which
Bayesian optimization of hyper-parameter adaptive tuning optimization is implemented
and the results are shown in Table 7.

Table 7. Hyperparameter results of XGBoost model based on Bayesian optimization in model
prediction stage.

Hyperparameters Range Optimal Parameter Results

Number of decision trees 1–300 125
Maximum depth of the tree 1–25 6

Minimum sample size for splitting 2–10 3
Bootstrap sampling True/False True

Number of Bayesian iterations / 40
k-fold cross-validation / 5

4.6.1. Prediction of Actual Fracture Width in the Vertical Well Projects

The vertical well is designed with a total of two perforations, where the deeper
perforation corresponds to a lower formation pressure and the shallower perforation
corresponds to a higher formation pressure. The predicted fracture widths for the different
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production process time steps in the vertical well were output in 3D visualization, and the
results are shown in Figure 12.
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From the results in Figure 13, it can be found that the fracturing process is not exactly
the same due to the different stratigraphic stresses at different depth conditions in the
formation. Fractures are more likely to appear at depths with lower formation pressures.
Fractures appear earlier at deeper locations in vertical wells than at shallower locations,
and the upper fracture extends only after the time step of 22 min, but due to the difference
in formation pressures, the extent of the upper fracture is still much smaller than that of the
lower fracture.
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4.6.2. Prediction of Actual Fracture Pressures in the Vertical Well Projects

The predicted fracture pressures for different time steps of the production process in a
vertical well are output in a 3D visualization, and the results are shown in Figure 13.

Similarly to the way the internal width of the fracture expands, the process of pressure
change during fracture expansion varies at different locations. Under the effect of gravity,
the fracturing fluid is injected and accumulates in the lower part of the fracture, resulting
in a higher pressure in the lower part than the pressure at different heights of the grid at
the same location.

4.6.3. Prediction of Actual Proppant Concentration in the Vertical Well Projects

Throughout the injection process, it is divided into two different injection liquids, in
which the concentration of the injected liquid is 0 for 0 to 10 min. From 10 min onwards,
it is replaced by another injection liquid of a fixed concentration, which is no longer 0 at
that time. The predicted proppant concentration for different time steps of the production
process in a vertical well is output in a 3D visualization, and the results are shown in
Figure 14.
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According to the results, it can be seen that after 10 min, the proppant concentration
in the whole fracture is increasing with the continuous injection of fracturing fluid, because
at this time, the proppant concentration in the injected fluid is no longer 0. In the fracture
close to the injection hole, the proppant fixation rate is higher due to the accumulation
of proppant. In the middle of the fracture, the volumetric concentration of proppant was
lower than that at the edges, which was due to the wider width of the fracture, where the
proppant had not yet accumulated, resulting in a larger volume of fracturing fluid inside,
whereas at the outer edges of the fracture, the concentration of proppant was lower, which
was due to the fact that the fracturing fluid had just been injected into the fracture. This
showed the concentric step phenomenon of decreasing and then increasing from the inside
to the outside.

4.6.4. Prediction of Actual Hydraulic Conductivity in the Vertical Well Projects

The inflow capacity reflects the ability of the fracturing fluid to be transported in the
fracture during the hydraulic fracturing process. In general, the higher the inflow capacity,
the faster the fracturing fluid expands in the fracture, given the same formation properties.
Figure 15 shows the 3D visualization of the predicted results of the actual inflow capacity
for the vertical well project at different time steps.
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The results show that as the fracturing fluid is continuously injected, the inflow
capacity increases with each increasing time step, and as the fracturing perforation is
located in the center, the inflow capacity in the entire fracture shows a gradient that
gradually decreases along the central perforation towards the marginal location.

4.7. Computational Time Analysis

In engineering practice, simulation using numerical simulation algorithms consumes
a lot of computational power and time and the results have a certain lag, which greatly
delays the project progress. Therefore, this study proposes utilizing machine learning
to learn and predict the data in order to improve the computational speed and facilitate
the engineering progress. In order to verify the speed improvement in machine learning
compared to numerical simulation methods, different methods are used to compute the
same data simultaneously and calculate the time used for comparison and plotting.

In this study, we used the same hardware to avoid errors. Fifty samples were taken
from the input data using random sampling. Calculations were performed using the
established machine learning model and the original numerical simulation software. The
numerical simulation software uses the subprocess module to generate processes for
numerical simulations and obtain their return states. The runtimes of the numerical
simulations and model predictions were exported to a .csv file and saved separately. At the
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same time, the times used by both methods are plotted on the same graph. The horizontal
coordinate of the graph is the number of 50 randomly sampled samples, and the vertical
coordinate is the time for each method. In order to facilitate the distinction, the numerical
simulation method is plotted as a bar graph in blue with the vertical coordinates on the left
side, ranging from 0 to 100 s, and the model prediction method is plotted as a line graph in
red with the coordinates on the right side, ranging from 0 to 5 s, and the results are shown
in Figure 16.

