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Abstract: Taking the Niumian Gully landslide–debris-flow geohazard chain as an example, we
analyze the disaster mechanism of the landslide–debris-flow geohazard chain and its evolution
process through field investigation as a reference for disaster prevention and risk reduction in areas
with strong earthquakes by analyzing the accumulative sliding amount and the critical rainfall for
debris flow formed by loose deposits. Due to the 8.0 Ms earthquake in Wenchuan, the cumulative
sliding of the slope reached 230.51 m, much greater than the critical sliding in the Longmen Mountain
earthquake area. Permanent damage to the slope occurred, resulting in a landslide, which provided
the material source for the occurrence of debris flows. When the study area experienced concentrated
rainfall (e.g., exceeding 10.31 mm/h or 54.67 mm/d), loose deposits in the basin began to form a
debris flow, causing a landslide–debris-flow geohazard chain. During the evolution process of the
geohazard chain, the following stages were observed: pre-earthquake gestation, landslide starting
during a strong earthquake, landslide blocking a channel and forming a dammed lake, bursting of
the dammed lake flood–debris-flow, sliding of loose deposits, and reciprocating loose-deposit sliding
and debris flows. Thus, the formation of the Niumian Valley geohazard chain can be attributed to the
combined result of strong earthquake activities and rainfall. In addition, under the action of rainfall,
the occurrence of the debris flow and unstable sliding of loose deposits also caused the reciprocating
occurrence of debris flows, loose-deposit sliding, and flood-induced debris flows in the study area.

Keywords: Niumian Gully; strong earthquakes; geohazard chain; landslide; debris flow; disaster mechanism

1. Introduction

China is located on the circum-Pacific seismic belt and the Alpine–Himalayan seismic
belt, leading to frequent moderate–strong earthquakes. Mountain disasters induced by
strong earthquakes in western China are quite serious [1–4]. A strong concentration of
collapses and landslides caused by earthquakes is mainly concentrated in the north–south
seismic belt, which extends from Zhongning in Ningxia to two sides of Liupan Mountain in
Gansu, along the Tianshui–Wudu lines, as well as the western Sichuan and eastern Yunnan
near the Yunnan–Vietnam border, with a total extent of more than 1600 km. In this area,
numerous earthquakes of high intensity have occurred, and the terrain is complex. Under
special topographic and meteorological conditions, the likelihood of the occurrence of
mountain disasters such as landslides, collapses, and debris flows is generally high [4–10].
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It is likely that that such mountain disasters will trigger or transform into other types of
disasters, forming a geohazard chain characterized by temporal, spatial, and causal (i.e.,
chain) evolution, leading to serious damage over a wide spatial–temporal range [11]. For
example, in May 2008, an earthquake with a magnitude of 8.0 Ms occurred in Wenchuan,
killing 100,000 people, injuring 150,000 people, and causing more than 20,000 landslides
and collapses. As a result of these landslides, a large amount of sediment was deposited
in gullies and riverbeds, while a large number of loose deposits were transformed into
debris flows as a result of heavy rainfall. During the rainy season of 2008, 700 debris
flows occurred in the center of the earthquake-stricken area, causing 400 deaths and
serious damage to buildings and infrastructure [12]. In accordance with the temporal–
spatial law of geological disaster activities after strong earthquakes experienced in various
countries [13,14], geological disasters in the Wenchuan earthquake area may be active for
decades, or even longer [15–19]. During the early stages of the earthquake, collapses and
landslides were the predominant disaster types, followed by debris flow [20–22].

Several scholars from different countries have conducted detailed research on land-
slides and debris flows caused by strong earthquakes. Cui Shenghua [23] considered
Niumiangou as an example, and found that the sample had a high shear liquefaction
ability the indoor ring shear test. The peak acceleration required by the failure of slip
zone material is 192 gal, and the Wenchuan earthquake provided a seismic acceleration
of 799 gal along the slip zone, which fully met the conditions of slip zone liquefaction. It
is speculated that the landslide may have been triggered suddenly at the early stage of
the earthquake. Yang [24] conducted field investigation and dynamic analysis of debris
flow after the earthquake in the Niumiangou Basin, and found that the debris flow that
occurred in the basin was a viscous debris flow induced by heavy rainfall and that it
mostly occurred in tributaries with good vegetation. The occurrence time was generally
from 11 p.m. to 5 a.m., and the damage degree was higher than that seen in the early
stage of the earthquake. Yang Qin [25] found that the occurrence of a coseismic landslide
in Wenchuan earthquake was mainly caused by the instability of the slope of the fault
hanging wall caused by the strong fault overthrust during the earthquake. At the same
time, a large number of loose coseismic landslide materials appeared on the slope after
the earthquake, which would provide material sources for the subsequent debris flow or
shallow landslide. Xu [26] and Lu [27] found that, under the action of a strong earthquake,
terrain would amplify ground motion on sloped surfaces, increasing the earthquake’s
power. Masahiro [28] found that the boundary between overlying pervious sandstone and
underlying siltstone or along the bedding surface of alternating layers of sandstone and
siltstone formed parallel sliding surfaces under the action of earthquake, which was a major
factor for the devastating landslide triggered by an earthquake in central Nigta Prefecture
in 2004. Bastian [29] established a physical model based on actual events and used this
model to simulate the disaster process of landslide and debris flow disaster chain triggered
by an earthquake. In addition to causing serious coseismic landslides, strong earthquakes
may also aggravate the slope instability for a long time after an earthquake has occurred.
After an earthquake, a large number of loose landslide deposits can appear on a slope,
providing material sources for debris flows or shallow landslides caused by rainfall [29,30].
Taking Yangtang Gully, Wenchuan County as an example, Qingfeng [31] analyzed the
causes and disaster characteristics of debris flows in strong earthquake-disturbed areas.
Tang [32] studied loose material sources in the channel after an earthquake and the pro-
cesses of debris flows under rainfall using laboratory tests. Using physical models and
numerical simulation, Huang Xun [33] quantitatively analyzed the dynamic characteristics
of the whole process of initiation, circulation, and accumulation of debris flow in a strong
earthquake area from three aspects: start-up discrimination, gully-bed erosion, and collapse
amplification effect. The mechanical mechanism of the debris flows induced by strong
earthquake erosion and collapse was verified in combination with an analysis of various
cases. It has also been discovered that geological disasters induced by strong earthquakes
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tend to show completely different dynamic characteristics than do geological disasters
under their natural action [33,34].

