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Abstract The occurrence of debris flow from channel-bed failure
is occasionally noted in small and steeply sloping watersheds
where channelized water flow dominates debris flow initiation.
On August 12, 2016, a debris flow from channel-bed failures oc-
curred in the Caozhuangzi Watershed of the Longtan Basin,
Miyun, Beijing. Rainfall records over 10-min intervals and field
investigations including channel morphology measurements were
used to study the triggering conditions and erosion process. The
results indicated that the occurrence of this event lagged the peak
10-min rainfall interval and that the cumulative rainfall prior to
the occurrence time played an important role in its formation. A
mean 10-min rainfall intensity–duration expression in the form of
I10 = 5.0 ×D−0.21, where I10 denotes the mean 10-min rainfall inten-
sity and D is the rainfall duration ranging from 10 to 60 h, was
proposed. The debris flows have low proportions of grain size
fractions < 0.1 mm and higher fractions of grains 0.1–2 mm in
size, indicating that the flow had low viscosity and was coarse-
grain dominated. Channel morphology analysis revealed that
abrupt changes in topography in the study area, including a steep
section, a concave stream bank area, and a partial concave stream
section were eroded more extensively than other sites. The maxi-
mum sediment erosion volume and erosion depth were not pro-
portional to the variation in stream gradient. Consideration of the
degree of erosion in the channel at sites with abrupt morphology
changes, the maximum sediment erosion volume, and the erosion
depth and volume at the initial channel site and downstream
region of forest area together showed that the prime factor con-
trolling erosion was entrained sediment volume. This work, thus,
provides a case study regarding the triggering conditions of
runoff-triggered debris flows and the topographical changes by
debris flow erosion.

Keywords Debris flow . Runoff-triggered debris flows . Channel-
bed failures . Rockymountain, Beijing

Introduction
Debris flows have the potential to be extremely destructive, pri-
marily because of their abilities to entrain sediment (Iverson 1997;
Hungr et al. 2005; Hu et al. 2011; Takahashi 2014). The initiation of
a debris flow can result from shallow landsliding due to high pore
pressures within the shearing zone (Wang and Sassa 2003; Gabet
and Mudd 2006) or may follow sediment entrainment by runoff
erosion (Godt and Coe 2007). Debris flows initiated by the latter
initiation process are commonly referred to as Brunoff-triggered
debris flows^ and are closely associated with intensive water flow.
The initiation mechanics of debris flows are attributable to
channel-bed failure, progressive bulking, or generation of surface
overland flow (Marchi et al. 2002; Gregoretti and Fontana 2008;
McCoy et al. 2012; Kean et al. 2013; Navratil et al. 2013; Comiti et al.

2014). As debris flows are typically low-frequency events, studies
about the triggering rainfall process and channel morphology
changes are limited, yet these types of studies have the utmost
importance for understanding the processes governing debris flow
formation.

Generally, water flow during peak rainfall intervals is consid-
ered to be the main cause of debris flow initiation. Thus, to analyze
the occurrence of debris flow associated with short duration rain-
fall events, rainfall thresholds have been proposed for regions of
the Italian Alps, burn-scar regions in the USA, strong earthquake-
affected regions, and some areas in northern China (Tognacca
et al. 2000; Cannon et al. 2008; Coe et al. 2008; Zhou and Tang
2014; Guo et al. 2016; Ma et al. 2017). These rainfall thresholds are
generally expressed in the form of I = αD−β, where I denotes the
mean rainfall intensity (mm/h), D is the rainfall duration (h), and
α and β are empirical coefficients. Typically, the peak rainfall
interval in a heavy rainstorm has short duration, and except for
the role of antecedent precipitation (Wieczorek and Glade 2005;
Guo et al. 2013), water flow intensity is also more closely related to
shorter duration rainfall (Egashira et al. 2001; Cui et al. 2014). If the
mean rainfall intensity is calculated on an hourly basis, the derived
mean rainfall intensity–duration threshold merely represents the
triggering conditions. Considering the short duration of such
events and their close relationship with water flow intensity, rain-
fall thresholds derived from higher frequency records (such as 10-
min rainfall intervals) should improve the reliability of forecasting.

