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Abstract 

Poorly sorted loose granular materials deposited by the coseismic landslides in the 2008 Wenchuan Earthquake provided abundant 

source material for debris flows to occur during saturation and agitation by rainfall as well as surface and groundwater flow. Debris 

flows in southwest China are concentrated in the annual monsoon season when substantial precipitation occurs and have resulted 

in catastrophic damage to downstream regions. With debris-flow susceptibility increasing in regions affected by mega-earthquakes, 

mitigation systems are considered as critical infrastructures, the performance and resilience of which are vital to the local 

communities. In this paper, we present 1) the analysis on rainfall intensity-duration (I-D) thresholds, Rainfall Index (RI), Rainfall 

Triggering Index (RTI) and characteristics of the debris flows that occurred in the gullies located in three watersheds affected by 

the Wenchuan Earthquake, and 2) the evaluation of the performance of both conventional and some novel mitigation systems 

deployed in these gullies. Sharp decreases in the associated rainfall thresholds were found in the gullies after the earthquake; 

however, the level of increase in the rainfall thresholds is highly site- and system-dependent. Most of the existing debris-flow 

mitigation systems exhibited fair performance yet insufficient resilience to the impact. Notwithstanding the large amount of source 

materials available to be mobilized in debris flows and the intense surface run-off, many conventional mitigation structures required 

constant maintenance after each event and even reconstruction after the monsoon season.  
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1. Introduction

The 2008 Wenchuan Earthquake (MW 7.9) occurred in Sichuan province, China on May 12, 2008. The long-lasting

ground motion and the substantial amount of energy released at a shallow focal depth (15-20 km) resulted in one of 

the deadliest and costliest seismic event in China (Huang and Fan, 2013); it claimed 87,145 lives (including 17,923 

reported missing) and resulted in 374,643 injures (National Development and Reform Commission, 2008). The severe 

damage was intensified by the coseismic geohazards; the coseismic landslides have caused more than 30,000 fatalities, 

exceeding 1/3 of the total fatalities of the earthquake (Fan et al., 2018). Various estimations on the number of 

geohazards are reported in previous literature following study of the earthquake. Huang and Li (2009) reported more 

than 1,200 geohazards that were posing direct risks to downstream communities in Sichuan Province. Gorum et al. 

(2011) mapped about 60,000 landslide scarps. Dai et al. (2011) and Parker et al. (2011) have separately reported more 

than 50,000 coseismic geohazards in their studies.  

The coseismic landslides and the subsequent debris flows represent a post-earthquake instability process (Huang 

and Fan, 2013; Zhang et al., 2014). Debris flow is the sudden downward surge of saturated and poorly sorted sediments 

under gravitational forces (Iverson, 1997); it poses significant risks to downstream communities as a large amount of 

landslide deposit becomes the source material for rainfall-induced debris flow, which can increase the magnitude 

through progressive entrainment during the movement (Iverson et al., 2011; Cui et al., 2013). A significant increase 
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in debris flow was observed after the Wenchuan Earthquake, and can be attributed to the increase in sediment flux 

caused by coseismic landslides (Huang and Fan, 2013; Guo et al., 2016); similar changes were found after the 1999 

Chi-Chi Earthquake (Jan and Chen, 2005). 

The increase in debris-flow events is reflected by comparing the pre- and post-earthquake rainfall thresholds in the 

corresponding regions. In this paper, the changes of the rainfall thresholds, including the rainfall intensity-duration (I-

D), Rainfall Index (RI), and Rainfall Triggering Index (RTI), after the earthquake are reviewed and analyzed for the 

quake-stricken region. Emphasis in the analysis is placed on three catchments with debris-flow mitigation systems 

implemented between 2010 and 2012, with the aim of using different rainfall thresholds: 1) to assess the long-term 

impacts of earthquake on debris flows, and 2) to compare the performance and resilience of the conventional and novel 

mitigation systems in the region. 

2. Study Area

The Wenchuan Earthquake originated along the Longmen Mountain Fault zone with a length of 300-500 km and a 

width of 50 km between the Sichuan Basin and the eastern margin of the Tibetan Plateau (Shen et al., 2009), as 

illustrated in Fig 1. The autochthon of Longmen Mountain Fault zone encompasses the Proterozoic granite massifs, 

unconformably overlapped the Lower and Middle Jurassic strata, Cretaceous strata, and deformed Paleozoic sediments 

with Quaternary alluvium extended to the rheologically strong lithosphere of the Sichuan Basin (Burchfiel et al., 2008; 

Wang et al., 2011). The steep margin of the Tibetan Plateau is intensely dissected by the tributaries of the Yangtze 

River (Ouimet et al., 2007), shaping one of the most mountainous regions for human settlement in China. The main 

surface rupture is along the Yingxiu-Beichuan Fault (YBF) and the Jiangyou-Guanxian Fault (JGF) with lengths of 

240 km and 72 km, respectively. 

