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With the rapid development of high-speed railways in China, it is inevitable that some of the lines will have to traverse through the mine goaf ground, and there is little research on whether the “activation” of the foundation of the mine goaf ground occurs under the influence of train loads. In order to provide a safe and reliable basis for the construction of high-speed railway in mine goaf ground, a new classification method of mine goaf ground activation is proposed considering the stability and railway influence. First, the stability evaluation system of the mine goaf site is established with 3 primary indexes and 12 secondary indexes. The 47 groups’ data of the mine goaf ground site are collected as learning samples. Five machine learning methods including decision tree, discriminant analysis, support vector machine, and classifier ensemble are used to learn and test the data. The optimal algorithm is selected and the stability evaluation model is established to classify the stability of the mine goaf site. Second, influencing factors of railway are graded to establish an extension comprehensive evaluation model. Finally, based on the above two models, a new classification method of high-speed railway goaf ground activation considering the two factors and five sub-factors is proposed. Through the verification of two engineering examples, the prediction result of this method is “easily activation” and the need to treat the goaf area, and the actual construction is also taken to grouting treatment, proving that the method has certain guiding significance for the project.
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1 INTRODUCTION
With the acceleration of China’s railway network construction, construction conditions faced by railway engineering are becoming more and more demanding. Taking Shanxi Province as an example, due to its rich coal resources, after years of intensive mining, it has formed nearly 2300 km2 of goaf areas, the size of which makes it inevitable that many planned high-speed railway lines will have to pass through these goaf areas (Figure 1A). When the high-speed railway passes through the mine goaf ground (Figure 1B), the influence of the train load may lead to the separation closure or the instability of the stable structure in the mine goaf ground (Du et al., 2020), which leads to the “activation” deformation of the foundation and the uneven settlement of the high-speed railway subgrade, thus affecting the safety of the train operation (Jiang and Wang, 2019).
[image: Figure 1]FIGURE 1 | (A) Study area (B) Schematic diagram of high-speed railway crossing mine goaf site.
Many scholars have conducted extensive research on the stability of underground spaces and disaster prevention (Liu et al., 2020, 2021). Helm et al. (2013) established 1,320 numerical simulation models to analyze the influence of shallow-buried room-and-pillar mine goaf ground on surface traffic facilities, and pointed out that seasonal water-level changes would have a great impact on the stability of overlying strata and surface in the mine goaf ground. Liu et al. (2018, 2019) monitored the rock burst of the tunnel using the acoustic emission technology and infrared monitoring equipment. Cui et al. (2014) and Bell et al. (2001) analyzed the collapse instability cases of shallow mining areas after partial mining, and revealed that the partial mining instability was caused by the decrease of residual coal pillar strength, which made the internal and external stress arches interrelated. Li et al. (2016) proposed a calculation method of release space based on the pore distribution characteristics of rock strata above mine goaf ground and applied it to engineering practice to prove the effectiveness of this method. Hu and Li (2012) selected four indicators as the risk identification factors of mine goaf ground stability and proposed a mine risk analysis method based on Bayesian discriminant analysis. Through the training of 40 samples, the model accuracy reached 0.025. Qin et al. (2019) proposed an improved tradabost algorithm and introduced the concept of dynamic factor to improve the generalization ability of the algorithm for different mine goaf ground samples. The algorithm can also maintain high accuracy with fewer samples. Guo et al. (2019), based on fuzzy theory, established the instability risk evaluation model of an expressway construction site in the mine goaf ground. The weight and membership degree were determined by the gray correlation method and the Delphi method. The reliability of the model was verified by subgrade settlement monitoring data.
Although there has been some research into the stability of the mine goaf ground and the effects of external loads on the mine goaf ground, there has been less research into the “activation” of mine goaf ground of high-speed railway. The foundation problem of the mine goaf ground is an extremely complex problem, which is not only affected by mining technology, burial depth, and mining height but also by hydrogeology, spatial location distribution, and external load. In order to establish a reasonable evaluation system of high-speed railway mine goaf ground activation, first, collect a large number of mine goaf ground data, select the evaluation index of mine goaf ground stability, adopt the classification algorithm of machine learning to learn the samples, and complete the classification of stability grade so as to determine the stability grade of the mine goaf ground. Then, the information entropy-extension comprehensive evaluation model is established (Xie et al., 2021), and the mine goaf ground activation grade is obtained by combining the stability of the mine goaf ground and the influence of train load.
Compared with traditional evaluation methods, it not only solves the problem of subjective selection of weights in the comprehensive evaluation method but also solves the problem of difficult selection of parameters and complicated calculation in the mechanical analysis method.