The initiation process of runoff triggered debris flows can be
characterized as a process of sediment entrainment. Such debris
flow initiation mechanics are relative to the amount of runoff, and
it is important to attribute their characteristics to the water flow
(Iverson et al. 2011; Iverson and Ouyang 2015). Breien et al. (2008)
found that the volume of eroded sediment varied with the channel
gradient for a debris flow caused by a glacial lake outburst flood in
western Norway. Using cases of debris flow in the Manival torrent
of southeastern France, Theule et al. (2015) found that debris flow
volumes were dependent on channel scouring. Debris flow scour-
ing increases with slope, which is not the case for bedload trans-
port. Although some authors have highlighted the correlations of
flow discharge and channel gradient with particle diameter in the
initiation of such flows (Papa et al. 2004; Berti and Simoni 2005)
and have estimated the entrainment rate from ground vibrations
(Kean et al. 2015), few reports have considered the change of flow
volume along the channel length, which has considerable impor-
tance in understanding the evolution process of debris flows.

The mountainous regions surrounding Beijing, the capital of
the People’s Republic of China (PRC), are susceptible to debris
flows, and many debris flows have been documented in these
regions in the last few decades. Recent studies have found that
some of these were triggered by runoff erosion (Ma et al. 2016; Li
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et al. 2017b). On August 12, 2016, a runoff-triggered debris flow
occurred in the Caozhuangzi Watershed of the Longtan Basin,
Miyun, Beijing. This debris flow traveled across the Longtan River,
raised its water level, and caused flood damage to the road along
river. About 785 residents downstream of the flow were forced to
evacuate during this event. In this study, rainfall records of 10-min
interval duration, field investigations, and channel morphology
measurements were used to analyze the triggering rainfall condi-
tions and erosion process of this event. The goals of this study
were to (i) document the triggering rainfall conditions of this
debris flow, (ii) examine the morphological changes of the stream,
and (iii) analyze the erosion process. The results of this study
provide a case study illustrating rainfall debris flow triggering
conditions and their evolution, which is useful for hazard
mitigation.

Materials and methods

The Caozhuangzi Watershed
The Caozhuangzi Watershed is a small, fan-shaped watershed
located in the eastern mountainous region of Miyun County,
Beijing, China (Fig. 1). Miyun County covers a total land area of
2226.5 km2. The eastern, western, and northern regions of the
county are surrounded by mountains, and the relative relief in
the county is from 45 to 1735 m. The mountains in the northern
part of Miyun are underlain by gneiss and granite. In the north-
west region, the lithology is mainly volcanic rock and gneiss. In the
southeast, most terrains are underlain by sedimentary rock and
gneiss (Fig. 2a).

The area of the watershed is 0.51 km2, and the mean channel
gradient is 26.7‰. The main channel, which has a total length of

1.78 km, drains into the Longtan River. Within the Caozhuangzi
Watershed, the highest mountain has an elevation of 865 m, and
the relative relief is 476 m (Fig. 2b). The watershed is covered by
high-elevation vegetation and is underlain primarily by granite.
The mountainous area of Miyun County is located in the transi-
tion zone between the North China Plain and the Mongolian
Plateau and is included within the Yan Mountain Range. This area
is located in a warm-temperate, monsoonal, continental, semi-
humid climate zone with an annual mean precipitation of ca.
660 mm. The local climate is characterized by distinctive seasons
with most of the precipitation falling during July and August (Li
et al. 2007). In addition, heavy rainstorms in this region occur
mainly within the last 10 days of July and first 10 days of August,
during which some rainfall-induced debris flows and floods have
been documented (Zhong et al. 2004). According to the Beijing
Hydrology Handbook (Beijing Water Authority 1999), the record
maximum hourly rainfall in this area is 77.5 mm.

