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Accurate evaluation of surrounding rock quality grade can help guarantee the safety of tunnel design and construction; hence, it has great significance in the construction of mine shafts. Accordingly, the uniaxial saturated compressive strength of the rock block [image: image], rock quality index [image: image], rock softening coefficient [image: image], integrity coefficient of the rock mass [image: image], depth [image: image], unit weight of the rock mass [image: image], coefficient of quantification of the angle between the principal structural plane and shaft axis [image: image], and weight of the groundwater [image: image] are first selected as the indexes of assessment to introduce the game gray target model. Then, the gray target model of the surrounding rocks in a mine shaft project is established. The weight coefficient of each index is next calculated using the combination weighting method based on game theory, and the synthetic target center distance of each sample is determined using the gray target model. Finally, the quality level of the asphalt pavement is determined. The suggested model can be used to mine a small data sample to the maximum extent possible, thereby minimizing the information shortage caused by the small sample to a certain extent, to evaluate the final quality grade of the surrounding rocks quantitatively. Thus, the proposed approach provides a new scheme for the future quality assessments of surrounding rocks.
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1 INTRODUCTION
Given the rapid development of Chinese infrastructure, the number and scale of construction projects in underground engineering have also grown. As essential components of underground engineering, the surrounding rocks in subway tunnels play vital roles in the entire subway system (Gu X. B. et al., 2021). The surrounding rocks in a tunnel constitute a complex geological body, and the quality of such surrounding rocks is affected by the rock mass structure, geological characteristics, and other factors (Gu and Wu, 2019). Accurate evaluation of the surrounding rock quality grade can provide safety guarantees for tunnel design and construction, reduce safety risks, promote efficient construction operations, and reduce cost and economic losses. Therefore, it is of great practical significance to evaluate the quality grades of the surrounding rocks in subway tunnel constructions (Gu et al., 2021b).
There is abundant literature on evaluating surrounding rock quality grade (Zhou et al., 2016). Li et al. (2014) assessed the stability of the surrounding rock mass using a fuzzy comprehensive evaluation method combined with rock mass characteristics and support parameters. Wang F. F. et al. (2019) used unascertained measure theory to evaluate the surrounding rock quality of a subway tunnel. Zhong et al. (2019) assessed the stability of tunnel surrounding rocks using a combination of game and extension theories. Based on the European distance method, Wang J. C. et al. (2019) evaluated the toughness of surrounding rocks in a subway tunnel. Xue et al. (2020) used a two-dimensional cloud model combined with an apriori algorithm to determine the stability grade of surrounding rocks. Geng et al. (2014) investigated the influence of tunnel span on rock mass quality and provided a basis for tunnel design and construction using the improved rock mass quality index method. Wu et al. (2020) applied a continuous interval mathematical model to evaluate the rock mass quality of a slope. Liu et al. (2018) applied a deep learning technique to classify the surrounding rocks. In recent years, experts and scholars have attempted to use the extension theory method (Zhengzheng et al., 2024), fuzzy comprehensive evaluation method (Yang, 2018), cloud model method (He et al., 2021), rough set theory method (Yang et al., 2018), unknown measure method (Zhou et al., 2021), and ideal point method (Jiang and Wang, 2021) to evaluate the stabilities of surrounding rocks in tunnels.
The above models and methods have improved the development of quality assessments for surrounding rocks. These research efforts have first enriched the classification and evaluation theories of surrounding rock quality; second, the randomness and fussiness of the evaluation indicators are considered to enhance the accuracies of the evaluation results; third, evaluations of the non-linearities of the surrounding rock quality have been performed to provide solutions for the evaluation indicators that are otherwise difficult to quantify, while reducing the influences of human factors (Zhao et al., 2024).
