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Abstract. From 12 to 14 August 2010, heavy rainstorms oc- normal weather conditions, such deposits are at a quasi stable
curred in the Sichuan province in SW China in areas whichstate. However in the wet season, these materials can easily
were affected by the 2008 Wenchuan Earthquake, inducingvolve into debris flows once triggered by heavy rainfall.
catastrophic debris flows. This disaster is named as “the On 13 August 2010, heavy rainstorms occurred in a part
8.13 debris flows”. The results of the research presented inf the area affected by the 2008 Wenchuan Earthquake. A
this paper show that the 8.13 debris flows are characterizegbtal of three catastrophic debris flows occurred: the Wen-
by a simultaneous occurrence, rapid-onsets, destructive imia gully and Zoumaling gully debris flows near the Town of
pacts, and disaster chain effects. They are located along th@ingping; the Hongchun gully debris flow near the town of
seismic fault, because the source materials mainly Originate{ingxiu and the Longchi debris flow near Dujiangyan C|ty
from loose deposits of landslides which were triggered by(Fig. 1).

the Wenchuan Earthquake. The presence of large amounts yy,ch research on these rainfall-induced debris flows has
of these loose materials on the slopes and the developmepoen carried out after the earthquake; Xie et al. (2009) pre-
of high_ intensity rainfall .events are the main causes for thejicted an increase in debris flow hazards. The triggering
formation of these debris flows. The study of the 8.13 de-5intq)| threshold for debris flows significantly decreased af-
bris flows can provide a benchmark for the analysis of theia, the chi-Chi Earthquake in Taiwan (Shieh et al., 2009).
long-term evolution of these debris flows in order to make 1504 and Liang (2008) came to a similar conclusion after
proper engineering decisions. A flexible drainage system igqnqycting field investigation and statistic analyses of debris

proposed in this paper as a preventive measure to mitigate thg, s that occurred in the Beichuan County on 24 Septem-
increasing activity of these debris flows in the earthquakey,or 2008. The understanding of the various hydrological

affected area. triggering mechanisms of these complex debris flows is a
prerequisite for the assessment of hazard, the development
of alarm thresholds, and for risk management (Berti and Si-

1 Introduction moni, 2003).

Debris flows in temperate environments are mostly gen-
A debris flow is defined as a poorly sorted mixture of soil, erated by landslide failures (Campbell, 1975; Iverson et
rock, vegetation and water that rapidly flows down a slope asal., 1997), while debris flows in alpine regions are gener-
a response to gravity (Varnes, 1978; Iverson, 1997). It carally induced by the erosion and entrainment of hill-slope
be very destructive, causing loss of human lives, destructiorand channel material by surface runoff after intense rain-
of houses and facilities, and damage to the environment. Théall (e.g. Fryxell and Horgerg, 1943; Berti et al., 1999; Gre-
2008 Wenchuan Earthquake in China triggered over 45 00@oretti and Fontana, 2008). Several authors give different
landslides. The loose soil and rock materials of these landhydro mechanical explanations for the transformation of slid-
slides are distributed on steep slopes and in channels. Undéng material into debris flows. Sassa et al. (1980) pointed
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202 Q. Xu et al.: The 13 August 2010 catastrophic debris flows after the 2008 Wenchuan earthquake

Fig. 1. Distribution map of landslides triggered by the Wenchuan Earthquake and three catastrophic debris flows triggered by the rainstorms
on 13 August 2010 (MWF: Maoxian-Wenchuan Fault; YBF: Yingxiu-Beichuan Fault; JGF: Jiangyou-Guanxian Fault. 1: Wenjia gully and
Zoumaling gully debris flows near Qingping Town; 2: Hongchun gully debris flow; 3: Longchi debris flow). The landslide distribution map
was derived from a rapid landslide inventory made by Huang and Li (2009).

out that during the movement of a landslide the overburden
pressure on the in-situ soil could generate a liquefied layer.
Ashida et al. (1983) explained the initiation process from a

60 p 7 120 deformation energy point of view. Iverson et al. (1997) sug-
ol Xﬁ/—/i 100 gested three processes for the formation of a landslide in-
wl w2 duced debris flow: widespread Coulomb failure, partial or
g ] complete liquefaction by high pore fluid pressure induced
Fef 1% % by compaction during failure, and conversion of landslide
£t 140 g translational energy into internal vibrational energy within
w0l 0 % the sliding mass. Johnson and Rodine (1984) held that poor
N —— A N | ,,,,,,,,,,,,,,,,,, . sorting of particles within the mobilized sliding mass was a
meogEE LT eodn 8y g0 NyYggy cause of the debris flow formation. Tani (1968) and Taka-

13-Aug-0

hashi (1991) mentioned the collapse of landslide dams as
an important cause for debris flow initiation. In this paper,
Fig. 2. Distribution of hourly and cumulative precipitation between the concentration run-off erosion of the loose deposits dis-
12 and 14 August 2010 in Qingping Town. tributed on hill-slopes and along channels are considered as
the main source for the 8.13 debris flows.
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Fig. 3. Pre-seismic and post-seismic aerial photographs of the 13 August 2010 debris flow events near to Qingpirey Takem ©On
18 May 2008}: taken on 13 December 2010), DF is the abbreviations of Debris Flow gulley.