Rainfall records
In mountainous regions, measurements of rainfall totals are
sparse as the number of deployed rain gauges is limited. In addi-
tion, orographic effects may enhance local rainfall amounts. Rain-
fall gauges installed at the upper boundaries or elevations of a
watershed can provide relatively accurate rainfall records for use
in analyzing the triggering rainfall processes of debris flow events.
Before 2011, the closest rainfall gauge to the Caozhuangzi Water-
shed was at the Bailongtan station, located approximately 1.43 km
from the watershed outlet at an elevation of 268 m above sea level
(asl). As the mountainous region of the Caozhuangzi Watershed
suffered damage from a heavy rainstorm on July 24, 2011, another
rainfall gauge, named the Changzigou station, was installed by the

Fig. 1 Location of the debris flow in the Caozhuangzi Watershed in Miyun County, Beijing (the inset image shows the seven counties of Beijing)
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Miyun Water Authority (Fig. 2a). This station was installed to
obtain more accurate rainfall records to be used in establishing
local debris flow hazard emergency responses. The Changzigou
station is located 2.74 km from the watershed outlet at an elevation
of 475 m asl, and it is parallel to the upper boundary of the
downstream area of the watershed. For the 2016 debris flow event,
the most accurate data were obtained from the Bailongtan station
due to its nearer proximity to the debris flow than the Changzigou
station. Rainfall amounts at both rainfall stations were recorded at
10-min intervals.

Field investigations
Field reconnaissance and measurements were conducted following
the August 12, 2016, heavy rainfall event to:

1. Determine the timing of debris flow initiation

2. Investigate the flow density and particle components
3. Measure the topographic changes of the channel surface fol-

lowing the event
Figure 3 shows photographs of the channel site before and after

August 12, 2016. The photograph in Fig. 3a was taken in June 2016,
a time when the channel surface was covered by grass. Figure 3b
shows that following the debris flow event the channel surface was
deeply incised. This incised channel was scanned over a length of
about 300 m using a terrestrial laser scanning service. The channel
surface upstream of this deeply eroded section was not nearly as
denuded and was not scanned.

The surface of the eroded channel was scanned at 1.5-m inter-
vals, after which the dense point cloud data (DPCD) were digitized
into geographic information system (GIS) format. The DPCD were
used to create a triangulated irregular network (TIN) and then to
generate a digital elevation model (DEM) for detection of surface

Fig. 2 Location of the Caozhuangzi Watershed in Miyun County (a map showing the simplified geology of the study area; b full view of the Caozhuangzi Watershed)

Fig. 3 Full view of the channel morphology prior to and after August 12, 2016 (a June 2016; b March 2017)
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changes. As the surface relief in the channel may have generated
some shadow areas beyond the scanning scope, the total channel
surface was scanned from both sides of the channel and from both
upstream and downstream perspectives. The distance between two
points could have been as short as one fourth of the 1.5-m scanning
interval, or 0.375 m. The accuracy of the topography measure-
ments is estimated to be 0.075 m, according to the deviation of
the IS-Imaging Station (Topcon, Tokyo, Japan).

The eroded depth, equal to the elevation difference of the
channel surface, was calculated using the elevation difference
between the concave stream surface and the ridge lines of the
bank slope. The DPCD of the stream surface beyond the eroded
area were used to generate a DEM representing the topography
without erosion. The DEM to obtain the elevation change was
derived from all DPCD minus those of the stream surface without
erosion. Positive values in the new DEM indicated that the topog-
raphy was eroded, whereas negative values represented an area
where debris flow deposition had occurred. To ensure the accuracy
of the derived eroded depth, the calculated depths by the DEM
were compared with the measured depths (Fig. 4), permitting
accurate estimation of the volume of eroded stream sediments.

Results

Triggering rainstorm

Rainfall process
Daily rainfall before the August 12, 2016, event measured at the
Bailongtan and Changzigou recording stations was quite variable.
In the preceding 30 days, the cumulative rainfall amounts record-
ed at the Changzigou and Bailongtan stations were 241.5 mm and
42 mm, respectively (Fig. 5). The cumulative rainfall amounts at
these stations from July 26 to August 11 (17 days) were 29.5 mm and
21.5 mm, respectively. The peak 10-min rainfall amounts from
Changzigou station on August 12 from 9:20 to 9:50 AM were 16,
17, and 16 mm, whereas those of Bailongtan station recorded at
7:50, 8:20, and 11:50 AM were relatively lower with values closer to
15 mm (Fig. 6).