Fig. 1. Tectonic and geomorphic settings of the 2008 Wenchuan Earthquake (ASTER image). The Longmen Mountain Fault zone is located 

between the Tibet Plateau and the Sichuan Basin (upper left). Satellite images of catchment areas of some representative gullies in the study area 

are shown (Google Earth image). The epicenter and the main ruptures of the earthquake are highlighted. 
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The study area includes the watersheds of Qingping, Yingxiu, and Dujiangyan (Fig. 1); these regions contain a 

more detailed collection of pre-/post-earthquake as well as pre-/post-mitigation records, of rainfall and debris to assess 

the impacts of earthquake and debris flows. The region is incised by the waterways of the Mianyuan River (Qingping), 

the Min River (Yingxiu), and the Longxi River (Dujiangyan), which resulted in a relative elevation of 770-4000 m in 

the study area. The study area comprises a complex lithological assemblage, including mainly 1) shale, sandstone, and 

limestone in Qingping, 2) granite, limestone, and sandstone in Yingxiu, and 3) granite, sandstone, and mudstone in 

Dujiangyan. The annual average precipitation in Qingping, Yingxiu and Dujiangyan is 1086 mm, 1253 mm, and 1135 

mm, respectively. Rainfall concentrates in the monsoonal season between June and August, with typically 60%-80% 

of the annual precipitation of the study area.  

Numerous destructive debris flows occurred immediately after the earthquake during the monsoonal seasons of 

2008 and 2009, including the debris flows in the Wenjia gully in Qingping and in the Weijia gully that buried part of 

the ruins of Beichuan town. Many debris-flow mitigation systems that were being designed or implemented at the time 

followed the conventional design specifications which later proved to be insufficient for debris flows after an 

earthquake due to high sediment flux (Xu et al., 2012). The intense precipitation during August 12-13, 2010, triggered 

debris flows in more than 80 gullies in the study area, including 20 in Qingping, 21 in Yingxiu, and 44 in Dujiangyan. 

The debris flows caused fatalities and resulted in damage to the post-earthquake reconstruction process (Tang et al., 

2012; Xu et al., 2012; Huang and Li, 2014). The debris flows also destroyed many conventional mitigation systems, 

which exclusively consisted of a large number and variety of concrete check dams and channels that were inadequately 

designed. The basic characteristics of the mitigated gullies in the study area are shown in Table 1.  

Table 1. The basic geometry of the gully and the estimated amount of the source materials for the debris flow with 

mitigation system (re-)implemented after August 13, 2010. 

Gully Length 

(km) 

Height 

(km) 

Catchment 

Area (km2) 

Loose deposit volume (before 

August 2010) (×106 m3)* 
Loose deposit volume (after 

August 2010) (×106 m3) 

Hongchun 3.6 1.29 5.35 3.58 3.1 

Shaofang 1.85 1.1 1.5 2.52 2.23 

Niujuan 3.9 1.78 10.7 7.89 7.43 

Maliu 1.59 0.95 1.98 - 8.14 

Dashui 0.88 0.32 0.45 - 2.7 

Wenjia 3.25 1.52 4.5 80.6 74.5 

Zoumalin 3.5 0.59 5.7 4.37 3.26 

Note: the estimated volume of source material before August 2010 may not represent the total volume of loose deposit after 

the earthquake due to subsequent debris flows without detailed records in literature.

3. Rainfall Threshold and Mitigation Systems

3.1. Pre-/Post-earthquake I-D thresholds 

Prior to the earthquake, rainfall data for gullies that were susceptible to debris flows were typically collected by the 

nearby rain gauge without the systematic frameworks of an Early Warning System (EWS) for debris flows. The studies 

on pre-earthquake debris flows in the region commonly rely on distant rain gauges that may not be at the comparable 

elevation or the same side of the ridge, as indicated by Guo et al. (2016).  

A rainfall threshold represents the minimum precipitation required to trigger a debris flow, slope failure, or shallow 

landslide. Typical approach includes rainfall intensity-duration relationship that can be expressed as 𝐼 = 𝛼𝐷−𝛽, where 

I is the mean rainfall intensity (mm/hr), D is the rainfall duration (hr), and α and β are empirical coefficients (Caine, 

