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Abstract 

Based on a basin scale rainfall runoff model, we proposed a prediction method of debris-flow occurrence on steep mountain slopes 

related to hydrological processes such as the rainfall infiltration, the surface flow and the slope stability. For example, in one case 

that the soil layer is unsaturated and a landslide does not occur in the slope even though the groundwater level rises in the slope 

soil layer during a rainfall event, it is unlikely for a debris flow to occur on the slope. However, if the soil layer is more unstable 

due to fully saturation and a surface flow also takes place on the slope, the possibility of debris-flow occurrence gets much higher. 

According to such a consideration, the slope conditions on hydrological processes during heavy rainfalls were classified into six 

patterns. For these patterns, the possibility of debris-flow occurrence was investigated qualitatively. Then, SiMHiS (Storm Induced 

Multi-Hazards Information Simulator) by Yamanoi and Fujita was employed as a rainfall runoff model. A slope stability model 

has been already installed in SiMHiS.  Therefore, this model can simulate the time variations of the safety factors for landslides as 

well as the saturation degrees and the hydrographs of the surface flow for the slopes. SiMHiS was applied to the sediment disasters 

due to a heavy rainfall in July 2017 in the Akatani river basin to examine the occurrence patterns of debris flow. Also, the differences 

in the occurrence patterns were shown for other two rainfall events. Using the simulation result on the safety factor, the saturation 

degree and the surface flow discharge, it was noted whether debris flows took place or not, and the debris-flow occurrence patterns 

on the slopes in the basin could be identified. 
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1. Introduction

An empirical approach to predicting debris-flow occurrence is a standard method for practical applications. A 

warning system based on a critical rainfall is used worldwide for road risk management for sediment disasters and a 

warning alert for the debris-flow occurrence is issued using a rainfall monitoring system. There are also theoretical 

approaches, but the theoretical research has so far focused on the mechanisms of debris flows and has not discussed 

the debris-flow process as one of the components in a rainfall runoff system. Therefore, the critical rainfall for debris-

flow occurrence cannot be found from a previous theoretical research. Because debris flows as well as floods in a 

basin are typical phenomena in the hydrological process in the basin, they should be analyzed with a basin scale rainfall 

runoff model 

Previous studies on debris flows have shown that there are several processes of debris-flow occurrence. The 

sediment deposits in a steep channel with a gradient of more than 15 degrees could be an original source of debris 

flows. In a steep mountain slope, sediment movement such as landslides and slope erosion could initiate debris flows. 

The debris flow occurs related to the variables in the hydrological process on the slope such as the slope stability, the 

saturation degree and the surface flow. The processes of debris-flow occurrence are thought to be different depending 
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on the features of hydrological processes. At a heavy rainfall event, the time variations of the safety factor on landslide 

in the slopes as well as the time variations on the saturation degree and the surface flow discharge on the slopes are 

different each other. The different hydrological processes create different patterns of debris-flow occurrence. In this 

paper we focus on this point and try to classify the debris-flow occurrence patterns into six typical cases. For each 

case, the possibility of debris-flow occurrence is discussed qualitatively. Although this method cannot provide a 

triggering condition such as a critical rainfall, the risk of debris-flow occurrence can be evaluated on the basin scale. 

The above-mentioned idea is specifically indicated for the Akatani river basin which had severe sediment disasters 

in July 2017. To analyze hydrological process on the slopes, SiMHiS (Storm Induced Multi-Hazards Information 

Simulator) by Yamanoi and Fujita was employed. A slope stability model as well as a rainfall runoff model is installed 

in this model.  Therefore, this model can simulate the time variation of the safety factors on landslides, the saturation 

degrees and the surface flow discharges in the hydrological processes for the slopes. Using the simulation result, we 

can note whether debris flows take place or not in the basin and identify possible occurrence patterns.  

2. Patterns of Debris-Flow Occurrence

2.1. Indices on debris-flow occurrence 

It is well known that the critical slope for debris-flow occurrence is around 15 degrees and there are several 

processes of debris-flow occurrence. An initiation of debris flow on a slope is generally a massive movement of slope 

soil layer such as a landslide. This initial massive movement transitions into a debris flow by erosion of the slope soil. 

