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The initial of debris flow can be classified into two types based on their triggering positions, that is, debris flow from slope and debris flow from gully or channel. For the former, great progress has been achieved on the mechanisms of soil failure and liquefaction. The framework established by a series of theories or laws, such as the Mohr–Coulomb criteria, the unsaturated soil mechanics, and the critical state of soil mass, has been used widely in industry and research. However, the details and discrimination basis for the transformation process from landslide into debris flow still need to be further clarified. Relatively, debris flow from gully or channel is more complex due to its various mass sources and the diversity of processes. Nevertheless, through a great number of case studies and experimental statistics, people have gradually recognized the influential rule and critical condition of factors from landform, hydrology, and other aspects on debris flow initiation. Furthermore, based on the theories of granular flow, continuum mechanics, and rheological law, some typical event-based scenarios can also be reproduced by different single-/two-phase depth integral/average numerical models. However, some key knowledge on mechanism and application level is still insufficient, such as the erosion and entrainment mechanism of materials from different sources, the boundary tractions and materials exchange, as well as the selection of prediction indicators. Three current discriminated methodologies for debris flow initiation, that is, the safety factor method, the rainfall indicator method, and the comprehensive assessment method, were summarized in this article. Considering the technical limitation of each methodology, it is believed that the establishment or improvement of a unified, stable, and open-access database system for event registration and query, as well as the development of large-scale and high-precision rainfall monitoring, is still regarded as the important aspect of debris flow prevention in the future. In addition, as an economic and efficiency means for obtaining information on potential threats and real-time hazard messages, the multielement method for debris flow is recommended as a long-term reference.
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INTRODUCTION
The term “debris flow” is a cage name for the torrent that occurs in mountainous areas and carries a large amount of sediment, stones, and other debris materials. In order to define the object more clearly, researchers and corresponding institutions worldwide have defined the debris flow in different ways. For example, the United States Geological Survey (USGS) regarded debris flow as a kind of rapid landslide (Brabb et al., 1999). Qian and Wang (1984) indicated that debris flow was a two-phase solid–liquid mixed flow filled with clay and boulders occurring in valleys and slopes. Furthermore, the energy of debris flow mainly came from the properties of solid particles themselves, such as gravity, the discrete force from particles colliding, or the buoyant force produced by high volume mud. Iverson (1997b) pointed out that both forces from solid and fluid had great influence on debris flow movement, which was also the point to distinguish debris flow from some similar processes, such as rock fall and hyperconcentrated flow. Some other scholars like King (1999) and Shu et al. (2018) believed that debris flow was a mixture of loose mud, sand, soil, rock, water, and air flowing down the slope under gravity, in which at least 50% of the solid material must be loose sand or large particles. Overall, although these concepts have different interpretations, the basic consensus of debris flow can still be reached, that is, two essential characteristics of debris flow processes: first, the mass in motion has at least the state of solid–liquid phase or pseudomono phase; second, the movement of mass depends on both solid and fluid forces. The discussion of debris flows later in this article will be based on this fundamental concept.
Due to the characteristics of sudden outburst and high energy density, debris flows often cause huge disasters. Monitoring and early warning is an essential method of disaster prevention and mitigation. However, being a worldwide problem, for now, there is no mature, reliable, and widely applicable debris flow monitoring and early warning plan for promotion. One reason for this is the relatively poor understanding of the process mechanism of debris flow; the other might be related to the complexity of debris flow development environment and the limitations of different monitoring means. In recent years, with the increase of extreme weather and geological events, large-scale debris flow disasters occurred more frequently. Based on these accumulated cases, new or improved algorithms, theories, and equipment were constantly integrated and innovated. However, literature reviews in almost the same period mainly focused on the movement mechanism of debris flow or some other subdivided fields (Iverson and Ouyang, 2015; Cui et al., 2016; Hürlimann et al., 2019; Yu et al., 2020), lacking comprehensive summary of relevant theories and technologies.
Accordingly, this article attempts to systematically organize and summarize the existing research progress on theory and application, to provide further reference on debris flow prevention, especially on the fundamental ideas and corresponding developmental direction in the future. Considering that the cognition and prediction of debris flow initiation is more practical for prolonging the leading time and improving the alarm system performance (Hürlimann et al., 2019), this article focuses on two aspects, that is, the initiation mechanism of debris flow and related discrimination or prediction methods.
INITIATION MECHANISM OF DEBRIS FLOW
The formation of debris flow is not only barely affected by the external environmental determinants such as rainfall, snow melting, human activities, and geological landform but also related to the properties of loose materials like particle grading, soil dispersion, and water content. Thus, analyzing the coupling critical relationships between these factors is the key to reveal mechanism of debris flow initiation.
Currently, there is no universal standard for the classification of debris flow initiation. Some scholars classified debris flow according to the way it is induced, that is, by shallow landslide and by runoff (Tang and Zhang, 2008). Others such as Wang (2001) divided debris flow into three types: the first type was that the landslide materials rushed into flow and mixed with water to form debris flow; the second type was debris flow formed by the hydraulic erosion of sediment on the channel or gully bed; and the third type was debris flow formed by the entrainment of deposits from bank collapse. Furthermore, the second type usually developed stony debris flow, which was mainly due to the rich pebbles and gravels on the river bed in mountainous areas, while the first and third types were prone to develop viscous debris flow due to the wider grain grading.