Local inhabitants of the village of Lishuyu across the Caozhuangzi
Watershed reported that the rainfall was mainly concentrated in two
time intervals: one at dawn (approximately 7:00 AM) and another
close to 12:00 AM. Debris flow occurred at approximately 9:00 AM and
lasted less than one-half hour. According to rainfall records from the
two stations, the cumulative rainfall of Changzigou was merely
25 mm whereas that at Bailongtan was 100 mm (Fig. 6). The first
peak rainfall interval at Changzigou station started at 9:00 AM, and
the cumulative rainfall amount prior to this time was 15 mm. There-
fore, the rainfall records from Bailongtan station were more critical
than those from Changzigou station for this analysis because a
rainfall total of 15 mm is not considered high enough to saturate
the slope terrains.

According to the rainfall records of Bailongtan station, the
debris flow occurrence lagged the peak rainfall interval. Two
maximal 10-min rainfalls of 15 mm were recorded before 9:00

AM: the first from 7:40 to 7:50 AM and the second from 8:10 to
8:20 AM. The maximal 20-min and 30-min rainfalls were 28 mm
(7:40–8:00 AM) and 35 mm (7:30–8:00 AM), respectively. Although
the antecedent precipitation prior to the day of the debris flow
event was insufficient in terms of triggering the debris flow, the
heavy rainfall from 7:00 AM to 8:00 AM accumulated as much as
66 mm of precipitation. Local inhabitants documented the debris
flow initiation at about 9:00 AM, yet a maximal episode of 15 mm of
precipitation occurred during the 8:10–8:20 AM interval and only
9 mm was accumulated from 8:30 AM to 9:00 AM. This indicates
that the rainfall amount from the beginning of the storm event up
until 8:30 did not play an important role in saturating the slopes
and raising the interior water level of stream sediments, but rather
produced long-duration and intensified stream flow that mobi-
lized stream sediments into debris flows.

Rainfall threshold development
The occurrence of runoff-triggered debris flows may lag or coincide
with a peak rainfall interval. For example, some debris flows in the
Wenchuan earthquake zone were triggered by runoff from heavy
rainstorms and their occurrence coincided with the peak rainfall
interval (Zhou and Tang 2014; Guo et al. 2016; Ma et al. 2017).
However, debris flows in watersheds in earthquake-struck regions
contain great amounts of material from landslides and avalanches
(Tang et al. 2009, 2011, 2012). The Caozhuangzi Watershed has high
vegetation coverage, and the debris flow was initiated from sediment
mobilization from runoff erosion. This event can be taken as the
typical case of debris flow in mountainous sites in the Beijing region.
Although some authors have proposed a rainfall intensity–duration
(I–D) relationship in Miyun and other counties of Beijing (Ma et al.
2016; Tu et al. 2017), more accurate parameters representing the
mean rainfall intensity for the rainfall intervals of 10, 20, 30, 40, 50,
and 60 min or some expressions combining these should be consid-
ered, because the rainfall amounts at gauges in the study area are
recorded at 10-min intervals.

In the 2016 rainfall event, debris flows also occurred in other
small watersheds in the Changzigou Basin and around Dachengzi,
which is located in the same mountain region as the study area.
The triggering rainfall process was recorded by the Bailongtan,
Changzigou, and Dachengzi stations. As the water flow during the
heavy rainstorm in the study area served as the main factor
leading to debris flows, its intensity was closely related to the
mean rainfall intensity in a shorter duration. Therefore, the 10-Fig. 4 Estimated eroded depth vs field measured depth
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min rainfall records were used to develop a mean 10-min rainfall
intensity–duration relationship:

I10 ¼ α� D−β; ð1Þ

where I10 is the mean 10-min rainfall intensity (mm) in D duration
(one to six 10-min intervals), and α and β are constants that can be
derived from the 10-min basis records from the three rainfall
stations.

