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Abstract: 

Debris-flow susceptibility is controlled not only by static effective factors such as topography and lithology, but also by 
dynamic effective factors such as earthquake, rainfall and human activity. In this paper, a simple model of calculating the 
dynamic susceptibility is developed based on the assumption of linear relationship between the static and dynamic 
susceptibilities. The influence of earthquake and rainfall events is represent by two coefficients. The earthquake coefficient 
is considered as an exponential function of intensity, and a negative power function of elapsed time. The rainfall coefficient 
is proportional to the occurrence days of heavy rainfall. This model is applied to assess the debris-flow susceptibility of 
Hengduan mountainous area from 2000 to 2015. Four static effective factors including relative relief, slope, lithology and 
fault density are used to calculate the static susceptibility by ARCGIS grid toolbox. There are six earthquake events since 
1995 whose intensity zones of >= VI are intersected with the Hengduan area. The earthquake coefficient is calculated with 
the intensity zoning data of each of the six events and then is accumulated to get the final earthquake coefficient in each year. 
TRMM satellite rainfall data from 2000 to 2015 are collected to extract the occurrence days of heavy rainfall which is used 
to calculate the rainfall coefficient. The dynamic susceptibilities from 2000 to 2015 are obtained by multiplying the static 
susceptibility with the earthquake and rainfall coefficients in respective year. The 2015 susceptibility map shows a 
qualitative agreement with the distribution map of disasters in 2015. 
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1. Introduction

Risk assessment is one of the most important non-engineering countermeasures against debris-flow hazards.
The risk assessment models have evolved from qualitative evaluation into quantitative evaluation, and from 
geological statistical methods into physical models and numerical simulation methods since the 19th century 
(Wei et al., 2003). There are three different levels of risk assessment: susceptibility, hazard and risk assessment 
(Hu et al., 2013). The susceptibility can be considered as a kind of occurrence probability of hazards at a place. 
Most of susceptibility assessing methods relate it to effective environmental factors such as rainfall, slope, slope 
direction, lithology,etc. by geological and statistical models (Carrara, 1991; Jade,1993; Dai, 2002; Carrara, 2008; 
Tang, 1994; Wei, 2000; Liu , 2004; Hu, 2012; Cheng, 2015).  

Debris-flow susceptibility is controlled not only by static effective factors such as topography and lithology, 
but also by dynamic effective factors such as earthquake, rainfall and human activity. So the susceptibility 
varies with dynamic factors. For example, the magnitude and frequency of debris-flow events increased largely 
in Longmeng mountain after the 2008 Wenchuan earthquake (Cui et al, 2011). However, the present 
susceptibility assessing models are based on static effective factors such as slope, relative elevation, lithology 
etc., and cannot reflect such a variation. Due to lack of awareness of such susceptibility changes, reconstructions 
such as residential buildings and tourist facilities were built in the areas with highly increasing susceptibility, 
and suffered a great deal of damages. In order to assessing varying susceptibility resulted from earthquakes and 
rainfalls, a simple model is developed based on the assumption of linear relationship between the static and 
dynamic susceptibilities. The influence of earthquake and rainfall events represent by two coefficients. The
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earthquake coefficient is considered as an exponential function of intensity, and a negative power function of 
elapsed time. Hengduan mountainous area in the southwestern China is chosen as the study case (Fig 1). 

2. Dynamic model and method

2.1. Dynamic model 

The susceptibility is determined by two factors: static and dynamic. Static factors are determined by 
background conditions, such as relative relief, slope, lithology, fault density, etc., which vary very little over 
hundreds of years and can be considered as unchanged. Other factors such as earthquakes, rainfalls and human 
activities can result in the rapid change of water and soil supplies and are considered as dynamic factors (Fig 2). 

Fig.1 The location map of Hengduan mountainous area 

Fig.2 Static and dynamic effective factors with geo-hazard 
susceptibility 

Due to the complexity of human activities, we only consider the effects of earthquake and rainfall. It is 
assumed that the static factors, the effects of earthquake and rainfall are independent statistically. The time unit 
of assessing is simplified to one year, and the annual susceptibility is assumed to be proportional to the static 
susceptibility under the influence of earthquakes and rainfalls. Then the dynamic susceptibility can be expressed 
as the product of static susceptibility, earthquake and rainfall influence coefficients: 

𝐻(𝑡) = 𝑆 × 𝐸 (𝑡) × 𝑅 (𝑡) (1) 

where, H is the annual susceptibility of debris flows; S is the susceptibility caused by static factors (i.e. 
background value of susceptibility); Ek and Rk are annual influence coefficients of earthquake and rainfall. 

