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a b s t r a c t
Debris flow frequently occurs in high mountains, particularly in dry hot river valleys, and cause severe 
loss of life and property. The Qingshui Gully of Gansu Province, China was selected as study area. 
Remote sensing interpretation technology, field investigation, matrix method, and FLO-2D model 
were applied to obtain distribution of landslides and model parameters, and simulate debris flow 
depth, velocity, and impact force under different rainfall return periods, and then divide debris flow 
intensity and hazard. The results indicated an increase in landslides with increasing human activi-
ties. The flow depth generally increased from the middle-up stream to downstream when the rain-
fall return periods ranged from 10 to 100 years, along with a decrease in velocity and impact force 
from the middle-up stream to downstream. The simulation resulted in a threatened range generally 
consistent with the actual result of the debris-flow history disaster. The spatial distribution of inten-
sity classes was similar rainfall return periods was ranging from 10 to 100  years. Furthermore, the 
high-medium intensity area was primarily distributed in the middle-up stream of the study area, 
whereas the low-intensity area was located downstream. Additionally, the middle-up watershed 
channel area mostly belonged to the high hazard class, and it existed in the Beiyu River and around 
the residential area. The low-hazard area was situated downstream of the channel. The medium haz-
ard class was located between the high and low classes. These proportions of low, medium, and high 
hazard areas were 28.99%, 35.48%, and 35.53% of the total area, respectively. Therefore, the present 
study provides a reference for fine risk management and disaster warning in dry hot river valleys.
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1. Introduction

Debris flows frequently occur in high mountains and 
cause severe loss of life and property, in the form of destruc-
tion of houses, roads, and railways in urban and rural areas 
[1–3]. Additionally, extreme climate events and human 
activities have become increasingly frequent in mountains 

[4,5], leading to an even higher frequency of debris flow 
disasters [6,7]. For example, devastating debris flow disas-
ters occurred on August 8, 2010, in Zhouqu County, China, 
and killed more than 1,700 people [8–10]. Therefore, it is 
imperative to obtain a threatened range and hazard to 
prevent and mitigate potential debris flows [11–13].

Debris flows have caused damage principally through 
deposition, impact, and erosion and can destroy buildings or 
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infrastructure [14–16]. To obtain the impact range of debris 
flow damage modes, several researchers have analyzed 
debris flow initiation, movement characteristics, hazards, 
and mechanisms, and a series of achievements have been 
presented [17–20].

Hazards are a crucial part of debris flow research, 
because they include debris flow frequency (i.e., different 
rainfall return periods), intensity, and location. Debris flow 
frequency and intensity can be combined by using the matrix 
method [11,12,21]. The intensity and location were pre-
sented by using different debris flow characteristics, such as 
flow depth, velocity, impact force, and discharge, and these 
characteristics are generally correlated with debris flow 
initiation, movement processes, and mechanisms [22–24].

Subsequently, field observation stations have been built 
to obtain debris flow characteristics (i.e., depth, velocity, and 
threatened range), such as in the Jiangjia Ravine station in 
China [25] and the III Graben Torrent station in Switzerland 
[26]. This method can directly and rapidly acquire debris 
flow depth and velocity. However, the number of observa-
tion stations was relatively low, and they were mostly dis-
tributed on high-frequency debris flow disaster sites; the 
other sites were lacking [27].

Afterwards, a physical model was developed to sim-
ulate debris flow characteristics; therefore, the flume test 
has been widely applied under various conditions [28,29]. 
Nevertheless, the flume test cannot accurately reflect nat-
ural debris flow characteristics because this method was 
used based on the similarity principle, and part of intrin-
sic factors of debris flow may be lacking [30,31].

