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The occurrence of debris flow hazards has significant destructive effects people’s safety and the safety of their property, so the risk assessment of debris flow hazards has great significance. The maximum amount of debris flow at one time (X1), the reserves of loose substance (X2), the watershed area (X3), the length of the ditch (X4), the relative height difference (X5), the gradient of side slope (X6), the longitudinal slope of main ditch (X7), the length ratio of replenishment section (X8), the daily maximum rainfall (X9), and Faults developed in the watershed (X10) are selected as the evaluation index at first. Then the gray system-variable fuzzy sets coupling model is introduced; secondly, the relative membership degree matrix about the fuzzy variable sets is established, and the weight coefficients considering the uncertainty of assessment indices are determined based on the entropy weight method; finally, the susceptibility level of debris flow hazards is determined using the mean ranking feature value. The conclusion is drawn that the results obtained based on the coupling technique are consistent with the current specification; its accuracy arrives at 83%, and the method is feasible for the susceptibility level assessment of debris flow hazards. Compared to the traditional variable fuzzy sets model, it avoids the uncertainty of magnitude in the standard analysis, it can ensure the objectivity and accuracy of the calculation result, and its calculation process is simple and efficient. In total, the findings of the proposed model provide an alternate way to assess the susceptibility level of debris flow hazards and improve the evaluation accuracy in the future.
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1 INTRODUCTION
As the excellent development strategy continues to expand in the west of China, debris flow hazards become a severe problem that hinders economic development and restricts the national quality of life (Gu et al., 2021a). So, risk assessment for debris flow hazards is an indispensable prerequisite to solving the debris flow problem (Gu et al., 2021b; Chen and Zhou, 2019). However, the occurrence and evolution of debris flow is very complex (Wu, 2017). Its influential factors are intricate, and they interact with each other, which is hard to assess quantitatively (Gu et al., 2021c). So, the susceptibility assessment for debris flow hazards has excellent significance.
The investigations on the susceptibility assessment of debris flow have been performed by researchers in many countries (Gu and Wu, 2019). Their investigation method is composed of three types: the heuristics method (Tan et al., 2018), the physical model method (Tsaparas et al., 2002), and the machine learning method (Liang, et al., 2020; Zhang, et al., 2020). The heuristics method mainly depends on the index factor of debris flow derived from the subjective experience, and then the debris flow in the investigation area is depicted; the physical model is adopted to try to reappear the respective conditions of the slope when the geological hazards occurred to determine the safe coefficients of ramps (Gu and Wu, 2016), for example, Gu et al. (2022) assess the susceptibility level of debris flow in the Duba River Watershed using the intuitionistic fuzzy sets-TOPSIS model. However, adjusting model parameters requires a lot of time. So, for the model, the prediction of zonal debris flow still has some limitations (Zhou and Gu, 2016; Zhang, 2020). With the development of computer sciences in recent years, the machine learning method is widely applied to assess the susceptibility level of debris flow hazards (Gu et al., 2019; Zhou et al., 2015). Examples inclde the artificial neural network model (Zhao and Liu, 2005), the decision tree model (Zhou et al., 2017), the logistic regression algorithm (Xiong, et al., 2020), the random forest method (Lai, et al., 2015), and the support vector machine (Yuan, 2008). These methods can calculate the vulnerability index of debris flow directly, and the interference of artificial subjective factors can be avoided (Zhou et al., 2014).
Although the above method has promoted the development of the assessment theory of debris flow hazards enormously, improvement is still needed; for example, the calculative process is complex, and the assessment process in many methods is often quantitative or qualitative. Aiming at the shortcomings of the above methods, the entropy weight-variable fuzzy sets are introduced to assess the susceptibility level of debris flow hazards in Horse Neck Field. It has many virtues; for example, the preciseness of the algorithm in practice is very high, and relatively to traditional variable fuzzy sets theory, the suggested method needs no significant data, and its operation is easy. In addition, it can provide a solution scheme for the evaluation indicators, which are difficult to quantify and reduce the influence of human factors (Gu et al., 2022a); the method is an excellent improvement on the traditional fuzzy sets model (Xie et al., 2023).