2.2. Static evaluation method 

The static susceptibility assessment is evaluated by factors that remain unchanged or change slowly，such as 
topography, geology, vegetation, soil and other underlying surface factors. The following conditional 
probability model is adopted: 

𝑆 =  ∑ 𝜔 𝑃 (𝑥) (2) 

where, 𝜔  is the weight coefficient of the i factor, 𝑃 (𝑥) is the probability of debris-flow occurrence when the 
i factor is equal to x, i.e. the conditional probability of the i factor. Usually x takes some interval or some 
category. If a square grid cell is used as evaluation unit, then 

𝑃 (𝑥) =
( )

( )
(3) 

where, 𝑁 (𝑥)is the total number of grid cells at which the value of the i factor = x, and 𝑛 (𝑥) is the total 
number of grid cells where the value of the i factor = x and debris flows occurred. The weights of static factors 



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

are determined by statistical methods, such as Grey Relational Degree or Analytic Hierarchy Process (Li et al., 
2010). 

Based on the debris-flow inventory data in Hengduan area, the principal component analysis method found 
that relative relief, slope, lithology and fault density had the closest relation with disasters (Wei et al., 2008). 
The relative relief is defined as the difference between the maximum and the minimum elevation within a 
certain radius. It represents the energy condition of soil and water migration and reflects the energy of local 
terrain. The slope is the height difference of unit length, reflecting the energy gradient. The lithology is divided 
into quaternary deposits, soft rock, intercalated soft and hard rock, and hard rock. The fault density is defined as 
the total length (km) of faults per unit area (km2). The conditional probability of the four factors is calculated 
respectively in ARCGIS according to Eq.(3) (Fig 3). 

Fig.3 Occurrence probabilities of the hazard in different background factors in Hengduan mountainous region (a. relative elevation, b. slope, 
c. lithology, d. fault density)
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The Grey Relational Degree and GIS are used to determine the weight values of relative relief, slope, 
lithology and fault density in the susceptibility, respectively (Li et al., 2010): relative relief=0.2048，
slope=0.1969，lithology = 0.1836，fault density = 0.2196. The static susceptibility of the Hengduan area is 
obtained by summing the weighted conditional probability of each factor (Fig 4). 

Fig.4 Static susceptibility of the hazard in in Hengduan 
mountainous region 

Fig.5 Decaying curve of effective coefficient of earthquake Ek for 
different seismic intensities according to Eq(4) 

3. Seismic effect coefficient

Strong earthquakes often trigger a large number of landslides. Lots of loose material caused by seismic
landslides, avalanches and rockfalls accumulates at hillslopes or upstream of catchments, providing abundant 
material for debris flow, which can easily occur eroded by rainstorms. Large earthquakes in mountainous area at 
home and abroad (such as the Great Kanto Earthquake in Japan, the Chi-Chi earthquake in Taiwan, the Chayu 
Earthquake in Tibet, the Wenchuan Earthquake in Sichuan, etc.) indicate that the activity of debris-flow disaster 
is obviously enhanced, namely the number, scale and frequency are increased after the earthquake (Nakamura, 
2000; Lin, 2004; Lin, 2006; Cui, 2008; Bao, 2004). Relevant studies have shown that the number of landslide 
initiated by earthquake in intensity region of V and below is very small (Xin and Wang, 1999). The number of 
landslide below VI degree in Wenchuan Earthquake is only 0.18% of the total (Cui et al., 2011). Moreover, the 
numbers of the landslides show an exponentially decreasing trend with the distances to epicenters or 
seismogenic faults (Prestininzi and Romeo, 2000; Chen and Hu, 2017). The seismic intensity has a close 
positive relationship with the epicentral or fault distances. Therefore, it is assumed that the influence coefficient 
of earthquake is a power law function of seismic intensity. 

On the other hand, the debris flow triggered by earthquakes is a type of limited loose material supply (Bovis 
and Jakob, 1999). As time goes by, the loose materials are transported to the downstream channel or the 
deposition fan, or consolidate gradually and strengthen, which reduces their volume and erodibility. The activity 
of debris flows after the earthquake will decrease along with the reducing loose materials. As a result, the 
susceptibility decreases over time. According to the observation data of debris flows at Guxiang catchment after 
the Chayu Earthquake in Tibet in 1950, an empirical power function describes well the decay process of the 
debris-flow activity. The power function exponent is about -0.63 by linear regression method (Hu et al., 2011). 

Based on the above analysis, the susceptibility is equal to the static one if the seismic intensity is below VI, 
and the susceptibility doubles when the intensity is one level higher. Meanwhile, the susceptibility will decrease 
exponentially along with time. Therefore, it can be expressed by the following formula for a single earthquake 
event: 

𝐸 =
1.0,     𝑥 < 6

1.0 + 2 𝑁 . ,   𝑥 ≥ 6
(4)
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where, x is the intensity value (=6.0~11.0 from VI to XI), and N is the total number of years after the earthquake. 
Ek is set to 1.0 when x < VI, indicating that the earthquake has no effect on the susceptibility. According to Eq.4, 
the influence coefficients in seismic area of VII, VIII and IX approximate to 1.0 after about 30 years from the 
curve, where is still very high after 30 years of XI seismic area, about 4.8 (Fig 5). In order to analyze the impact 
of the earthquake on the debris-flow susceptibility, all of earthquake events whose the area of > VI intensity 
overlaps with the Hengduan region are collected since 1995 (Ms > 6.5) (Table 1). Then, according to the 
intensity range of each event, Eq.4 is used to calculate the total influence coefficient of seismic events from 
1995 to 2015 in the Hengduan area (Hu et al., 2018). 