Energies 2023, 16, x FOR PEER REVIEW  21  of  24 
 

 

in the center, the  inflow capacity  in the entire fracture shows a gradient that gradually 

decreases along the central perforation towards the marginal location. 

4.7. Computational Time Analysis 

In engineering practice, simulation using numerical simulation algorithms consumes 

a lot of computational power and time and the results have a certain lag, which greatly 

delays the project progress. Therefore, this study proposes utilizing machine learning to 

learn and predict the data in order to improve the computational speed and facilitate the 

engineering progress. In order to verify the speed improvement in machine learning com-

pared to numerical simulation methods, different methods are used to compute the same 

data simultaneously and calculate the time used for comparison and plotting. 

In this study, we used the same hardware to avoid errors. Fifty samples were taken 

from the input data using random sampling. Calculations were performed using the es-

tablished machine  learning model and the original numerical simulation software. The 

numerical simulation software uses the subprocess module to generate processes for nu-

merical simulations and obtain their return states. The runtimes of the numerical simula-

tions and model predictions were exported to a .csv file and saved separately. At the same 

time, the times used by both methods are plotted on the same graph. The horizontal coor-

dinate of the graph is the number of 50 randomly sampled samples, and the vertical coor-

dinate is the time for each method. In order to facilitate the distinction, the numerical sim-

ulation method is plotted as a bar graph in blue with the vertical coordinates on the left 

side, ranging from 0 to 100 s, and the model prediction method is plotted as a line graph 

in red with the coordinates on the right side, ranging from 0 to 5 s, and the results are 

shown in Figure 16. 

 

Figure 16. Numerical simulation versus model prediction runtime. 

The results show that when numerical simulation is used to calculate the data, the 

time distribution varies greatly from 5 s to 100 s due to the limitations of different factors 

such as computer memory and the difficulty of solving the linear equations, which takes 

up a large amount of memory and arithmetical power. In contrast, when using machine 

learning models for data prediction, the time required is only between 0.1 and 0.8 s, and 

the time distribution is stable within the same time period, requiring much less memory 

and arithmetical power  than  the resources required by numerical simulation methods. 

This can be considered as fulfilling the requirement of accelerating the algorithmic process 

of numerical simulation proposed in this study. 

Figure 16. Numerical simulation versus model prediction runtime.

The results show that when numerical simulation is used to calculate the data, the
time distribution varies greatly from 5 s to 100 s due to the limitations of different factors
such as computer memory and the difficulty of solving the linear equations, which takes
up a large amount of memory and arithmetical power. In contrast, when using machine
learning models for data prediction, the time required is only between 0.1 and 0.8 s, and
the time distribution is stable within the same time period, requiring much less memory
and arithmetical power than the resources required by numerical simulation methods. This
can be considered as fulfilling the requirement of accelerating the algorithmic process of
numerical simulation proposed in this study.

5. Conclusions

The aim of this study was to optimize the acceleration of numerical simulation proce-
dures using machine learning methods. The fracture extension process was simulated by
a numerical simulation program for extension generation, generating fracture extension
data for different input conditions and generating the corresponding datasets. Four differ-
ent machine learning models were selected for prediction accuracy comparison, and the
obtained datasets were imported into the models for prediction comparison. The limiting
gradient model was selected as the subsequent machine prediction model, which was
Bayesian-optimized for prediction and comparison of the numerical simulation data from
the co-engineering practice.

As a result of the study, the following conclusions were reached.

1. For the analysis of the spatiotemporal fitting results of 2D data, it can be found that
the model is able to predict the change rule of the length and the area of each fracture
under different samples with relatively high accuracy under the initial time step after
completing the training through the training set. However, with increasing time steps,
the prediction accuracy decreases, and the change in geological conditions during the
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hydraulic fracturing injection process leads to the above change rule of the model
prediction accuracy.

2. The data obtained from the model predictions are visualized to generate three-
dimensional images that can be directly observed. Comparing the prediction results of
numerical simulation and machine learning models, it can be found that the numerical
simulation software generates cracks by continuously adding “empty grids” with a
value of 0 on both sides to simulate the increase in cracks in the length direction. Un-
der three-dimensional conditions, the morphological changes during crack expansion
can be visually depicted.

3. The hyperparameters of the XGBoost-based fracturing simulation model were adap-
tively optimized using a Bayesian optimization algorithm. The predicted fracture
width, fracturing pressure, proppant concentration and inflow capacity of a single
fracture in an actual vertical well have R2 values above 0.94, which makes the opti-
mization of the model somewhat universal.

4. The study compares the time required to calculate the fracture morphology by dif-
ferent methods. Compared with the traditional numerical simulation methods, the
average computation time of the prediction methods using machine learning models
is improved by more than 95%, which greatly optimizes the computation process and
reduces the required computational resources.
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