The paper is organized as follows: in Section 2, the engineering overview is first introduced; in Section 3, theory and methodology based on the entropy-weight variable fuzzy sets model are presented; in Section 4, the assessment model of the debris flow hazards are established, and the assessment results of the proposed model are compared; in Section 5, discussions and comparative analysis are performed; in Section 6, conclusions are drawn.
2 STUDY AREA
Leibo County lies in the southwest of Sichuan Province in China. Horse Neck Field town is located west of Leibo County, approximately 40 km from Leibo County; its location is plotted in Figure 1. The geographical coordinates of the study area are [image: image]: 639468–641324, [image: image]: 3124621–312664, and the annual average temperature is 12–16°C. The winter lasts more than 3 months; it is a rainy season from May to September, and this period contains 80% of the rainfall for the entire year. The annual average rainfall is 850 mm.
[image: Figure 1]FIGURE 1 | The geographical location of the study area.
Horse Neck Field Town is on the left bank of the west Suxijiao River. The geomorphologic features are characterized by deep-cutting tectonic erosion. The lowest elevation of the e-shaped valley is approximately 650 m, and its relative height difference with the highest point of the mountain is around 1130 m. The hill runs almost parallel to the gullies, and the overall profile of the slope is steep, with an average gradient of about 500. The topography and geomorphology of the study area are plotted in Figure 2.
[image: Figure 2]FIGURE 2 | Topography and geomorphology of the study area.
There are six branch gullies in the investigation area: Diaolou gully, Fatinghou gully, and the slope debris flow in Horse Neck Field Town. The slope debris flow in Horse Neck Field town comprises 1 # gully, 2 # gully, 3 # gully, and Erdingxi gully. A remote sensing image of these four gullies is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The remote sensing image of The slope debris flow.
3 METHODOLOGY
3.1 The variable fuzzy set theory
The variable fuzzy theory (Shao et al., 2022) is a further improvement and expansion of the traditional fuzzy set theory based on dialectical materialism and the relativity and dynamic variability of the development of things, it is defined as follows:
It is assumed that [image: image] is the domain of a fuzzy concept, [image: image] and [image: image] represent the natures of attraction and exclusion respectively in the field of discourse. For any [image: image], there exists [image: image], [image: image] and [image: image] are both the relative membership degree function. They represent respectively degree of attraction and rejection of the element [image: image] relative to [image: image] and [image: image]. Let:
[image: image]
Where, [image: image] is defined as the relative difference function of [image: image] to [image: image].
Assuming that [image: image] is an attractive interval on the real axis, namely, [image: image] interval, [image: image] and [image: image] are an interval of repulsive properties, namely, [image: image] interval, [image: image], and [image: image], the location relationship is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Linear relationship of the point x in the attractive region and repellent region.
According to the relevant definition, in Figure 2, the point [image: image] can be interpreted as the point of [image: image] and [image: image]. Then:
When [image: image] is located in the left of [image: image], the expression is:
[image: image]
When [image: image] is located in the right of [image: image], the expression is:
[image: image]
3.2 The gray system theory
Gray system theory (Chen et al., 2022) is a systematic method suggested by Professor Deng Julong to deal with the fuzziness of small samples and lack of information. As the core parameter, the gray correlation degree needs to be calculated by the gray correlation analysis; its basic principle is to determine the degree of correlation among factors by using the similarity of geometric figures of sequential curves. The closer the geometry is, the stronger the correlation is. The basic concepts are as follows:
It is assumed that a sequence of characteristic behaviors of a system is [image: image], the sequence of correlation factors can be expressed as follows:
[image: image]
[image: image]
[image: image]
Further information is available (Hang and Wu, 2019):
[image: image]
Then [image: image] represents the relative relationship degree between the sequence [image: image] and [image: image].