Whether considering the impact of an earthquake on a landslide or debris flow activity,
researchers have made some achievements in terms of the study of single-type geological
disasters induced by earthquake, allowing for clarification of the control mechanisms
relevant to earthquakes as single-type disasters. However, there has been little research
on the formation process and evolution characteristics of geohazard chains in areas with
strong earthquakes. Notably, the development process of landslide–debris-flow geohazard
chains is not a single disaster development process. For example, the common “landslide–
debris-flow” process occurs under the action of rainfall and gravity; landslide instability
provides material sources for the debris flow, following which, under the influence of
continuous rainfall and surface runoff, solid loose deposits form the debris flow [35,36].
According to some scholars, the debris flow constantly erodes the foot of both sides of
the slope as it moves in the channel, adversely affecting the stability of the slope and
facilitating the further occurrence of landslides, resulting in a reciprocating development
relationship between landslides and debris flows, thereby forming a landslide–debris-flow
geohazard chain [37]. Although scholars have a deep understanding of landslides and
debris flow disasters induced by earthquakes, they mostly focus on single-type disasters
and do not analyze the relationship between landslides and debris flow disasters from the
perspective of chain disasters. Some scholars have realized this, but most of them focus
on describing the general characteristics of a disaster chain in a large range. There are few
specific and in-depth studies on the disaster mechanism and the evolution characteristics
of the disaster chain of a single gully affected by strong earthquakes. Therefore, taking
the landslide and debris flow developed in Niumian Gully—the focal area of Wenchuan
earthquake—as an example, we analyzed the impact of the Wenchuan earthquake on
the stability of the slope in the study area, as well as the critical levels of rainfall for
debris flow formed by loose deposits following landslide falls, and ultimately analyzed the
disaster mechanism of the landslide–debris-flow geohazard chain in the study area. As a
result, the evolutionary characteristics of landslide–debris-flow geohazard chains under the
influence of strong earthquakes can be determined, which can provide a scientific basis for
landslide–debris-flow disaster prevention and mitigation in areas with strong earthquakes.

2. Study Area
2.1. Topographic Features

Niumian Gully is located on the south side of Yingxiu Town, Wenchuan County, Aba
Tibetan and Qiang Autonomous Prefecture, Sichuan Province (Figure 1a). It is a tributary
on the right bank of Minjiang River (Figure 1c). The geographical coordinates of the gully
are 31◦02′44.1′ ′ N, 104◦14′8.23′ ′ E. In total, the basin covers an area of 10.7 km2, the main
gully extends for 6.12 km, and the average longitudinal slope of the basin is approximately
266%. In the basin, the highest elevation is 2700 m and the lowest elevation is 858 m, which
gives an elevation difference of 1842 m. Due to the stratigraphic lithology and geological
structure of the basin, the left bank is wide, with branches such as Lianhuaxin Gully, Baigou
Gully, and Daogou Gully, while the right bank is narrow, with no branches. The large
relative height difference and steep gully bed in the basin are conducive to the accumulation
of water and other material sources, thus providing sufficient dynamic potential energy
conditions for the outbreak of a debris flow.

2.2. Geological Background

In the study area, the geological structure is active, with faults and joints developing.
The central fault zone of Longmen Mountain runs through this area in a NE–SW direction,
Figure 2. The exposed strata in the basin are mainly Mesoproterozoic (Pt) and Triassic
(T); the Mesoproterozoic (Pt) strata are composed of granite and diorite, while the Triassic
(T) strata are composed of sandstone, mudstone, and slate. The study area is prone to
earthquakes. Since 1169, there have been thirteen earthquakes with intensity VI and four
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earthquakes with intensity VII or above in the Longmen Mountain area [38]. Among them,
the most significant impact was caused by the earthquake of magnitude 8.0 Ms in Yingxiu
Town, Wenchuan County, on 12 May 2008. There are many cracks in the roads on the west
bank of the Minjiang River as a result of the earthquake, and the overall trend of cracks
is 40◦–50◦. The vertical tail wing measured and calculated along the road edge profile is
2.3–2.8 m, and the horizontal shortening is 0.23–0.25 m. The fault dip angle is approximately
86◦ [39]. Additionally, the earthquake vertically dislocated the ground of Minjiang IV step
by approximately 40 m, forming normal faults and grabens on the bending moment fault
in the hanging wall of the reverse fault [40].
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Figure 1. Overview of the study area: (a) provincial boundary map of Sichuan Province; (b) historical
records of earthquakes above 4.0 Ms near the study area from 2008 to 2011; and (c) high-definition
remote sensing images of Niumian Gully.