2 STABILITY EVALUATION OF MINE GOAF GROUND
2.1 Evaluation Index System
The deformation of a mining site is an extremely complex process, and the most critical step in establishing a scientific index system for evaluating the stability of a mine goaf ground is to fully consider the impact of various factors on the mine goaf ground. Guo et al. (2019) and Zhao et al. (2021) established different evaluation index systems of mine goaf ground stability. In this study, the above three evaluation index systems are comprehensively considered, and the evaluation index system of mine goaf ground stability is established as shown in Figure 2. Compared with other evaluation systems, the two factors of final mining time and loose layer thickness are added to the consideration. The final mining time is related to the residual deformation of the mine goaf ground, which plays a relatively important role in the construction of the mine goaf ground site, and the thickness of the loose layer also has a certain influence. Many scholars have found that the loose layer will form a loose arch structure under a certain thickness, and bear part of the external load.
[image: Figure 2]FIGURE 2 | Stability evaluation index system.
2.2 Stability Classification
To be better combined with the analysis of train load, this study combined with the code for investigation of geotechnical engineering in the coal mine goaf (GB51044-2014, 2014) and the research of some scholars (Gong et al., 2008; Song et al., 2020;Song D. et al., 2021; Song DQ. et al., 2021). The stability grade of the mine goaf ground is divided into four grades according to Table 1, and the qualitative index grade is divided and assigned according to Table 2.
TABLE 1 | Stability classification of the mine goaf ground.
[image: Table 1]TABLE 2 | Qualitative evaluation index rating and assignment.
[image: Table 2]2.3 Filtering Algorithms
Machine learning and deep learning are the hotspots of artificial intelligence research, and many related algorithms and theories have been applied in many geotechnical engineering (Cai et al., 2020, He et al., 2020; Lawal and Kwon, 2021; Tarawneh et al., 2018). In the era of big data, the ability of machine learning to mine effective information in the data has been greatly improved. In order to better evaluate the stability of the mine goaf ground and excavate the key factors, this study selects five machine learning methods, namely, decision tree, discriminant analysis, support vector machine, nearest neighbor classifier, and classifier ensemble, to process the data, and selects AUC value (area under curve) and accuracy as the criteria for the evaluation algorithm. AUC (Toh et al., 2008) is defined as the area under the ROC curve, which is usually used as the evaluation standard of the machine learning model. The abscissa of the ROC curve is the false positive rate and the ordinate is the true positive rate.
The index data of mine goaf ground site in reference and the evaluation grade of mine goaf ground site based on unascertained mathematics and actual working conditions are used (Gong et al., 2008).
This study selected five algorithms and twenty models for training. The accuracy and AUC of each model are shown in Figure 3 and Table 3.
[image: Figure 3]FIGURE 3 | Performance of AUC values of each model. (A) Decision tree and discriminant analysis, (B) support vector machine, (C) K-nearest neighbor, and (D) classifier ensemble.
TABLE 3 | Optimal model performance data for algorithms.
[image: Table 3]It can be seen from Figure 3 and Table 3 that the accuracy of Subspace Discriminant and Quadratic SVM models in the integrated classifier algorithm is the highest, but the AUC value of the former reaches 1.00, which belongs to the perfect classifier. Therefore, this algorithm model is used to evaluate and predict the stability of the mine goaf ground.
3 CLASSIFICATION OF HIGH-SPEED RAILWAY INFLUENCE
The main problem faced by the construction of high-speed railway in the mine goaf ground is whether the project will cause the activation deformation of the mine goaf ground, and when the activation deformation occurs, whether the deformation will affect the train operation. The influence of railway engineering on the foundation of mine goaf ground generally has four aspects, namely, the train axle load (Shi and Hou, 2017), train speed (Bratov et al., 2014; Lamas-Lopez et al., 2016), track type (Connolly et al., 2020) and the distance between the railway line and the surface center of the mine goaf ground. In this study, according to the relevant norms (GB 51044-2014, 2014), the impact of each factor is divided into four levels.
3.1 Train Axle Load
The axle loads of different types of trains are also different. The greater the axle load of the train, the greater the force on the foundation of the goaf, and the deeper the influence depth. When the influence depth of the force reaches the fault zone area, it will have a safety impact on the use of buildings on the foundation of the mine goaf ground. The influence of axle load is analyzed by FLAC3D software to simulate the disturbance depth of train load under different axle load conditions. As shown in Figure 4, the influence depth of train is linearly related to the change of axle load. At present, the range of axle load in China is between 140–300 kN, considering the full load and no-load running vehicles. The influence degree of this classification and the corresponding axle load range are shown in Table 4.