With respect to the numerical model, it can simulate one 
or a region of debris flow characteristics after the parame-
ters have been calibrated under different scenarios. The sim-
ulation results can be directly applied to assess debris flow 
intensity and hazard, and the result of hazard can be quan-
tified [30,32]. Numerous numerical models have been suc-
cessfully developed for debris flow analysis, such as FLO-2D 
[33], DAN3D [34], and Debris Intermixing [35]. The FLO-2D 
model has been widely used under different conditions, 
such as in the threatened range of debris flow, debris flow 
movement characteristics (i.e., velocity and depth), and 
debris flow initiation [36]. This model was successfully car-
ried out in the Yosemite Valley, California, USA [37]. After 
the parameters of the FLO-2D model were calibrated, the his-
torical debris flow disaster event was reproduced, and the 
debris flow hazard was divided based on the different sim-
ulation results. Zhang et al. [36] utilized the FLO-2D model 
to obtain the deposition, velocity, impact force, and influ-
ence zone in the Hanlin Gully of southern Gansu Province, 
China, and their results were consistent with the measured 
results from the documented debris flow. Additionally, sev-
eral researchers observed that the FLO-2D model in debris 
flow simulation was more reasonable compared with 
other models under actual case applications [38,39]. These 
results demonstrate that the FLO-2D model is an effective 
tool to quantify the debris flow threat range and hazard.

In this study, remote sensing interpretation technology, 
field investigation, and indoor tests were carried out to 
obtain distribution of landslides and FLO-2D model param-
eters. The FLO-2D model was used to simulate debris flow 
depth, velocity, and impact force under different rainfall 

return periods (RRP) after the parameters were calibrated. 
The accuracy and reliability of the simulation results were 
validated by using debris flow history disasters. The inten-
sity was marked based on the simulation results and 
criteria of intensity. Further, the debris flow hazard was 
calculated by applying the matrix method. This study can 
provide a reference for fine risk management and disaster 
warning in dry hot river valleys.

2. Study area

The Qingshui Gully is distributed on the northwest of 
China and south of Lanzhou City, and it is a first tributary 
of the Beiyu River and a second tributary of the Bailong 
River (Fig. 1), with Longnan City located nearby. The area 
of Qingshui Gully is 2.2 km2, its main channel is 2.4 km long, 
and the relative elevation difference is more than 1,000  m 
in the gully, and the slope of the main channel is 47.6%. 
There are several residential sites in the Qingshui Gully, 
particularly on both sides downstream.

The study area is a boundary between the subtropical 
and warm temperate zones, with mean annual tempera-
ture and mean annual precipitation of 13°C and 487  mm, 
respectively [24,40]. Rainfall mostly occurs between May 
and September, with a proportion of approximately 70%, 
and it is predominantly in the form of summer rainstorms 
or continuous rainfall [41], which can provide advanta-
geous rainfall conditions for the occurrence of landslides or  
debris flow.

The area is located on the Qinghai–Tibet tectonic belt 
and Wudu arc structure, influenced by the uplift of the 
Qinghai–Tibet Plateau, and is particularly affected by neo-
tectonics activity [42]. Fracture folds and rock extrusion are 
common phenomena, and it can lead to broken strata suf-
fering from intense weathering. In contrast, strong earth-
quake activity frequently was occurred in the Bailong River, 
and therefore, collapses and landslides are rapidly increas-
ing in the study area. These phenomena offer abundant 
material conditions for the occurrence of debris flows.

3. Methods

3.1. Remote sensing interpretation and field investigation

To further analyze the change of loose materials for 
the study area in recent years, different periods of remote 
sensing images (source of background images from Google 
Earth) were collected along with field investigations. 
The results indicated that landslides were mostly distrib-
uted on both sides of the middle channel in 2010 (Fig. 2a). 
With respect to 2019, landslides occurred downstream 
and upstream of the channel; therefore, the landslides in 
the downstream area were triggered by human activi-
ties, such as road and railway construction, particularly 
on the village road building. This will eventually damage 
the soil structure due to limitations of terrain (Fig. 2b), so 
that abundant materials occurred (Fig. 3a and b). In the 
upstream area, owing to the long-term water erosion at 
the foot of the slope, several landslides developed on both 
sides of the gully (Figs. 2b and 3c). However, there are a 
series of phyllite rocks in the study area (Fig. 3d) that are 
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Fig. 1. (a) Geographic position of the study area, (b) remote sensing image of Qingshui Gully. Note: source of background image 
from Google Earth (https://earth.google.com/web/), dated 2021.

 

Fig. 2. Distribution of landslides and human activities (i.e., road construction) in different years: (a) 2010 and (b) 2019.
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effortlessly weathered under the action of rainfall and wind. 
Additionally, vegetation on both sides of the channel was 
sparse, and soil erosion was relatively conspicuous in the 
study area [24,40]. Under the influence of heavy or con-
tinuous rainfall, a debris flow disaster may occur soon. 
Even if the debris flows loose deposits blocks the channel, 
and a barrier lake is formed, it will endanger Longnan City.