[image: image]
Where, [image: image] is called as the association factor; [image: image] is called as resolution coefficient; [image: image], and [image: image].
3.3 The coupling model
Their calculation procedure is listed as follows:
(1) Determination of evaluated objects and index sets. It is assumed that there are [image: image] assessment scheme and [image: image] evaluation indices, its optimal index value is [image: image], then the combination matrix of the optimal value and the reference value is (Gu et al. (2022b)):
[image: image]
(2) The dimensionless treatment of index. Assuming that [image: image] is the minimum magnitude of all schemes at the [image: image] index and [image: image] is its maximum magnitude, then Eq. 8 can be adopted to perform dimensionless calculation, [image: image], namely:
[image: image]
Where, [image: image] is the dimensionless magnitude of [image: image].
So, the dimensionless matrix [image: image] can be obtained as follows:
[image: image]
(3) The calculation of the sequence difference and maximum and minimum difference, are respectively expressed as:
[image: image]
Where, [image: image]
[image: image]
[image: image]
Where, [image: image].
(4) The determination of gray correlation coefficients
[image: image]
Where, [image: image], [image: image] is the resolution coefficient, its value
(5) The calculation of the relative membership degree
[image: image]
(6) The determination of index weight coefficients
The entropy weighting method is defined as describing the average amount of information using the concept of entropy (Zhou et al., 2021). Its calculative process is listed as follows:
[image: image]
[image: image]

① Normalization of different indices
Where, [image: image] is the corresponding magnitude of the evaluation indicator in the scheme [image: image].

② The determination of index weights
According to the normalized index matrix, the index weights can be depicted:
[image: image]
Where [image: image]
[image: image]
(7) The calculation of the relative membership degree
Its expression is listed as follows:
[image: image]
Where, [image: image] is the identification index value; [image: image] is the weight; [image: image] is the grade parameter; [image: image] is distance parameter; [image: image] and [image: image] represent heiming distance and Euclidean distance respectively; [image: image] is optimization criteria parameter; [image: image] and [image: image] exist in four combinations, namely, [image: image], [image: image], [image: image], [image: image].
According to Eq. 15, the synthetic membership degree is calculated as:
[image: image]
Where
[image: image]
(8) The determination of assessment results
Based on Eq. 16, the synthetic membership vector [image: image] can be obtained, their assessment level is listed as follows:
[image: image]
[image: image]
Finally, according to the magnitudes of [image: image], if [image: image], then the result is level [image: image] ([image: image] is a positive integer).
4 THE CONSTRUCTION OF AN ASSESSMENT MODEL
4.1 The determination of the evaluation index
The generation mechanism and evolution process of debris flow is very complex, and there are many influencing factors, so the selection of evaluation factors directly affects the final evaluation results. For the assessment model, the evaluation index is often selected based on the actual case in the engineering site. Otherwise, a more significant deviation will occur. According to the actual investigation datum, ten assessment factors in the investigation are selected as the assessment index of debris flow in Horse Neck Field. These indexes are, respectively, the maximum amount of debris flow at one time (X1), the reserves of loose substance (X2), the watershed area (X3), the length of the ditch (X4), the relative height difference (X5), the gradient of side slope (X6), the longitudinal slope of the main ditch (X7), the length ratio of replenishment section (X8), the maximum daily rainfall (X9), and Faults developed in the watershed (X10). According to the relevant specifications, the ten evaluation indexes can be classified into four levels in Table 1: susceptibility level I (low), susceptibility level II (medium), susceptibility level III (great), and susceptibility level IV (strong great). The monitoring value of ten assessment indexes about six branch gullies is depicted in Table 2.
TABLE 1 | The risk level classification of debris flow hazards.
[image: Table 1]TABLE 2 | The monitoring value.
[image: Table 2]4.2 The construction of the evaluation frame
A susceptibility assessment for debris flow hazards significantly influences people’s personal safety and that of their property, so assessing the susceptibility level of debris flow hazards is significant.
