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Debris flows, which cause massive economic losses and tragic losses of life every year, represent serious threats to settlements in mountainous areas. Most deaths caused by debris flows in China occur in buildings, and the death toll is strongly dependent on the time people spend indoors. However, the role of time spent indoors in the quantitative analysis of debris flow risk has been studied only scarcely. We chose Luomo village in Sichuan atop a debris flow alluvial fan to study the influence of the temporal variation in the presence of people inside buildings on the societal risk. Two types of days (holidays vs. workdays) and two diurnal periods (daytime vs. nighttime) were considered in our risk evaluation model. A questionnaire survey was conducted for each family in the village, and the probability of the temporal impact of a debris flow on every household was calculated based on the average amount of time each member spent in the house. The debris flow hazard was simulated with FLO-2D to obtain the debris flow intensity and run-out map with return periods of 2, 10, 50, and 100 years. The risk to buildings and societal risk to residents were calculated quantitatively based on the probabilities of debris flow occurrence, the probability of the spatial impact, and the vulnerabilities of buildings and people. The results indicated that societal risk on holidays is always higher than that on weekdays, and societal risk at night is also much higher than that in the daytime, suggesting that the risk to life on holidays and at night is an important consideration. The proposed method permits us to obtain estimates of the probable economic losses and societal risk to people by debris flows in rural settlements and provides a basis for decision-making in the planning of mitigation countermeasures.
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INTRODUCTION
Debris flows are the most frequent and destructive hazards in mountainous regions. In particular, China is affected by debris flows every year and consequently suffers enormous casualties and losses of property, especially in rural settlements. During the period 2005–2018, China experienced 12,836 debris flow events (Technical guidance center for geological hazards, 2018, Ministry of natural resources of China, 2018), with approximately 855 events occurring every year. The majority of these disasters occurred in rural settlements with poor disaster prevention and recovery capabilities (Chen et al., 2013; Li et al., 2016; Ding et al., 2018). For example, the 2017 debris flow that occurred in Tongzilin Gully caused 25 fatalities and economic losses totalling 160 million RMB in Luomo village, and the 2018 debris flow disaster that struck Jiajia Gully led to 31 fatalities and destroyed 18 buildings in Shuimo County.
In the context of these hazards, quantitative risk assessments of debris flows have become an indispensable tool for risk management and mitigation. The two priorities in the assessment of debris flow risk in rural settlements are evaluating the risks posed to buildings and life; however, while the risk to buildings has been studied by many researchers, few studies have focused on the risk to life. The dynamics of the populace significantly affect the exposure of people to natural hazards and the corresponding risk to life (Chen et al., 2004; Aubrecht et al., 2012; Ara, 2014), particularly because the locations and presence of people in rural settlements always vary with the time of day (Van Westen, 2004). Many studies have carried out risk evaluations of seismic hazards (Aubrecht et al., 2012; Ara, 2014), tsunamis (Taubenböck et al., 2009), residential fires (Sekizawa, 1991) and risk management (Zhang et al., 2013; Aubrecht et al., 2014) in consideration of the spatiotemporal distribution of the residential population. For example, ARA. (2014) assessed the impact of the spatiotemporal distribution of the residential population on earthquake loss in Bangladesh. The population in each building was considered separately during the daytime and nighttime for the modelling, and the result indicated a high positive correlation between the spatiotemporal distribution of the population and the potential fatalities. Taubenböck et al. (2009) calculated the population distributions in buildings with different purposes based on a questionnaire survey combined with an automatic object-oriented, hierarchical classification methodology. Furthermore, the temporal distribution of the residential population is also closely related to emergency rescue and evacuation plans in risk management. However, relatively little research has been carried out on the impact of the temporal distribution of the residential population on the debris flow risk. The most common approach is to employ the statistical average number of work hours to reflect the temporal impact on risk to life (Bell and Glade, 2004; Corominas et al., 2005; Mousavi et al., 2011); however, this metric cannot indicate the presence of the population in different locations and at different times of day.