The main purpose of this study is the description and3 Processes and effects of the 8.13 debris flows
analysis of the characteristics and triggering mechanism of
the three selected debris flow events, which were mentioned this section, the processes, characteristics and effects of
above. First, the triggering mechanism by intensive rainfa”the 8.13 debris flows are reported. This section first describes
is analyzed. Secondly, the characteristic of the 8.13 debrighe Wenjia gully and Zoumaling gully debris flows, which
flows is summarized. Finally, we will show how the new are located near Qingping Town, followed by an analysis of
findings about debris flow prevention can support future studthe Hongchun gully and Longchi debris flows. Data used in
ies and may serve as a focus reference for the government {§is section have been gathered through the study of aerial

improve the protection of people and to mitigate such haz-Photographs and topographic maps, as well as through field
ards. investigation.

2 General settings 3.1 The Wenijia gully and Zoumaling gully debris flows
near Qingping Town
The study area is situated in the transitional mountainous
belt characterized by rugged mountains and deep valleygingping town is located near Deyang City, in the northwest-
(i.e. 2008 Wenchuan Earthquake zone). As shown in Fig. 1ern part of Sichuan Province (Fig. 1). It covers an area of
the NE-SW Longmenshan fault zone is formed as an inter2.9x 10° m? and accommodates approximately 4000 peo-
continental transfer fault, which is composed of three sub-ple. From 12 to 14 August 2010, a storm swept over the
parallel thrust faults, including the Maoxian-Wenchaun fault, study area. The monitoring results of precipitation in Qing-
the Yingxiu—Beichuan fault, and the Jiangyou-Guanxianping Town station (Fig. 2 and Fig. 3a) show that the rainfall
fault. Due to the extrusion of the Qinghai-Tibet Plateau andevent in Qingping Town started at about 14:00 on 12 August
the Sichuan Basin, the Longmenshan fault region has alwayand ended at about 01:00 on 13 August. According to the
been active until recently with consequently a high frequencyrecords, the cumulative rainfall was 95 mm within a period
of strong earthquakes. The Wenchuan Earthquake crushesf 12 h, and the maxium hourly precipitation was 55 mm at
the Yingxiu-Beichuan fault (about 240 km length). 00:00 on 13 August. However, according to the description
The study area is underlain by Granitic rocks, Sinian py-of a resident witness in Qingping Town, this rainfall event
roclastic rocks, Carboniferous limestones, and Triassic sandwas local heavy rainfall, for the precipitation in the middle
stones. Loose Quaternary deposits are distributed in the forrand upper parts of east mountains (DF02-DF06 gully source
of terraces and alluvial fans. The Min River and Fu River zone as shown in Fig. 3a) in Qingping Town was far more
are the most important rivers in this region formed by boththan that of Qingping Town itself. The analysis of local
the tributaries of the Yangtze River (Fig. 1). The study areaBureau of Meteorology suggested that the daily cumulative
belongs to the subtropical monsoon climate zone characterainfall in the middle and upper segments of Wenjia gully
ized by high precipitation. The annual average rainfall overshould exceed 200 mm and the highest hourly rainfall should
a period of 30 yr is 800—1600 mm which is concentrated in abe about 70 mm, but the observed precipitation by Qingping
rainy season from June to September. Town station was much lower than that.
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Table 1. Basic data for 11 debris flow gullies around Qingping.

Gully Name Catchment  Channel Catchment  Channel Slope angle of Debris supply Volume of
code area (kr?‘ﬁ length (km) relief (km) gradienf] initiation zones{) (coseismic landslide) debris flow event
(10*md) the 13 August 2010

(10* m3)

DFO1 Zoumaling 5.76 3.39 1.10 18.0 21.3 432.7 82.0

DF02 Luojia 1.64 291 1.40 25.7 28.0 130.8 16.0

DF03 Dongzi 0.12 0.64 0.38 30.7 33.1 4.4 1.2

DF04 Wawa 0.51 1.43 0.70 26.1 314 40.2 9.8

DF05 Didong 0.20 0.76 0.42 28.9 35.6 3.2 0.7

DF06 Wenjia 7.65 4.33 1.50 19.1 25.2 5000.0 450.0

DF07 Linjia 1.27 2.16 0.76 194 22.7 7.8 15

DF08 Taiyang 0.48 1.13 0.68 311 39.8 8.6 2.0

DF09 Maliuwan  1.01 2.06 0.80 21.2 27.4 8.3 1.3

DF10 Pujia 0.85 1.75 0.80 24.6 335 10.0 0.8

DF11 Caodun 0.29 131 0.68 27.4 34.0 10.3 24

Total — - - - - - 5656.3 567.7

Table 2. Typical debris flows developed in the Wenjia gully after the 2008 Wenchuan Earthquake.