[image: Figure 4]FIGURE 4 | Disturbance depth under different axial loads.
TABLE 4 | Classification of impact of axle weight.
[image: Table 4]3.2 Railway Speed
Train speed is the most obvious and indigenous factor affecting the dynamic load inside the subgrade of high-speed trains, and the magnitude of the dynamic load inside the subgrade is an important factor to determine whether the foundation in the mine goaf ground activated deformation. Based on the field measurement data, Bian et al. (2014) found that when the vehicle speed was lower than 150 km/h or higher than 300 km/h, the dynamic stress of subgrade no longer changed with the speed. When the train speed was between 150 and 300 km/h, the dynamic stress of the subgrade changed linearly with the vehicle speed. The influence degree and speed range of this classification are shown in Table 5.
TABLE 5 | Classification of impact of railway speed.
[image: Table 5]3.3 Track Type
The influence of track mainly lies in the selection of track type (Li et al., 2021) and the height of subgrade (Mosayebi et al., 2017). Li et al. (2018) proposed the attenuation formula of subgrade dynamic stress along depth as shown in Eq. 1:
[image: image]
where [image: image] is the attenuation coefficient; z is the subgrade depth; a and b are the fitting coefficients, ballastless track a = 2.12, b = 1.18; ballasted track a = 0.64, b = 0.86.
Since there are many types of orbital structures, four representative orbital structures are selected and divided into four grades according to Table 6.
TABLE 6 | Classification of orbital type impacts.
[image: Table 6]3.4 Railway Line Location
Through the study, Qian et al. (1996) found that after the mine goaf ground was mined, a region similar to the masonry beam structure appeared at both ends of the mine goaf ground. The length of this region was approximately 8 times the periodic pressure step distance of the working face cycle, and the stability of the masonry beam structure was mainly determined by the key block (Cao and Zhou, 2015). According to this study, the mine goaf ground is horizontally divided into four regions. As shown in Figure 5, the risk is small when the region far from the mine goaf ground boundary is constructed. It is most dangerous to build in the key block area of a masonry beam, which may make the masonry beam structure unstable. In the construction of the non-key block area of the masonry beam structure, although there is cushion support, the risk is still large. When the central area of the mine goaf ground is constructed, most of the area has been compacted, there are no large cracks and separate layers, and the risk is small.
[image: Figure 5]FIGURE 5 | Geographic division.
To study the different impacts of different distances between the railway trunk line and the surface center of the mine goaf ground, the influence degree is divided according to Table 7.
TABLE 7 | Classification of the influence of the railway main line location.
[image: Table 7]4 EXTENSION EVALUATION MODEL
Extension theory is a method proposed to solve complex problems by combining matter-element theory with extension set theory (Smarandache, 2012). The extension comprehensive evaluation model has been widely used in various fields.
In this article, the influence factors of mine goaf ground are simplified by the machine learning method, and the influence of the mine goaf ground is evaluated by the stability grade of the mine goaf ground site. The extension evaluation system of foundation activation for mine goaf ground of high-speed railway is constructed as shown in Figure 6. Referring to the specifications and research results, combined with the classification of the stability grade of the mine goaf ground and the train influence grade, the goaf foundation activation grade is divided into four grades (Table 8):
[image: image]
[image: Figure 6]FIGURE 6 | Activation evaluation system of mine goaf ground.
TABLE 8 | Activation grade classification table.
[image: Table 8]4.1 Identification of Classic and Joint Domains
Let
[image: image]
where N0j represents level j, cn represents each evaluation index of the model, and V0ji represents the value range of each evaluation index at level j.
According to the division of Tables 4–7, the classical domain construction is carried out. Because the track type cannot be quantitatively assigned, this study takes (0, 2), (2, 4), (4, 6), and (6, 8) as characteristic value ranges. When the track type is I, II, III, and IV, then 1, 3, 5, and 7 are given as the evaluation values, and the mine goaf ground stability is also treated according to this method. The influence of the main line position is related to the factors of the mine goaf ground itself, which needs to be calculated according to the actual working conditions.
The classical domain matter elements of mine goaf ground influencing each level established in this study are
R01 = [N01 Stability grade of mine goaf ground (0,2)]
R02 = [N02 Stability grade of mine goaf ground (2,4)]
R03 = [N03 Stability grade of mine goaf ground (4,6)]
R04 = [N04 Stability grade of mine goaf ground (6,8)]
The joint domain matter element is
RD = [D Stability grade of mine goaf ground (0,8)]
The classical domain matter elements of the train influencing each level are
[image: image]
[image: image]
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The joint domain matter element is
[image: image]
4.2 Matter Element
The data of the evaluation object ai are represented by matter elements, and the matter element Ri to be evaluated is obtained.