Based on the fundamental concept stated above, debris flow is presumably regarded as the product of solid–liquid phases coupling. Therefore, even the debris flow occurred in river channel can hardly be technically recognized as a totally hydraulic-dominated process since it is difficult to cut off the connection completely between the gully or channel deposits and the gravity process such as landslides and collapses. Moreover, the debris flow just formed by sediment from river bed scouring is not typical in most events. In fact, this type is more likely to be reproduced by a solid model in a laboratory environment. Hence, the above classification has limitations on description to a certain extent. Herein, for defining the type more concretely and intuitively, the debris flow initiation is classified into slope initiation and gully or channel initiation based on the triggering position (Figure 1). They are different in driving force, material source, and conditions of underlying surface, and they are all important units to promote the process of disaster chain.
[image: Figure 1]FIGURE 1 | Difference and connection between the general initial types of debris flow from slope and gully.
Debris Flow Starting from Slope (Slope Debris Flow)
This phenomenon denotes a kind of debris flow process formed and moving on a slope, including small-scale gullies and so-called colluvium deposits in hollow region (CDHs from Zhang et al., 2020). It is usually driven by external forces such as continuous rainfall, rainstorm, melted ice, and snow. A large number of experiments and witness evidences have shown that slope debris flow generally begins with the process chain of softening, cracking, creep of the loose material, as well as footslope failure. After that, the slope failure proceeds into local collapse and liquefaction under continuous shear stress. Subsequently, the processes can be extended to the surrounding areas, and eventually lead to the overall initiation of debris flow (Morton and Cambell, 1974; Gabet and Mudd, 2006; Li et al., 2010; Zhou et al., 2017; Liao et al., 2017; Pan et al., 2017; Qiao et al., 2018; Li et al., 2019). Some other reports also indicated that slope materials could be transformed into debris flow directly without collapse or slide processes (Williams and Guy, 1973; Iverson, 1997b; Hu et al., 2015; Chen, 2016).
Generally, it is believed that the initiation of debris flow is mainly determined by water supply, landform, physical properties of potential loose materials, and corresponding stress states. Takahashi (1978), Takahashi (2007) calculated that the critical slope for debris flow occurring was only about 14.5° based on mechanical equilibrium. Many event-based cases also showed that in some areas, rainfall intensity of 10 mm/h or even lower could trigger landslides and debris flows (Wang et al., 1997; Cannon et al., 2008; Guzzetti et al., 2008; Zhou and Tang, 2013). Therefore, it seems that for most slope debris flows, precipitation and slope can hardly be the bottleneck or restricting factors for initiation. The initial mechanism is mainly related to internal properties and corresponding stress state of slope materials.
Grain composition and porosity of loose materials are two crucial properties that affect the initiation of debris flow. Grain composition determines porosity and permeability of soil layer to some extent. According to Cui (1991), the content of fine particles less than 1 mm was a useful indicator to reflect the structure and strength of loose materials, and it had a negative correlation with the critical slope of debris flow initiation. This was because the quantity increase of fine content could significantly reduce the porosity of soil, thereby decreasing the permeability coefficient or hydraulic conductivity of soil layer (Chen et al., 2006; Zhou et al., 2012; Yang et al., 2016). That means lower intensity of rainfall can also exceed the critical point for soil saturation and cause a series of chain reactions, such as increase in pore water pressure and reduction in effective stress (Wang et al., 1997; Gao et al., 2011). In recent years, some scholars have also proved that higher volume of fine particles did not necessarily cause initiation of debris flow. Rather, once a critical point was reached, erosion occurred (Zhou et al., 2017). In addition, the content of clay or sand can also contribute to the efficiency of debris flow initiation. Sandy soil has higher water permeability, which helps to reach the critical point more quickly (Gabet and Mudd, 2006).
According to the critical state theory of soil mass (Casagrande, 1936), under the action of continuous shear stress, soil mass can reach a critical porosity through dilation or contraction, regardless of its original state being compacted or loose. If the original state of soil is loose, high porosity may lead to massive positive pore pressure in the process of contraction, and the probability of debris flow initiation will increase sharply (Hutchinson, 1986; Fleming et al., 1989; Gabet and Mudd, 2006). In fact, during the whole process of soil deformation, continuous dilation and contraction may occur frequently, resulting in dynamic change of soil porosity, which in turn will affect water content and pore pressure of the soil. Therefore, the importance of porosity is more reflected in its water storage and pressure conduction, as well as the resulting changes in soil stress state.
The effective stress and cohesion determine the shear strength of soil mass based on Mohr–Coulomb criterion. This criterion can also be used to interpret the processes of slope instability and debris flow initiation. The limit equilibrium or safety factor method based on this criterion has been used widely in the field of engineering consultation. By further introducing the theory of unsaturated soil mechanics (Fredlund et al., 1978), Qi and Huang (2003) added the influences of pore water pressure and pore air pressure to the traditional formula of shear strength and proposed a discriminant formula to judge whether the loose material was started or not (Table 1, Formula 1). The basic idea of this formula is that with the continuous rainfall input, matrix suction of loose material decreases significantly with the increase of water content, resulting in reduction of shear strength. When the loose material is saturated and the shear strength is less than the tangential stress produced by flow and gravity, debris flow will occur.
