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Abstract 

The Wenchuan earthquake in China (May 12, 2008) triggered numerous debris flows, some of which caused serious 
secondary disasters, such as in Wenjia gully (Sichuan Province) and Sanyanyu gully (Gansu Province). To solve this problem, a 
planning method for debris-flow mitigation engineering measures was proposed based on watershed and river sediment transport 
characteristics. This method aids in the selection of engineering measures to effectively prevent secondary disasters and control 
unconsolidated soil and debris-flow movement from upstream to downstream. Several measures are considered in the proposed 
method, including check dams and transverse structures built across gullies, which are important engineering measures in debris-
flow hazard mitigation. Based on the developed planning method, new types of check dams were proposed, the regulation effect 
of sediment particle size in slit check dams was qualitatively analyzed, and the design parameters (e.g., deposition slope, 
deposition length, and dam height) of the check dams were deduced. Moreover, a series of drainage channels was proposed to 
cross highways and discharge debris flows into the river or debris-flow deposition basin below. Finally, an engineering 
application case in Xiaogangjian gully, Sichuan Province, China, was examined using the proposed watershed planning method, 
in which a series of check dams with different orifices sizes was constructed. The engineering application results provide useful 
data for developing check dams as a restoration tool and hazard mitigation technology in small watersheds. 
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1. Introduction

Debris flows are sediment movements that can travel several kilometers as a series of surges; they are common 
on steep terrain and in deep gullies within mountainous areas (Iverson, 1997; Hungr et al., 2001; VanDine and Bovis, 
2002; Godt and Coe, 2007; Cui et al., 2013). They can scour channel banks and gully beds, enhancing the debris-
flow discharge due to the effects of the blockage and subsequent outbreak process in watersheds (Cui et al., 2013). 
The Wenchuan earthquake in China (May 12, 2008, Sichuan Province) triggered numerous debris flows, some of 
which caused serious secondary disasters, such as in Wenjia gully (Sichuan Province) and Sanyanyu gully (Gansu 
Province) (Zhou et al., 2013; Zhang and Matsushima, 2018). Subsequently, numerous large-scale debris flows 
occurred during the rainy season from 2008 to 2018, when portions of hillslope deposits were transferred to channel 
deposits, and the source materials in the channel were carried to the outlet of the watershed. Based on a study of the 
debris-flow activities along a highway in China, the debris flow volume, runout distance, and deposition width 
decrease over time due to the decreasing source material volume and a possible change in debris-flow type (Zhang 
and Zhang, 2017). Whereas 665 debris-flow events per year occurred from 2001 to 2008, the average number of 
debris-flow events per year reached 1153 from 2009 to 2016 in China (Fig. 1). This trend suggests that debris-flow 
hazard prevention and mitigation will remain an urgent issue in the coming decades, as stated by Stoffel et al. (2014). 

Debris-flow mitigation measures can be classified as structural measures (e.g., check dams, drainage systems, 
flexible barriers, and debris-flow basins) or nonstructural measures (e.g., warning and evacuation systems, 
appropriate land use, and building improvements) (Armanini and Larcher, 2001; Takahisa, 2008; Hassanli et al., 
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2009; You et al., 2011; Canelli et al., 2012; Chen et al., 2014; Chen et al., 2015; Liu et al., 2017; Wang et al., 2017; 
Chen et al., 2018; Wang et al., 2018). Although debris-flow mitigation measures have been constructed in a few 
watersheds in the Wenchuan earthquake area, China, large-scale debris flows have still occurred, proving that 
existing mitigation measures are inadequate (Wang et al., 2012; Wang et al., 2013). In addition, the dual impacts of 
the Lushan earthquake (April 20, 2013, Sichuan Province, China) and the Jiuzhaigou earthquake (August 8, 2017, 
Sichuan Province, China) are expected to further increase the incidence of debris-flow disasters (Cui et al., 2014; 
Chen et al., 2018). Therefore, developing new planning methods and techniques based on debris-flow characteristics 
in this earthquake-stricken region is a critical issue. 

This paper presents a new planning method for debris-flow hazard prevention and mitigation measures, and 
describes several corresponding engineering technologies. The proposed debris-flow hazard prevention and 
mitigation method was tested based on several medium-sized debris flows, and a related case study of a small, steep 
watershed is described. The results indicate that this method is effective in regulating debris-flow hazards; therefore, 
this planning method and related engineering technologies may provide a new process for debris-flow hazard 
mitigation.  