1980). However, a single critical rainfall parameter, such as peak rainfall intensity or daily cumulative rainfall, has the 

tendency to overestimate debris-flow occurrence for mitigated gullies (Liu et al., 2017), and thus additional rainfall 

threshold parameters are employed to better characterize the critical conditions and the variations after implementing 

the mitigation system. The Rainfall Index (RI) is defined as RdImax (Chen et al., 2013), where Rd is the daily cumulative 

rainfall and Imax is the peak rainfall intensity. The Rainfall Triggering Index (RTI) is expressed as the product of RtImax, 

where Rt is the 7-day antecedent rainfall. The RTI has been used to establish probability of debris flow occurrences in 

predication models (Jan et al., 2002; Jan and Lee, 2004; Huang et al., 2015). 
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Guo et al. (2016) summarized the I-D thresholds and duration that triggered debris flows between 2008 and 2013 

for the entire region that was impacted by the Wenchuan Earthquake. Ma et al. (2017) studied the debris-flow events 

between 2008 and 2013 and summarized a more watershed-scale regional I-D threshold. These rainfall thresholds are 

compared with some proposed global and regional thresholds, as shown in Fig 2. 

A pre-earthquake I-D threshold for the entire region is not available for the Wenchuan Earthquake; but the post-

earthquake I-D thresholds are significantly lower than the global or regional thresholds included in this study, which 

implies a possible severe impact caused by the earthquake. The gradual increase in the I-D thresholds between 2008 

and 2013 indicates a decreasing susceptibility to debris flow at a regional scale since the earthquake. Notwithstanding 

the sediment influx caused by the subsequent geohazards after the earthquake (Huang and Fan, 2013; Huang and Li, 

2014), the recovery of the I-D thresholds can be largely ascribed to the decrease of the overall loose materials, as they 

were entrained and removed by previous debris flows from the gullies. The watershed I-D thresholds are considerably 

higher than the regional thresholds (Fig. 2); it is postulated that the study on these watersheds were affected by the 

implementation of debris-flow mitigation systems.  

Fig. 2. Global and regional mean rainfall I-D thresholds for debris flows proposed in previous literatures (refernces see Liu et al., 2017). The 

regional I-D thresholds for the Wenchuan Earthquake impacted area are highlighted; the watershed I-D thresholds are marked by dash lines. The 

sharp decrease in thresholds #17 and #18 represents the changes after the 1999 Chi-Chi Earthquake. 

3.2. Conventional mitigation systems 

The mitigation systems implemented in the representative gullies are discussed and the effects on rainfall thresholds 

are analyzed. The discussion focuses on the design and performance of mitigation systems implemented after August 

2010. An Early Warning Systems (EWS) was implemented for each mitigated gully; it is designed to better collect 

rainfall and erosion data and monitoring the debris flow events. The conventional mitigation systems in the studied 

gullies are typically deigned with concrete check dams and drainage channels. 

3.2.1. Yingxiu 

The heavy rainfall event on May 17, 2008, July 23, 2009, and May 29, 2010 induced numerous landslides, rockfalls, 

and debris flows. The extreme rainfall event on August 12-14, 2010 caused severe damage to the reconstruction of 

Yingxiu with urban flood inundation, which resulted from the blockage of the Minjiang River due to the debris flows 

that occurred in the Hongchun gully, Shaofang gully, and the adjacent gullies. The precipitation reached 163 mm in 2 

hours on the morning of August 14, 2010; it triggered debris flows around 3:00 AM local time. The volume of debris 
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from the Hongchun gully was estimated as 7.5105 (Huang and Li, 2014), and the level of flood was 2-3.5 m in 

Yingxiu and remained in the area for more than 7 days (Tang et al., 2011). The mitigation system in Hongchun gully 

was completed before the monsoon season of 2011, and was comprised of a large concrete check dam at the exit of 

the gully with a drainage channel, and 3 small check dams along the gully. The high slope gradient of the Shaofang 

gully posed challenges to the design of the mitigation system; it consisted of 3 large check dams and a short drainage 

channel to divert the debris flow into the Minjiang River to reduce damage to the roadway. The epicenter of the 

Wenchuan Earthquake is located in the Niujuan gully, in which abundant loose materials were deposited by the 

coseismic landslide. A total of 8 check dams were implemented, of which half are for the branches to prevent sediment 

supply into the main gully, with a drainage channel to guide the debris flows.  

3.2.2. Qingping 

A large amount of loose sediment was deposited by coseismic landslides in the Zoumalin gully, with no prior 

reports of debris flows before the Wenchuan Earthquake. The conventional mitigation system consists of 7 large check 

dams and 4 drainage channels in the branches with small sectional barriers, and an additional 3 barriers. The intense 

rainfall events on August 17, 2012 and July 8, 2013 resulted in two large-scale debris flows. The debris flow in 2012 

filled most of the basins of the check dams and blocked the drainage channels (Fig 4a and 4b); the basins were 

subsequently emptied. The debris flow in 2013 overflowed the check dams and caused damage to the community. 