TABLE 1 | Some typical formulas on initial discrimination of debris flow and entrainment/erosion rate.
[image: Table 1]Although the probability of slope material liquefaction and transformation into debris flow increases sharply after saturated, soil saturation is not a necessary condition for the development of debris flow (Iverson and Vallance, 2001; Chen et al., 2006). Thus, the applicability of above theories has limitations to some extent. Besides, there is no further analysis on the liquefaction mechanism and the transformation process from solid to fluid. In view of this, some researchers put forward the so-called slurry making theory and soft base effect of landslide transforming into debris flow based on case investigation and ring shear test (Chen, 1992; Zhang et al., 2009). However, physical description had not been described in details. Iverson of USGS had made a more beneficial exploration on this issue.
Based on theoretical derivation and large-scale solid model experiments, two liquefaction mechanisms of landslide transforming into debris flow were proposed by Iverson et al. (1997a); Iverson (1997b); Iverson and Vallance (2001). One was that for the soil mass with negligible cohesion, liquefaction occurred when the pore water pressure increased to the value of total normal stress, that is, the effective stress dropped to 0. The other was that for the cohesive soil mass, in addition to maintaining a high level of pore water pressure, it was necessary to reduce the cohesive force by vibration before liquefaction. The increase of pore water pressure, mainly caused by soil contraction and continuous water supply, was the main cause for landslide transforming into debris flow. While the vibration of soil mass was mainly realized by earthquake or movement on a rough slope, that is, converting kinetic energy into heat energy of soil particles. Combined with the Coulomb grain flow equation (Iverson, 1997b), the author realized the mathematical simulation of the whole process of landslide debris flow and reproduced the initial processes under the two liquefaction mechanisms in solid model experiments (Iverson et al., 1997a).
Iverson’s work indicated the critical influence of pore water pressure on the formation of landslide debris flow in different mechanisms and soil types on mathematical and physical level and strongly promoted the application of relevant indicators in debris flow prediction and early warning research. Additionally, the work provided a more systematic, coherent, and dialectical understanding of the connections among the Mohr–Coulomb criterion, the unsaturated soil mechanics theory, the critical state theory of soil mass, and the vibration of liquefaction. However, some process details, especially the issues on soil liquefaction, are still needed to be addressed, such as how to establish the mathematical relationship between vibration energy and soil cohesion, the relationships between different soil properties and liquefaction vibration, and the corresponding critical phenomena. If these issues cannot be discussed sufficiently, it is difficult to break through the framework of safety factor method on slope debris flow initiation.
Debris Flow Starting from Gully or Channel (Gully Debris Flow)
This phenomenon means that the initiation and movement of debris flow mainly occur on the gully or channel bed. It can be formed by the erosion of bed basal materials or by the entrainment of bank collapse materials caused by continuous lateral erosion. Compared with slope debris flow, gully debris flow has more diversity in material sources and development forms. Besides, the development environment of gully debris flows usually presents lower requirement on channel gradient because of the dramatic influence from water flow, that is, the initiation of gully debris flow is more sensitive to the channel gradient. Therefore, the traditional research on the initiation of gully debris flow mainly focuses on the relationships among discharge, channel gradient, and the grain composition of loose materials.
Being the most direct triggering factor of gully debris flow, the influence of discharge is the first concern. It is generally believed that the critical discharge for gully debris flow always increases with the increase of particle size (Table 1, Formula 2). However, some studies have pointed out that the potential energy provided by channel slope should also be considered. If the channel slope is very small and the particle size is large enough concurrently, it can only develop bed load movement even if the discharge is very large (Wang, 2001). Based on a great number of experiments, Wang (2001) established the empirical relationship between the critical slope and the median diameter of loose materials in the process of debris flow formed by flow scouring (Table 1, Formula 3). By laying nearly homogeneous gravel layer in the flume with gradient from 12 to 20°, Gregoretti and Fontana (2008) carried out an experiment and summarized the rule of critical discharge of gully debris flow initiation under different particle size and slope conditions (Table 1, Formula 4). The outcome was used to estimate the critical discharges of erosion-induced debris flow events in 6 catchments in Dolomites of Italy. The author believed that the formula was competent for general sensitivity analysis.
In addition to the process research represented by the above achievements, that is, summarizing empirical or semiempirical relationships through solid model experiments, researchers also tried to further expand their knowledge from mechanical or energy level (Table 1, Formula 5, 6).
Takahashi (1978) constructed a model for critical slope calculation of gully debris flow from the perspective of mechanical equilibrium based on Bagnold’s theory of granular flow. The model assumed a scenario that in an infinite gully slope, the loose material reached the state of saturation after being soaked by flow water, and then failure and debris flow occurred due to the excess shear stress. Blijenberg (2007) provided the safety factor version of the model and applied it to the Alps in southern France. It was found that the results of the model were too conservative, that is, even in cases where only extreme rainstorms could induce debris flows, the cases would still be considered unsafe. The author believed that one of the important reasons for this was that the loose materials in the channel were difficult to reach the state of saturation under the flow scouring, which had also been confirmed by some recent experimental studies (Pan et al., 2017; Li et al., 2019). On one hand, the flow at the beginning would take away the fine particles to form enough pores in loose materials; on the other hand, the water carrying a large amount of sand and stone was likely to bypass these pores and flow through the surface of loose materials directly during the flood process.