According to statistics of the time of death caused by debris flow disasters in China, most casualties occurred inside buildings at night (Wei, 2020), and the number of fatalities differed significantly between holidays and workdays. Nevertheless, the number of inhabitants living on debris flow fans, which are prone to further debris flows, continues to increase as a consequence of the relocation and settlement programme in China (Li et al., 2017). Moreover, the relocated populace tends to be concentrated; as a result, debris flows pose serious threats to the buildings and residents in these rural settlements. Therefore, to conduct a pragmatic risk assessment, it is necessary to analyse the impacts of the temporal distribution of the population in buildings on the societal risk posed by debris flows.
In this paper, a quantitative risk assessment approach is developed to investigate the debris flow risk to buildings and life in a rural settlement in Southwest China. The impacts of temporal variations in the presence of the residential population in buildings on the societal risk are evaluated by separately analysing the distributions of people on holidays and workdays and during the daytime and nighttime. The quantitative risk results will be helpful for identifying high-risk groups in rural settlements and for reducing property damage and loss of life.
STUDY AREA
Geomorphology
Luomo Village is a small rural settlement (102°37′47″E, 27°35′42″N) situated 364 km southwest of the capital city of Sichuan Province. The village is located on the debris fan of Niunaidu Gully (Figure 1), which frequently experiences debris flows that pose a serious threat to Luomo village.
[image: Figure 1]FIGURE 1 | Location and topographical map of Niunaidu Gully.
Niunaidu Gully is a moderate-elevation mountainous landform cut by various ravines; in plan view, the shape of the gully is approximately rectangular with an area of 7.47 km2, and the length of the main channel is approximately 5.2 km. The elevation of the watershed varies from 3,412 m above sea level (a.s.l.) to 1,538 m a.s.l. with a relative height difference of 1874 m. From the mouth of the gully to the junction of the debris flow gully with the main Xiluo River, the overall longitudinal gradient of the main channel changes greatly from 120‰ in the upper reaches to 210–470‰ in the middle and lower reaches and 150–180‰ in the lower reaches (Panzhihua Lulingyi Geological Engineering Co., LTD, 2019). The zone of debris flow transport is located in the elevation range of 1,600–2,300 m, and the deposition zone is located below 1,600 m.
Geology
The main fault developed in Niunaidu Gully is the Heishuihe Fault, which strikes north-south and is approximately 75 km. According to the ground motion parameter zoning map of China (GB18306–2015), the peak ground acceleration and peak period of the seismic response spectrum in the study area are 0.30 g and 0.45 s, respectively, indicating a high seismic intensity. Primarily Quaternary debris flow deposits and Holocene diluvium containing cobbles and gravel are distributed along the main channel, whereas mainly Quaternary colluvial deposits occupy the middle and lower parts of the gully slopes, and the bedrock is predominantly intrusive rock from the Yanshanian to the Indosinian. The region is characterized by a large number of collapses and unstable slopes due to the complex geological conditions, providing an abundance of loose sediment for debris flows. The loose sediments are mainly produced from landslide, rock avalanche and soil erosion on slope. According to a detailed field investigation and the interpretation of remote sensing imagery, approximately 603,600 m3 of loose sediment has been deposited in the main channel and upper slope with elevation above 2300 m (Panzhihua Lulingyi Geological Engineering Co., LTD, 2019).
CLIMATE
The climate in the study area is controlled by the southwest monsoon and the dry continental air of northern India with distinct wet and dry seasons. There are no rainfall observation facilities in Niunaidu Gully. The annual mean precipitation of Puge County is 1,176.3 mm, and the maximum and minimum amounts of annual precipitation are 1,291.2 and 601.5 mm, respectively, where 89.2% of all precipitation falls from May to October. The maximum daily, hourly, and 10 min amounts of precipitation are 157.5, 51.2, and 15.2 mm, respectively. According to isolines of the annual precipitation in Puge County, the average annual amount of precipitation that falls in the Niunaidu Basin is approximately 900–1000 mm.
RESIDENTS
Luomo village has been settled for approximately 30 years, having been built on what was once forestland, and the local people are mainly ethnic Yi. Today, approximately 400 people live in this village, and the number of residents is increasing due to policies intended to alleviate poverty and relocate the populace in China. The main livelihood for the villagers is grazing and farming, and the proportion of teenagers is relatively high. Primary school and kindergarten children account for 46.2% of the total population, while secondary and high school students account for only 8.9% of the total.