Table 1. Historical earthquakes in Hengduan mountainous area since 1995 

Date 
Time 

(Beijing time) 

Latitude 

(Degree) 

Longitude 

(Degree) 
Depth(km) Magnitude 

Maximum 

Intensity 
Location 

1995.10.24 6:46:49 25.9 102.2 15 6.5 Ⅸ Wuding, Yunnan 

1996.2.3 19:14:20 27.2 100.3 10 7.0 Ⅸ Ljiang, Yunnan 

2000.1.15 7:31:02 25.5 101.1 30 6.5 Ⅷ Yaoan, Yunnan 

2008.5.12 14:28:01 31.0 103.4 14 8.0 Ⅺ Wenchuan, Sichuan 

2013.4.20 8:02:46 30.3 103.0 13 7.0 Ⅸ Lushan, Sichuan 

2014.8.3 16:30:10 27.1 103.3 12 6.5 Ⅸ Ludian, yunan 

4. Rainfall event effect coefficient

Debris flows in Hengduan area is mainly caused by heavy rain and storm. In general, if topographic and
geological conditions are same, then the more heavy rain events happen, the more disasters can occur. Therefore, 
the influence coefficient of rainfall can be represented by occurrence days of heavy rain: 

𝑅 = 𝑏 × 𝐼   (5) 
where, I>25mm is days of heavy rain, b is the proportion coefficient. By using TRMM satellites data, we calculate 
occurrence days of heavy rain at each grid cell in the area from 2000 to 2015 (Table 2). The cell size is 0.25° by 
0.25°. There are 84497.13 days of heavy rains with an average daily rainfall of more than 25 mm per year added 
up for all of cells in China. At the same time, the average annual number of disasters is 23980.6 according to the 
National Geological Disaster Bulletin from 2001 to 2015. Some of the disasters were related to earthquakes, and 
most of them were triggered by rainfalls. The ratio of the disaster number to the day•cell number is 0.284. That 
means a heavy rain event can cause about 0.284 disasters on average per year in China. The occurrence 
probability of disasters in Hengduan area should be higher than the national average. However, there is no 
historical data of disasters in the area. Therefore, the value of b is considered as 0.284. 

Table 2. Occurrence days of heavy rainfall and storm from 2000 to 2015 in the Hengduan 

Year 
Number of Day•Cell of rainfalls (> 25mm) 

Year 
Number of Day•Cell of rainfalls (> 25mm) 

In Hengduan In China In Hengduan In China 

2000 5243 80913 2008 4975 88308 

2001 6755 77337 2009 5344 78796 

2002 5299 89154 2010 5198 94035 

2003 5059 81621 2011 3737 72396 

2004 5452 75345 2012 5501 95659 

2005 4753 83898 2013 4733 89546 

2006 4280 79684 2014 5505 85036 

2007 5322 81314 2015 6123 95328 

5. Dynamic evaluation result

Combining the static susceptibility, seismic influence coefficient and rainfall influence coefficient, the 
dynamic susceptibility is calculated by Eq.1 in Hengduan area from 2000 to 2015. The susceptibility is divided 
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into four levels: very high, high, moderate and low (Fig 6). By comparing the distribution of disaster events with 
the susceptibility map in 2015, it is found that they are spatially consistent by and large (Fig 7). The disasters 
mainly occurred on the west side of Longmen mountain, the lower reaches of Jinsha river and the northwest of 
Yunnan where the susceptibility is relatively high. 

Fig.6 Maps of the dynamic susceptibility in 2005 (a), 2008 (b), 2010 (c) and 2015 (d) in the Hengduan 
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Fig.7 Maps of the hazard susceptibility and inventory in 2015 in the Hengduan 

6. Conclusions

The susceptibility of debris-flow disaster is a dynamic process affected by earthquake, rainfall and human
activities. The paper classifies the influencing factors of debris-flow susceptibility into static and dynamic 
factors, and analyzes the impact of earthquake intensity and its decay effect and heavy rain event on disasters. 
The method and model are used to calculate the seismic influence coefficient of debris-flow susceptibility and 
annual susceptibility from 2000 to 2015 in the Hengduan area. The results showed that the susceptibility in 
meizoseismal areas is still four times higher than that before the earthquake even though the quake happened 30 
years ago. From 2000 to 2015, days of heavy rain in the Hengduan mountainous area varied greatly, and the 
maximum year was 1.81 times that of the minimum year. The actual distribution of disaster events is consistent 
with the results of susceptibility zoning in 2015. 

The dynamic assessment model and method of disaster susceptibility is acceptable qualitatively, but more 
disaster event data are necessary for verification and improvement. The lack of disaster event data, errors of 
rainfall, geology and other data may lead to deviation in statistical calculation. In addition, there is no widely 
accepted model for the quantitative relationship between earthquake and debris flows. The linear hypothesis of 
dynamic susceptibility and the decaying model of seismic influence coefficient need more tests with real 
monitoring and study data. 
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