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Abstract

To mitigate the risk of debris flows, quantitative risk assessments for different land use types are quite significant. However, with
respect to debris flows, no sound relationship has so far been established between risks and different land use types. This study
developed a method of debris flow risk assessment by incorporating numerical simulations with land use types. First, the key
debris flow intensities for different return periods, including movement velocities and maximum flow depths, were identified via
numerical simulations. Second, a debris flow hazard classification model based on a combination of the debris flow intensity and
the return period was established to assess debris flow hazard degree. Then, the land use distribution within the inundated areas
was itemized via the interpretation of remote sensing and field surveys, and the debris flow vulnerability was determined by the
degree of functional damage or the cost of recovery of land uses caused under a given hazard. Finally, the potential debris flow
risk zones were identified and mapped by combining debris flow hazard and vulnerability. The methodology was applied and
verified in a small debris flow watershed in China. The proposed methodology can be performed effectively to conduct debris
flow risk analysis and can be widely employed for debris flow mitigation.
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Introduction

Debris flows generally consist of mixtures of water, sediment,
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wood, and fragmental materials and propagate rapidly along
mountain slopes and channels causing serious losses of life
and property (Gregoretti et al. 2016). Debris flows have oc-
curred in more than 70 countries around the world and have
recently become an important issue (Imaizumi et al. 2006;
Dahal et al. 2009; Tecca and Genevois 2009; Cui et al.
2011; McCoy et al. 2012; Degetto et al. 2015; Tiranti and
Deangeli 2015; Hu et al. 2016). For example, a large-scale
debris flow induced by a rainstorm on August 7, 2010, in
Zhouqu, Gansu Province, China, caused 1434 casualties with
a further 331 people reported missing (Tang et al. 2011). Risk
assessment can provide strong technical support for
implementing policies for disaster prevention and reduction.
Thus, risk assessment of debris flows is extremely important
for protecting life and property, for disaster prevention and
mitigation, and for carrying out risk management and ecolog-
ical restoration.

Based on the definition provided by the United Nations,
risk is a measure of the loss of life, personal injury, loss of
property, and disruption of economic activity caused by
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specific hazards in specific areas and during reference periods
and is represented by a value between 0 (0%) and 1 (100%)
(United Nations 1991). Risk has three fundamental compo-
nents: hazard, elements at risk or exposure, and vulnerability
(Liu and Lei 2003; Eidsvig et al. 2014; Himmelsbach et al.
2015). Considerable contributions have been made to assess
debris flow risks (Takahashi et al. 1992; Hurlimann et al.
2006; Armanini et al. 2009; Magirl et al. 2010; Iverson et al.
2011; Liang et al. 2012; Berti and Simoni 2014; Iverson and
Ouyang 2015; Chen et al. 2015a; Chen et al. 2016; Wang et al.
2016; Gao etal. 2016; Kang and Lee 2018; Weietal. 2018). A
comprehensive analysis found that the current researches gen-
erally use the two methods (statistical analysis and numerical
simulation) to carry out debris flow risk analysis.

Statistical analysis method According to the definition of risk,
it can be mathematically translated as a product of hazard and
vulnerability mathematically (Liu and Lei 2003). Therefore,
based on the quantitative analyses of hazard and vulnerability
using relevant factors, debris flow risk can be determined by
superimposing the results of hazard and vulnerability. The
hazard analysis of debris flow based on this method generally
selects factors that are closely related to the formation of de-
bris flows (e.g., frequency, magnitude, slope, length of main
channel, watershed area, etc.) to indirectly evaluate the hazard
(Wang et al. 2016). Thirteen indicators (i.e., slope, aspect,
curvature, soil thickness, soil drainage, soil texture, soil mate-
rial, soil topography, timber type, timber age, timber density,
timber diameter, and land cove) were selected to assess the
degree of hazard of debris flows in Korea by Jinsoo et al.
(2013). Wang et al. (2014) selected the watershed area, length
of main channel, elevation difference, and loose solid material
reserve as indicators to evaluate the debris flow hazard in
Shenxi watershed, Sichuan Province, China. The debris flow
vulnerability analysis based on the statistical analysis method
generally establishes quantitative relationships between debris
flow vulnerability and the economy, society, and population
factors (Fuchs et al. 2007; Akbas et al. 2009; Lo et al. 2012;
Totschnig and Fuchs 2013). For instance, Cutter et al. (2003)
employed a factor analysis approach and 11 independent
factors to compute the social vulnerability index for the
United States. Hu et al. (2016) presented a matrix classifica-
tion scheme to evaluate building damage for brick and rein-
forced concrete structures. An improvement of the vulnerabil-
ity curve as a function of process intensity and loss extent is
presented using the debris flow events data in South Tyrol
(Papathoma-Kd&hle et al. 2012). Based on the information
from hazard and vulnerability assessments, the debris flow
risk can be evaluated by superimposing the results of hazard
and vulnerability. Comprehensively, the above statistical anal-
ysis method must provide information that can replace the
empirical data necessary for debris flow risk derivation.
Moreover, they cannot elucidate the dynamic inundation
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process or the interactions between the disaster and the ele-
ments at risk. Therefore, statistical methods are only applica-
ble to large-scale regional risk analysis, and not to the dynamic
risk analysis of a disaster event.