[image: image]
where pi is the ith evaluation object and vij is the value of pi with respect to characteristic index cj.
4.3 Index Weight
Evaluation of x requires I1, I2, ..., Im, m indicators, xj is the measured value of x on Ij. For xij, there are p evaluation grades c1, c2, … , cn, and let μjk = μ (xj ∈ ck) denote the degree to which xj belongs to the kth evaluation class ck.
[image: image]
[image: image]
[image: image]
satisfies that μ of Eqs 2–4 is an unascertained measure, and the matrix
[image: image]
is called a single index measure evaluation matrix.
According to the influence degree division of 3.1–3.4 subsections, the single index measure function diagram of each factor can be obtained. As shown in Figure 7, the single index measure evaluation matrix of the instance can be obtained by substituting the instance data.
[image: Figure 7]FIGURE 7 | Uncertainty measurement function of different factors: (A) axle load, (B) train speed, (C) qualitative index grade, and (D) railway line location.
After getting the single index measurement matrix, it is necessary to determine the weight of each index. To make wj a weight of xj, wj needs to satisfy two conditions:
① 0 ≤ wj ≤ 1
② w1+ w2+…+ wm = 1.
At this time, the information entropy theory is used to calculate the weight, and the calculation steps are shown in Eqs 5, 6.
[image: image]
[image: image]
The determination of the index weight coefficient in the first layer of the extension system considers the value of other scholars in the evaluation system of goaf foundation stability. It is known that the weight of building load or traffic load is mostly between 0.116 (Zhang, 2009) and 0.232 (Wang, 2016). In this study, 0.2 and 0.8 are selected as the weight coefficients of train load and goaf stability, respectively.
4.4 Correlation Function
The calculation formula of the distance between point and interval is
[image: image]
When vki ∉ V0ji, the correlation function is
[image: image]
When vki ∈V0ji, the correlation function is
[image: image]
4.5 Correlation Degree
To facilitate analysis and comparison, the correlation degree is standardized by Eq. 10.
[image: image]
4.6 Activation Classification
The weight coefficient of each eigenvalue and the normalized correlation degree are calculated according to Eq. 11, and the comprehensive correlation degree of the evaluation object is obtained.
[image: image]
If
[image: image]
then the activation level of evaluation object p is k.
5 CASE STUDY
5.1 Case 1
Case 1 selects a section of the Tai-Jiao high-speed railway crossing the mine goaf ground site project to verify the established classification method of mine goaf ground activation. The length, width, and mining thickness of the mine goaf ground under the section of Tai-Jiao higher railway are about 110 m, 18, and 1.8 m, respectively. The overall buried depth of the mine goaf ground is 56 m. The wall rock is flooded for a long time, the rock mass structure is relatively loose, and the joint fissures are developed. There is an adjacent mine goaf ground near the section. The dip angle of the ore layer is 12°, the area ratio of the ore pillar is 15%, the stop mining time is 20 a, and the thickness of the loose layer is 15 m. The axle load of a high-speed railway is 17 t, and the designed speed is 250 km/h. The low subgrade of the ballasted track is used in the track, and the railway line is about 20 m away from the center of the mine goaf ground.
5.1.1 Stability Evaluation
According to the comparison test of the machine learning algorithm model, the subspace discriminant algorithm model is selected as the classifier for evaluating the stability of mine goaf ground. The input matrix of the engineering example to be verified is compiled in Matlab. According to the engineering situation, the input matrix is
[image: image]
The input matrix is imported into the ensemble classification learner, and the stability evaluation level of the mine goaf ground is grade III.
5.1.2 Activation Evaluation of Mine Goaf Ground
5.1.2.1 Extension Evaluation of Mine Goaf Ground Stability
The matter element to be evaluated is
R1 = [p1 Stability grade of mine goaf ground 5].
The correlation matrix K1 is obtained by calculating with Eqs 7–9.
[image: image]
According to Eq. 10, correlation matrix K`1 is obtained.
[image: image]
According to Eq. 11, the comprehensive correlation degree is calculated, and matrix Kp1 is obtained. Since this evaluation layer has only one index, the weight coefficient is 1.
[image: image]
5.1.2.2 Extension Evaluation of Train Impact
According to the general situation of the project, the matter element to be evaluated of Tai-Jiao high-speed railway is
[image: image]
The correlation matrix K2 is obtained by calculating with Eqs 7–9.
[image: image]
According to Eq. 10, correlation matrix K`2 is obtained.