3.2. Numerical model

3.2.1. FLO-2D model

FLO-2D is a two-dimensional hydraulic model based 
on volume conservation, and it can be applied to simu-
late debris flow, mudflow, flood and so on. The velocity, 
flow depth and impact force were simulated [35,43,44). 

 

Fig. 3. Material distribution of in the study area: (a) remote sensing image of study area, (b,c) loose materials were triggered 
due to anthropogenic activities, such as road construction, (d) loose materials provided by natural conditional action, and 
(e) phyllite rock.
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The specific content of governing continuity and momen-
tum equation are presented on the O’Brien et al. [33,43]. The 
hydrodynamic processes of deposition of debris flow move-
ment can be implemented by the FLO-2D numerical model. 
Moreover, this software has been widely used to simulate 
the movement characteristics (i.e., flow depth and velocity) 
of debris flow [45,46]. The simulation results were further 
applied to assess the intensity and hazard of debris flow. 
Therefore, the FLO-2D model was applied to simulate the 
single-channel debris flow disaster movement in the study 
area under different rainfall return periods, and the simula-
tion results included flow depth, velocity, and impact force.

3.2.2. Numerical model parameter adjustment

The law of regional debris flow disaster occurrence can 
be found based on historical geohazard data. The results 
indicate that a relatively large debris flow disaster will 
occur every 5 years in the study area [24,36,47], such as on 
August 12, 2010. To adjust the parameters of the numerical 
model, field investigations, field sampling and indoor tests 
were conducted after debris flow disasters.

3.2.2.1. Debris flow density

Debris flows generally occur between July and September 
each year. Therefore, we have set a series of sampling points 
ranged from upstream to downstream; thereafter, the mois-
ture content was determined by oven-drying the samples for 
12 h at 110°C, and the debris flow density can be calculated, 
with an average density of 1,900  kg/m3. The grain diameter 
analysis was performed at the Key Laboratory of Western 
China’s Environmental Systems at Lanzhou University, and 
the results are presented in Fig. 4. The accumulative propor-
tion was more than 70% when the grain diameter was less 
than 10  mm, indicating that loose material was relatively 
easily carried under heavy rainfall or continuous rainfall.

3.2.2.2. Digital terrain model

Topography is represented as a digital code in the pro-
cess of numerical simulation, and it is the key basic data. 

The resolution of the digital elevation was 10 m. The irreg-
ular triangular mesh model with optimization TIN was 
established using the ArcGIS software. Meanwhile, the 
elevation scatter points were collected, and thereafter, the 
ASCII format was obtained. Finally, this data was used as 
an input into the FLO-2D PRO software platform to fur-
ther analyze and calculate the results. Our previous works 
[36,48,49] instructed that 10  m resolution of digital terrain 
model (DEM) can be applied to simulate debris flow depth, 
velocity and impact force in small watershed.

3.2.2.3. Manning coefficient

Manning coefficient was represented for the surface 
roughness, and it is considered to be an important param-
eter for numerical model. The manning coefficient was 
acquired based on the manual of FLO-2D parameter, 
field investigation, and previous achievements [24,36,49]. 
The parameter result was 0.15.

3.2.2.4. Sediment volume concentration

In the model, the sediment volume concentration (Cv) 
was 65%, based on the regional characteristics of rock and 
soil, results of grain diameter, and previous achievements 
[36,48]. In addition, the parameter was fine-tuned accord-
ing to the rationality and reliability of the simulation 
results in the simulation process.

3.2.2.5. Laminar flow resistance coefficient

The laminar retardation coefficient (K) was set based 
on the study of Woolhiser [50], Subsequently, it was com-
bined with field investigation and analysis results pertain-
ing to land cover, and the value of K was 2 280.

3.2.2.6. Water flow process line

The P-III method was used to obtain different prob-
abilities of rainfall under different rainfall periods based 
on historical daily rainfall data [51]. The historical rainfall 
data ranged from 1951 to 2020, and the different rainfall 
period values were calculated according to the law formula. 
The specific results are shown in Table 1.