Historical Debris Flow Events
A catastrophic debris flow struck this area at approximately 02:30 on July 2, 1987, damaging approximately 40 houses of the forest protection station located on the fan. These houses were uninhabited at that time; hence, only one person, who was inebriated in the forest, died as a result of the event. Then, debris flows in the gully occurred again in 1997, 2006, 2016, and 2017; fortunately, these events did not result in vast property damage or considerable loss of life. As evidenced by these events, debris flows continue to pose a severe threat to Luomo village, and mitigation measures are urgently needed.
METHODOLOGY
Risk Calculation
In this paper, only the risk to buildings and the societal risk to people in buildings are considered. The risk to buildings is defined as the annual loss of building value, while the societal risk refers to the annual probability that one or more persons within buildings will be killed by debris flows (Dai et al., 2002). The approach used to calculate the risks is based on Morgan et al. (1992). The calculation method is as follows:
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where R(BD) is the annual loss of building value, P(H) is the annual probability of debris flow occurrence, [image: image] is the seasonal probability of debris flow occurrence, [image: image] is the probability of the spatial impact, [image: image] is the vulnerability of the building, E is the value of the building, [image: image] is the annual probability of loss of life, [image: image] is the probability of the temporal impact, and [image: image] is the vulnerability of people. In this study, we assume that the periods of time people spend in the same house overlap, so [image: image] takes the same value for all the persons in the same house.
When an element may be affected by debris flows triggered by different return periods, the risk induced by debris flows of different sizes needs to be summed to give the total risk (Fell et al., 2005). Then, Equation 1 and Equation 2 should be written as
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where n is the number of debris flow hazards.
Probabilities of the Annual Debris Flow Occurrence, Seasonal Debris Flow Occurrence and Temporal Impact
The annual probability of debris flow occurrence P(H) was roughly determined by the recurrence interval of triggering rainfall used in this study. The seasonal probability of debris flow occurrence [image: image] was determined based on the statistics of historical events. The probability of the temporal impact [image: image], an important factor influencing the risk to life, was determined by personal interviews. The calculated method is introduced in detail in (Presence of People in Buildings).
Hazard Simulation
The probability of the spatial impact [image: image] was estimated according to the run-out maps of debris flows: [image: image] for elements within the hazard zone, and [image: image] for elements outside the hazard zone. The run-out maps corresponding to the recurrence intervals of different processes were obtained by numerical simulations performed using FLO-2D software (O’Brien, 1986). FLO-2D is a simple volume conservation model that is able to simulate non-Newtonian flows and has been employed successfully to simulate debris flows by many researchers. The fundamental equations of the FLO-2D model include the conservation of the mass and momentum of debris flows (O’Brien, 1986). In addition, five shear stress components, namely, the yield, viscosity, collision, turbulent stress, and dispersive shear stress, are considered as the total friction slope Sf following Equation 5:
[image: image]
where [image: image] and [image: image] are the Bingham yield stress and viscosity, respectively, [image: image] is the specific weight of the mixture of sediment and water, h and v are the flow depth and depth-averaged velocity, respectively, k is the laminar flow resistance parameter, and n is an equivalent Manning coefficient that combines turbulent and dispersive effects. The yield stress and viscosity are calculated as follows:
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where α and β are empirical coefficients obtained from a laboratory test and Cv is the volumetric concentration of sediment.
The input parameters in FLO-2D include the Manning coefficient n, laminar flow resistance parameter k, and empirical coefficients α and β. In addition, debris flow discharge is also required as a boundary condition for the simulation.
Vulnerability
Vulnerability is defined as the “degree of loss” of a given element exposed to a debris flow of a given magnitude, and the value ranges from 0 (no loss) to 1 (total loss) (Silva and Pereira, 2014). The vulnerability of people was assigned a value of 0.9, and the vulnerability of a person in a building was determined by multiplying the vulnerability of the building by the vulnerability of people, namely, 0.9 times that building’s vulnerability.