In the I–D equations, α indicates the required hourly
rainfall that might trigger a debris flow in a particular region,
but few analyses have focused on β. Generally, the constant
value of α indicates the average rainfall intensity, and β
represents the relative change in the hourly rainfall amount.
The larger the value of α, the more intense the rainstorm. If
β approaches zero, the hourly intensity of the rainstorm does
not change much with time. To a certain extent, the value of

β depends on the rainfall duration of the triggering rainstorm.
The expression can be obtained by fitting the lowest mean 10-
min rainfall intensity with a given 10-min duration. For the
relationship shown in Fig. 7, α and β are 5.0 and 0.21
respectively.

Debris flow properties and deposition characteristics
Four debris flow samplings were used to analyze particle diameter
curves. Among these, two samplings were located at the left bank
area 20 m downstream of the forest area (Fig. 8a) and the two
others were at the depositional area of the watershed outlet
(Fig. 8b). As the debris flow deposits at the two sampling sites
include large boulders and gravels, focus was placed on grains <
100 mm in size. Particle distributions were analyzed with respect
to four natural debris flows from the Dongchuan debris observa-
tion station in Jiangjia Ravine, Yunnan Province, southern China
(Kang et al. 2006).

Fig. 5 Antecedent rainfall and cumulative rainfall prior to the day of August 12, 2016, for the Bailongtan and Changzigou stations

Fig. 6 Ten-minute interval and cumulative rainfall amounts recorded by Bailongtan station and Changzigou station on August 12, 2016
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Particle distributions
As shown in Fig. 9, the similar particle curves of deposits 1 and 2
reveal that they contain a lower proportion of fine-grained mate-
rial (< 0.1 mm) and higher proportions of grains in the 0.1–2 mm
size range (20.1% on average). For deposits 3 and 4, the fractions of
grains < 0.1 mm do not differ significantly from those of sites 1 and
2, but the fractions of grains of 0.1–1 mm and 1–20 mm are 38.6
and 32.4%, respectively. The four samplings in the Caozhuangzi
Watershed have similar low volume fractions of silt and clay. In
comparison, the debris flows in Jiangjia Ravine have higher frac-
tions of silt and clay content. There is a corresponding relationship
between density and the percentage of grains < 2.0 mm in size;
that is, the highest density flow contains the highest percentage of
grains in this range and the percentage value decreases with
decreasing density of the debris flows sampled. For the debris
flows from the Dongchuan debris observation station in Jiangjia
Ravine, the volume fractions of silt and clay content of the con-
tinuous flows in Jiangjia Ravine are higher yet. This indicates that
the debris flows in the Caozhuangzi Watershed had lower viscosity
and belonged to a continuous flow.

Note that the four debris flow samplings in the Caozhuangzi
Watershed have a density range of 1.7–1.8 g/cm3. This indicates that
the volume fractions of grains are lower than 0.5 based on a solid
density of 2.6 g/cm3. According to results of Fei and Su (2004), the

main driving forces of debris flows with grain volume fractions
less than 0.5 are derived from water; otherwise, the forces are
related to solid grains, such as in the high-density debris flows in
Jiangjia Ravine. For the debris flows in the Caozhuangzi Water-
shed, the volume fraction of grains is < 0.5 and the volume frac-
tions of finer particles are low, indicating that water is the main
driving force.

Deposition
Hungr et al. (1984) found that debris flow deposition begins at a
point where the gradient diminishes to 10°–14° for unconfined
flows and 8°–12° for confined flows. A study of debris flows
originating from moraine dam breaches in the Cascades
(O’Connor et al. 2001) concluded that erosion occurred on gradi-
ents steeper than 8°, while deposition was restricted to gradients
lower than 18°. In this event, the surface gradient at the bank slope
area and depositional area was about 8°.