Besides, Wang (2001) pointed out that the loose materials in Takahashi’s model might be washed away by water flow before failure; thus, the critical slope obtained from this model was overestimated to some extent. Iverson and Ouyang (2015) also believed that such models based on granular flow theory were not suitable for gully debris flows because these debris flow processes were far away from equilibrium, commonly.
Gully debris flow may present wave-like discontinuous characteristic due to the erosion and entrainment of loose materials (Iverson and Ouyang, 2015). The eroded materials continuously concentrated to the front and provided energy through particle collision, so that the front could move in the channel with gentle or even reverse slope (Wang, 2001; Lyu et al., 2017; Gregoretti et al., 2018). Therefore, erosion and entrainment are an important mechanism for gully debris flow development. Case analyses and experimental studies showed that most of the erosion and entrainment occurred at the stage of front passing (Haas and Woerkom, 2016; McArdell, 2016). The scouring depth of riverbed usually increased with the increase of channel gradient, flow depth, discharge, basal shear stress, front water content, and particle size (Theule et al., 2015; Haas and Woerkom, 2016; Vázquez et al., 2016; Frank et al., 2017).
Furthermore, theoretical analysis indicated that when the density of mixed layer was distinctive with that of riverbed layer, the changes of eroded material volume and pore water pressure during the entrainment process might affect entrainment rate as a feedback effect (Iverson, 2005). Compared with the undisturbed bed material, the eroded material was more likely to be entrained by runoff due to the decrease of cohesion (McGuire et al., 2017). Some researchers believed that when the debris flow passed through the riverbed, it would rapidly infiltrate and saturate the bed material with a certain thickness, that is, forming a moist layer. Consequently, the layer would be eroded completely when the safety factor was less than 1 (Huang and Tang, 2017).
Before being transformed into debris flow, the riverbed materials must undergo complex mechanisms such as material exchange, energy transfer, and rheology during the processes of erosion, deposition, and entrainment, among which the problems of erosion and entrainment have aroused widespread concern in the academic community. However, although the physical senses of these two phenomena are different (Iverson and Ouyang, 2015), they are generally considered to be uniform when calculating the erosion or entrainment rate.
Many studies have established the relationship between the entrainment rate and the process of hyperconcentrated flow transforming into debris flow by using numerical models. Based on the specific rheological law and continuum theory, these models were usually presented in the form of single-/two-phase depth-average/integral model coupling the formula of entrainment rate (Stancanelli et al., 2015; McGuire et al., 2017; Mergili et al., 2017; Vagnon et al., 2018; Gregoretti et al., 2018, 2019; Liu and He, 2020; Zhou et al., 2019). Among these entrainment formulas, there were not only empirical formulas established by the parameters of sediment concentration and slope gradient before and after scouring (Table 1, Formula 7; Takahashi, 1978; Frank et al., 2017) but also mechanism or semi-mechanism formulas based on the physical relationships among riverbed morphology, velocity, and basal shear stress (Table 1, Formula 8, 9). The motion state of mixed flow in these models was basically determined by the volumetric proportion of solid and liquid factions, for example, the empirical threshold value from the apparent viscosity or the volumetric sediment concentration (McGuire et al., 2017; Bout et al., 2018; Liu and He, 2020).
The above numerical simulation originated from depth-average/integral model coupling entrainment rate formula could restore the evolution characteristics of some typical debris flow events to some extent, especially the characteristic of rheology and the amplification effect. However, there are yet some problems to be solved in theory (Iverson and Ouyang, 2015; Garres-Díaz et al., 2020).
The first one is the conservation of momentum of the mixture fluid after entraining new loose material, that is, whether the energy of the debris front is increased or decreased after the loose material is absorbed, which needs to be further analyzed in different scenarios. The second one is the changes of volume and excess pore water pressure of entraining front caused by the density difference between mixture fluid and loose material, as well as the corresponding feedback effects on erosion, deposition, and rheological processes, which call for more experimental and simulation studies. The third one is that the existing entrainment rate formulas rarely considered the material supplement caused by lateral erosion and bank collapse, which may play a greater role in the formation of debris flow (Lyu et al., 2017).
In addition, although the existing technology of numerical simulation can provide some support for the estimation of critical rainfall or discharge, its calculation time is too long to meet the requirements of monitoring and early warning in terms of timeliness. This technology is more suitable for scenario analysis and risk or hazard assessment. Therefore, the relatively simple discrimination method for debris flow initiation has gradually become a research hotspot. For instance, Berti and Simoni (2005) established a runoff yield model for initial area of debris flow in Dolomites area of Italy based on kinematic wave equation. It was found that the critical discharge for the initiation of loose materials was so small that the interval of threshold values between the generation of surface runoff and the debris flow initiation could be ignored. Hence, the author believed that the study and simulation of runoff generation process was an alternative and relatively convenient way to identify the initiation of debris flow.
Shu et al. (2017) proposed a discriminant for particle initiation of nonhomogeneous debris flow by using the Shields number based on sediment movement mechanics, that is, when the ratio of flow shear stress to critical particle starting stress was larger than 1, the particle initiation occurred. This idea was similar to Berti’s and Simoni’s hypothesis and was supported by Tillery and Rengers (2020). However, since the initiation of sediment particles or the formation of surface runoff is not a sufficient condition for debris flow initiation, there are limitations to use these methods for discrimination.