However, these approaches have some shortcomings (Shao et al., 2022) in terms of three aspects. 1) A single weighting method is used in these approaches, and the weighting process does not include the subjective importances of the influencing factors, objective relationships between the factors, and differences in the factors themselves. 2) The evaluation processes are complex; for example, the membership functions are difficult to determine. 3) Upon commencing the evaluation and grading processes, subjective influences cannot be exerted on the evaluations based on actual engineering needs, and the evaluations therefore lack flexibility. The above limitations greatly restrict the evaluations of surrounding rock quality.
To overcome the abovementioned drawbacks, the game gray target model was applied in this work to assess the surrounding rock quality. Gray target decision-making is a type of uncertainty system used to obtain information when there are very few samples or if the data are poor (Tan et al., 2019). This method can be used to mine and develop data to the maximum extent possible based on known information from a small number of samples. This technique has been applied in finance, military, and other fields to achieve good results (Li and Wu, 2017). Hence, this approach is applied in this study to evaluate and analyze the quality levels of surrounding rocks in a mine shaft.
The remainder of this paper is organized as follows: Section 2 introduces the theory and methodology of the game gray target model. Section 3 provides an engineering example of the surrounding rocks considered in this work. Section 4 presents the assessment model and results analyses. Section 5 presents the conclusions of this study.
2 METHODOLOGY
2.1 Principles of the game gray target model
Gray target decision-making is an important method for solving multiattribute decision-making problems from an objective perspective, and it can effectively reduce the loss of original information in the decision-making process (Zhou et al., 2014). Its basic idea is that an optimal data sequence is found from an existing set of sequences to construct a standard model. Then, the standard model is applied as the target, and the gray target model is built by comparing other models with the standard; the degree of likeness between the models is then evaluated to assess the target before calculating the target distance to determine the evaluation grade. Considering the errors in accuracy based on single-weight gray target models, the combination weighting method based on game theory was adopted in this work; then, the combined weights of the critic and entropy methods were optimized to obtain the optimal weight.
2.2 Establishment of the decisive matrix
Assuming that there are [image: image] samples to be evaluated [image: image] and [image: image] evaluation indexes [image: image], the sample matrix is given by [image: image].
Suppose that [image: image] is the mean value of evaluation index, then
[image: image]
where [image: image].
Let [image: image] be the standardized processing result for the economic indicators, which is expressed as (Zhengzheng et al., 2024)
[image: image]
For the cost-type indicator, this formula becomes
[image: image]
From Eqs 1–3, the decisive matrix is expressed as
[image: image]
2.3 Calculation of the target center distance
For the decisive matrix [image: image], if [image: image], then [image: image] is the positive center of the gray target, and [image: image] is the negative target center. The distance between [image: image] and [image: image] is regarded as the interval [image: image] between the positive and negative target centers and is given by
[image: image]
where [image: image] is the optimal weight of the [image: image] index obtained using game theory.
The positive target center distance [image: image] is the distance between [image: image] and [image: image] given by
[image: image]
The negative target center distance [image: image] is the distance between [image: image] and [image: image] given by
[image: image]
The distance from any sample point [image: image] to the positive target center is [image: image], such that [image: image] is located on a sphere with [image: image] as the center and [image: image] as the radius; the distance from any sample point [image: image] to the negative target center is [image: image], such that [image: image] is located on a sphere with [image: image] as the center and [image: image] as the radius. Thus, the sample point [image: image], positive target center [image: image], and negative target center [image: image] are three points in space that are collinear or triangular. Therefore, the degree of danger of a sample can be measured from the projection of the positive target center distance on the line between the positive and negative target centers. By assuming that the angle between the positive target center distance and line between the positive and negative target centers is [image: image], the target center distances can be obtained according to the law of cosines (Figure 1):
[image: image]
[image: Figure 1]FIGURE 1 | Calculation of the target center distances.