The vulnerability of buildings V(B) in this study was determined based on the debris flow intensity and the characteristics of buildings according to Silva and Pereira (2014) as follows:
[image: image]
where M and R are the debris flow intensity and building resistance, respectively. Both the intensity and the resistance range from 0 to 1. The value of intensity was assigned based on the depth and velocity of the debris flow at the location of the specific building derived from the result of a hazard simulation (BUWAL, 1997; Petrascheck and Kienholz, 2003; Rickenmann et al., 2006). The classification of the intensity and proposed values are presented in Table 1.
TABLE 1 | Classification of the intensity and proposed values.
[image: Table 1]Building resistance is the inherent specific characteristics of the buliding that can withstand certain intensity (Li et al., 2010). All the relevant indicators should be considered (Papathoma-Köhle et al., 2011), but it is hard to collect all the relevant information in practice. Four characteristics of bulidings were deterimeined to be important, these characteristics are constructuction structre, number of floors, buliding row toward specific torrent, the bounding wall range. The buliding resistance of individual buliding was calculated by modifying the equation proposed by Silva and Pereira (2014) as follows:
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where CS is the resistance score for the construction structure; NF is the resistance score for the number of floors; BR is the resistance score for the number of the row of the building from the torrent -; BW is the resistance score for the bounding wall range; and a, b, c, and d are the weights of CS, NF, BR, and BW, respectively.
Based on the relative contribution of each weight to the building vulnerability, the values of a, b, c, and d are taken as 0.4, 0.15, 0.3, and 0.15, respectively. The resistance scores of the four factors and the weights of CS, NF, BR, and BW are presented in Table 2. These values were determined based on expert knowledge and a detailed investigation of historical debris flow events that occurred in Southwest China.
TABLE 2 | Proposed values of the resistance scores of buildings.
[image: Table 2]RISK ANALYSIS
Debris Flow Analysis
Luomo village has experienced various debris flow disasters of different sizes throughout its 30 years history. Events with different sizes and return periods of 2, 10, 50, and 100 years (annual occurrence probabilities P (H) = 0.5, 0.1, 0.02, and 0.01, respectively) were simulated for run-out and intensity calculations. The intensities of rainfall with 2-, 10-, 50-, and 100-years return periods were 54.6, 91.8, 124.8, and 138.6 mm/day, respectively. The peak flow discharges triggered by the rainfall with these four return periods were calculated based on the empirical methods in the Specification of Geological Investigation for Debris Flow Stabilization (China geological disaster prevention engineering association, 2018). The detailed calculation process is illustrated in Liu et al. (2014).
A digital elevation model (DEM) of the Niunaidu watershed with a spatial resolution of 2 m × 2 m was employed for the simulations. Values of 0.09, 0.12, and 0.2 were adopted for Manning’s roughness coefficient for gully, arbour forest, and building areas, respectively, and n = 0.04 was determined for the rest of the simulation area. The resistance parameter K was assumed to equal 2,285, which was typically used in the literature (Tecca et al., 2007; Chen and Chuang, 2014; Castellia et al., 2017).
The volumetric concentration [image: image] was determined from the debris flow bulk density, which always varies with the magnitude: generally, the larger the debris flow scale is, the greater the bulk intensity (Chen et al., 2011). The bulk densities of the debris flows triggered by the different rainfall intensities were calculated according to Chen et al. (2012) as follows:
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where [image: image] is the bulk density of a debris flow corresponding to rainfall with a particular return period and [image: image] is the bulk density of a debris flow triggered by rainfall with a 100-years return period. [image: image] is the coefficient of the occurrence frequency of the debris flow, and P is the return period of triggering rainfall (in units of years in the above equation). According to a field investigation and field test, the bulk density of a debris flow triggered by rainfall with a return period of 50 years was 1,662 kg/m3.
Both the yield stress and the viscosity depend on the volumetric debris flow concentration [image: image]. [image: image] varies with the bulk density, resulting in different viscosity coefficients and yield stress coefficients. The yield stress and viscosity of debris flows in Niunaidu Gully were calculated based on the research of Yang et al. (2013) in Jiangjia Ravine, Southwest China. The viscosity and yield stress coefficients applied in the debris flow simulation are shown in Table 3.