Fig. 1 Debris-flow events in China from 2001 to 2016 

2. Debris-flow hazard mitigation engineering planning method and new technologies

2.1. Planning method 

The early planning method for debris-flow hazard mitigation engineering, in 1980s in China, is primarily based 
on the target objects intended to be protected, which is effective for small debris flows, but not large debris flows. 
For instance, several large debris flows have exited the gully in which they originated and blocked the river below, 
such as in Wenjia gully (Sichuan Province) and Sanyanyu gully (Gansu Province). Therefore, the planning method 
requires reconsideration for large debris flows. Based on the calculation method of the debris flow block the main 
river (He, 2003) and to make full use of the sediment transport capacity of rivers, Chen et al. (2015) proposed the 
use of cascade check dams and deposition basins to regulate the scale of debris flows in gullies. Figure 2 shows the 
specific implementation process of the new planning method for debris-flow mitigation engineering measures, 
which includes consideration of the debris-flow peak discharge with a design standard (QTotal), the debris-flow peak 
discharge through the drainage channel (QDrainage), the debris-flow peak discharge requiring blockage by check dams 
(QBlock), and the debris-flow peak discharge that must be accommodated by the deposition basin (QDeposition). The 
primary steps in designing a mitigation system include the determination of QTotal based on the design standard and 
rainfall data, as well as the transport capacity of nearby rivers based on river discharge data, followed by the 
determination of QDrainage. Why we consider the drainage channel discharge capacity and the sediment transport 
capacity of the river, the reason is that the river can be blocked when the debris flow discharge into the river is large 
than the sediment transport capacity of the river. Based on the block condition of the river, the better process can be 
selected according to the flow chart in Figure 2. The relation between the debris-flow peak discharge with a design 
standard and the total volume Q of a debris flow is Q = 19TQP/72, T stands for the debris flow duration time and QP 
stands for the debris-flow peak discharge. 
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the collapse upstream (10 × 104 m3). An area of 3 × 104 m2 was directly affected by the debris flow in the gully 
outlet, including the road below the gully. Major hazards included the blockage and siltation of the main road and 
river channel, the formation of a dammed lake, the inundation of the upstream road, and the rise in the downstream 
river bed due to high-intensity sedimentation, which resulted in the burial of the road downstream. For example, the 
road was buried by a debris flow that occurred on July 26, 2010, interrupting traffic for 18 days. Another larger-
scale debris flow occurred on August 13, 2010, and blocked the road at the gully outlet to form a dammed lake that 
flooded the upstream road, interrupting traffic until August 20, 2010.  

3.2. Debris-flow mitigation engineering measures in Xiaogangjian gully 

To protect lives, properties, and the road, as well as create favorable conditions for a healthy economy and 
environment and for construction and development in the nearby town, a debris-flow mitigation project in 
Xiaogangjian gully was carried out in 2011. The design standard of the debris flow mitigation measure was to resist 
rainstorm-induced debris flows with a 20-year return period. Geological, geomorphological, hydrological, and 
meteorological conditions were considered in the project design.  

3.2.1 Systematic planning of the debris flow mitigation project 

Based on the planning method for debris-flow hazard mitigation engineering, the debris-flow discharge into the 
river through the drainage channel is large than the sediment transport capacity of the main river, then the river can 
be blocked by the debris flow. Thus, the maximum debris-flow discharge into the river through the drainage channel 
should not exceed the threshold of QDrainage > 17.5 m3/s. Based on the hydrology of the small basin, the debris-flow 
peak discharge with a 20-year return period, QTotal, was 90.3 m3/s. Because QTotal > QDrainage, a drainage channel 
alone would be insufficient in this gully.  

A series of check dams with orifices of various sizes was used to raise the erosion base level and stabilize the 
inner bank slope. Based on an analysis of the geological and geomorphological conditions, it was determined that 
three check dams should be built in the gully. Based on a slope stability analysis, these dams could mitigate a peak 
discharge of QBlock = 31.3 m3/s. Because QTotal > QDrainage + QBlock, a debris flow basin was added to accommodate 
additional debris flow peak discharge. To avoid blocking the river, the debris flow basin should be capable of 
accepting a peak discharge of QDeposit = QTotal − QDrainage − QBlock = 90.3 − 17.5 − 31.1 = 41.7 m3/s.  

In summary, the design of the engineering project based on the debris flow peak discharge and the total volume 
of a single debris flow event is as follows: the peak discharge, QDrainage, of the debris flow that can drain into the 
main river is 17.5 m3/s; the reduction in peak discharge, QBlock, that can be produced by check dams is 31.1 m3/s; the 
peak discharge, QDeposit, that can be accepted by the debris flow basin is 41.7 m3/s, with a minimum volume of 
26,414 m3, which can be calculated by the empirical formula Q  = 19TQP/72, T stands for the debris flow duration 
time and QP stands for the debris-flow peak discharge. 

3.2.2 Application of the drainage channel 

Three check dams with orifices of various sizes were constructed in Xiaogangjian gully to mitigate debris 
flows (Fig. 8). In downstream succession, the sequence of dams is as follows: the first dam is 12.5 m high with 7 
orifices, the sizes of the orifices are 0.8 × 5.0 m and 0.8 × 3.5 m (width × height); the second dam is 11.5 m high 
with 7 orifices, the sizes of the orifices are 0.8 × 4.5 m and 0.8 × 3.0 m (width × height); the third dam is 12.5 m 
high with 10 orifices, the sizes of the orifices are 0.8 × 3.0 m, 0.8 × 2.5 m and 0.8 × 1.0 m (width × height). To 
protect the highway at the gully outlet, a drainage channel with prefabricated reinforced concrete boxes was 
constructed to enable discharge of the debris flow into a debris flow basin (Chen et al., 2015). The steps in designing 
the drainage channel are as follows.  

(1) Based on field measurements, the drainage channel slope is approximately i = 35%, and the length of the 
channel is 105 m. The cross-section is rectangular, the width of the channel is B = 6 m, and the height of the 
sidewall is 3.5 m. According to the construction material, the roughness coefficient is approximately n0 = 0.02. 
Based on the velocity characteristics of the scour resistance of the reinforced concrete materials, the admissible 
velocity in the drainage channel ranges from 2.7 to 8 m/s.  

(2) Assuming that the width and length of the energy dissipation section are b = 3.0 m and L = 15 m, 
respectively, the mean diameter of the filled stones is D = 0.4 m. The roughness coefficient of the energy dissipation 
structure section can be calculated using the equation proposed by Chen et al. (2018). 

(3) The debris-flow velocity can be obtained by substituting the parameters into the Manning equation. During 
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mitigation measure and new planning method to small-scale watersheds, which can not only effectively protect 
roadways and minimize losses by debris flows in China, but also it can apply to debris-flow-prone regions 
worldwide.  
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