A new evaluation method of debris flow is provided in the paper, which is based on the variable fuzzy sets theory, as presented in Figure 5. At first, to evaluate the risk level of debris flow hazards, a complete assessment index system is established. Secondly, the weight of each assessment index is determined according to an entropy weight theory. Thirdly, the relative membership degree is determined using the coupling theory. Then, the magnitudes of synthetic certainty degree are determined; finally, the susceptibility level of debris flow hazards is distinguished.
[image: Figure 5]FIGURE 5 | The risk evaluation process of the risk level of the debris flow hazards.
4.3 The determination of the risk level of the debris flow hazards

(1) The determination of the weight coefficients
According to the entropy method theory and Table 2, the weight coefficients can be calculated in Table 3.
(2) The determination of the relative membership degree matrix
TABLE 3 | The weight coefficient matrix.
[image: Table 3]Based on Table 2, the data in Diaolou Gully is adopted as a sample. The actual magnitude of Diaolou gully in Table 2 usesthe optimal value, and the middle value in the grade interval in Table 1 is regarded as the reference value so that the combination matrix [image: image] can be expressed as:
[image: image]
Based on Eqs 8, 9, the dimensionless matrix [image: image] can be depicted as follows:
[image: image]
Then, according to Eqs 10–14, the relative membership degree matrix can be expressed as follows:
[image: image]
(3) Determining the comprehensive relative membership degree vector
According to Eq. 15, and in combination with the matrix of [image: image], the comprehensive relative membership degree matrix can be shown in Table 4.
TABLE 4 | The comprehensive relative membership vector.
[image: Table 4]According to Eqs 16, 17, the normalized comprehensive relative membership degree vector can be obtained in Table 5.
TABLE 5 | The normalized comprehensive relative membership degree vector.
[image: Table 5]
(3) Determination of the susceptibility level of the debris flow hazards
Based on Eqs 18, 19, and in combination with Table 5, the ranking feature value of debris flow in Diaolou gully can be shown in Table 6.
TABLE 6 | The feature value of 1# cross-section.
[image: Table 6]Similarly, the feature value of the six gullies is shown in Table 7.
TABLE 7 | The assessment values at six cross-sections.
[image: Table 7]When validating assessment results, the results in this article are compared with other methods, as listed in Table 8.
TABLE 8 | The comparison of results from the different models.
[image: Table 8]The coupling model is applied to assess the debris flow hazards. The whole results are shown in Table 8. It can be found from Table 8 that the susceptibility levels of debris flow hazard from the six different gullies are different. The susceptibility level at the 2 # gully is I; at the 1# and 3 # gullies it is II; and at the remaining gullies it is III. This means that the susceptibility level for debris flow at 2 # gully is low; at 1# and 3# medium; and the susceptibility to debris flow at the rest of the gullies is excellent, so the qualified rate of susceptibility level surrounding debris flow hazards in all valleys arrives at 50%. Because the susceptibility level of debris flow hazards at gullies 1–3# is weak, no measurement need be performed, but a correlated safety procedure should be established. However, the susceptibility levels at the other gullies are significant, so the necessary consolidation measurements should be taken to prevent debris flow hazards; for example, steel mesh should be placed across the relevant slopes in the various gullies.