Debris flow deposition close to the outlet exhibits distinctive
characteristics relative to the bank downstream of the forest area.
Deposits downstream of the forest area exhibit a fully mixed
texture, with no boulders or fractured blocks on the surface and
outside of the flow track. This reflects the ability of the forest to
stop the advance of large cobbles or boulders in and around the
forest area. However, at the side bank near the outlet, the debris

Fig. 7 The lower limit line expressing the relationship between mean 10-min rainfall intensity (mm) and duration (10 min)

Fig. 8 The locations of the two debris flow sampling sites (a samplings 1 and 2 on the left channel bank 20 m downstream of the forest area, b samplings 3 and 4 at the
depositional area of the watershed outlet)
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flow deposit exhibits inverse grading, with a coarse layer on the
surface to a depth of about 30–40 cm and finer particles restricted
to the subsurface (Fig. 8b). Generally, an inverse-graded stratifica-
tion is characterized by decreasing grain diameter from the depo-
sition surface downward, which reflects specific features where a
debris flow will start to deposit onto a flattened fan.

Channel morphology change and eroded sediments

Topographic effect and effect of forest area on erosion
Figure 10 shows the elevation derived from the channel ridge line
(Fig. 10a), channel surface (Fig. 10b), and the eroded depth as the
channel descends to lower elevation (Fig. 10c). As the upstream
region of the scanned section is covered by large boulders with
cobbles embedded in the larger gaps, the local stream surface does
not erode easily (Fig. 11a). At the middle and downstream regions
of the channel (the scanned channel in this study), the streambed

surfaces are covered by relatively finer particles derived from
upstream and are clearly seen in several dike terraces (Fig. 3b).

By considering the erosion depth, as shown in Fig. 10c, the
channel surface from section B to C is seen to be eroded more
substantially than other areas. The eroded depths over section B–C
(marked I and II in Fig. 10c) and the convex bank are 3 m, 4.74 m,
and 6.5 m and the channel gradients are 13.6°, 9.1°, and 9.8°,
respectively. The cross section C is located downstream of the
28.8° steep section, where debris flows may accelerate to obtain
high speed and momentum, cause serious erosion from collision,
and scour at the concave channel between the steep section and
soft streambed. The reason why site II with a stream gradient of
9.1° was significantly eroded is that it is located at the convex side
of the channel where the debris flow accelerated due to centrifugal
force (Fig. 11b). The stream bank at the convex channel is also
seriously eroded, and the eroded depth at the corresponding
concave bank is not comparable to that of the convex bank. Note

Fig. 9 Comparison of particle curves of the four debris flows samplings with four debris flows with density values of 1.7 (Jiangjia Ravine 1), 1.8 (Jiangjia Ravine 2), 1.9
(Jiangjia Ravine 3), and 2.0 kg/m3 (Jiangjia Ravine 3) from the Dongchuan debris observation station, Jiangjia Ravine, Yunnan Province, southern China (Kang et al. 2006).
The site of samplings 1 and 2 is shown in Fig. 8a, and that of samplings 3 and 4 is shown in Fig. 8b

Fig. 10 Derived channel morphology based on terrestrial laser scanning service (a the channel bank DEM; b the channel surface DEM; c the eroded depth derived by a
and b, the four letters A, B, C, and D indicate the cross section)
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that the three sites marked I, II, and III in Fig. 10 represent the
typical topography and abrupt morphology in the channel. This
indicates that steep channel or abrupt channel profile sites tend to
be eroded to greater extents.

From section C to D, the erosion depth decreases gradually
and the post-event stream surface is parallel to the surface
before this event. This indicates that the forest area protected
the stream surface by offering resistance to erosion and led to
partial deposition of grains in and around the site (Fig. 3a). As a
result of minor cobble and boulder deposition, a back-siltation
of debris flow deposits occurred. However, when debris flows
traveled through the forest area, the erosion depth increased
gradually (Fig. 10c).

Elevation change and eroded volume with channel descent
Figure 12 shows the erosion depth with decreasing channel elevation.
For the initial 50 m, the erosion depth is about 2.92 m, compared to
an erosion depth of 4.73 m at 100 m downstream. This indicates that
stream sediment was entrained due to progressive bulking. In com-
parison, the erosion depth in the channel downstream of the forest
area is also increased. However, the erosion depth at that location is
only 2.34m at the channel, with a steep gradient of 28.8°, which is less
than the erosion depth at the initial 50-m and 100-m sites. Such a
steep channel may lead to acceleration of debris flows, which in-
creases momentum and erosion.