2.3. Meteorological and Hydrological Characteristics

The study area is located in the sub-tropical humid monsoon climate zone, as part
of the rainy center of western Sichuan, an area characterized by frequent rainstorms. In
this zone, there are four distinct seasons, including a hot and humid summer and a mild
winter, with small temperature differences. Rainstorms occur frequently in the summer,
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with high intensity and short duration. There is a high incidence period of geological
disasters, such as landslides and debris flows during the flood season every year (i.e.,
from May to September). According to the measured data of Yuzixi Hydrological Station,
the average annual precipitation for many years has been 1253.1 mm, the maximum
annual precipitation was 1688 mm (in 1964), and the minimum annual precipitation was
836.7 mm (in 1974). The maximum precipitation of 853.2 mm for four consecutive months
(June to September) accounts for 68.2% of the annual precipitation, and the maximum daily
precipitation is 269.8 mm.
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3. General Situation of Landslides and Debris Flows in Niumian Gully
3.1. Landslide

According to the site survey, three new landslides have occurred in the basin since
the Wenchuan earthquake (Figure 3). Landslide H01 is located in the middle and upper
part of the left bank slope in the middle reaches of the main gully, with an overall aspect
of 105◦; the upper part of the slope is the loose soil layer and strongly weathered zone
of the granite body surface (Figure 3a). Landslide H02, which developed in Lianhuaxin
Gully, has an overall aspect of approximately 46◦, a longitudinal length of approximately
450 m, a transverse width of about 270 m, an average thickness of about 35 m, a volume
of about 4.25 × 106 m3, and it belongs to a large landslide. Generally, the sliding bed
consists of a complete granite body, and the sliding surface is the ancient sliding surface
or the contact surface between weathered and broken granite body and complete bedrock
(Figure 3b). Landslide H03 developed upstream of the main gully, on the right bank of
the main gully at the intersection of the inverted gully and the main gully, with an overall
aspect of about 347◦. The landslide area is approximately 330 m long and 70 m wide,
with a loose-deposit thickness of approximately 10 m and a sliding-body volume of about
37.15 × 104 m3, making it a medium-sized landslide (Figure 3c). Complete granodiorite
bedrock is exposed in the landslide area, while the slope is mainly Archaean granite diorite.
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Figure 3. Remote sensing images and aerial photographs of landslide areas: (a) Landslide H01;
(b) Landslide H02; and (c) Landslide H03. (See Figure 1c for the specific location).

3.2. History of Debris Flow Activities

From 28 June 2008 to 2011, there were more than 10 debris flows in the study area.
Among them, there were seven large-scale debris flows [41,42], mainly from September
2008 to August 2010. In 2008, the 26 September debris flow fan formed at the gully mouth,
with a width of 200 m, a length of 120 m, and a thickness of 6 m. The accumulation volume
was 6.0 × 104 m3, and approximately two-thirds of the riverbed of the Minjiang River was
blocked (Figure 4a). In 2010, the 14 August debris flow fan formed at the gully mouth,
with a width of approximately 160 m, a length of approximately 100 m, and a thickness
of approximately 5 m. The accumulation volume was 4.0 × 104 m3, and about half of
the riverbed of the Minjiang River was blocked (Figure 4b). Two large-scale debris flows
blocked the old National Highway 213 at the mouth of the gully and squeezed the Minjiang
River, causing the river’s course to shift and seriously affect the flood discharge function of
the Minjiang River. As a result, Yingxiu Town has been frequently affected by floods.
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Figure 4. Characteristics of debris flow fans at the gully mouth: (a) “8.14” debris flow fan; and
(b) “9.26” debris flow fan. (The arrows on the left show the direction of the slide, and the arrows on
the right show an enlarged view of two debris flows in the area).

4. Influence Factors of the Landslide–Debris-Flow Geohazard Chain
4.1. The Influence of Strong Earthquakes on Landslide Instability

Data on earthquakes with magnitudes greater than 4 in Wenchuan County from 2008 to
2010 were obtained from the National Seismological Science Data Center [43]. On this basis,
the relationship between the sensible radius R and the magnitude M can be determined [44].
In particular, the sensible radius R of the earthquake and the distance D between the place
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where the geohazard chain occurred in the study area and the epicenter were obtained. In
the event that R − D ≥ 0, the earthquake event was selected as an earthquake having an
influence on geological disasters in the area; on the other hand, if R − D < 0, the effect of
earthquake was not considered. Through this model, seismic events affecting the study
area were screened, as follows:

R = 10−2.083+0.974M(M < 5) (1)

R = 100.611+0.289M(M ≥ 5) (2)

From 2008 to 2010, there were 140 earthquakes in Wenchuan County, including
56 earthquakes of magnitude 4 or above that affected the study area (Figure 1b), Appendix B.
In order to discuss the impact of earthquakes on landslide stability, we calculated the ac-
cumulative displacement of the slope under the action of earthquakes by obtaining the
critical acceleration of the slope and the peak acceleration of ground motion (PGA) in the
study area [45]. By comparing the accumulative displacement of the slope with the critical
displacement, the stability of the slope under an earthquake can be judged.