Code Date Rainfalll  Maximum rainfall/  Rainfall frequency Debris flow discharge  Accumulation area
day (mm) h(mm) P %10 md3) (x10* m?) Consequence

1 2008.9.24 88 20% 90 125 Buried road 10 m

2 2010.7.31 60.2 51.7 20% 30 Blocked in the gully  Destroyed the
block project
in gully

3 2010.8.13 =200 70 2% 450 63.5 Buried Qingping
Town, destroyed
379 buildings

4 2010.8.19 145.9 10% 30 12 Destroyed 100
buildings

5 2010.9.18 52.0 20% 17.6 8.5 Destroyed
construction
instruments

Two debris flows were observed in the Wenijia gully and 450.0x 10* m® while the Zoumaling gully debris flow has a
Zoumaling gully at 23:45 on 12 August. On 13 August volume of 82.0x 10* mq.
at 01:00, a large amount of debris was removed from the The loose materials distributed in the Wenjia gully

Wenjia gully and even.reached across the.Mia.myuan_ RiVe(/vere deposited by a mass movement occurring during the
plane. Fmally_, a deposit f_an was formed which ImmedlatelyWenchuan Earthquake on 12 May 2008. As shown in Fig. 4,
blocked the river. The triggering rainfall amount from the when the earthquake happened, a limestone rock mass with a

start of the rainfall until the occurrence of the debris flow volume of approximately 5000 10* m? slid down from an

was .55 mm ‘.”?d. lasted 11 h. Figure 3 shows a total 9f 11 Val'elevation between 1780-2340 m. The huge amount of sliding
leys in the vicinity of the two largest ones the Wenjia gully

(DF06) and Zoumaling gully (DF01) valleys. The site in material transformed into a rock avalanche, moved into a SW

tioati d the int tation f ¢ .~ . direction and entered the so called 1300 m platform (Fig. 4b).
vestigations and the interpretation 1rom remote Sensing My aiq it turned into an SEE direction along the downstream
ages revealed that a total of 11 debris flows in these 11 val

| imult v tri 4. The basic inf " part of the gully. The high energy of the rock avalanche was
eys were simuitaneously triggered. € basic Information q 14 entrain the shallow, loose, soil material along its flow

I_or the Sepr;s flowhgudlly’? Its :'St?d n T?g&lio;rh% qlt_ehposr path increasing the amount of final displaced and deposit-
lon Mmatenals reached a fotal Volume ot SoX. EFM™. IN€ = iny material to a total of more than 708010* m3. Figure 5

Wenjia gully debris flow is the largest one with a volume of shows that a part of the massive deposits with a volume of

Nat. Hazards Earth Syst. Sci., 12, 201216, 2012 www.nat-hazards-earth-syst-sci.net/12/201/2012/



Q. Xu et al.: The 13 August 2010 catastrophic debris flows after the 2008 Wenchuan earthquake 205

Table 3. Basic data for 7 tributary-gullies and the main-gully in the Zoumaling catchment.

Name Catchment area Channel length Mean gully Loose deposits volume in gullyk@0* m3)
(km?) (km) gradient (%)

Gully Slope loose  Slope Total Volume of the 13 August 2010 debris
deposits  deposits erosion amount flow event'(8)

Zoumaling catchment 5.7 35 145 137.84 125 10 272.84 35

No. 1 Branch 0.20 0.40 22.5 3.4 3.62 7.02 2

No. 2 Branch 0.27 0.56 38.1 0.64 1.2 1.84 15

No. 3 Branch 0.14 0.58 38.3 11 1.1 3

No. 4 Branch 0.37 0.46 48.4 1.6 2.2 3.8 2

No.5 Branch 0.63 0.83 27.3 27.98 45.25 73.23 20

No. 6 Branch 0.66 0.99 29.2 27.14 18.6 0.9 46.64 13

No. 7 Branch 0.52 0.95 22.7 12.19 6 8 26.19 7

Total 8.85 - - 211.89 201.87 18.9 316.5 83.5

Main
accumulation
zone |

Main
accumulation:

zone 1l

Fig. 4. Wenjia gully landslide induced by the 2008 Wenchuan Earthquéke &erial photograph of Wenjia gully landslide after the
Wenchuan earthquake taken on 18 May 2q08; Wenjia gully landslide source zone, and 1300 m platfdjey; 1300 m platform and loose
deposits below it).

2260x 10* m? accumulated at the toe of the sliding source the huge amount of available material, the gully gradient in
area on the Hanjia Plain. This loose and coarse materiathis section is rather steep ranging between 32.5 % and 46 %.
on the Hanjia Plain proved to be very resistant to erosionTherefore the loose, relatively fine material could be easily
by overland flow caused by several subsequent rainstormsroded and transformed into debris flows under severe rain-
Therefore, the finer material deposited in the lower part ofstorm conditions. Table 2 lists five debris flow events that
the Wenijia catchment near the 1300 m platform can be conhappened in Wenjia gully after the earthquake. The most
sidered as the main source for the debris flows. Apart fromserious one happened on 13 August 2011 with a volume of

www.nat-hazards-earth-syst-sci.net/12/201/2012/ Nat. Hazards Earth Syst. Sci., 12, 2216- 2012
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Fig. 5. Section of the Wenijia gully landslide (Huang and Zhao, 2010).

Fig. 6. Photos of the Wenijia gully 8.13 debris flofa}: overview;(b): channel erosion in the Wenjia gull{g): local widening by slope
failures along the Wenijia gully).