A total of 1.8 × 104 m3 of sediments and an average yield rate of
about 60 m3/m were determined for this event (Fig. 13). These
values are not comparable to those of some lake outburst and
other runoff-triggered debris flows worldwide (Breien et al. 2008;
Santi et al. 2008; Mccoy et al. 2012; Theule et al. 2015). This
difference may have resulted from limited available sediment
volume and the small dimensions of the watershed. According to
the distribution of eroded sediment volume per 30 m of channel,
the yield rate does not seem proportional to the variation in
gradient. For example, the channel section with maximal sediment
erosion volume contains the site with maximal erosion depth,
while the stream gradient is only 9.8°. At a stream gradient of
28.8°, the volume of eroded sediment is smaller.

At the 100-m site and the downstream area of forest, both the
erosion depth and sediment erosion volume increase progressively.
This implies that the momentum of the debris flow increased as it
traveled downstream and that this high momentum resulted in
significant erosion at several sites. Generally, the erosive ability of a
debris flow is closely related to its velocity and momentum. Wang
et al. (2003) and Iverson et al. (2011) proved that high pore water
pressure in nearly saturated sediments can facilitate sediment lique-
faction into debris flow movement and increase sediment entrain-
ment ability. If the sediments are relatively dry, the sediments
incorporated into a debris flowmay increase the density of the debris
flow without high pore water pressure within the sediments, causing

Fig. 11 a and b Maps showing the channel morphology change from section A to B and B to C, respectively. The channel section from C to D and that at the downstream
region of forest area can be seen in Figs. 3b and 8a

Fig. 12 Channel surface elevation change after the debris flow event on August 12, 2016
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higher flow resistance from friction and collision (Tian et al. 2014).
However, in the study area, this event lagged the peak rainfall
interval, indicating that the stream sediments may have had high
moisture content. Also, as the stream gradient was 7.4° at the initial
entrainment stage, such a low stream gradient would make it diffi-
cult for debris flow to initiate, indicating that this debris flow event
was produced by a combination of initial water flow erosion and
subsequent progressive entrainment due to the momentum increase
of the mixture of water and soil. This can be demonstrated by the
smaller erosion depth at the initial 50 m channel site and the
maximum erosion depth site downstream at the 28.8° convex chan-
nel site, where the corresponding erosion depths are 2.94 m and
6.4 m, respectively.

Discussion
In this study, a typical runoff-triggered debris flow in a small
watershed in Miyun County, Beijing, was analyzed, focusing main-
ly on the triggering rainfall conditions and the erosion process.
Although two gauge stations were in close proximity to the debris
flow site, the rainfall records at Bailongtan coincide more accu-
rately with eyewitness accounts. In this event, the debris flow
occurrence lagged the peak rainfall interval, indicating that the
antecedent precipitation played an insignificant role in this event,
but this precipitation should not be discounted for other runoff-
triggered debris flows. Generally, the time to runoff, time to fail-
ure, and runoff rates are strongly affected by soil-water character-
istic curves, initial soil moisture conditions, rainfall intensity, and
slope angle (Cuomo and Sala 2013). In any given mountain basin,
soil suction and rainfall intensity greatly influence the total peak
discharge of water and sediments for conditions in which previous
rainfall totals allow for surface runoff (Cuomo et al. 2015). Before
this rainstorm, the antecedent precipitation was low and thus did
not saturate the slope soils and stream sediments. Therefore, the
debris flow in the Caozhuangzi Watershed occurred under condi-
tions such that the triggering rainstorm decreased the degree of
soil suction and promoted runoff having an intensity high enough
to mobilize stream sediments.