Based on the comparative results of the assessment model in Table 8, it can be found that the outcomes assessed by the suggested method are consistent with the current specification. Its accuracy rate achieves 83% in the text method, which is higher than the results from the Fuzzy-AHP method (67%) (Li and Sun, 2021). Relative to the Fuzzy-AHP method, the suggested method has higher accuracy, and its result has greater objectivity because the Fuzzy-AHP method is dependent on the expert’s experience. In addition, the suggested method takes into consideration more information from indicators, so its predictable results are more reasonable in comparison with the Fuzzy-AHP model. Thus, when estimating the susceptibility level of debris flow hazards in Horse Neck Field, using the suggested model to reach conclusions is feasible. The method provides accurate results and details about the susceptibility level of debris flow hazards. For example, the reserves of loose substance X2 at the Diaolou gully is 12.13, which should fall within level IV according to Table 1. In addition, the degree of membership of the other indices obtained by the provided model comes under level III, so the susceptibility level probability at the Diaolou Gully at level III is more extensive than that of levels I, IV, and II. So, the susceptibility level in the Diaolou Valley adheres soley to level III and only barely qualifies as levels I, IV, and II. Furthermore, the susceptibility level of debris flow hazards at 3# gully is more likely to be level II than the level at 1# gully because the mean ranking feature value (1.7311) at 3# gully for class III is higher than that of 1# gully (1.5039). The results obtained using the suggested model accurately demonstrate the susceptibility level of debris flow hazards and further determine the ranking of debris flow hazards at the same level.
5 DISCUSSION

(1) Compared to the traditional variable fuzzy sets model, during the calculative process of relative membership degree, the conventional variable fuzzy set only considers the evaluation interval corresponding to the actual value and adjacent to it, and all other intervals are treated as 0. Traditional methods will lead to the loss of a large number of data related to the indicators; the relative membership degree matrix established by the coupling model considers more information related to the index, and the expression of the membership relationship is more comprehensive and reasonable. In addition, the gray relational analysis has apparent advantages in dealing with the fuzzy calculation of small samples, which are difficult to obtain, such data as debris flow hazards assessment, and the calculation process is simple and efficient.
(2) In the calculation process, the coupling model uses the gray correlation degree instead of the traditional relative membership degree. Thus, it avoids the uncertainty of value in the standard calculation. Especially when the qualitative problem of non-linear change is conducted, in comparison with the traditional analysis, it is highly dependent on the expert experience, and there is no such problem in the coupling model so that it can ensure the objectivity and accuracy of the calculation result as far as possible.
(3) Although the suggested method has many virtues, it still has some limitations. For example, the great complexity and randomness of different indicators should be given further consideration, and the conversion between qualitative and quantitative characteristics for various indicators can not be realized, so the suggested method still has much room to improve in the future.
6 CONCLUSION
Considering the maximum amount of debris flow at one time (X1), the reserves of loose substance (X2), the watershed area (X3), the length of the ditch (X4), the relative height difference (X5), the gradient of side slope (X6), the longitudinal slope of the main ditch (X7), the length ratio of replenishment section (X8), the maximum daily rainfall (X9), and the Faults developed in the watershed (X10), a new assessment method is introduced in this article to assess the susceptibility level of debris flow hazards. The relative membership degree matrix of the assessment sample is determined at first using the gray system-variable fuzzy sets. Then, the weighting coefficients are calculated by the coupling method. Finally, the susceptibility level of debris flow hazards is determined using the mean ranking feature value.
The proposed method is applied to assess the susceptibility level of debris flow hazards. The result is compared with the current specifications and the Fuzzy-AHP method. The results obtained based on the suggested method are consistent with the current specification, their accuracy reaching 83%. The qualified rate of debris flow in all gullies comes at 50%. In other words, except for 1–3# gullies, for any other valleys, we should adopt necessary measures to prevent the occurrence of debris flow hazards. The results obtained using the suggested model demonstrate the susceptibility level of debris flow hazards accurately and further determine the level ranking of debris flow hazards at the same level.
Compared to the traditional methods, the suggested model has a significant advantage in dealing with the fuzzy calculation of small samples, and its calculation process is simple and efficient; furthermore, it avoids the uncertainty of magnitude in the standard analysis, and it can ensure the objectivity and accuracy of the calculation result as far as possible. For example, the large complexity and randomness of different indicators should given more consideration, and the conversion between qualitative and quantitative characteristics for various indicators cannot be realized, so the suggested method still has space to improve in the future.
In total, the findings of the proposed model provide an alternate way to assess the susceptibility level of debris flow hazards and improve the evaluation accuracy in the future.
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