The extreme rainfall values were 54.2, 60.4, 68.1, and 
73.5  mm with return periods of 10, 20, 50, and 100  years, 
respectively. The rainfall–runoff model was further applied 
to generate cumulative hydrographs for time between 0 
and 24 h [24,48,49] under different rainfall periods (Fig. 5). 
Cumulative discharge generally increases with increasing 
rainfall and time.

 
Fig. 4. Grain diameter analysis curve (Q1-Q5 was represented 
for different sampling points.)

Table 1
Rainfall intensity under different return period and probability

Name Data

Rainfall return period (a) 100 50 20 10
Probability p (%) 1 2 5 10
Rainfall value (mm/d) 73.5 68.1 60.4 54.2
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3.3. Simulation results validation

Debris flow disasters frequently occur in the study area; 
hence, the FLO-2D model was used to simulate the charac-
teristics (i.e., flow depth and velocity) of debris flow under 
different rainfall periods, so that the threat range can be 
obtained. The reality threat range of debris flow disaster 
was measured by remote sensing technology, field inves-
tigation and questionnaire of local residents on August 12, 
2010, and this result was compared with the results of the 
numerical model.

3.4. Hazard assessment

3.4.1. Intensity assessment

The intensity may be assessed as the spatial distribution, 
and it may include the distribution of flow depth, velocity, 
and impact force in this study based on previous achieve-
ments [11,52]. Additionally, intensity is required as a part 
of hazard assessment. The flow depth, velocity, and impact 
force were selected as quantitative indices to determine the 
intensity classes based on the results of the numerical sim-
ulation. The division criteria of the different indices were 
based on previous achievements [24,53–55] and the actual 
situation of the study area. The specific criteria used are 
listed in Table 2.

3.4.2. Hazard assessment

A hazard can be defined as the probability of occurrence 
under a specific period and in a given area with a potentially 
damaging phenomenon [56]. Hazard can be combined by 
the probability of occurrence and intensity of the process; 
therefore, intensity is commonly represented as the poten-
tial energy (e.g., velocity or flow depth can be selected as the 
energy index) of flow to the obstacles; probability was pre-
sented by different rainfall periods in this study. Generally, 
probability and intensity are correlated through a hazard 
matrix [11,16,24,49,57]. The matrix method is simple and 
easy to apply. The hazard was divided into three classes 
(low, medium, and high) using ArcGIS software (Table 3).

4. Results and discussion

4.1. Comparison and verification of simulation results

The rainfall amounted to 52.7 mm on the event of debris 
flow disaster on August 12, 2010 based on the local meteoro-
logical station data, and this value was equal to the value of 
RRP with 10  years. Thereafter, the actual threatened range 
was determined by remote sensing technology, field inves-
tigation and questionnaire of local residents about “8.12” 
disasters [49], and is presented in Fig. 6 with the threatened 
range outline marked in red. Additionally, the threatened 
range appears in Fig. 6 through the numerical simulation, 
marked in yellow. The threat range of the simulation result 
was generally consistent with the actual results, and this 
phenomenon demonstrated that the results of the numerical 
simulation were very reliable.

4.2. Results of numerical simulation

The parameters of the numerical model were adjusted 
using remote sensing interpretation, field investigations, 
indoor tests, and statistical analysis methods. The total 
length of the watershed was 2.4  km. Meanwhile, the DEM 
of the study area was divided into 10 m × 10 m grids, with 
number of grids amounting to 29,327. Subsequently, the 
debris flow characteristics of the middle and downstream 
channel sections were simulated by the FLO-2D model in 
this study, including the flow depth (Fig. 7), velocity (Fig. 8), 
and impact force (Fig. 9) under different rainfall return peri-
ods. In addition, the maximum values of the different 
characteristics were determined (Table 4).

4.2.1. Flow depth

The distribution of flow depth is presented in Fig. 7 with 
a RRP of 10, 20, 50, and 100 years. In addition, the flow depth 
generally increased from the middle-up stream to the down-
stream (Fig. 7). The flow depth was low when the velocity 

 

Fig. 5. Cumulative discharge process line under different rain-
fall by simulating rainfall–runoff module.