Taking the bulk density >1,300 kg/m3 as the basis of gully debris flow formation, Dang et al. (2014) and Wang et al. (2018) built another type of discrimination indicator based on the same formula framework by using the parameters such as flow power and dimensionless shear stress. However, the threshold of these indicators would change with the variation of volumetric solid concentration. Thus, a range of tests are needed to calibrate the parameters before being applicated. Moreover, the relevant monitoring indicators are not easy to accurately measure when disasters occur, so it is difficult to promote.
In a word, although people have gained some knowledge on the initiation of gully debris flow, there is still room for further development and improvement in terms of erosion or entrainment mechanism of loose materials from different sources, the boundary tractions and materials exchange, and the construction and application of rapid discrimination method.
DISCRIMINATION METHODS FOR DEBRIS FLOW INITIATION
The discrimination or prediction methods here refer to a series of key elements monitoring and initial node determination of debris flow in the potential formation area, that is, material source area, which can provide important reference for early warning of debris flow disasters. For now, there were many means of test for debris flow monitoring and early warning worldwide, such as the research using geophone, seismometer, and other seismic monitoring facilities based on the change of ground amplitude, frequency, or energy of the event (Palau et al., 2017; Walter et al., 2017; Lai et al., 2018; Coviello et al., 2019). Some of them could even distinguish debris flow from flood flow (Schimmel et al., 2018). However, compared with the initial discrimination, these methods are usually more sensitive to the process of debris flow movement. Moreover, due to the issues of noise discrimination, use cost, deployment, and installation, it is difficult to promote on a large scale.
In addition, considering the role of local convective weather in mountainous areas on debris flow prediction, some studies have also tried to use the cloud-to-ground lightning flash data and the convective available potential energy (CAPE) to establish correlation (Turkington et al., 2016; Underwood et al., 2016). However, due to the scale conversion and other reasons, for now, it was difficult to support the high reliability local initial prediction.
According to the current engineering practice, three basic discrimination methodologies for debris flow initiation can be summarized in general, that is, the safety factor method, the rainfall indicator method, and the comprehensive assessment method. The former refers to the models established based on the principle of mechanical equilibrium, and its representative achievements have been introduced in the previous sections (Takahashi, 1978; Iverson and Vallance, 2001; Qi and Huang, 2003; Blijenberg, 2007; Dang et al., 2014; Shu et al., 2018; Wang et al., 2018). This section mainly combs and summarizes the ideas and contents of the latter two methodologies and does not involve the hardware and technology of sensors and network communication.
Rainfall Indicator Method
The rainfall is an indispensable condition of external force for most debris flow events. Due to the relatively lower technical threshold and system maintenance cost, it is the most popular method in the world to use rainfall index for debris flow monitoring and early warning (Table 2), and its representative method is the power law equation (I-D method) proposed by Caine (1980)
[image: image]
where I is the critical rainfall intensity per unit time, which can be the peak intensity (Cannon et al., 2008) or the average intensity (Brunetti et al., 2010); D is the rainfall duration; and α and β are the empirical calibration parameters, respectively.
TABLE 2 | Some typical discrimination formulas of debris flow occurrence based on the rainfall indicator method.
[image: Table 2]The method assumes that there is a nonlinear relationship between the critical rainfall intensity and the rainfall duration, and the former decreases with the increase of the latter. In practice, two strategies of the method, that is, the upper limit method and the lower limit method are used commonly. The former takes the maximum rainfall intensity that cannot cause debris flow events at a specific time and space as the critical point, while the latter takes the minimum rainfall intensity that can induce debris flow events as the point (Guzzetti et al., 2008). Obviously, the lower limit method is more conservative and prone to false alarm, while the upper limit method is loose and prone to fail alarm. If any interval value is taken as the critical point, it mainly depends on the empirical judgment and has strong subjectivity.
In conjunction with USGS, the National Oceanic and Atmospheric Administration (NOAA) started the work of monitoring and early warning for wildfire-induced debris flow in mountainous areas of Southern California since 2005 (Restrepo et al., 2008). A determination method of critical rainfall intensity based on the I-D idea was proposed during the project. The method, providing a path for the objective selection of the I-D curve, used receiver operating characteristic curve (ROC) to find the equilibrium solution under the conditions of minimum false/fail alarm rate and maximum accuracy rate based on the outputs from the upper limit method and the lower limit method (Staley et al., 2013). Besides, as an empirical statistical method, the same purpose, that is, objectively setting the critical point, can also be realized by using trial and error or multi-objective optimization algorithms (Wu et al., 2018; Yan et al., 2020).
The traditional I-D method requires high spatial and temporal resolution on historical data, which is not in line with the reality that most mountainous areas lack or do not have data at all. What is more, it does not consider the impact of antecedent rainfall accumulation. Although this can be compensated partly by constructing I-D curves under different antecedent rainfall scenarios, the efficiency and convenience will decline. Therefore, scholars from different regions are constantly trying to develop or improve relevant methods. For example, Glade et al. (2000) proposed an initial discriminant for landslide by improving the antecedent precipitation index model (Bruce and Clark, 1966) in New Zealand (Table 2, Formula 1); a debris flow prediction model in Jiangjia gully in China was put forward by the Institute of Mountain Hazards and Environment, CAS, 2000 based on long-term observation and water balance principle (Table 2, Formula 2). These discrimination methods based on rainfall intensity–antecedent effective rainfall, that is, I-A method, have also been applied in many early warning cases of flash floods and debris flows (Clark et al., 2014; Deng et al., 2018), and it is especially suitable for those watersheds with better vegetation coverage and greater water storage potential. However, some findings reported that the early warning effect of I-D method was better than that of I-A method for the watersheds with sandy soil (Abancó et al., 2016), and the minimum duration of rainfall triggering debris flow should even be upgraded to the key indicator (Pastorello et al., 2020).