TABLE 3 | Empirical coefficients used in the FLO-2D debris flow modelling.
[image: Table 3]The debris flow run-out map is shown in Figure 2. Based on a field investigation, the return period of the rainfall that triggered the 1987 debris flow event was 50 years (Panzhihua Lulingyi Geological Engineering Co. LTD, 2019). Figure 3 clearly shows that the simulated run-out zone of a debris flow with a 50-years return period is roughly consistent with the extent of the run-out zone corresponding to the 1987 event, indicating the high accuracy of the simulation.
[image: Figure 2]FIGURE 2 | Distribution of building vulnerability values in Luomo village (T = 100 a).
[image: Figure 3]FIGURE 3 | Run-out zone for a debris flow with a recurrence interval of 50 years in Niunaidu Gully.
Vulnerability
The characteristics of buildings were acquired from a field investigation. Figure 4 and Figure 2 show the spatial distributions of construction structures and the number of floors of buildings in the village. Most buildings in Luomo village are brick structures with one floor, and the bounding walls always surround half of the building area. The vulnerability of buildings was calculated according to Equation 5 and Equation 6, and the vulnerability of buildings affected by a debris flow with a 100-years return period is presented in Figure 5. The maximum building vulnerability is 0.315, and highly vulnerable buildings are distributed mainly near the channel.
[image: Figure 4]FIGURE 4 | Distributions of construction structures and the number of floors of buildings in Luomo village.
[image: Figure 5]FIGURE 5 | Proportions of household members in buildings at different times on different days.
The vulnerability of people was assumed to be 0.9; therefore, the vulnerability of a person in a building was calculated as 0.9 times that building’s vulnerability.
Presence of People in Buildings
The majority of injuries and fatalities caused by debris flows in China occur in buildings, which is primarily the consequence of damage to the building. Only the risk to the life of people in buildings was considered in this study. Therefore, the duration that people stay inside a building is required to determine the probability of the temporal impact [image: image]. The duration that a person remains inside a building is impacted by a series of factors, such as whether the day is a holiday, the climate conditions, the livelihood strategy, and the person’s age. Generally, the duration on a holiday is always greater than that on a workday. In addition, if many school-age children and teenagers are present, especially students who live on campus on school days and go home to the village on weekends or holidays, it is essential to consider the risk to life on holidays and workdays separately.
The residents of Luomo village are farmers, herders, housewives, students, and shopkeepers. The periods during which people are present in different buildings vary greatly. To determine the durations of residents within buildings, the details of human activities in each building were obtained by conducting a survey of people in their residences. Based on the method proposed by Pratima (2005), data on the hourly presence of each family member were recorded, and then the total number of people in a given building was summed up for each hour. Next, the number of people in the whole village during each hour on holidays (including the weekend) and workdays and during the daytime and nighttime were calculated, and the results are presented in Figure 6 and Table 4.
[image: Figure 6]FIGURE 6 | Risk map for buildings in Luomo village.
TABLE 4 | Proportions (%) of household members in buildings in Luomo Village on different days.
[image: Table 4]Figure 5 demonstrates that the proportion of people inside buildings varies distinctly between daytime and nighttime, and there is also a significant difference between holidays and workdays. The proportions of people inside buildings on holidays and on workdays show similar patterns throughout a given day, and the trends exhibit three periods. The number of people staying indoors decreases sharply beginning at 06:00 and then increases significantly beginning at 16:00, and the proportion fluctuates during 06:00–16:00. Both on holidays and on weekends, the most people are present at night, while the fewest people are within buildings at noon. According to the statistics of debris flow events that occurred in Southwest China, the fatalities caused by debris flows occurred mainly during the period of 20:00–06:00. Therefore, we divided a day into two time periods, namely, daytime (06:00–20:00) and nighttime (20:00–06:00), to explore the proportions of people within buildings during these two periods for holidays and workdays. The maximum difference between the proportion of people in buildings during the daytime and that during the nighttime on holidays is approximately 40%, while that on workdays is approximately 70%. Furthermore, the maximum difference between the proportion of people in buildings during the daytime on holidays and on workdays is approximately 60%, while that during the nighttime is 10%; this disparity occurs because students living on campus go back to the village on holidays. The high proportions of people present in buildings at night and on holidays correspond to an increased risk to the lives of those residents. Therefore, it is necessary to calculate the risk to life of people in buildings separately for the daytime and for the nighttime and on both holidays and workdays.