By analyzing the relationship between the Wenchuan earthquake (PGA) and the
landslides, Wang Xiuying [46–48] has found that there was a threshold of 0.2 g peak
acceleration in the earthquake area of Longmen Mountain. Therefore, the peak acceleration
of 0.2 g was selected as the critical acceleration of the slope in the study area. At the same
time, due to a lack of acceleration records for the study area, the PGA was determined using
an empirical attenuation relationship for ground motion [49]. The attenuation relation of
peak seismic acceleration on the long axis is as follows:

lgalmax = 0.617 + 1.163M− 0.046M2 − 2.207lg
[

D + 1.694e(0.446M)
]

σ = 0.232 (3)

while the attenuation relationship for the short axis is:

lgawmax = 0.644 + 1.080M− 0.043M2 − 1.626lg
[

D + 0.255e(0.570M)
]

σ = 0.232 (4)

However, there is some uncertainty regarding the direction of the seismogenic fault
and the direction of the long and short axes of the isoseismal line in earthquakes on the
Chinese mainland. Therefore, we ignored the relationship between the long and short axes
of the isoseismal line and the azimuth of the earthquake-affected points, calculated the
peak acceleration of the earthquake on the long and short axes, respectively, and took the
geometric average of these values as the reference value for the peak acceleration at the
earthquake-affected points:

amax =
√

al max× aw max (5)

σ =
√

al maxe × aw maxe (6)

On this basis, the earthquake landslide displacement formula established by Xu
Guangxing [50] was used to calculate the slope sliding under earthquake action:

lgDN = 0.194 + lg

[(
1− ac

amax

)2.262( ac

amax

)−1.754
]
± 0.371 (7)

In Equations (1)–(7), D is the distance from the epicenter; M is the magnitude; R is
the sensible radius; al max is the seismic peak acceleration on the long axis; aw max is the
seismic peak acceleration on the short axis; ac is the critical acceleration; amax is the seismic
peak acceleration; and DN denotes accumulative sliding.

According to the calculation, the Wenchuan 8.0 Ms earthquake had the greatest impact
on the study area, with accumulative sliding of 230.51 m, which is consistent with existing
investigation results [51]. The slope in the Longmen Mountain seismic area of the Wenchuan
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earthquake was broken and the geological environment was fragile. The critical sliding
standard is 2 cm [52,53]. Comparing the accumulative sliding under strong earthquakes
with critical sliding, Figure 5, it has been found that when the accumulative sliding is much
greater than the critical sliding, the slope will become permanently damaged, leading to
the occurrence of a landslide [54]. As such, strong earthquakes are primary causes leading
to landslides.
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4.2. Landslides Provides Source Materials for Debris Flows

According to the investigation, there were no debris flow disasters prior to the
Wenchuan earthquake and its associated unfavorable geological phenomena (e.g., col-
lapses and landslides) in the basin. Only a small amount of loose deposits had accumulated
in the channel. The total amount of loose deposits was approximately 93.97 × 104 m3,
and the strength of the deposits was high. In the event of the earthquake, the Longmen
Mountain fault zone served as the natural boundary that separated the upper and lower
walls of the fault into different stratigraphic units. As a result of the Wenchuan earthquake
on 12 May and its aftershocks, the upper wall was squeezed and lifted strongly, result-
ing in three landslides, two debris flow accumulations, and thirteen collapses, as well as
nine new slope source points. It was found that the new material sources resulting from
the earthquake came primarily from landslide accumulation sources and landslide resid-
ual accumulation sources (Figure 6), Table 1. The H01 residual accumulation (Figure 6a)
and landslide accumulation (Figure 6b) were mainly composed of rubble, accounting for
60–65%, with average grain size of 5–100 cm and maximum of 1–2 m. The residual ac-
cumulation of the H02 landslide (Figure 6c) and debris flow accumulation (Figure 6d,e)
was mainly composed of gravel and soil. The gravel content was about 50–65%. The
particle size of the gravel was generally 2–50 cm; however, some were larger than 1 m.
The debris flow accumulation of landslide H03 (Figure 6f) was composed of block stone
and sand, and the material composition was granodiorite. The block sizes were generally
uniform, with diameters of 10–30 cm. The total amount of newly-discovered sources was
approximately 695.22 × 104 m3, accounting for 88.10% of the total sources. Some of these
newly added solid material sources entered the channel and were converted into loose
deposits, aggravating channel blockage. When the hydrodynamic conditions are sufficient,
the debris flow susceptibility increases.
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Figure 6. Landslide residual accumulation and debris flow accumulation: (a) Landslide H01, residual
accumulation; (b) Landslide H01, lower accumulation; (c) Landslide H02, residual accumulation;
(d,e) Landslide H02, debris flow accumulation; and (f) Landslide H03, debris flow accumulation.