Table 2
Division criteria of intensity index

Intensity 
classes

Flow depth 
(m)

Flow velocity 
(m/s)

Impact force 
(kN)

High >1.0 >3.0 >100,000
Medium 0.5–1.0 1.0–3.0 10,000–1,000,000
Low <0.5 <1.0 <10,000

Table 3
Hazard assessment matrix used in the approach based on the 
combination of probability and intensity

                Probability
Intensity

1% 2% 5% 10%

Low Low Low Low Medium
Medium Low Low Medium High
High Medium Medium High High
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and impact force were relatively high because higher velocity 
and impact force of debris flow will take abundant material 
downstream, so that the material cannot be left in the mid-
dle-up stream [58]. Eventually, the loose material is gradu-
ally deposited downstream and reaches a maximum flow 
depth. However, the lowest value is distributed upstream, 
which conforms to the actual debris flow. The maximum 

value of flow depth was 5.04, 5.15, 5.49 and 5.96  m under 
different RRP, respectively (Table 4). The maximum depth 
value gradually increased with increasing RRP; therefore, 
the increase in amplitude was the largest when the RRP was 
between 50 and 100 years, and the proportion of the increase 
in amplitude was 7.83%. With values of - 2.18% and - 6.60% 
when RRP ranged from 10 to 500 years. The increase in the 

 

Fig. 6. Comparison of actual hazard area to simulation hazard area.

 

Fig. 7. Simulation results of flow depth for different return periods: (a) p = 10%, (b) p = 5%, (c) p = 2%, and (d) p = 1%.
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flow depth was obviously correlated with RRP. Generally, 
loose materials (i.e., landslide, collapse) may be increased 
due to gradual increase in rainfall, so that abundant 
sediment was left in the downstream section [59,60].

4.2.2. Velocity

The velocity generally decreased from the middle-up 
stream to the downstream under different RRP (Fig. 8), 
and this result was similar to the process of energy storage, 

 

Fig. 8. Simulation results of velocity for different return periods: (a) p = 10%, (b) p = 5%, (c) p = 2%, and (d) p = 1%.

 

Fig. 9. Simulation results of impact force for different return periods: (a) p = 10%, (b) p = 5%, (c) p = 2%, and (d) p = 1%.
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enablement, and consumption of physical tests [29,49]. 
The highest velocity of debris flow appeared in the mid-
dle section of the watershed channel (Fig. 8), which may 
be correlated to terrain changes. The maximum values of 
velocity were 5.13, 5.52, 5.96 and 6.07  m/s under each RRP, 
respectively (Table 4). The maximum value gradually 
increased with increasing rainfall return periods. Therefore, 
the increase in amplitude was the largest when the RRP was 
between 10 and 20  years, and the proportion of increase 
amplitude was 7.60%. With values of - 4.35% and - 5.38%, 
when the RRP ranged from 20 to 100  years. These ampli-
tudes of velocity change may be related to the amount of 
loose material in the watershed channel because a lower 
bed friction was generated by less loose material in a certain 
time, which led to a higher velocity [61,62].

4.2.3. Impact force

The distribution of the impact force was obtained through 
numerical simulation under RRP of 10, 20, 50, and 100 years, 
and the impact force gradually decreased from the mid-
dle-up stream to the downstream (Fig. 9). The impact force 
was ordinarily high when the velocity was relatively high 
and the location of the maximum value was similar to that of 
the maximum velocity. The maximum value was distributed 
in the middle of the watershed channel, where several land-
slides occurred on both sides of the channel because poten-
tial energy was converted into kinetic energy in the process 
of landslide failure. Thus, the impact force rapidly increased 
in a short time [29,61,63]. The highest values of impact force 
were 1,466,800; 1,727,702; 2,064,777 and 2,310,948 kN under 
different RRP, respectively. The maximum depth value sig-
nificantly increased with increasing RRP, and the increase 
amplitudes were 17.79%, 19.51%, and 11.92% when the 
RRP ranged from 10 to 100 years. Therefore, the amplitude 
of variation was largest when the RRP was between 20 and 
50  years. The lowest impact force value is located in the  
Beiyu River.