In view of the lack of data in mountainous areas, the conventional method is to use the data of nearby stations for analogy or interpolation. However, recent studies have shown that these methods were easy to overestimate or underestimate the rainfall threshold to some extent (Marra et al., 2016; Destro et al., 2017; Marra et al., 2017), especially for the convective weather events with small watershed scale. Even if the data of adjacent basins were used, they might lead to calculation errors. Fortunately, radar rainfall measurement could improve this situation to a certain extent (Abancó et al., 2016).
In addition, there are two indirect solutions: 1) according to the determined contour maps of maximum rainstorm and their coefficients of variation, the design rainstorms with different frequencies can be calculated, and then, the results consistent with the frequency of historical disaster events can be taken as the regional critical rainfall. This idea has been widely used in the field of prediction and early warning of regional flash floods and debris flows (Liang and Yao, 2008; Duan, 2009). 2) The threshold of the key index for debris flow initiation can be obtained by using various mechanism or semi-mechanism models (Huang and Tang, 2017; Bout et al., 2018; Zhou et al., 2019; Liu et al., 2020), and then, the critical rainfall value can be deduced according to the threshold. For example, Pan et al. (2018) first obtained the critical flow depth for debris flow based on Takahashi’s model and then deduced the rainfall threshold by using the water balance equation of stored-full runoff; Zhang et al. (2019) used the safety factor method and the excess infiltration–saturation runoff model to obtain the bulk density of mixed flow and then established the I-D curve according to whether the density reached the critical condition of debris flow formation. Although there is no requirement for historical data in this kind of scheme, the process model used here usually has certain theoretical assumptions. Therefore, the mechanism of runoff generation and the types of debris flow, that is, stony debris flow, viscous debris flow, or other types, should be clarified before its application. Besides, the scheme also needs to ensure the reliability of some key parameters such as the gully morphology and the infiltration rate, thus the workload in early stage is generally large.
Comprehensive Assessment Method
There are a number of factors that affect the initiation of debris flow, and solely relying on rainfall indicators for discrimination and early warning will have many limitations. Especially for some small watersheds where environment changes rapidly, the comprehensive assessment method can achieve twice the result with half the effort. According to the number of elements considered and the difference of estimation means, the comprehensive assessment method can be roughly divided into the multielement method and the key-element method. The former has the similar technical process with the natural hazard assessment, but it emphasizes more on the input of dynamic factors, data fusion, and rapid response. The latter is more associated with hydraulic and soil mechanic tests or field observation, and the indices of investigation are more concentrated.
It should be noted that the boundaries of this classification are not always clear. Many methods integrate the advantages of each idea. For example, the US Flash Flood Guidance (FFG) system not only considered the results from hydrological forecast, which could be regarded as the combination of key-element method and rainfall indicator method, but also referred to the level of Flash Flood Potential Index (FFPI) of each watershed based on the multielement method (Clark et al., 2014). The similar examples also appeared in the works of Posner and Georgakakos (2015) and Berenguer et al. (2015).
Multielement Method
Typical examples of the multielement method are the susceptibility assessment of wildfire-induced debris flows in western United States, and the works from Kung et al. (2012), Yu et al. (2013), Yu et al. (2014), Yu et al. (2015) in Taiwan and Western China, respectively. In recent years, the frequent occurrence of postfire debris flow in California has been fully concerned by the academia. Due to the frequent disturbance of wildfire on underlying surface, empirical relationships between the threshold value obtained by the rainfall indicator method and the events presented great uncertainty. Therefore, many studies have built the multielement indices system from rainfall, landform, vegetation, soil erodibility, disaster damage, and other aspects. The logistic regression, decision tree, naive Bayes, and other machine learning algorithms were used to establish the classification model for debris flow initiation discrimination. The results showed that the accuracy of related models, that is, area under the ROC curve (AUC), could reach over 0.7 (Kern et al., 2017; Staley et al., 2017; Addison et al., 2019; Cui et al., 2019).
Taking 181 slopes above 15 degrees in Nantou County of Taiwan as samples, Kung et al. (2012) divided the impact factors into the real-time factors such as rainfall, vegetation, and material source characteristic and the non–real-time factors such as slope length and lithology. Subsequently, a set of discrimination systems for debris flow initiation were established based on comparative analysis among the multiple regression, the multivariate analysis, and the backpropagation method. The results showed that the discrimination model based on backpropagation method had the highest accuracy, and the contributions of relevant indicators were ranked as NDVI, effective infrared band, effective rainfall intensity, and accumulated rainfall.
Yu et al. (2013), Yu et al. (2014), and Yu et al. (2015) further developed 1 h and 10 min rainfall forecast models by improving the indices of landform, geology, and precipitation in the formation model for debris flow in Chenyulan watershed of Taiwan (Table 1, Formula 10). It is reported that the models have been verified by using the historical data in Yunnan, Guizhou, Sichuan, Gansu, and other areas of China. However, the application site was limited to the source area, which hindered the promotion of these models to some extent.