Table 1. Statistics of newly-added landslide sources.

Landslide Source Type Length (m) Width (m) Thickness (m) Source Volume
(104 m3)

Landslide H01

Residual
accumulation 270 120 5 16.2

Lower
accumulation 210 54 9 10.2

Landslide H02

Residual
accumulation 380 250 17 161.5

Landslide–
debris-flow

accumulation
800 15 10 12.0

Landslide–
debris-flow

accumulation
1020 90 28 257.0

Landslide H03
Landslide–
debris-flow

accumulation
147 100 24 35.3

4.3. Rainfall-Induced Debris Flows

In order to discuss the impact of rainfall on the material sources accumulated in
the gully after landslide sliding, we used the critical rainfall threshold model for debris
flow startup in a gully after an earthquake, as proposed by He Siming [8], to calculate
the critical rainfall required to transform material sources into debris flow in the study
area. Furthermore, we used the model proposed by Yao Lingkan [55], derived from the
frequencies of debris flows and rainstorms.

Through calculation (see Appendix A for details), it was found that the critical rainfall
of gully debris flow after the earthquake was 54.67 mm/d. It can be seen from Figure 7
that the range of the critical rainfall value for 1 h was 6.64–10.31 mm (RE = 25 mm) and
0–3 mm (RE = 50 mm ). The 10 min critical rainfall values ranged from 2.49–4.02 mm
(RE = 25 mm ) to 0–1.53 mm (RE = 50 mm). The rainfall in Niumian Gully started at
4:10 a.m. on 21 September 2008, reaching 28.80 mm at 8 a.m., and a total of 53.30 mm fell
from 8 a.m. on 25 September to 8 a.m. on 26 September. The maximum 1 h rainfall was
15 mm, which did not reach the critical level for rainfall for the start-up of debris flow in
the valley after the earthquake, but exceeded the required rainfall when calculated by the
frequency method—mainly due to the long and heavy rainfall in the early stage—which
caused the loose deposits in the basin to become saturated or near-saturated. With the
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continuous rainfall, it is easier to form surface runoff. Under the scouring of surface
runoff, loose solid materials started to form a debris flow. On 12 August 2010, the upper
reaches of the Minjiang River experienced heavy rainfall. Between 13 August 2010 and
14 August 2010, the maximum 1 h rainfall in the study area was 32.20 mm and the accu-
mulated 24 h rainfall was 118.80 mm. On the 14th, the maximum rainfall over 1 h was
22.10 mm, and the accumulated rainfall over 24 h was 81.00 mm, exceeding the critical
rainfall in the study area. Under the action of the rainfall, the loose deposits started to form
a debris flow. it was found that both methods are suitable for calculating the critical rainfall
in the study area. However, when applying the critical rainfall model, which is derived
from the frequency of debris flow and the frequency of rainstorms, to the critical rainfall
analysis of a single gully in the area, there may be some errors involved in determining
the critical rainfall threshold, as differences in topography, material source conditions, and
geological conditions in the basin are not considered. The threshold model formula of
critical rainfall for the start-up of debris flow in valleys after the earthquake only determines
one variable in the derivation process, while the actual start-up of debris flow is the result
of the coupling of many factors. Thus, there will be some errors in the calculation of the
critical rainfall when using the model formula. Therefore, the use of a combination of the
two calculation results not only can make up for the shortcomings of the two methods but
can also make the critical rainfall value more consistent with the actual situation.
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5. Results and Discussion

(1) Formation mechanism of landslide–debris-flow geohazard chain

Niumian Gully is located on the central fault zone of Longmen Mountain. In the
event of a strong earthquake, the central fault zone of Longmen Mountain serves as a
natural boundary, dividing the study area into upper and lower walls. The hanging
wall is squeezed, and the potential energy increases, providing sufficient potential energy
conditions for landslide instability and sliding. As a result of a strong earthquake, the
accumulated sliding amount in the study area reached 230.51 m, far greater than the critical
sliding amount. The slope was permanently damaged, forming a landslide. After the
landslide started, it accelerated downward along the lower slope. The sliding friction or
rolling friction between the rock masses during the sliding process of the landslide reduces
the friction resistance between the landslide mass and the ground, such that the landslide
mass maintains high-speed movement when reaching the trench bottom. The high-speed
sliding slope body rushes into the channel and collides with the opposite bank slope body.
Consequently, the landslide disintegrates and forms a debris flow. There is then a large
accumulation of loose solid materials in the channel as a result of debris flowing upstream,
diffusing and blocking the channel by forming a barrier dam.