450x 10" m3 and an area extension of 635l0*m2. The  posits reached a depth of 40-60 m and a width of 50-100 m
heavy rainfall in the gully generated a huge amount of sur-(Fig. 6b). Figure 6¢ shows a widening of the channel ero-
face run-off. The run-off water was loaded with solid ma- sion on several locations, caused by slope failures during the
terials on its way down supplied by lateral and channel ero-incision of the channel. When the debris flow happened,
sion. Figure 6 shows a channel with a slope gradient abova check dam at the entrance of the catchment temporary
60°. The channel which developed in the avalanche de-blocked the material. The dam suddenly failed and increased

Nat. Hazards Earth Syst. Sci., 12, 201216, 2012 www.hat-hazards-earth-syst-sci.net/12/201/2012/
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Fig. 7. Map of the 8.13 debris flow in the Zoumaling gully.

the devastating capacity of the debris flow which hit the Mi- severe rainstorm conditions, the deposits failed and trans-
anyuan River plane. formed into debris flows. Compared to the tributaries, the

The Zoumaling catchment formed an ancient debris flowSIOPe gradient of the main gully is much smaller. During
gully, which is composed of one main drainage channel andh rainstorm of 13 August 2010, debris flows were triggered
seven branches (Fig. 7). The channel gradient ranges frorfirSt in each tributary. These then flowed into the main gully
8.5% to 36.1%. The upstream terrain of the gully is very gnd cor!sequently the deposn; in main gully were_reactwated,
steep with a width of 5-15m. In the middle and down- ncreasing the amount of debris flow material. A field survey

stream part of the gully, the gradient is relatively gentle andrevealed the destructive nature of the 8.13 debris flow with

the width is 40-60m. The loose deposits, triggered by the? Volume of 83.5¢ 10'm® that occurred in the Zoumaling
Wenchuan Earthquake, formed the main source for the deSatchment (Fig. 9). The debris fan blocked the Mianyuan
bris flows in the catchment. The basic data of ZoumalingRIVer with an outflow length of 300m and a width of 50—
catchment is listed in Table 3. These seven branches playefi00 m.

an important role in the supply of material for the debris As shown in Fig. 10, the whole town of Qingping was cov-
flow. The debris source deposits in the 7 tributaries of theered by a massive amount of deposits, with an area extension
Zoumaling gully reached a total amount of 4&80*m3,  of 140x 10*m?. Figure 10a clearly shows the debris dam
surpassing the amount of material of the main gully, whichformed between the Zoumaling gully and the Wenjia gully.
is 35x 10*m3. Figures 7 and 8 show that the loose de- The distance between the two gullies is about 200m, and a
posits almost covered each branch in the catchment. Unddparrier lake was formed in the gap between the two fans. A

www.nat-hazards-earth-syst-sci.net/12/201/2012/ Nat. Hazards Earth Syst. Sci., 12, 2216- 2012
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about 3.6 km. The Yingxiu-Beichuan fault passes through
the gully. The upstream part of the catchment consists of
three branches, which are called the Ganxipu, Dashuigou and
Xindianzi gully respectively (Fig. 11). The terrain on both
sides of the gully is very steep with an average slope gradient
of 35°.

The Hongchun catchment forms an ancient debris
flow gully. Before the Wenchuan Earthquake, around
200x 10*m? of loose deposits were distributed along both
sides of the gully. A total of 156 10* m? new loose deposits
were formed during Wenchuan Earthquake. Six large land-
slides could be identified in the catchment by aerial photo in-
terpretation (Fig. 11). These landslides blocked the drainage
channel, increasing largely the risk of debris flow initiation.

A rainstorm occurred at 17:00 on 12 August, until 02:00
on 14 August 2010 in the Yingxiu Town region, which al-
Fig. 8. Loose deposits in the upper part of the No. 5 branch of themost instantaneously triggered many hill-slope and channel-
Zoumaling gully. ized debris flows. Among them was the debris dam caused
by the Hongchun gully debris flow, which changed the course
of the river causing the flooding of the newly reconstructed
Yingxiu town. Figure 12 shows the hourly and cumulative
rainfall for this rain event. On 12 August 2010, 19.9mm
of rainfall was recorded between 17:00 and 24:00. A total
of 126.8 mm rainfall was recorded during the entire day of
13 August. On 14 August, 23.4 mm was recorded between
0:00 and 02:00. A total cumulative rainfall of 162.1 mm in
33 h was recorded from 17:00 on 12 August until 02:00 on
14 August. Many eyewitnesses said that the most impor-
tant debris flows started around 03:00, and ended at 04:30.
Around 40x 10* m? debris material was deposited into Min-
jiang River plane, forming a 10 m high natural debris dam
100 min length across the river, and 150 m in width along the
river. After that, a flood destroyed the Yingxiu New Town.
Figure 13 is an aerial photo taken on 15 August 2010, show-
ing the debris dam and the inundated Yingxiu Town. The
estimated maximum discharge of the river through the town
was 570 M s~! shortly after the debris flow occurrence and
reached a value of 1400%s~1 on 15 August (Tang et al.,

“rock-fill field” was formed with a length of about 4.3km, 2011). After an emergency dredge of the debris dam, the
and a width between 400-500m and an average thicknes¥ingxiu New Town finally recovered again to a safe area
of 5m (Fig. 10b and c). A great number of debris materi- (Fig. 14).

als consisting of silt and rock blocks destroyed schools, gas ) )

stations, and 379 replacement housings. Seven people wef3 Longchi debris flow

killed, 7 people were missing and 33 people were injured.
The other gullies mentioned in Table 1 were not involved in
the 8.13 debris flow event due to the insufficient amount of
source material stored in these valleys.

Fig. 9. An overview of the Zoumaling gully debris flow.