3.2.3. Dujiangyan 

The source material in the gullies of the Dujiangyan watershed were mainly deposited by the coseismic landslides 

of the Wenchuan Earthquake. The peak hourly rainfall on August 12-14, 2010 was 75 mm, with a high 2-hr cumulative 

precipitation of 128.3 mm. A large-scale debris flow occurred in Maliu and Dashui gully on August 13 and 18 during 

intense rainfall, which have collectively mobilized more than 10×106 m3 of loose sediments. The mitigation system in 

the Maliu gully comprises 7 check dams, with the aim of preventing sediments from reaching downstream, as the exit 

was close to a temporary settlement for residents of Longchi town that were severely damaged by the earthquake. The 

volume of the remaining loose materials in the Dashui gully is less compared to other gullies after August 2010, and 

therefore, the design of the mitigation system was modified to include only 2 larger check dams (height > 13 m) with 

a drainage channel at the exit of the gully. 

3.3. Novel mitigation system 

A novel mitigation system was subsequently designed and implemented in the gully (Fig. 3), as discussed in detail 

in Liu et al. (2017). The new system integrates three key elements, i.e. the water-sediment segregation (water control), 

source material stabilization (sediment control), and channelized erosion prevention (erosion control), with the aim of 

minimizing surface run-off by separating the fluid and solid components of the debris flow. The sediment control and 

erosion control focus on the mid-/down-stream of the gully where a large amount of loose materials can be entrained 

by a debris flow originating from the up-stream. The water-sediment segregation system is shown in Fig. 4; the debris-

flow breaker consists of 4 arrays of steel fins aligned perpendicular to the dominant flow direction. In the event of 

overflowing of check dams #4 and #5, the sediment basin reduces the dynamic impact by permitting settlement of 

larger boulders and rocks. The breaker system enables rapid drainage of surface runoff through the drainage tunnel, 

which in turn, prevents erosion and mobilization of the loose particles in the mid- and down-stream. Fluid and small-

scale sediment removed from the bulk of the debris flow are drained through the drainage tunnel and discharged to 

branch #1. Therefore, the debris flow can be contained within a certain branch or a small area, to prevent entrainment 

of the loose materials in the mid-stream of the gully. 

3.4. Pre-/Post-mitigation rainfall thresholds 

The rainfall parameters associated with the pre-/post-mitigation debris flows in the studied gullies are summarized 

in Table 4. The variations in the number and volume of the debris flows as well as the associated rainfall thresholds 

are of direct interest in evaluating the performance of the mitigation system. Since no known debris flows existed in 

these gullies before the earthquake, the rainfall data prior to the earthquake cannot be identified for many of the studied 

gullies (Fig. 5). However, the increased number of debris flows is prominent, and decreased abruptly with sharp 
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increases in the critical rainfall parameters after implementation of the mitigation system, as demonstrated by the 

Wenjia gully. Although the interplay between rainfall and debris flows are complex and dynamic, plotting the 

occurrences in such fashion offers an intuitive representation on the variations in the number of debris-flow events 

and rainfall thresholds. Notwithstanding the difficulties in comparing the pre-/post-mitigation rainfall parameters due 

to the lack of data, the proposed rainfall parameters can serve as an effective factor to evaluate the performance of the 

system, as demonstrated by changes of the critical rainfall condition of the Wenjia gully case. 

Fig. 3. The debris flow mitigation system in the Wenjia Gully. The midstream section consists of a flexible drainage channel. Three check dams 

were constructed in the downstream of the gully. A large number and variety of sensors were installed in the gully and/or its catchment, including 

the rain gauges (blue), deposit thickness gauges (red), piezometers (orange), and video cameras (yellow) (after Liu et al., 2017). 

Fig. 4. An overview of the water-sediment segregation system formed by a sediment basin and a breaker system. The drainage conduits are 

underneath the steel fins of the debris flow breaker, and connects to the drainage tunnel. 

4. Concluding Remarks

A typical problem for the design of a mitigation system in a gully that was impacted by a major seismic event is

that a large amount of loose materials is deposited by coseismic landslides, and thus debris flows in such a gully is 

almost inevitable under heavy rainfall. In this paper, we summarize the debris-flow events after the 2008 Wenchuan 

Earthquake in the entire region emphasizing three watersheds. The study area contains gullies that are extremely 

susceptible to debris flows under rainfall, and demonstrated significant decreases in the critical rainfall condition. 

Discussion focused on the design and implementation of mitigation systems, and employs rainfall parameters to 

evaluate the performance of the systems. The study proposed to use pre-/post-mitigation rainfall parameters to evaluate 

the performance of the system as indicated by the Wenjia gully mitigation system. 
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Fig. 6. The variations in the rainfall parameters contributing to the pre- and post-mitigation debris flows in the studied gullies. The gray region 

represents the period of the construction of the mitigation system, during which no dataset was collected systematically, and thus not included in 

the analysis. 
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