If the rainfall exceeds 10.31 mm/h or 54.67 mm/d, the water collected in the basin
can erode the loose deposits in the gully. If the driving force exceeds the resistance of the
deposits, the loose deposits will start to form a debris flow. When a debris flow moves
above the dammed lake, due to the obstruction and energy dissipation of the dammed lake,
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a large number of debris flow solid sources are deposited in the dammed lake. As fluid
passes through the dammed dam, the gravity is significantly reduced, the scouring capacity
is strengthened, and the fluid rushes out of the groove at the front edge of the dammed
body of water. The water in the dammed lake is discharged, and during the discharge
process, the loose deposits of the debris flow in the lower channel are significantly exposed
and washed, and some debris flow deposits are then washed out of the channel, resulting
in a larger-scale debris flow. Meanwhile, the front edge of the loose deposits collapses near
the trench due to the erosion and undercutting of the debris flow, again forming a barrier
dam. This process starts with the landslide moving down to form a barrier dam in the
trench and, eventually, either the loose deposits on both sides of the trench are exhausted,
or the bank slope becomes less steep, such that the loose deposits do not slide down any
further (Figure 8).
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(2) Evolution process of the landslide–debris-flow geohazard chain

According to the earthquake–landslide evolution mechanism and the development
history of debris flows in the study area, the formation and development of the landslide–
debris-flow geohazard chain in the study area can roughly be divided into the six following
stages (Figure 9).

(1) Pre-earthquake gestation: The Longmen Mountain fault zone had historically never
recorded an earthquake with magnitude greater than 7. There had been a relatively
long period of safety in this area before the “5.12” earthquake, and some energy had
accumulated near the fault zone [56].

(2) Starting of a landslide under strong earthquake: The landslide area is located in the
hanging wall of the Longmen Mountain fault zone. In the event of a strong earthquake,
the hanging wall is squeezed and lifted strongly, the potential energy increases, and
the slope begins to slide easily. When a strong earthquake occurred, the accumulated
sliding in the study area reached 230.51 m, far exceeding the critical sliding in the
Longmen Mountain earthquake area. The slope in the study area could not be restored
to its original state when the strong earthquake stopped, and the slope lost stability
and formed a landslide.

(3) Landslide blocking the channel and forming a dammed lake: As a result of the
strong earthquake, the landslide accelerated downward after starting into motion,
and maintained a high-speed sliding state before reaching the bottom of the gully. It
collided with the slope on the other bank when it reached the bottom of the gully,
resulting in the disintegration of the sliding body and the formation of a debris flow.
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With the increase in water level at the upstream end of the dam, a dammed lake was
formed, as the debris flow blocked the channel, forming a temporary barrier dam.

(4) Bursting of the dammed lake to form the flood debris flow: After the dammed lake
was formed, due to its obstruction and energy dissipation, a large number of debris
flow solid sources were deposited in the dammed lake. The gravity of the fluid
passing through the dammed dam was severely reduced and the fluid rushed out of
the groove at the front edge of the dammed body. As a result of the discharge of water,
loose deposits were then washed downstream to form a larger-scale debris flow.

(5) Unstable sliding of loose deposits: When the debris flow moved downstream, the
front edge of loose deposit body was cut and eroded to form a narrow deep groove,
and the front edge of landslide accumulation developed near the empty surface. As a
result of erosion and undercutting caused by water flow or debris flow, the front edge
of the landslide mass near the trench side further collapsed and formed a barrier dam
once again.

(6) Loose deposit sliding–debris flow reciprocating stage: The front edge of the loose
deposits slid down, forming a dam to induce a new flood-burst debris-flow. With
the decrease in the material source of the gully bank slope, the solid material source
of the debris flow silted up, the bank slope gradient gradually decreased, and the
development of the debris flow gradually declined until it stopped.
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In summary, strong earthquakes cause landslides in the basin to slide down and form
debris flows in the process of movement. The debris flow blocks the channel to form a
dammed lake and, when the dammed lake breaks, a flood-burst debris-flow disaster occurs.
Then, under the influence of erosion and undercutting caused by water or debris flow,
the front edge of the loose deposits collapses and deposits accumulate in the channel to
produce a new barrier and dam, and the flood-burst debris-flow phenomenon occurs again
under the scouring of the upstream water flow. When the loose deposits on both sides of
the channel are exhausted or the slope of the bank becomes less steep, the loose deposits
no longer slide down, and become a stable debris flow in the gully.

6. Conclusions

(1) The Niumian Gully landslide–debris-flow geohazard chain was formed by strong
earthquakes and rainfalls. As a result of the earthquakes, rock mass breakages, col-
lapses, and landslides were triggered in the earthquake research area, providing
abundant material sources for debris flows. The earthquakes also resulted in a sig-
nificant reduction in the critical level of rainfall required for debris flow initiation in
the research area. In the event of heavy rainfall, loose deposits are easily triggered,
leading to catastrophic debris flows.

(2) In Wenchuan County, 145 earthquakes have been recorded, of which the Wenchuan
Ms 8.0 earthquake had the greatest impact on the study area. Due to the earthquake,
the accumulative sliding of the slope reached 230.51 m—far exceeding the critical
sliding—and the slope was permanently damaged, resulting in a landslide.

(3) Before the Wenchuan earthquake in 2008, Niumian Gully was a clear water gully.
Unfavorable geological phenomena such as collapse and landslides in the basin were
not obvious, and only a small volume of loose deposits was observed in the gully,
with a total amount of approximately 93.97 × 104 m3. After the earthquake, Niumian
Gully was transformed into a high-frequency debris-flow gully. Adverse geological
disasters such as collapses and landslides in the study area affected by the earthquake
subsequently strongly developed, with the material source amount caused by collapse
and landslide having been estimated as approximately 695.22 × 104 m3, providing
abundant loose solid materials for the occurrence of debris flows.