On 13 August 2010, the Longchi Town near Dujiangyan
City was severely hit by debris flows. The triggering rain-
fall started around 13:30 and a 75 mmttintensity rainfall
was recorded from 16:00 to 17:00. From 16:00 until 18:00
3.2 Hongchun gully debris flow the rainfall reached an amount of 128.3 mm. Within 3 h the
cumulative rainfall reached a total amount of 150 mm. The
The Hongchun gully, located opposite the town of Yingxiu, debris flows occurred at 16:00.
has a catchment area of 5.35%niThe highest part of the The deposits of Longchi debris flow were mainly dis-
debris flow source area is at an elevation of 2168.4 m. Theributed along both sides of the Longxi River. During the
height of the gully ranges from 880 to 1700 m. The averagefield survey, 63 new landslides triggered by the heavy rain-
gully gradient is 35.8 % and the length of the main gully is storm on 13 August 2011 are detected (Fig. 15). The

Nat. Hazards Earth Syst. Sci., 12, 201216, 2012 www.nat-hazards-earth-syst-sci.net/12/201/2012/
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Fig. 10. Qingping Town buried by the 8.13 debris flona (aerial photograph taken after the 8.13 debris flolusphoto of the buried
Qingping Town taken from downstream to upstream of the Mianyuan River after the 8.13 debricflptvsto of the buried Qingping Town
taken from upstream to downstream of the Mianyuan River after the 8.13 debris flows.)

landslides and debris flows were triggered simultaneously id  The characteristics of the 8.13 debris flows

37 gullies and the total volume of debris material reached

778x 10°m3. The riverbed increased 5-8 m in height. As The common features of the 8.13 debris flows described

shown in Fig. 16, the disaster destroyed and buried the origiabove are their simultaneous occurrence, their unpredictabil-

nal and reconstructed buildings along the Longxi River, causdity and destructiveness, their hazard chain effects, and the

ing heavy losses of lives and properties in Longchi Town.  distribution along the earthquake fault. The source materials
are mainly composed of the deposits of the earthquake in-
duced landslides. An understanding of the characteristics of
these debris flows is useful for the development of guidelines
for the prevention of debris flows in the earthquake zone.

www.nat-hazards-earth-syst-sci.net/12/201/2012/ Nat. Hazards Earth Syst. Sci., 12, 2216- 2012
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Fig. 13. Aerial photograph of the Hongchun gully debris flow and
Fig. 11. Loose deposits induced by the 2008 Wenchuan Earthquakeelated flood (Supplied by the Sichuan geological environmental
in the Hongchun gully, with an increase of loose material of aboutmonitoring station).
150x 10* m3. H is the abbreviations of landslides.
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Fig. 12. Distribution of hourly and cumulative precipitation be- . . S
tween 12 and 14 August 2010 in Yingxiu Town. Fig. 14. Drainage works for the debris dam in Yingxiu Town after

the 8.13 Hongchun gully debris flows.

4.1 Simultaneous occurrence ) N )
abundant. Under rainfall condition, the debris flows can be

Huang (2010) estimated that the volume of loose materitriggered in every gully, showing the simultaneous character
als triggered during the 2008 Wenchuan Earthquake mayf these processes (Fig. 17).

have amounted to 20n3. Within the earthquake zone, three

kinds of loose material could be distinguished as a sourcet.2 Unpredictability

for debris flows: large-scale deposits, surface loose deposits,

and channel deposits. Large-scale deposits mainly originatdhe occurrence of debris flow in the earthquake region is un-
from huge rock slides and rock avalanches triggered by thepredictable, which can be illustrated by the following two
Wenchuan Earthquake, which accumulated in flat areas, aoints.

the toe of slopes, and in large channels. This kind of de- (1) The rainfall duration that triggered the debris flows
posits is the main source material for the Wenjia gully debriswas remarkably shorter after the Wenchuan Earthquake. The
flow. The channel deposits are formed due to relative smallerainfall in Qingping Town started at 22:30 on 12 August,
failures on hill slopes. The deposits can block the drainagewhile the debris flow occurred at 00:40 on 13 August, only
system and can result in severe consequences. The outbreaker a period of two hours. In the Hongchun gully, a heavy
of the Hongchun gully debris flow is closely related to this rainstorm began at 20:00 on 13 August and the massive de-
kind of channel deposits. The shallow debris deposits foundoris flow broke out on 14 August at 01:20. The same sit-
on steep slopes were triggered during the Wenchuan Earthdation appeared in Longchi Town: a heavy rain started at
quake, which is considered as the potential source of debri§5:30 on 13 August and a debris flow occurred at 16:00 on
flows. The above mentioned three material sources were athe same day. (2) The rainfall threshold of the debris flows
triggered by the Wechuan Earthquake. Together with thewas greatly reduced. Similar to the Chi-Chi Earthquake
original loose solids sources, the debris material became verin Taiwan, the post-seismic initiating rainfall intensity and

Nat. Hazards Earth Syst. Sci., 12, 201216, 2012 www.nat-hazards-earth-syst-sci.net/12/201/2012/
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Table 4. A comparison between observed and calculated volumes of solid material of debris flows in the Wenjia catchment.

Code Date Rainfall Calculated Obsen@d)y OH1/OH
frequency P Qn(x10fmd)  (x10*md)
1 24 Sep. 2008. 20% 13.90 90 6.5
2 31. Jul. 2010 20% 13.90 30 2.2
3 13 Aug. 2010 2% 374 450 12.0
4 19 Aug. 2010. 10% 20.81 30 1.4
5 18 Sep. 2010. 20% 13.90 17.6 1.3
/ 2N
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Fig. 16. Residential housing destroyed by the 8.13 Longchi debris
flow in the Longxi catchment(4): the housing located along the
Longxi river destroyed by the debris flofh): the housing located
on the right side of Longxi river was destroyed by the debris flow).