From the above analysis, the impact of debris flow 
reached a maximum in the middle of the watershed channel, 
and the minimum impact was situated in the Beiyu River. 
On the other hand, with respect to the distribution of debris 
flow characteristics, the loose material of the middle-up 
stream will be rapidly removed from the middle-up stream 
downstream when the velocity and impact force are rela-
tively high. However, the loose material will be left down-
stream when the impact force and velocity are gradually 
decreased, so that abundant material is deposited. Therefore, 
the numerical simulation results can better reproduce 
debris flow movement and sedimentation processes.

4.3. Hazard assessment

4.3.1. Intensity assessment

The intensity value can be obtained based on the division 
criteria of intensity under different RRP. The spatial analy-
sis technology of ArcGIS software was applied to divide 
the intensity class (Fig. 10), and the area and its proportion 
of intensity were calculated (Table 5). The spatial distribu-
tion of intensity classed was similar under RRP. However, 
there was a slight difference in the local area, such as in 
the downstream area, particularly near the Beiyu River, 
where the intensity gradually increased with increasing RRP.

The high-intensity class was mostly distributed in the 
middle-up stream channel when RRP was 10  years, and it 
was further observed in the Beiyu River. On the other hand, 
its proportion was accounted for approximately 26.13% 
of the total area. With respect to the RRP between 20 and 
100  years, the high class was situated in the middle-up 
stream and Beiyu River, and the area of the high-intensity 
class gradually increased with increasing RRP (particularly 
near the Beiyu River area), seriously threatening the life and 
property (i.e., residents, roads, and railways) of the down-
stream watershed. Their proportions were 26.13%, 33.74%, 
40.32%, and 44.13%, respectively, indicating that several areas 
in the study area were prone to debris flow disasters when 
RRP exceeded 50 years, which is consistent with other stud-
ies [24,49]. The increase in amplitude was the largest when 
the RRP was between 10 and 20  years, and the proportion 
of increase amplitude was 7.61%, with values of - 6.57% 
and - 3.81% when the RRP ranged from 20 to 100 years. The 
low- and medium-intensity areas gradually decreased with 
increasing RRP. Therefore, the low-intensity class was primar-
ily situated downstream of the watershed channel, such as in 
the Beiyu River area, because the velocity and impact force 
were relatively small. The proportions of low-intensity classes 
were 35.28%, 32.16%, 28.34%, and 26.06% when the RRP was 
10, 20, 50 and 100  years, respectively. For the medium-in-
tensity class, the proportions were 38.59%, 34.10%, 31.35%, 
and 29.81% for each corresponding RRP, respectively, and 
they were mostly distributed around the high-intensity area.

4.3.2. Hazard assessment result

The hazard value was calculated based on the matrix 
method and hazard mapping was performed using ArcGIS 
software as per the actual situation in the study area 
(Fig. 11). Moreover, the proportion of different hazard areas 
was accounted for in (Table 6).

Their area proportions accounted for 28.99%, 35.48%, 
and 35.53% of the total area in the low, medium, and high 

Table 4
Characteristics of debris flow for different rainfall periods

                                                                  RRP
Maximum value

p = 10% p = 5% p = 2% p = 1%

Maximum flow depth (m) 5.04 5.15 5.49 5.96
Maximum velocity (m/s) 5.13 5.52 5.96 6.07
Maximum impact force (kN) 1,466,800 1,727,702 2,064,777 2,310,948
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Fig. 10. Simulation result of debris flow intensity zoning in study area: (a) p = 10%, (b) p = 5%, (c) p = 2%, and (d) p = 1%.

Table 5
Area and its proportion of intensity under different rainfall return periods

                                RRP
Intensity

p = 10% p = 5% p = 2% p = 1% p = 10% p = 5% p = 2% p = 1%

Area (104 m2) Area proportion (%)

Low 3.05 2.86 2.59 2.40 35.28 32.16 28.34 26.06
Medium 3.33 3.03 2.86 2.74 38.59 34.10 31.34 29.81
High 2.26 3.00 3.68 4.06 26.13 33.74 40.32 44.13

 