2.4 Classification of the quality grade
From the definitions of the target center distances, it is found that the comprehensive target distance quantitatively reflects the quality grade of a sample. Assuming that the samples to be evaluated have [image: image] quality grades, let [image: image] be the set of comprehensive target center distances [image: image] of the samples to be evaluated, and [image: image] be the ordered set of the [image: image] quality grades; let [image: image] be a positive integer such that [image: image], and the thresholds of the [image: image] set are [image: image] and [image: image], then [image: image] for [image: image], [image: image] are the critical comprehensive target center distances of the different quality grades. The interval distribution set of comprehensive target distances for the [image: image] quality grades can then be obtained as follows:
[image: image]
2.5 Determination of the index weights

(1) Critic method
The critic method is a kind of weight-assignment method (Zhou et al., 2008) that uses the variability and conflict between different evaluation indexes for weighting to comprehensively measure the evaluation index. Its procedure is as follows:
① Standardization processing of the data
Each evaluation index is quantified to be dimensionless to eliminate the influences of different variables. If the evaluation index is of the benefit type, then the calculation formula is
[image: image]
If the evaluation index is of the cost type, then the calculation formula is
[image: image]
Here, [image: image] is the normalized processing value; [image: image] and [image: image] are the maximum and minimum values from a set of evaluation indexes.
② The variability among the evaluation indexes is generally expressed using the standard deviation [image: image], whose formula is

[image: image]
where [image: image] is the mean of the [image: image] evaluation index, and [image: image] is the total number of [image: image] evaluation indexes.
③ The correlation coefficient of the evaluation index is calculated as
[image: image]

④ The conflict coefficient of the evaluation index is calculated as
[image: image]

⑤ The weight coefficient [image: image] of the evaluation index is calculated as
[image: image]

(2) Entropy method
The entropy weighting method is used to determine the entropy value of an index according to the variance of the evaluation index, and its specific calculation method is based on a previously reported approach (Gu et al., 2019).
(3) Game theory combination weighting method
To avoid information loss caused by using a single weighting method and improve the accuracies of the weights, the combination weighting method based on game theory (Gu et al., 2021c) is applied to optimize the weights obtained from several other weighting methods to obtain the optimal weight as follows.
① The weight sets [image: image] and [image: image] are obtained from the entropy weighting and critic methods, and [image: image] and [image: image] are assumed to be their respective linear combination coefficients. Then, the weight sets [image: image] and [image: image] are linearized as
[image: image]

② Based on game theory, the linear combination coefficients [image: image] and [image: image] in Eq. 15 are optimized and expressed as
[image: image]

③ Based on the differential properties of a matrix, the linear differential equations for optimizing the first derivative condition of Eq. 15 is
[image: image]

④ The optimal combination coefficients [image: image] and [image: image] are obtained through Eq. 16. Then, these values are normalized as [image: image] and [image: image]. Finally, the comprehensive weight [image: image] is obtained as
[image: image]
3 ENGINEERING OVERVIEW
The new main shaft of the mine shaft project considered in this work was located in a denudation low mountain and hill area (Figure 2), with a designed depth of 1,135 m and diameter of 6.0 m. The new main shaft passed through nine types of rocks, namely, altered trachyte, albite granite, altered diabase, albite quartz syenite porphyry, fault breccia, albite granite porphyry, cataclastic granite, k-feldspar granite, and k-feldspar quartz diorite. There were five types of joints with different occurrences in the surrounding rocks as well as many alteration weak zones and fracture zones. There was uniform fractured water in the surrounding rocks of the shaft, whose upper part was a weak absorbent layer and the lower high-stress area was a relatively water-resistant layer. The field tests demonstrated that in most cases, the vertical stresses were similar for the quality of the overlying strata ([image: image]); because of the complex geological conditions in the mining area, the horizontal stresses in different areas of the rock mass were not the same. These stresses usually varied between 1.258 [image: image] and 1. 874 [image: image], but the horizontal stress gradually approached the gravity stress of the original rock with increasing depths.
[image: Figure 2]FIGURE 2 | Mine shaft considered in this study.