Probability of the Temporal Impact
The temporal probabilities of a particular person in a building [image: image] in the daytime and at night and on both holidays and workdays were calculated based on the average amount of time each family member spent in the building as follows:
[image: image]
where [image: image], [image: image] are the durations that the first, second…. Nth member of the family spent in a given building determined by questionnaire surveys, n is the total number of family members, and TI is the time interval, where TI = 24 on holidays and workdays, TI = 14 (06:00–20:00) in the daytime, and TI = 10 (20:00–06:00) at night.
Risk to Buildings
The seasonal probability of debris flow occurrence [image: image] was assigned a value of 0.5 because debris flows in Southwest China occur mainly from May to September (Wei, 2020). The probability of the spatial impact [image: image] was determined by the run-out map of debris flow. The economic values of buildings were calculated by multiplying the unit price by the total area of the building. According to the compensation standard of buildings with different structures for reservoir immigrants in Southwest China, the unit prices per square metre for buildings constructed with concrete frame structures, brick and concrete structures, and traditional brick structures used in this study were 172, 144, and 100 $/m2, respectively.
The risks to buildings posed by debris flows with different return periods were calculated separately, and the total risk of buildings was obtained by summing the risks caused by the four scenarios. Figure 5 presents the risk to buildings in Luomo village. The total potential loss of buildings in the village amounts to approximately $18,600 per year, and the maximum economic loss of a single building is $1759. In Puge County, the 2017 average disposable personal income (DPI) of a family with four members was $5,271. Thus, the risk to buildings is relatively low compared with the average income of a household.
Societal Risk to People in Buildings
We have heretofore assumed that the probability of the temporal impact [image: image] to each person in a building is the same. Here, the societal risks to individuals on both types of days (holidays and workdays) and during both time periods (daytime and nighttime) were calculated separately. Figure 7 and Figure 8 show the societal risk maps on holidays and weekdays, respectively. In addition, Figure 9 depicts the ratio between the societal risk on holidays and that on weekdays, and the risks on both types of day are plotted in an F-N chart in Figure 10, which defines the objective and limit thresholds for different risk zones according to the (Geotechnical Engineering Office, 1998) of Hong Kong (1998). On weekdays, the societal risk to people living in five buildings fall within the as low as reasonable practicable (ALARP) risk zone (Smith 1990; HSE 1992), while the risk values of people living in 67 buildings are within the unacceptable zone. In contrast, on holidays, the number of buildings exhibiting risk values within the ALARP zone decreases to 3, and the number of buildings within the unacceptable zone decreases to 69. Although the differences in the numbers of buildings within these two risk zones are not significant between holidays and workdays, the ratios between the values of societal risk to people in buildings on holidays and the values on workdays range from 1.0 to 1.86, which indicates a significantly different societal risk to people in different buildings on both types of day.
[image: Figure 7]FIGURE 7 | Societal risk map on holidays in Luomo village.
[image: Figure 8]FIGURE 8 | Societal risk map on workdays in Luomo village.
[image: Figure 9]FIGURE 9 | Ratio of societal risk on holidays to that on workdays in Luomo village.
[image: Figure 10]FIGURE 10 | F–N curves for the debris flow societal risk on holidays and workdays in Luomo village.
Moreover, the societal risk to people in the daytime and nighttime was calculated separately (Figures 11 and 12), the ratios of the risk values during the nighttime to those during the daytime are presented in Figure 13. In addition, the values were similarly plotted in an F-N chart (Figure 14 During the daytime, the values of societal risk to people staying inside seven buildings fall within the ALARP risk zone, and the values of societal risk to people living in 65 buildings fall within the unacceptable zone. In contrast, during the nighttime, the number of buildings with societal risk values falling within the ALARP zone decreases from 7 to 5, and the number of buildings within the unacceptable zone increases from 65 to 69. Furthermore, the ratios of the individual risk in each building during the nighttime to that during the daytime range from 1.0 to 7.1, which indicates a distinctly significant difference in societal risk among different buildings between these two time periods.