(4) The characteristics of the Niumian Gully landslide–debris-flow geohazard chain are
landslide instability–debris-flow, flood-burst debris-flow, and reciprocating debris
flow models. Moreover, the Niumian Gully landslide–debris-flow geohazard chain
development process can be summarized in the following stages: pre-earthquake
gestation, starting of landslide under strong earthquake, landslide blocking channel
and forming a dammed lake, burst dammed lake forming the flood-burst debris-flow,
unstable sliding of loose deposits, and reciprocating loose deposit sliding–debris-
flows. It is expected that the evolution of the geohazard chain will continue until the
loose deposits on both banks are exhausted or the slope of the bank becomes less
steep, at which point the loose deposits will no longer slide.
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Appendix A. Rainfall-Induced Debris Flows

(1) The critical rainfall model of gully-debris-flow-after-earthquake calculation formula
is as follows:

This model uses infinite slope theory to study the balanced relationship between
resistance and the driving force of loose solid materials, and establishes the starting model
of loose solid materials. According to Darcy’s Law, under a certain rainfall intensity, the
subsurface water thickness of the loose accumulation body can be written as:

h =
IA

Tb sin θ
D (A1)

Then, the resistance expression of the loose solid materials is:

Tf = c + tan φ× (ρsgD cos θ − ρwgh cos θ − ρsaD sin θ) (A2)

The driving force is expressed as:

Ts = ρsgD sin θ + ρsaD cos θ (A3)

Based on the limit equilibrium principle, the safety factor can be defined by the ratio
between resistance and driving force:

K =
Tf

Ts
=

c
ρsgD sin θ + ρsaD cos θ

+
[(ρsgD− ρwgh) cos θ − ρssD sin θ] tan φ

ρsgD sin θ + ρsaD cos θ
(A4)

For debris flow caused by rainfall after an earthquake, the formula can be simplified as:

K =
c + ρsgD cos θ tan φ

ρsgD sin θ
− IA tan φρwg cot θ tan φ

Tbρs(g sin θ + a cos θ)
(A5)

When k = 1, the formula of critical rainfall can be written as:

Icr = T
(

b
A

)
sin θ

(
ρs

ρw

)[(
1− tan θ

tan φ

)
+

c
ρwgD cos θ tan φ

]
(A6)

where Icr denotes the critical rainfall; I is rainfall intensity in the basin; h is the thickness of
the underground water layer; a is the horizontal earthquake acceleration; T is the hydraulic
conductivity coefficient; A is the catchment area; ρs is the water density; ρw is the sediment
density; c denotes cohesion; φ is the internal friction angle; b is the trench width; θ indicates
the slope angle; g is the acceleration due to gravity; and D is the thickness of loose deposits.
The channel parameters are detailed in Table A1.

(2) Critical rainfall model derived from frequency of debris flows and rainstorms

The calculation is as follows:

K = −0.1x1 + 0.073x2 + 0.6 (A7)

where k is the critical rainfall index of debris flow; and x1 is the frequency of debris flow
(values are shown in Table A2; and x2 is the frequency of rainstorms with annual daily
rainfall greater than 50 mm (regional rainstorm frequency)).

The formulas for calculating critical rainfall over 1 h and 10 min are provided in
Table A3.
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Table A1. Parameters for the study area.

Parameter Value

Catchment area A (km2) 10.7
Width of channel b (m) 91.5

Slope angle θ (◦) 25
Sediment density ρs (kg/m2) 2050

Water density ρw (kg/m2) 1000
Thickness of loose deposits D (m) 9

Internal friction angle φ (◦) 28
Cohesion c (kPa) 14

Hydraulic conductivity coefficient T (m2/d) 60

Table A2. Scoring of debris flow frequency types.

Frequency Type Standard of Classification Scoring Standard

Extremely high frequency A few to a dozen times a year 6

High frequency Once or twice to several times a year 5

Sub-high frequency Once every few years to once or twice a year 4

Intermediate frequency Every ten years to every few years 3

Low frequency Every few decades to every ten years 2

Extra low frequency Once a hundred years to once every few decades 1

Table A3. Formula of critical rainfall for 1 h and 10 min.

Rainfall RE = 25 mm RE = 50 mm

1 h

Lower limit value
/(mm/h)

{
1 K ≤ 0.04

14.8K2 + 74.3K−1.4 K > 0.04

{
0 K ≤ 0.15

11.5K2 + 76.6K−11 K > 0.15

Upper limit value
/(mm/h)

{
4 K ≤ 0.04

10.8K2 + 83.8K+1.3 K > 0.04

{
8 K ≤ 0.15

14.2K2 + 80.5K−7.3 K > 0.15

10 min

Lower limit value
/(mm/10min) I10min = I1hmin

H1/6

H1
I10min = I1hmin

H1/6
H1

Upper limit value
/(mm/10min) I10max = I10min + 5K + 1 I10max = I10min + 5K + 1

In the formulas given in Table A3, RE denotes the total effective rainfall; I10min is the

10 min critical rainfall; I1h is the 1 h critical rainfall;
ω
H1/6 is the mean annual maximum

10 min rainstorm; and
ω
H1 is the mean annual maximum rainstorm value.