Fig. 11. Distribution of different debris flow hazard classes.
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hazard classes, respectively, indicating that there is a rela-
tively high probability of debris flow occurrence, and this 
result was generally similar to that of other studies [24,49]. 
A large number of loose materials existed in the middle-up 
of watershed channel (Fig. 2 and 3). Furthermore, the ele-
vation difference of terrain was relatively large, and these 
conditions will eventually contribute to the occurrence of 
debris flow disaster. Therefore, the middle-up of water-
shed channel area mostly belonged to high hazard class. 
Meanwhile, a high hazard was also present downstream 
of the watershed, in the Beiyu River and around the resi-
dents’ area. In the event of extreme rainfall, the life and 
property of the downstream watershed were significantly 
influenced. Additionally, if abundant sedimentation is left 
in the Beiyu River, it may block the river, threatening seri-
ous disaster in Longnan. The low-hazard area was situ-
ated downstream of the channel, particularly in the Beiyu 
River, and it demonstrated the frequency of a potentially 
low damaging phenomenon. However, a large number of 
people and infrastructure (i.e., roads, railways, and hos-
pitals) are distributed downstream of the watershed, and 
a smaller debris flow disaster may cause a greater loss of 
life and property. The medium hazard area was around the 
high hazard area in the middle of the watershed channel, 
indicating that these areas are prone to debris flow disas-
ters. Downstream of the watershed, the medium hazard 
class was located between the high and low classes.

From the above analysis, the proportion of high-medium 
hazard areas was more than 70%, and it was demonstrated 
that geohazards, such as landslides and debris flow may 
occur very easily in the present study area, causing a series 
of significant loss of life and property, particularly down-
stream of the watershed. Therefore, various disaster pre-
vention and mitigation measures need to be implemented. 
Xiong et al. [9] suggested that channel engineering measures 
and ecological measures should be sufficiently combined to 
minimize debris flow damage in the high mountains of the 
Bailong River, and this idea has been well implemented in 
the Goulinping Gully of the Bailong River. With respect to 
the present study area, the debris flow characteristics were 
generally similar to those of the Goulinping Gully; how-
ever, their distances were relatively close. The ecological 
measures should be positively conducted in the middle-up 
stream of the catchment; with assisted engineering mea-
sures. The check dam was built downstream, which is not 
a reasonable measure [8,64]. Moreover, in densely popu-
lated areas, drainage channels should be used to reduce 
debris flow hazards. If these measures can be actively 
implemented, the desire for sustainable development will  
be realized.

5. Conclusions

In recent years, landslides generally increased with an 
increase in human activities (i.e., road building and rail-
way construction) in the Qingshui Gully.

The flow depth generally increased from middle-up 
stream to downstream when RRP ranged from 10 to 
100  years. The maximum value of flow depth was 5.04, 
5.15, 5.49 and 5.46 m under different RRP, respectively. The 
velocity generally decreased from the middle-up stream to 
the downstream, and the maximum values of the velocity 
were 5.13, 5.52, 5.96 and 6.07 m/s. The impact force gradually 
decreased from the middle-up stream to the downstream, 
and the highest values of the impact force were 1,466,800; 
1,727,702; 2,064,777 and 2,310,948  kN. Additionally, the 
simulation result of the threatened range was generally 
consistent with the actual result of the debris flow disaster 
on August 12, 2010, demonstrating that the results of the 
numerical simulation were highly reliable.

The spatial distribution of different intensity classes was 
similar under RRP ranging from 10 to 100 years in a certain, 
and the high-medium intensity area was primarily distrib-
uted in the middle-up stream of the study area, while the 
low-intensity area was located downstream. The proportions 
of the high-intensity area were 26.13%, 33.74%, 40.32%, and 
44.13% under different RRP, respectively. The percentages 
of medium areas were 38.59%, 34.10%, 31.34%, and 29.81%, 
respectively. The low-intensity areas accounted for 35.28%, 
32.16%, 28.34%, and 26.06%, respectively. The middle-up 
watershed channel area mostly belonged to the high haz-
ard class, and it also existed downstream of the watershed, 
such as in the Beiyu River and around the residential area. 
The low-hazard area was situated downstream of the chan-
nel, particularly in the Beiyu River. The medium hazard 
class was located between the high and low classes. These 
proportions accounted for 28.99%, 35.48%, and 35.53% of 
the total area with low, medium, and high hazard areas,  
respectively.

Engineering measures combined with ecological mea-
sures are a better approach to minimize debris flow dam-
age at the debris flow watershed characteristic with the 
dry hot river valley in the high mountains.
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