[image: Figure 11]FIGURE 11 | Societal risk map during the daytime in Luomo village.
[image: Figure 12]FIGURE 12 | Societal risk map during the nighttime in Luomo village.
[image: Figure 13]FIGURE 13 | Ratio of the societal risk during the daytime to that at night in Luomo village.
[image: Figure 14]FIGURE 14 | F–N curves for the debris flow societal risk during the daytime and nighttime in Luomo village.
DISCUSSION
The paper provides a procedure to quantitatively evaluate the debris flow risk to buildings and human life in a rural settlement. The specificity of this procedure resides in distinguishing the presence of residents on different types of days and during different times of day rather than using rough estimates of the time people spend in their houses. The risk results show that the risk to buildings in Luomo village is relatively low. However, the societal risk to people in most buildings is considered unacceptable by the (Geotechnical Engineering Office, 1998) of Hong Kong (1998). It is worth noting that the societal risk to people on holidays is generally higher than that on workdays: the average risk on holidays is 1.35 times the risk on workdays. The distinct increase in risk on holidays is affected mainly by the occupation of the local people. Among all the inhabitants, the students including primary school and kindergarten children, secondary and high school students take a large proportion (55.1% of the total). All the students stay at home on holidays and result in high proportions in buildings. Moreover, the overall risk to a person at night is greater than that to a person in the daytime: the average risk at night is 1.79 times that in the daytime. The significant difference in risk between the daytime and nighttime is caused mostly by the presence of children at home after school and the return of the shepherds. This shows likelihood strategy and age structure has a significant effect on the presence of people in buildings in China. For example, the more students in the settlement, the greater the disparity of societal risk may be between on holidays and workdays. The more residents who work at home, the smaller the differences of risk may be during the daytime and nighttime.
The safety of human life is the chief motivation of controlling and preventing debris flows in China. The distinctions made with regard to the societal risk between the two types of days and between the two time periods allow more careful and comprehensive plans to be made for non-structural debris flow mitigation measures. When the debris flow risk to life exceeds the acceptable standard, a series of effective measures should be taken to reduce the risk. The majority of fatalities caused by debris flows are attributable to damage to buildings. Thus, damage to buildings and the presence of people indoors are the two factors that result in the death of people within buildings. Between them, the destruction of buildings is related to debris flow hazards and the building vulnerability, while the presence of people within buildings is affected by multiple factors, such as the climate conditions, age, livelihood strategies, occupation, awareness of disaster prevention, and building function. Therefore, to reduce the debris flow risk to life, both the risk to buildings and the probability of the presence of people in buildings should be reduced by mitigation measures.
The debris flow risk to buildings is reduced mainly through controlling the hazard and decreasing the building vulnerability. For the first approach, debris flow prevention and control measures are already required in the Niunaidu Gully to reduce the debris flow occurrence frequency and dynamic intensity. For the second approach, measures to reduce the vulnerability of buildings include the relocation, optimization, and improvement of construction structures and the construction of protective facilities (Attems et al., 2019).
Debris flows are ubiquitously characterized by their sudden occurrence with a relatively high flow velocity, and their impact forces result in a low survival rate for people indoors. Therefore, reducing the probability of people within buildings when a debris flow occurs is essential for decreasing the risk to life. First, the accuracy of monitoring and early warning systems should be enhanced to guide scientific decisions for evacuation (Cui, 2009). Second, the public perception of risk should be improved by publicity and evacuation drills, which should emphasize the safety of families comprising only the elderly, children, and foreign tenants. Finally, high-strength evacuation shelters with reasonable layouts should be constructed to reduce the reluctance of residents to evacuate due to the concern about the safety of the shelter and the length of the evacuation route.