This is one of the typical processes of debris-flow occurrence. Safety factor (SF) on massive movement (landslide) 

expresses the stability of slope soil layer. If the soil layer is stable (SF > 1), debris flows unlikely occur. If SF =1, the 

soil layer on the critical sliding surface is in a critical unstable situation. If SF <1, the slope soil on the critical sliding 

surface is accelerated to the downstream. If a critical condition of landslide is reached before the slope soil is fully 

saturated with water, after this stage the soil layer on the critical sliding surface could be accelerated because the 

subsequent rainfall decreases the safety factor more. It is thought that these situations have a different potential for 

debris-flow occurrence. The safety factor decreases with an increase in a ground water level. As a result, the landslide 

occurrence risk changes with the ground water level. However, even though a surface flow occurs on the saturated 

slope soil layer, the surface flow only slightly lowers the safety factor because the surface flow is rather shallow. This 

means the safety factor of the slope soil layer with a surface flow is almost kept at the safety factor for the full saturation 

condition without surface flow. 

A hydrograph (Qsur) of surface flow on the slope and the saturation degree of the slope soil (Sr) are important 

factors on the erosion of slope soil. If the surface flow discharge is large and the saturation degree is almost 100%, the 

erosion is very active. This means these two variables are other factors related to the potential of debris-flow 

occurrence. According to the above-mentioned consideration, the safety factor (SF), the saturation degree of the slope 

soil on the critical sliding surface (Sr) and the surface flow discharge (Qsur) are used as the indices that influence the 

debris-flow occurrence. 

2.2. Process of debris-flow occurrence and the patterns 

Each slope has a different time variation of SF, Sr and Qsur during a heavy rainfall event. Therefore, the timing when 

the slope soil layer enters an unstable condition and the timing when the slope soil layer is fully saturated with water 

are different for every slope. Also, the hydrograph of the surface flow at full saturation is different for every slope. 

Considering the features of the variations, the slope conditions on the hydrological process are classified into six cases 

as shown in Fig.1.  

In Fig.1 two stages during a rainfall event are shown. Pattern 1 shows that the slope soil layer is stable during the 

rainfall event even if the ground water level rises in the soil layer. No debris flow takes place under this condition. 

However, if the soil layer is saturated (right figure) and a surface flow occurs, gully erosion easily takes place. Pattern 

2(a) shows that the soil layer is saturated with water around at the peak rainfall (Sr =1.0) and at the same time SF 

decreases to around 1.0. The critical sliding surface appears and the soil layer on the critical surface is attained in 

unstable. A surface flow simultaneously appears on the slope, but SF is not significantly reduced because the surface 

flow depth is rather shallow. However, the possibility of debris flow is high because the erosion by the surface flow 

is more active than Pattern 1. Pattern 2 (b) is similar with Pattern 2(a), but the critical condition of landslide appears 

after the peak rainfall. The surface flow discharge, therefore, is small and the possibility of debris-flow occurrence is 
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lower than Pattern 2(a). Pattern 3 shows that Sr is less than 1.0 even at the critical condition of landslide and Sr remains 

less than 1.0 during the rainfall event. In this case the unsaturated slope soil layer is accelerated, but it is thought that 

the unsaturated soil is difficult to fluidize and cannot transition to a debris flow. Pattern 4(a) shows that the safety 

factor reaches to 1.0 even at Sr <1.0. After this stage, the increase in Sr due to the subsequent rainfall reduces the safety 

factor more and the soil layer is accelerated. In this case a surface flow acts on the surface of the soil layer fully 

saturated with water. The potential of debris-flow occurrence is thought to be very high because the surface flow acts 

on the accelerated and saturated soil layer. Pattern 4 (b) is similar with Pattern 4(a). However, a surface flow on the 

saturated soil layer is very small. The possibility of debris flow is lower than Pattern 4(a), but higher than Pattern 

2(b) because the saturated soil layer is accelerated. The occurrence of these patterns is dependent on the slope angle, 

the properties of the soil layer and rainfall condition, but the possible patters could be qualitatively classified.   

Comparing six patterns, Pattern 4 (a) has a highest potential of debris-flow occurrence. Pattern 2(a) has a second 

highest potential. Then, Pattern 4(b) and Pattern 2(b) follow Pattern 2(a). Pattern 3 has rather low potential of debris-

flow occurrence. This is a quantitative evaluation and a qualitative model is necessary to obtain the criteria on debris-

flow occurrence. 

Fig.1. Occurrence patterns of debris flows 

3. Employed Model

3.1. SiMHiS (Storm Induced Multi Hazard Information Simulator) 

Fig. 2. Outline of SiMHiS 

 The time variations of SF, Sr and Qsur in slopes are necessary to detect whether a debris flow occurs or not, and to 

identify which occurrence pattern takes place in the slope. Yamanoi and Fujita (2014) have developed SiMHiS that 

analyzes rainfall runoff, slope stability and sediment transport on a basin scale. SiMHiS consists of a basin model, a 

landslide model and a rainfall-sediment runoff model and so on as shown in Fig.2. The basin model creates a network 

consists of unit slopes and unit channels using a DEM. This model has been proposed by Egashira and Matsuki (2000). 