Fig. 15. The new geo-hazards triggered by the rainstorm on 13 Au-
gust 2010 along the Longxi River.
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Hongchun gully

_:L.ia'o,gully, v

Xiaojia gull

Fig. 17. Aerial photograph of the 8.13 debris flows between Yingxiu Town and Laohuzui along the Minjiang River (provided by the Sichuan
geological environmental monitoring station).

Fig. 18. Check dam destroyed by the 8.13 debris flow near the outlet =
of the Wenijia gully.

Fig. 20. Drainage system constructed in the upstream part of the
Wenijia gully.
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Fig. 19. An overview of the Wenjia gully debris flow and the reme-  : & g
dial works.

Fig. 21. Distribution of hourly and cumulative precipitation be-
tween 30 June and 4 July 2010 in Qingping Town.
accumulative rainfall for debris flows’ appeared to be one-
third lower compared to the pre-seismic rainfall thresholds.
Tang and Liang (2008), studying the Beichuan debris flowset al. (2010) found that the post-seismic critical hourly rain-
of 24 September 2008, concluded that the early cumulativeall of the Beichuan debris flows recorded by rainfall obser-
rainfall threshold for debris flows in the Beichuan Coun- vation stations was only 37.4mm. Both the variability in
try was reduced by approximately 14.8 %—22.1 %, while therainfall duration and threshold for debris flow after the earth-
hourly rainfall intensity was reduced by 25.4 %—31.6 %. Cui quake contributed to the unpredictability of debris flow.
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ing and scattered part of the Yingxiu-Beichuan fault near the
stress concentration zone (Xu, 2011). The debris flows in
Longchi Town are also well developed within a certain range
of seismogenic faults (Fig. 15). Secondly, the debris flow
occurred in a seismic zone with the intensity above IX.

4.6 Channel erosion

In the Wenchuan Earthquake region, the unconsolidated and
uncemented material source is extraordinarily rich in the
gully. So it is difficult to move forward overall with the ef-
fect of runoff. In the process of channel erosion, the slopes
continuously collapse by lateral erosion. Deep erosive chan-
nels gradually developed along the main stream of the catch-
ment. Such phenomena was found in the Wenjia gully. This
Fig. 22 A flexible erosion prevention system constructed in the channelized type of erosion is a new feature of debris flow
Wenjia gully. development in the earthquake zone.

4.3 Destructive character 5 Discussion about debris flow prevention in the
earthquake zone
The devastating debris flows which happened after the
Wenchuan Earthquake destroyed a number of protective corb.1  Prevention measures before the 8.13 debris flows
structions (Fig. 18) were caused by three factors: (1) High
speed. The terrains of the Wenchuan Earthquake area a,l%efore the 8.13 debiris flows, the conventional design specifi-
very steep with high channel gradients, generating high floncations were used. However our knowledge and design codes
velocities. (2) Large magnitude. Due to the presence of abun@ppeared to be insufficient for the debris flows occurred after
dant source materials, large magnitudes of debris flow matethe earthquake. The mitigating constructions in the Wenjia
rial are a|WayS triggered with Consequent|y extensive depo.CatChment were Completed before the 8.13 debris flows. The
sition areas, for instance, the spreading areas of the Wenjifajor mitigation measures consisted of 19 check dams along
gully and the Zoumaling gully debris flows. (3) Intermittent the gully, with a height of 3m—6m. They had a top width
character. Due to the blocking effect of slope material in theof 1.5m, and a bottom width of 4.45m-6.4m with an em-
channels, the debris flow events show paroxysmal and intefbedment depth of only 2m. These check dams proved to

mittent features. be useless during the 8.13 debris flow disasters. Moreover,
failure of the last dam at the exit of gully, with a length of
4.4 Chain effect of the disaster 84 m and 6 m in height, enlarged the damage of the Qingping

Town. Eyewitnesses described how the debris gathered be-
In our study we showed that debris flows triggered by rain-hind the last dam, increasing finally the impact of the amount
fall can form dams, which can block the river and cause theof material after the failure of dam. The hyper-concentrated
flooding of buildings and infrastructures for transport. That flow formed a huge wave, destroying instantly the housing
was the main cause of the loss of property and lives in theand infrastructures, such as roads and bridges. Figure 17
Qingping and Yingxiu areas. Several conditions for debrisshows the situation after the destruction of the dam. The ma-
flowing may cause secondary disasters: (1) The direction ofor mitigation measure in Hongchun gully was a stone check
debris flow gullies should be more or less perpendicular todam at the toe of No. Hlandslide (Fig. 11), with a height
the direction of the main river. (2) Large amounts of sourceof 6.5m and a length of 70m. The work was not carried
material must be available to block the river. (3) The debrisout yet when the 8.13 events happened. However, the design

flows should have an intermittent character. proved to be useless since the movement and discharge of the
8.13 debris flow is larger than the calculated values used for
4.5 Distribution along faults the design of the dam. The calculated volume of solid ma-