The theoretical framework of this kind of method is relatively simple, and the elements considered are more comprehensive than the key-element method. Especially with the support of machine learning and big data analysis, the reliability of the results is further improved. Currently, it is a powerful tool for understanding potential threats and grasping real-time hazard information in time. However, there are still some subjective effects in the establishment of index system, algorithm, and weight design of this method. In particular, the selection of some sensitive indicators will show great differences due to different regions and algorithms. For instance, the vegetation element is an important index in both postfire debris flow models and Kung’s model, but it is not considered in Yu’s models at all. Furthermore, due to the needs of macro analysis and rapid response, the multielement method has higher requirements for the convenience of data acquisition. Therefore, the real-time data usually come from rainfall stations and remote sensing monitoring, while the index data that are relatively hard to collect, such as particle size, pore water pressure, and dry density of loose materials, are rarely considered. The more targeted key-element method can better make up for these deficiencies.
Key-Element Method
The key-element method mainly focuses on the key physical properties related to the initiation of debris flow, such as dry density, water content, and pore pressure. The data of this method are usually collected from field test/observation, large-scale solid model experiment, and geotechnical test. On this basis, the coupling critical relationships among these indicators to debris flow initiation are explored by means of statistics, hydrometeorological or dynamic analysis methods. Formulas 2–5 in Table 1 are the representative results of this kind of method. Besides, the three-dimensional coupling curved surfaces proposed by Cui (1991) and Qiao et al. (2018) also belong to this method (Figure 2).
[image: Figure 2]FIGURE 2 | Typical 3-dimensional discrimination models based on the key-element method ((A), (B)Qiao et al., 2018; (C)Cui, 1991).
Generally, it is necessary to monitor the state of material sources when using the key-element method. Some data of indices, such as the critical void ratio and the effective stress, can be tested by pre-sampling. The soil moisture can also be calculated by a mathematical model (Posner and Georgakakos, 2015), but other indices need to be monitored in real time. Due to the high cost of monitoring and the difficulty of facility deployment for debris flows, the type and number of monitoring indicators are usually strictly controlled. For instance, the pore water pressure is widely accepted as a key indicator of debris flow development. However, Qiao et al. (2018) found that the indicator only showed strong response under extreme conditions such as rainstorm and steep slope, and it presented great volatility and randomness during the experimental process. Accordingly, they believed that the pore water pressure was not an ideal indicator for debris flow initiation and eliminated it in the model.
In addition, the accumulation of loose material caused by earthquake and wildfire will be reconsolidated due to vegetation restoration and natural compaction of soil, which could increase the rainfall threshold significantly (Guo et al., 2016). Therefore, it is necessary to resample and recalibrate the model periodically when using this method.
CONCLUSION AND PROSPECT
The research on initial mechanism of debris flow is the basis of related disaster prevention and mitigation, which is of great significance to improve the performance of debris flow monitoring and early warning. In this article, by summarizing recent research progress of debris flow initiation mechanism and related discrimination or prediction methods, it is found that great findings have been made in the process mechanisms of slope and channel. Furthermore, the discrimination formulas derived from a series of theories, including the Mohr–Coulomb criterion, the unsaturated soil mechanics theory, the critical state theory of soil mass, the continuum theory, the granular flow theory, and the rheological law, have also been used widely in the field of prediction and early warning. However, there are still some problems to be solved in the process mechanism details and the optimization of prediction and early warning scheme.
For future research and preventive practice, the following issues are worthy of attention:
The transformation mechanism of landslide into debris flow, especially the vibration liquefaction and its application need to be further explored. Is there a critical phenomenon in the process of vibration liquefaction? What elements can be developed into monitoring and early warning indicators? How to determine the relevant threshold? If these questions cannot be answered effectively, it is difficult to break through the framework of safety factor method.
The erosion or entrainment of mixed flow has an important influence on transformation of flash floods into different types of debris flows. Future research can be further expanded and improved in the following issues: the erosion or entrainment modes of loose materials from different sources, the boundary tractions and materials exchange during the process of entrainment and deposition, as well as the rapid identification of different types of debris flow initiation and the selection of corresponding key indicators.
Currently, empirical analysis combined with the machine learning technology has obvious effect on improving the prediction accuracy of debris flow. To meet the needs of big data analysis, the establishment or improvement of a unified, stable, and open access database system for event registration and query, as well as the development of large-scale and high-precision rainfall monitoring are still regarded as the important aspects of debris flow prevention in the future, which is also applicable to the prevention of flash floods.
The multielement method from the comprehensive assessment method is a powerful tool for understanding potential threats and grasping real-time hazard information in time, and the results can also be used as a strong basis for the implementation of the rainfall indicator method and the key-element method. It should be popularized in debris flow disaster-prone areas to make it a long-term reference for local government and residents.
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Parameter description