4 CONSTRUCTION OF THE ASSESSMENT MODEL
4.1 Determination of the evaluation indexes
The selection of indicators should consider the ease of access of the site, convenience, and practices. Accordingly, eight influential factors were selected as the assessment indexes: uniaxial saturated compressive strength of the rock block [image: image], rock quality index [image: image], rock softening coefficient [image: image], integrity coefficient of the rock mass [image: image], depth [image: image], unit weight of the rock mass [image: image], coefficient of quantification of the angle between the principal structural plane and shaft axis [image: image], and weight of the groundwater [image: image]. The assessment results were divided into five grades as excellent (I), good (II), common (III), inferior (IV), and bad (V). Twelve groups of monitoring data and assessment results from the mine were adopted as the learning samples, and these specific data are shown in Table 1.
TABLE 1 | Learning samples for the surrounding rock quality evaluation indexes.
[image: Table 1]4.2 Construction of the assessment frame
The flowchart depicting the determination of the quality levels of the surrounding rocks in the mine shaft is shown in Figure 3, and the specific procedures are as follows.
(1) The sample matrix of the origin matrix is constructed;
(2) the decisive matrix of original data is established based on Eqs 2, 3;
(3) the optimal combination weights of the different samples are obtained according to Eqs 9–17;
(4) the target centers of the different samples are found using the decisive matrix and Eq. 4;
(5) the positive and negative target center distances of the different samples are determined according to Eqs 5, 6;
(6) the target center distances of the different samples are determined using Eq. 7;
(7) the quality levels are partitioned according to the target center distance ranges in combination with Eq. 8;
(8) the final quality grade of the surrounding rocks is determined.
[image: Figure 3]FIGURE 3 | Flowchart of the assessment framework.
4.3 Determination of the standard decisive matrix values
Four of the indicators listed in Table 1 are of the benefit type. Using Eqs 1–3 and the information in Table 1, the decisive matrix values are obtained as shown in Table 2.
TABLE 2 | Decisive matrix values for the evaluation indexes.
[image: Table 2]4.4 Determination of the index weights
1) Determining the weight coefficients [image: image]based on the entropy method
From Table 2, the corresponding set of weight coefficients is obtained as
[image: image]
2) Calculating the weight coefficients [image: image]based on the critic method
From Eqs 9–11 and the information in Table 1, the correlation coefficients are calculated as
[image: image]
Using Eq. 12, the standard deviations of the individual columns are obtained as
[image: image]
Similarly, using Eq. 13 the set of weights of the evaluation indexes is obtained as
[image: image]
3) Determining the combined weights
From Eqs. 14–18, the combined set of weights [image: image] is obtained as
[image: image]
The individual and combined weights are graphically depicted in Figure 4.
[image: Figure 4]FIGURE 4 | Graphical depiction of the individual and combined weight coefficients.
4.5 Determination of the target center distances
The positive and negative target centers are respectively obtained as [image: image] and [image: image]. According to Eq. 4, the interval between the positive and negative target centers is [image: image]. Then, from Eqs 5, 6, the positive target center distances [image: image] and negative target center distances [image: image] of the different samples are calculated, as shown in Table 3.
TABLE 3 | Positive and negative target center distances for the different rock samples.
[image: Table 3]TABLE 4 | Synthesized target center distances for the rock samples.
[image: Table 4]4.6 Determination of the quality grade of the surrounding rocks
The comprehensive target distance of each sample was arranged according to the quality grade, and the critical value of the target distance for each quality grade was obtained, as shown in Table 5. Using Eq. 8, the target distance for each quality grade can be derived, as plotted in Figure 5.
TABLE 5 | Critical values of the synthesized target center distances.
[image: Table 5][image: Figure 5]FIGURE 5 | Grade target distances for surrounding rock quality.
4.7 Quality grade prediction of the surrounding rocks
To test the rationality and accuracy of the gray target evaluation model established in this study, a mine shaft project was selected as the example; the monitoring data for 13-17# samples are shown in Table 6. Different parameters are obtained and substituted into the game gray target evaluation model, and the corresponding comprehensive target distances [image: image] are obtained. For the different [image: image] ranges shown in Figure 5, the quality grades of the surrounding rocks are evaluated, whose results are shown in Table 7. The results obtained from the suggested model were compared with those from two other methods, as shown in Figure 6.