Fig.2 shows a schematic view of channel network. A unit channel is a straight uniform channel between a confluence 

and the next confluence. A unit slope is assumed a rectangular inclined plane. The angle is calculated as an averaged 
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angle of the actual slopes and the area is determined so that those projection areas to plain are equal. Rainfall runoff 

is simulated for the channel network with unit slopes by means of a kinematic wave model. Unit slopes have rather 

large scales for landslide simulation. Therefore, Chen and Fujita (2014) have divided a unit slope into several slope 

units with a real slope scale and proposed the following landslide model. In the model, a critical water content of 

landslide in a slope unit, Wcr, is determined beforehand based on a seepage analysis and a slope stability analysis. A 

water content in each slope unit, W, is calculated by the seepage flow analysis. If W > Wcr in a slope unit, it is identified 

that a landslide occurs on the slope unit at the location and the timing. The safety factor (SF=Wcr/W) is calculated with 

such a physical based simple method. SiMHiS can provide also the saturation degree of each slope unit, Sr, and analyze 

the surface flow discharge Qsur. SiMHiS can also simulate the sediment runoff after the landslide, but in this study, 

we only simulate the landslides and the rainfall runoff in a basin. 

3.2. Application basin 

A heavy rainfall occurred on the north part of Kyushu Island, Japan in July 2017. The cumulative precipitation 

was more than 800 mm in a local area. A large number of landslides occurred in the basins and a large amount of 

sediment resulted in the severe sediment deposition in the downstream area. The sediment deposition made the flood 

inundation much larger. In the mountain area the debris flows caused severe sediment disasters. Fig.3 shows the 

Akatani river basin which suffered from severe sediment disasters and the locations of landslides and the inundation 

area investigated by Geospatial Information Authority of Japan. Landslides occurred almost in all mountain areas and 

the inundation extended very widely along the Akatani River. Because a large cumulative precipitation as well as a 

high intensity affected the basin, almost all the landslides were carried downstream as debris flows. A few landslides 

remained near the slope. 

Fig.3. (a) Akatani river basin and the location of landslides due to the rainfall in July 2017(Geospatial Information Authority of 

Japan), (b) Simulation result of the landslides 

It is assumed that the thicknesses of soil layers of the unit slopes and the slope units are 2 m and 1m, respectively, 

and the permeability of slope soil layer is 3.5x10-5m/s. The porosity of the slope soil material is 0.5. The rainfall 

intensity distribution (Rain A) provided by Japan Meteorological Agency was used for the simulation. The rainfall 

conditions at Slope 1 to 6 in Fig.3 (a) are shown in Fig.4 (a) to (f). Other two rainfalls were used to compare the 

difference in the landslide occurrence and the debris-flow occurrence pattern. Rain B has a same rainfall duration as 

Rain A, but with half the intensity. Rain C has a same rainfall intensity, but the duration is half of Rain A. 

This model has several parameters such as permeability of the soil layer, the porosity and the friction angle of the 

soil to be identified, but it is difficult to adjust the values to explain the actual phenomena. In this paper a standard 

value for each parameter or surveyed value is used as mentioned above and the critical safety factor is adjusted to 

express the actual landslide locations. As a result, the critical safety factor SFcr is found to be 0.925. Fig.2(b) shows 

the distribution of simulated landslide locations. The number of landslides looks larger than the actual one, but the 

agreement between the locations of simulated landslides and the actual ones is acceptable. 

(a) (b) 
Asakura City, Fukuoka Pref. 

Chikugo River 

33°21‘32.49”N, 130°48’57.88” E 

Landslide 
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4. Results and Discussion

4.1. Simulation results 

Fig.4. (a)-(d) Time variations of rainfall intensity, safety factor, saturation degree and surface flow discharge (Slopes 1, 2,3 and-4) 

(a) Slope 1 (b) Slope 2 

(c) Slope 3 (d) Slope 4 



Masaharu Fujita/ 7th International Conference on Debris-Flow Hazards Mitigation  (2019) 

Fig.4. (e)-(f) Time variations of rainfall intensity, safety factor, saturation degree and surface flow discharge (Slopes 5 and 6) 

Fig.4 (a) shows the simulation result on the change of SF, Sr and Qsur with time at Slope 1 in Fig.3 (a). SF is larger 

than SFcr during Rain A. This is a typical case of Pattern 1. After the peak rainfall intensity, the slope soil layer is 

saturated with water and the surface flow takes place on the slope. It is predicted that gully erosion is active. Fig.4 (b) 

shows the simulation result for Slope 2. SF reaches to SFcr after first peak of rainfall intensity but before second peak. 