terials was 1.9% 10*m? based on a return period of 50 yr.
Firstly, as shown in Fig. 1, the outbreak points of debris flowsWhile, the actual debris discharge during the 8.13 events was
are mainly distributed along a seismic active fault, i.e. the70x 10*mS, which is 36.5 times larger than the calculated
Yingxiu-Beichuan fault. The gullies, caused by debris flows, value.
are closely related to these earthquake faults. For example,
the central fault crosses the Hongchun and Zoumaling catch-
ment (Fig. 11). The Wenijia gully is just located at the cross-
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4 events, the observed volumes of debris flow solid materials
decrease and are close to the calculated values when sub-
The 8.13 catastrophic debris flows remind us that these debrigcted to the same rainfall frequency of 20 %. The observed
flows are significantly different in distribution, initiation and volumes of solid materials of debris flows can be up to 10
their consequences from those developed before the earthimes larger than the calculated volumes. Hence, it is risky to
quake or in non-seismic areas. The conventional vision an@jesign the mitigation measures for such kind of debris flows

experience to control the debris flow hazard in areas sufferingaccording to present debris flow stabilization specification.
strong earthquakes are not suitable any more. We have the

following suggestions for prevention works of debris flows, 5.2.2 Update the design philosophy

which are especially suitable for the Wenchuan Earthquake ) )
region. Debris flows are mixtures of loose solids and water. For an

outbreak of debris flows, both sufficient source materials and
suitable amounts of water are indispensable. The Wenchuan
Earthquake supplied an extreme amount of source materi-
According to The specification of Geological Investigations als in the region where extreme rainfall occurred frequently.
of Debris Flow Stabilization in China (2006), the debris flow Therefore, to prevent the generation of debris flows, water

5.2 Prevention measures after the 8.13 debris flow

5.2.1 Improve the design standard

discharge can be calculated by E): (
Qc=(1+¢)'Qp'Dc (1)

where Q. (m%/s) is the peak discharge of a debris flow;
0,(m*s1) is the peak discharge of rainfall with rainfall
frequency P;¢ is the debris flow correction factog) =
(Ve —Yw)/(vn — ve); D. is the obstructive coefficient of de-
bris flowwhich ranges from 1.5 to 2.5, is the total unit
weight of debris flow material (kN T?); y,, is unit weight
of water (L0 kN n3); y, is the unit weight of solid material
(kNm=3);

The total volume of a certain debris flow event can be cal-
culated by Eq.2):

0=0264-T-Q, )

whereT is the duration of the debris flow (s).
The total solid volume of a certain debris flow event can
be calculated by Eq. (3):

©)

Using Egs. )—(3), calculated discharges and volumes seem
to be underestimated for the post seismic debris flows with
huge amounts of source materials. For example, the calcu-
lated Q. value of the Hongchun gully before the 8.13 debris
flows occurred, was 131.57%8~1 with a rainfall frequency
of 2%. In 1962, an extreme rainstorm event with 50 min. du-
ration occurred. The duration of the debris flow was assumed
to be equal to 3000 s. The total discharge of debris flow ma-
terial Q is around 4.46¢< 10 m3, using Eq. 2). According to
Eq. (3), the calculated total volume of solid materi@lg is
1.92x 10* mS. In reality, the total volume of solid materials
Qp of the Hongchun gully debris flow event reached a value
of 70x 10* m®, which is 36.5 times larger than the calculated
result. Therefore, if the control project had been completed
before the 13 August 2010 event, it still would have been still
impossible to prevent this debris flow disaster.

The value of observed and calculat@g s for five typical
debris flows occurring in the Wenjia catchment are listed in
Table 4, by assuming a duration of 3600 s. Inthe No. 1, 2 and

On=0Wc—Yw)/Wnh—"Yw)
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and the solid source materials should be controlled.

1. Control water supply. When the water source is
sufficient at the part of headstream or upper valley,
the drainage measures, such as drainage tunnels and
surface-cut drains, should be used to cut or remove sur-
face water. This method minimizes the amount of sur-
face water flowing into the gully and mitigates or even
eliminates the triggering conditions of debris flows. For
example, the Wenjia gully has about 30000*m?3
source material accumulated in the lower part of the
catchment on the “1300 m platform”. This material can
easily be transformed into debris flows by channelized
water erosion. Considering the special terrain in the
Wenijia catchment, after the 8.13 debris flow, a one di-
version tunnel was constructed near the “1300m plat-
form”, which leads a diversion of the upstream surface
water into the No. 1 branch as shown in Fig. 19. The
length of the diversion tunnel is 450 m, the inner cross-
section is 4.5¢ 3.5n? and the gradient is 5%. In or-
der to improve the diversion capacity, two check dams
with 5 m height and one sand trap were built upstream
of the diversion tunnel entrance (Figs. 19 and 20). The
main role of the dams is to prevent the deposits coming
from the upstream branches (No.2-No.4) from block
the diversion tunnel. The surface water coming from
upstream can be diverted into the No. 1 branch by fil-
tering in the sand trap. During the rainy season from
June to August, 2011, several rainstorms with rainfall
intensities similar to the 8.13 events attacked the Qing-
ping Town again, and the mitigation measures which
were completed in May 2011 proved to be effective in
the Wenijia gully. Figure 21 shows a cumulative rainfall
of 368.5mm in the Wenjia gully region from 30 June
to 4 July 2011. On 4 July, the rainfall intensity was
43mm it with a duration of 10 h. The floods and de-
bris flow, which developed in the upstream part of the
catchment was diverted successfully through the tun-
nel. From 14 to 21 August 2011, the cumulative rain-
fall reached an amount of 404.5 mm, and the flood was
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again successfully discharged to the diversion tunnelriverbeds for the evaluation of reconstruction plans for build-

which proved the effectiveness of the control measuresngs and infrastructures. According to the prediction of the

separating the sand and water. uplift of the main rivers in the next few years, the responsi-
ble departments should modify the reconstruction planning