TABLE 6 | Monitoring data for the evaluation indexes.
[image: Table 6]TABLE 7 | Synthesized target distances of the predicted grades.
[image: Table 7][image: Figure 6]FIGURE 6 | Comparison of results from three methods.
The game gray target model was used to evaluate the quality levels of the surrounding rocks, and the assessment results are depicted in Table 7; it is seen from this table that the quality grades of the surrounding rocks for the 13–17# samples differ greatly. The quality levels for the 13# sample is IV, 16# sample is V, and the remaining samples are II; this means that the 13# sample is of inferior quality, 16# sample is of bad quality, and the rest are of good quality, for a combined quality rate of 60%. For the 13# and 16# samples, corresponding consolidation measures should be implemented; for example, shotcrete and anchor supports should be adopted to enhance the stabilities of the surrounding rocks, and no measures need to be adopted for the other samples.
The comparative results of the assessment models in Figure 6 indicate that the proposed method is consistent with the actual investigations for the five different samples and that its accuracy is 100%, which is greater than the accuracy of the RBF (Radial Basis Function) method (80%) (Zhou et al., 2012). Therefore, estimating the quality levels of surrounding rocks is feasible using the proposed game gray target model. The proposed approach also provides additional details for assessing the quality levels of the surrounding rocks. For example, the quality of the 15# sample is more likely to be level II as its synthetic target distance (0.8241) is greater than that for the 17# sample (0.7019) that could likely be closer to level III. Thus, the results of the proposed model can accurately demonstrate the quality grades of the surrounding rocks and further determine the risk grade rankings for different samples at the same levels.
5 RESULTS AND DISCUSSION
Considering the uniaxial saturated compressive strength of the rock block [image: image], rock quality index [image: image], rock softening coefficient [image: image], integrity coefficient of the rock mass [image: image], depth [image: image], unit weight of the rock mass [image: image], coefficient of quantification of the angle between the principal structural plane and shaft axis [image: image], and weight of the groundwater [image: image] as the evaluation indexed, the game gray target model is introduced in this work to evaluate the quality grades of surrounding rocks in a tunnel. Then, the quality levels of the surrounding rocks was assessed for five samples in accordance with the suggested model, and their final quality grades were determined.
(1) The proposed method was used to assess the quality levels of surrounding rocks in a new mine shaft, and the results obtained were consistent with those of actual investigations for five different samples. The accuracy with the proposed method reached 100%, which is more significant than the results of the backpropagation neural network method (80%). Therefore, it is highly feasible to estimate the quality levels of surrounding rocks using the game gray target model.
(2) The quality grades of the surrounding rocks for the 13–17# samples differ greatly; the quality levels for the 13# sample is IV, 16# sample is V, and the remaining samples are II, for a combined quality rate of 60%. For the 13# and 16# samples, corresponding consolidation measures are suggested to be implemented; for example, shotcrete and anchor supports should be adopted to enhance the stability of the surrounding rocks.
(3) The game gray target grade evaluation model can be used to mine small data sample to the maximum extent possible, thereby minimizing the information shortage caused by the small sample to a certain extent. The final quality grades of surrounding rocks can also be evaluated quantitatively using this model.
(4) The proposed method can accurately assess the water quality grade with higher reliability and efficiency. However, the calculation process is complex, so the randomness of the evaluation indexes are not considered. Hence, the proposed method can be further improved in the future. In the future work, a three-dimensional gray target model will be developed and applied to assess the water quality levels.
The results from the proposed model have been shown to accurately predict the quality levels of surrounding rocks and further help determine the quality level rankings for different samples at the same level. Thus, the suggested method is expected to provide a new avenue for quality level assessments of surrounding rocks in the future.
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