Some previous studies have proposed rainfall intensity and
duration thresholds as possible triggering conditions for such
events. These circumstances are reliant on high-frequency hourly

rainfall intensity (Tognacca et al. 2000; Cannon et al. 2008; Coe
et al. 2008). However, debris flows in the Caozhuangzi Watershed
were caused by runoff erosion of stream sediments, rather than by
slope failure or shallow landslides. The intensity of runoff is the
key factor leading to stream sediment entrainment and debris flow
events. Based on 10-min rainfall interval data from three rain
stations where debris flow occurrence was documented, a mean
10-min rainfall intensity–duration expression with a duration of
1 h was developed. This expression is helpful for local hazard
mitigation, but it requires further examination.

Three sites, including the stream section with gradient of 13.6°,
the concave stream bank area, and the concave stream area con-
nected to a 28.8° gradient channel section, have the similarities of
abrupt change of channel profile and having undergone serious
erosion. This indicates that these sites can be strongly denuded by
debris flows and can lead to rapid increases in debris flow mo-
mentum. If the channel profile is relatively constant, stream sed-
iments will be eroded by shearing stress, leading to a gradual
increase in the momentum of the debris flow (Li et al. 2017a).
The yield rate in this watershed does not seem proportional to the
variations in stream gradient, but rather to the erosion depth,
coinciding with the results of Breien et al. (2008) and in part with
those of Theule et al. (2015). In detail, Breien et al. (2008) found
that the yield rate in the watershed in their study did not seem
proportional to either the variation of stream gradient or the width
of the flow. Theule et al. (2015) found that debris flow volumes
were supplied mainly by channel scouring and that debris flow
scouring increased with slope. However, the 300-m channel length
in this work contains an initial erosion stage of stream sediments
and has its deepest erosion at the abrupt change of a concave
channel. The yield rate in this study is close to the results of debris
flow volumes from channel scouring, but it does not coincide with
the results of scouring over distances with significant change in
slope. This may be a result of the shorter length and smaller
watershed area of this work.

As described above, the deepest erosion occurred in lower-
elevation areas with gradients of 9.1° and 9.8°, where debris flows
reach high momentum after accelerating from a steep channel. This
documents the significance of volume as a factor for yield rate. In
previous studies, positive and opposing effects, which are related to

Fig. 13 Volume of eroded stream sediments with distance traveled
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sediment moisture content, have been found during debris flow
entrainment (Iverson et al. 2011; Tian et al. 2014). This event might
have been affected by higher moisture content because the debris
flow occurrence lagged the peak rainfall interval. Nevertheless, the
erosion depth and the sediment entrainment volume per 30 m in the
initial 150 m of the channel and the area downstream of the forest
area increase progressively, rather than decrease.

Conclusions
In this paper, 10-min rainfall records supported by field investiga-
tions and an analysis of channel morphology changes were used to
analyze the triggering conditions and erosion process of a runoff-
triggered debris flow event that occurred on August 12, 2016, in the
Caozhuangzi Watershed, Miyun County, Beijing. The following
results were obtained:

1. Debris flow initiation in this event lagged the peak rainfall
interval of the triggering rainstorm and the antecedent precip-
itation from rainfall; thus, initial-to-peak rainfall played an
insignificant role in its formation. Based on 10-min rainfall
interval data from three rain stations where debris flow occur-
rence was documented, a 10-min rainfall interval intensity
analysis and consideration of durations of less than 1 h was
suggested to aid local hazard forecasting and mitigation.

2. Debris flows in the Caozhuangzi Watershed were caused by
runoff erosion of stream sediments, rather than by slope fail-
ure or shallow landslides. The intensity of runoff was the key
factor leading to stream sediment entrainment and the debris
flow events. The erosion depth along descending channel
revealed that sites of abrupt change in channel profile experi-
enced the most serious erosion, while the erosion depth at
other sites increased progressively. This indicates that abrupt
profile denudation can quickly strengthen the sediment en-
trainment ability of debris flows.

3. The maximum sediment erosion volume and erosion depth do
not seem proportional to variations in stream gradient. The
channel section with maximum sediment volume and erosion
depth and the volume at the initial channel region and down-
stream region of the forest area show that entrained sediment
volume was of prime importance for controlling the degree of
erosion in this event.
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