A: thebasal area of interface; G: gravity of loose material;
T: shear force of flow; f: slope; o: total normal stress; Uy
pore water pressure; C: cohesion of loose material; @:
internal friction angle

q: minimum surface discharge per unit width; d: specific
particle size; C: empirical coefficient

Js: critical slope for debris flow initiation; dso: median
particle size of loose material

ahy: mean grain size of the debris material; 0: bed slope;
q: minimum surface discharge per unit width

Cuq: volumetric concentration of pebble in the mixed
flow front; J: slope; ,: bulk density of solid; E: critical
energy for debris flow initiation from solid particles

.. volumetric concentration of soiids; p,.: solids density;
py- fluic density; k is related to the ratio of soil depth and
flow height; @' effective static angle of internal friction;
p: slope angle

D, E: deposition and erosion rates, respectively; Vinax:
maximum value of the mean velocities; K: empirical
constant ranging between O and 1; a, 6, angle
between the line of acjacent unit center and the
horizontal plane under flow direction and the critical
angle of debris flow initiation, erosion occurred when
Vinax > Vg and e > O

hge: erosion rate, m/s; B: erosion factor, m; v: velocity;
h: flow height; h: critical flow height for erosion to start,
that is, 0.1 m generally; n: Manning’s coefficient; k:
lateral pressure coefficient; S resistance factor
depending on the flow rheology; c: volumetric
concentration of solid material

E: entrainment rate; Zy: slope surface ; o, basal
shear traction and shear resistance, respectively; p:
mixture density of debris flow; uv: depth-averaged
velocity components in the x and  directions,
respectively

7,G, and Rare the dimensionless factors of topography,
geology, and hydraulics (rainfall) of the formation section
of guly, respectively; £, J, and A are form factor, average
channel slope, and area of the formation section of gully,
respectively; Ao: unit area of the gully, that is, 1 km? here;
Fo, C1, Ca, Cs, and C; are the average firmness
coefficient of the lthology and the correction coefficients
for seismic intensity, tectonics (faults), and physical and
chemical weathering, respectively; B, J, Ro, and C, are
effective cumulative precipitation, rainfall intensity,
annual precipitation of the site, and coefficient of
variation, respectively; K is coefficient, that is, 12.5 in

1 h-forecast model and 8 in 10 min-forecast model;
and C, are the formation factor and the critical value for
the formation of debris flows, respectively

Literature source

Qi and Huang (2003)

Institute of Mountain Hazards and
Environment, CAS (2000), Takahashi
(2009)

Wang (2001)

Gregoretti (2000), Gregoretti and
Fontana (2008)

Qian and Wang (1984)

Bljenberg (2007)

Egashira et al. (2001), Gregoretti et al.

(2018)

Van Asch et al. (2014), Melo et al.
(2018)

Liu and He (2020)

Yuetal. (2013), Yu et al. (2014), Yu
et al. (2015)

Cases of location

Laboratory

Laboratory

Laboratory

Dolomites, Italy

Laboratory

Southern France

Dolornites, Italy

Shuida catchment,
Southwest China; Central

Portugal

Hongchun catchment,
Southwest China

Chenyulan river, Taiwan;
Southwest China
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Mathematical expression

10g(:25) = ~8.45 + 0.033 + 0.0367,
ra=r1+2% +...0%0,n =10
y=cn?

Rio =5.5-0.098(P, +Ry) >0.5mm (Warming)
Rio = 6.9 -0.123(P, + R) > 1.0mm (Occured)

20
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I, = 3.8 D2 outflow threshold
I = 16 D" debris flow threshold

Parameter description

p: event probabilties; r: daly rainfall; r,: antecedent daily
precipitation before the event; d: coefficient of decay curve: y:
discharge at any point in recession curve; ¢: peak discharge.

Rio: 10 min precipitation
Ry: daly precipitation of the event day

Pa: effective accumulated rainfall before the event; 7 1,2, ...
<200 K=08

I,: critical rainfall intensity; f: mean rainfallintensity; D: rainfall
duration; R,: effective cumulative rainfall;
i:1,2,...,14,K = 05;

I: rainfall intensity; D: rainfall duration

Same as above

Same as above

Literature source

Glade et al. (2000)

Cui et al. (2005)

Chen (2016)

Guzzetti et al. (2007),
Guzzetti et al. (2008)

Staley et al. (2013)

Berti et al. (2020)
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