To date, the authorities of Puge County have planned a series of engineering countermeasures in Niunaidu Gully, including the construction of check dams, protection embankments, and the construction of a culvert along the highway. However, some new buildings were constructed in the area very close to the channel because the owners considered this region to be very safe after the implementation of structural measures. Hence, it will be necessary to evaluate the residual risk after the implementation of these mitigation measures, and substantial work is required to improve the disaster prevention awareness of the residents of Luomo Village.
Taking into account the steps of the risk calculation, some limitations and uncertainty are involved. Some data in the study have to be assumed subjectively. For example, the vulnerability indictors of building and the corresponding weights are assumed subjectively. The uncertainty indicated buildings vulnerability should be investigated in detail, sufficient samples of buildings damaged by debris flow are required to get more accurate indictors for the vulnerability. In relation to vulnerability of people, a constant value of 0.9 was assigned, which is not realistic since the vulnerability of a person varies with the magnitude or intensity of the debris flow. Moreover, the probability of temporal impact to people was determined by the average value among all family members, which ignores differences in the activity and duration among the different family members.
Furthermore, it should be noted that the specific societal risk in different times in Luomo village can only be a reference for concentrated rural settlement where likelihood strategy and age structure are similar to Luomo village. The farmers’ likelihood activities vary greatly with the social and economic conditions in China, especially in the southwestern ethnic areas (He, 2013). For example, in another village called Dahuadi village in Puge County, the proportion of teenagers is low and the main livelihood for the villagers is sericulture, residents stay in the house most of the day during the summer, therefore the difference of societal risk at different times is small. Besides, societal risk of a settlement at different times is not constant because the likelihood strategy and age structure are likely to change with time (Ding et al., 2020). Future research should be conducted to discuss societal risk in different times in other types of rural settlement with non-agricultural activities such as tourism services and factory work, which can deepen our understanding of the impact of temporal presence of people in buildings on societal risk of debris flow.
CONCLUSION
Damage to buildings and loss of life are the two serious consequences induced by debris flows in rural settlements. The debris flow risk to persons can be reduced effectively by knowing the accurate and dynamic distribution of the residents. The study develops a concise method to calculate the probabilities of the temporal impact on the life of residents in buildings and first provides visual societal risk to people inside buildings at different times in the F-N chart in a concentrated rural settlement in Southwest China. This approach is more reliable and applicative than the rough estimate method. In addition, we proposed a novel quantitative analysis procedure to evaluate the impact of the temporal variation in the presence of people in buildings on the societal risk of debris flows. First, debris flows with return periods of 2, 10, 50, and 100 years were simulated through FLO-2D to obtain the run-out zones and intensities of the debris flows. Then, both the hazard intensity and the building resistance were selected to calculate the building vulnerability, and four factors, namely, the construction structure, the number of floors, the number of the row of the building from the torrent, and the bounding wall range, were used to determine the building resistance with different weights. The probability of the temporal impact on people was obtained by a questionnaire survey and calculated as the average percentage of amount of time every member spent in the building. Finally, the risk to buildings and the societal risk to people inside buildings were calculated, and the societal risk was calculated on two types of days, namely, holidays and workdays, and during the daytime and the nighttime of a given day separately.
The final results show that the total potential loss of buildings in Luomo village is relatively low. However, the societal risks to residents in 67 buildings on workdays and 69 buildings on holidays are considered unacceptable by the (Geotechnical Engineering Office, 1998) of Hong Kong (1998): the risk on holidays is 1.0–1.86 (average of 1.35) times that on weekdays. Moreover, the societal risks of residents in 65 buildings in the daytime and 69 buildings at night are similarly unacceptable: the risk in the nighttime is 1.0–7.1 (average of 1.79) times that in the daytime. The results further reveal that the activities of people on different types of days or at different times play an important role in the ultimate risk to life; accordingly, more details concerning population dynamics should be considered in future risk evaluations and future research should be conducted in other types of rural settlement with different likelihood strategy and age structure.
Despite some limitations and uncertainty in the risk evaluation process, the procedure for assessing the debris flow risk is valuable for obtaining an overview of the risk to people on holidays and workdays and during the daytime and nighttime. These risk results will allow local authorities to clearly identify households with high societal risk on holidays and workdays and during the daytime and nighttime and plan effective countermeasures for the watershed.
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