2. Measures to mitigate the rock falls and landslidesto guarantee a sustainable, long-term development.

should be improved. Retaining walls, drainage sys-

tems and other preventative measures should be adopted _

along the channel to prevent the supply of source mate® €onclusions

rials by rock falls and landslides for debris flows. The 8.13 debris flows showed the following main features:

(1) The catastrophic debris flows of the Wenjia gully, Zouma-

3. Control of the channelized erosion by using flexible ling aullv. Honachun aully. and Lonachi occurred in the
drainage channels. Considering the channel erosion g guy, 9 guly. 9

characteristics of the debris flows occurring after the same period from 12 to 14 August 2011 in the earthquake

Wenchuan Earthquake, drainage channels with consis2one and destroyed local urban housing and infrastructure.

. . L 2) The common features of the 8.13 debris flows are that
tent flexible reinforced stone cages are used to mitigat

. ; . hey occur simultaneously, with unpredictability and large

th;esscogg;r;trﬁ)tsgl ?;ﬂi'g;' O??;difgﬁl:efnss sﬂt(()avr\;"n pnrqoa destructive power. The 8.13 debris flows are mainly dis-

PRSP . ge syste ¥ributed along the earthquake fault zone, in which abundant
lead to infiltration of water into the loose deposits. A

: . loose source material deposits were supplied during the 2008
new runoff erosion channel can be formed and contin- .
; ; . Wenchuan Earthquake. A huge amount of loose debris flow
ually expanded, which could result in a failure of the

drainage system. Compared to the traditional reinforce ource material, up to 500010‘.1. m?, was deposited during .
T . . he earthquake along the Wenijia gully. These loose deposits
concrete drainage sys_tems, the reinforced flexible Ston.eould be easily remobilised by channel erosion under inten-
icsag::ycg)ugsae:: tfg?&:ﬁﬁﬁﬂasg;g dp?ersécl\gcgiozte;’n'sive rainfall, gene.rating large and deyastating debris flows.
cages. After the 8.13 debris flows, flexible drainage hese catastrophic processes have increased the number of
) ' . ' . : mitigation works for the debris flow in the earthquake region.
systems were cgnstructed_m the channelized mldstrean(‘lg) The actual discharge of the 8.13 debris flows is much
EZE (c))i‘ ttr;]ee Vlillir:;acr?ljjrl:yg(ul:lllg 2?&:2%2%?%2;2&?:1 larger (until 10 times) tha.n the values calculated ac.cording
method also proved to be effective during the debristo the gurrent codes. It is therefore necessary to improve
flow events which happened during the 2011 rainy sea-the design standar.d.s fqr debris flow m|t|gat|0n n earthqyake
son. zones. (4) New mltlgat!on measures for depns flpw mitiga-
tion proved to be effective during the intensive rainy season
in 2011. After the 8.13 events, check dams, in combination
with a sediment trap and a diversion tunnel constructed in the
upstream part of Wenijia gully successfully separated and di-
Secondary disasters triggered by debris flows greatly affecteérfsrrltceed ;?i ;VV? tf;;gﬂjgﬁ:ﬂ rg:;?;;a]lf;\?vgd Xﬁi\c:e?:]zdc?r?s(t)rilccl:-r -

the reconstruction work which brings us to the following rec- . . . ; :
Lo . o ing of a flexible drainage system with reinforced stone cages
ommendations: (1) Re-investigation and assessment of the . :
sqL:ccessfully prevented the lateral erosion along the erosion

large-scale debris flow hazards in the disaster areas. Base . . .
channels of the source materials for potential debris flows.

on the experience of the failure of prevention measures du€e
to the 8.13 catastrophic debris flows and with the assistancgcxnowledgementsThis research is financially supported by
of remote sensing interpretation and field surveys, the neWhe National Basic Research Program “973", Project of the
loose material distributed in the gullies should be investi- Ministry of Science and Technology of the Peoples Republic
gated in the earthquake region; (2) Monitoring of the river of China (2008CB425801), the Creative Team Program of the
evolution in the disaster areas. Observation points along th#inistry of Education in China (IRT0812), as well as the open
major rivers should be established to monitor the flow ratefund on research on large-scale landslides triggered by the
and sediment transport. Sediment budget analyses for majof/enchuan Earthquake provided by the State Key Laboratory of
river catchments must be carried out to analyze the evoluS€0-environment Protection and Geo-hazard Prevention. ~ The
tion of the height of the river planes, which are necessarycomments and sugggstlons from reviwers and e_dltors, which have
to guide the reconstruction work in the earthquake area; (Sjanade the presentatlo_n more clear,_the analysis more closed to
. dvancements worldwide are appreciated .
Further safety assessments should be carried out of recon-
struction projects, including housing, roads and other reconggjted by: F. Luino
struction projects located in the lower parts along the riverreviewed by: L. Franzi and another anonymous referee
and near the exits of debris flow gullies in the earthquake
region; (4) An investigation of the impact of the uplift of

5.2.3 Attaching great importance to the disaster chain
effects of debris flows
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