[image: image]
Through the measure function of Figure 6, the single index evaluation measure matrix of train influencing factors is determined:
[image: image]
It can be seen from Eqs 5, 6 that
[image: image]
[image: image]
According to Eq. 11, comprehensive correlation matrix Kp1 of the Tai-Jiao high-speed railway is calculated as follows:
[image: image]
5.1.2.3 Extensible Pre-Evaluation of Ground Activation Grade in Mine Goaf Ground
According to Eq. 11, the comprehensive evaluation of the first level of Tai-Jiao high-speed railway is as follows:
[image: image]
According to Eq. 12, the activation grade of mine goaf ground in the Tai-Jiao high railway section is “Easily activated.” In practical engineering, through a large number of exploration and tests in the early stage, the grouting treatment of goaf is decided. At present, the operation condition of this section is well, which proves that the method in this article has a certain reference value.
5.2 Case 2
In the second engineering case, a section of the Nan-Qin railway crossing the mine goaf ground along the coast of Guangxi is selected. The buried depth of the mine goaf ground under the Nan-Qin railway is 142 m, and the mining thickness is 5 m. The buried rock structure is loose, and the mine goaf ground is rich in water and high in water pressure. The dip angle of the coal seam is 20°, and the area ratio of the pillar is 15%. The stop mining time is 10 a, and the thickness of the loose layer is 10 m.
The axle load of the railway is 20 t, and the designed speed is 250 km/h. The low subgrade of the ballasted track is used in the track, and the Nan-Qin line is about 70 m according to the center of mine goaf ground.
5.2.1 Site Stability Evaluation
The input matrix of Nan-Qin railway is
[image: image]
The input matrix is imported into the ensemble classification learner, and the stability evaluation level of the mine goaf ground is grade III.
5.2.2 Activation Evaluation of Mine Goaf Ground
5.2.2.1 Extension Evaluation of Mine Goaf Ground Stability
According to the evaluation results of machine learning, the evaluation results of two engineering examples are the same, and the extension evaluation results should be the same. So, the correlation matrix is the same as that of instance one.
[image: image]
5.2.2.2 Extension Evaluation of Train Impact
According to the general situation of the project, the matter element to be evaluated of Nan-Qin high-speed railway is
[image: image]
Correlation matrix K2 is obtained by calculating with Eqs 7–9.
[image: image]
According to Eq. 10, correlation matrix K`2 is obtained.
[image: image]
Through the measure function of Figure 6, the single index evaluation measure matrix of the train influencing factors is determined:
[image: image]
It can be seen from Eqs 5, 6 that
[image: image]
[image: image]
According to Eq. 11, comprehensive correlation matrix Kp1 of Tai-Jiao high-speed railway is calculated as follows:
[image: image]
5.2.2.3 Extensible Pre-Evaluation of Ground Activation Grade in Mine Goaf Ground
According to Eq. 11, the comprehensive evaluation of the first level of Nan-Qin high-speed railway is as follows:
[image: image]
According to Eq. 12, the activation grade of the mine goaf ground in the Nan-Qin high railway section is “Easily activated.” In the engineering construction, through the investigation of the site and the verification of the geological data, the constructor adopted the grouting method to reinforce the goaf. In the years of train operation, there was no activation deformation in the site, which proved that the research method in this article was effective.
6 CONCLUSION
Coal is the main energy in China, and the main coal base formed a large area of mine goaf ground due to high strength mining; at the same time, with the rapid layout of China’s high-speed railway network, some lines will inevitably cross the mine goaf ground, and whether the mine goaf ground is activated under the influence of the train load is an important research direction. Considering the stability of the mine goaf ground and the influence of train, a new classification method of ground activation in the mine goaf ground is proposed. The main conclusions are as follows:
1) The evaluation of the mine goaf ground activation is divided into the evaluation of the stability level of the mine goaf ground and the evaluation of the train impact level, and the overall evaluation is completed by combining the two evaluation results through the extension theory and the unascertained measure theory, which greatly simplifies the evaluation process of the activation level of the mine goaf ground.
2) Through numerical simulation, theoretical derivation, and reference to other scholars’ research, the factors influencing the construction of high-speed railways at mined sites are categorized into four main categories: axle weight, vehicle speed, trunk line location, and roadbed structure, and their influence levels are classified and described qualitatively and quantitatively.
3) The field engineering examples of the mine goaf grounds passed by the Tai-Jiao high-speed railway and the Nan-Qin high-speed railway are selected to verify the model established in this article. The analysis results of engineering examples show that the model established in this article is suitable for the ground activity analysis and discrimination of high-speed railway mine goaf ground.
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