ω
H1/6 and

ω
H1

were obtained according to the Storm Flood Manual for Small and Medium Basins in
Sichuan Province. Based on relevant data, it was determined that the activity history of
debris flow was once or twice to several times a year, such that the value of x1 was 5.
According to relevant data, the average number of occurrences of daily rainfall greater
than or equal to 50 mm per year in Wenchuan County from 1991 to 2005 was 31, leading to
an x2 value of 0.085. In addition, referring to the Rainstorm Manual of Sichuan Province,
ω
H1 = 20 mm and

ω
H1/6 = 7.5 mm . The calculation results based on the frequency method

are given in Table A4.
Taking the points (25, 6.64) and (50, 0), and the points (25, 10.31) and (50, 3) as the

upper and lower limit straight lines intersecting the coordinate axis, respectively, we drew
the 1 h critical rainfall map, as shown in Figure 7a. We also took the points (25, 2.49)
and (50, 0), and points (25, 4.02) and (50, 1.53) as the upper and lower limit straight lines
intersecting the coordinate axis, in order to draw the 10 min critical rainfall map, as shown
in Figure 7b. The four extreme points of critical rainfall in Figure 7a constitute the range of
1 h critical rainfall, while the four extreme points of critical rainfall in Figure 7b constitute
the range of 10 min critical rainfall.
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Table A4. Critical rainfall range for the study area.

x1 x2 K
ω
H1/6

ω
H1 Rainfall RE = 25 mm RE = 50 mm

5 0.085 0.106 7.5 20

1 h
rainfall
(mm/h)

I60min = 6.64 I60min = 0

I60max = 10.31 I60max = 3

10 min
rainfall
(mm/h)

I10min = 2.49 I10min = 0

I10max = 4.02 I10max = 1.53

Appendix B.

Table A5. From 2008 to 2010, the Earthquakes of Magnitude 4 or above That Had Influence on the
Study Area.

Earthquake
Magnitude(Ms) Longitude Latitude The Distance to the

Epicenter (km)
Earthquake Peak
Acceleration (gal)

4 31.2 103.1 37.1 2.452384928

4 31.3 103.4 29.4 3.55899096

4 31.27 103.39 25.87 4.341358061

4 30.86 103.31 23.52 5.018298566

4 30.86 103.37 21.17 5.871243119

4 30.9 103.4 16.4 8.464044712

4 31.1 103.4 8.29 19.9891648

4.1 31.27 103.6 29.53 4.142657647

4.1 31.3 103.4 29.4 4.171247106

4.1 30.9 103.2 28.23 4.442706854

4.1 31.2 103.5 18.63 8.23180998

4.1 31.1 103.3 15.68 10.45442023

4.1 31 103.3 14.78 11.31937306

4.1 31.1 103.5 8.35 22.74244336

4.2 31.34 103.16 42.82 2.676954895

4.2 31.4 103.6 42.77 2.682091032

4.2 31.3 103.6 32.91 4.088871065

4.2 31 103.3 14.63 13.26530827

4.2 31.1 103.5 8.35 26.00558706

4.2 31.1 103.5 8.35 26.00558706

4.2 31 103.4 5.91 36.88251656

4.3 31.28 103.61 31.26 5.171513335

4.3 31.3 103.5 29.33 5.704729417

4.3 30.95 103.19 25.99 6.849502941

4.3 31 103.2 23.71 7.846395917

4.3 31 103.2 23.67 7.86582914

4.3 31 103.3 14.68 15.2235601
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Table A5. Cont.

Earthquake
Magnitude(Ms) Longitude Latitude The Distance to the

Epicenter (km)
Earthquake Peak
Acceleration (gal)

4.3 31 103.5 7.02 35.42610896

4.3 31 103.4 6.04 40.91080745

4.5 31.4 103.3 42.59 4.303732606

4.5 31.3 103.2 37.35 5.302067856

4.5 31.3 103.2 37.35 5.302067856

4.5 31.3 103.4 29.24 7.724696882

4.6 31.4 103.5 40.57 5.401854879

4.6 31.4 103.5 40.24 5.472018972

4.6 31.3 103.4 29.38 8.867659771

4.6 31.1 103.5 8.54 42.14306413

4.6 31 103.5 7.02 50.94548044

4.7 31.2 103.5 18.53 19.43877454

4.8 31.2 103.4 18.3 22.5351409

5 31.3 103.5 29.38 15.412298

5 31.3 103.4 29.38 15.412298

5 30.9 103.4 15.75 34.87637656

5 31 103.3 14.15 39.51027124

5 31 103.5 6.81 81.17318134

5.1 31.3 103.3 31.82 15.68648968

5.1 31.3 103.5 29.65 17.34636402

5.1 31.2 103.5 18.66 32.0587289

5.1 31 103.5 6.81 89.85627985

5.2 31.3 103.5 29.65 19.72306798

5.3 31.2 103.4 18.27 41.65571443

5.6 31.3 103.4 29.49 32.25102228

6 31.4 103.6 42.37 30.98509765

6 31 103.5 6.81 194.8098796

6.1 30.9 103.4 15.75 109.4868574

8 31 103.4 6.04 469.1166735
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