At the same time the slope soil layer is saturated with water. Both conditions of SF=1.0 and Sr=1.0 are satisfied at the 

same time before the peak of the rainfall intensity, and the surface flow discharge is large. It is evaluated that this is a 

case of Pattern 2(a) with high potential of debris-flow occurrence. Fig.4 (c) shows the simulation result for Slope 3. 

SF reached to SFcr after the peak of rainfall intensity. At that time the slope soil layer was saturated with water. The 

timing when SF reached 1.0 is later than at Slope 2. Also, the surface flow discharge on the slope is very small. This 

is a typical case of Pattern 2(b) with the third highest potential of debris-flow occurrence. Fig.4 (d) shows the 

simulation result for Slope 4. This situation indicates Pattern 3 where the unsaturated soil is accelerated. The 

possibility of debris-flow occurrence is rather low. Fig.4 (e) shows the simulation result for Slope 5. SF reaches to SFcr 

before the peak of the rainfall intensity. At that time the slope layer is not saturated with water, but fully saturated 

after two hours. The surface flow with large water discharge acts on the saturated soil layer. This is a typical case of 

Pattern 4(a) with a highest potential of debris-flow occurrence. Fig.4 (f) shows the simulation result for Slope 6. SF 

reaches SFcr after the peak of rainfall intensity. This situation indicates Pattern 4(b) where the unsaturated slope soil 

is accelerated and is saturated in 3 hours, but the surface flow discharge is low. The possibility of debris flow is high. 

4.2. Distribution of debris-flow occurrence patterns 

Fig.5 (a) shows the distribution of debris-flow occurrence patterns in the Akatani river basin for Rain A. Pattern 

4(a) with highest potential of debris-flow occurrence occupied 13.3 % of the land area. Percentages of Patterns 2(a) 

and 4(b) with the second highest potential are 2.6% and 21.1%, respectively.  These two patterns occupied 23.7% of 

the land area. Percentage of Pattern 2 (b) with the third highest potential is 62.0%. Percentage of Pattern 3 is 1.0%. 

The traces of landslide mass movement in an aerial photograph show most landslides seem to have transitioned into 

debris flow. A few landslides remained near the slope. Therefore, it is thought that Patterns 4(a), 2(a), 4(b), 2(b) 

generate debris flows. 

(e) Slope 5 (f) Slope 6 
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Rain B has a same rainfall duration with Rain A, but the intensity is half of Rain A. Fig.5(b) show the distribution 

of debris-flow occurrence patterns for Rain B. A few landslides occur because lower rainfall intensity reduces the 

landslide occurrence. Rain C has a smaller cumulative precipitation than Rain A, but the rainfall intensity is same as 

Rain A. Therefore, many landslides occur as shown in Fig.5(c). However, the debris-flow occurrence patterns are 

dominantly Pattern 3and Pattern 4 (b). Particularly, half of the landslides has Pattern 3. The slope soil layer become 

unstable and accelerated, but it can be saturated with water because of lower cumulative precipitation. 

Fig.5. (a)-(c) Distributions of debris-flow occurrence patterns for Rain A, B and C 

5. Conclusion

     Debris flows occur from hydrological processes on mountain slopes such as rainfall infiltration and surface flow 

on the slopes. The slope stability is also related to the initiation of debris flow. Therefore, the time variations of the 

saturation degree and the safety factor of slope soil layer, as well as the hydrograph of surface flow on the slopes, are 

very important indices. In this study, the difference of the features of the variations was investigated, and the patterns 

of the variations were clarified. Considering the relation between the patterns and debris-flow occurrence, the 

possibilities of debris-flow occurrence were qualitatively evaluated. A rainfall runoff model was applied to an actual 

river basin that experienced severe sediment disasters to verify effectiveness of this idea. The changes of the safety 

factor and the saturation degree and the hydrograph of surface flow were simulated to identify the patterns. Because 

the actual rainfall was very heavy, it was evaluated that most of the landslides transited into debris flows. This result 

agreed with the actual situation. It was evaluated that half of the landslides did not transit into debris flows if the 

duration of the rainfall was reduced to half of the actual rainfall with the same rainfall intensity. Using this method, it 

may be possible to identify the processes of debris-flow occurrence after landslides. However, in order to confirm the 

effectiveness of this method, it is necessary to apply this method to other sediment disasters.  
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