Numerical simulation method As for this method, this risk
analysis method is also based on initial separate assessments of
debris flow hazard and vulnerability; however, they are com-
bined for the final risk analysis. This method cannot only provide
dynamic information about key inundation parameters (such as
flow velocity, depth, and inundated area) but can also reflect the
interactions between the flow and the elements at risk. Therefore,
many researchers have been devoted to this issue since the 1990s
(O'Brien et al. 1993; Hungr 1995; Sousa and Voight 1995; Chen
and Lee 2000; Romenski and Toro 2004; Spence et al. 2004;
Totschnig et al. 2011; Luna et al. 2012; Kwan et al. 2013;
Pudasaini 2016; Bout et al. 2018). For instance, Fuchs et al.
(2007) established the relationship between debris flow depth
and building vulnerability, with particular emphasis on building
materials. Liu et al. (2009) used the empirical formulae for esti-
mating the expected loss of the land use under different recur-
rence intervals according to the simulated results of Debris-2D
software. Jakob et al. (2012) proposed an index (IDF) to deter-
mine building vulnerability, which was expressed by the product
of the maximum expected flow depth (d) and the square of the
maximum flow velocity (v) (IDF = dv?). Zhang et al. (2018)
proposed a series of debris flow vulnerability models to evaluate
the building damage caused by a debris flow event. Currently,
with improvements in disaster mechanism models and computer
technology, considerable progress has been made in research on
risk analysis of debris flow based on the numerical simulation
method. However, the evaluation of debris flow vulnerability
specifies neither the kinetics or process intensity characteristics,
nor the physical mechanisms or the property of land uses. In
particular, the relationship between process intensity information
and the property of land uses is not yet well understood.
Moreover, although considerable disasters have occurred in re-
cent years, no sound quantitative relationship has been
established between debris flow risks and land uses.

The overall purpose of this study was to propose and test a
methodology for the debris flow risk assessment by incorpo-
rating numerical simulations with different land use types. The
specific objectives were as follows: (i) propose a debris flow
hazard classification model on the basis of a combination of
the debris flow intensity and the return periods to map debris
flow hazard, (ii) establish a simplified method to quantify the
vulnerability of different land use by evaluating the degree of
functional damage under the given hazard level intensity, (iii)
produce a debris flow risk zone by combining debris flow
hazard and vulnerability, and (iv) conduct a case study and
test the proposed methodology. To achieve these objectives, a
small debris flow gully was selected as the case study site for
the application of the proposed methodology.
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Materials and methodology

The methodology for the proposed debris flow risk analysis
and modeling can be divided into four steps (Fig. 1): (i) data
classification and data processing, (ii) numerical simulation
and hazard assessment for different return periods, (iii) land
use determination within the debris flow inundated area, and
(iv) vulnerability and risk assessment of debris flows.

Data classification and data processing

The accuracy of risk assessment of debris flow disaster is
highly dependent on basic data such as geology, topography,
lithology, rainfall, hydrology, soil, vegetation, and human ac-
tivity. Here, these basic data are classified into four categories
based on the topographic, material, hydrology, and manage-
ment data. Topographic data are mainly fine digital terrain
maps, such as the digital elevation model (DEM), and used
to provide basic terrain information affecting the accuracy of
debris flow simulation. Material data describes the attribute of
the loose solid material and debris flow in the field, including
key physical and mechanical parameters (such as particle den-
sity, fluid average density, and rheology or friction types) and
is used to identify the material and flow properties for numer-
ical simulations. Hydrological data includes rainfall and field
monitoring data of water level over previous years, intensity—
duration—frequency curves, and hydrological records of pre-
vious important events, which are used to provide inflow pa-
rameters for debris flow simulations. Management data main-
ly include remote sensing image data, historical disaster
events and disaster loss data, on-site investigation data, land
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Fig. 1 Block diagram of procedure for debris flow risk assessment
proposed in this article

utilization data, and social and economic data, which are gen-
erally used for debris flow risk assessment and mapping. After
classification, the above data were rectified and georeferenced
to the uniform reference coordinate system.

Numerical simulation and hazard evaluation for
different return periods

Debris flow numerical simulation for different return periods

Rainfall under different return periods can trigger different
magnitudes of debris flow events (Liu et al. 2009). To conduct
detailed debris flow risk assessments, the relevant parameters
corresponding to different return periods (such as flow depth,
flow velocity, and inundated area) should be identified first. In
this study, the numerical method was used to obtain the relevant
key debris flow parameters of debris flow risk assessment.

The model can be applied for modeling mountain hazards
(such as dam break, landslide, and debris flow) with a
MacCormack-TVD finite-difference code (Ouyang et al.
2015a, 2015b). This model generates a detailed computational
mesh by defining the mesh type, the number of mesh cell, and
the node coordinates. The boundary condition contains the
symmetrical boundary, open boundary, wall boundary, etc.,
which can be input by system-provided and user self-pro-
gramming. The necessary parameters for computation are a
digital topographical map (DEM), material attribute data of
fluent and river bed, flow height or volume, and the outlet of
the debris flow. The digital topographical map is used to cre-
ate the initial depth of the motion and must be sufficiently
detailed to obtain accurate results. Attribute data contains ba-
sic physical parameters of the loose material and flow (such as
particle density, water density, fluid average density, cohe-
sion, internal friction angle, flow density, etc.) and friction
behavior type of debris flow (Coulomb, Manning; Voellmy;
Bingham and custom friction types are provided), to serve as
the initial input necessary parameters, which can be measured
by conducting outdoor and indoor tests on field samples.
Initial inflow conditions (such as flow velocity, flow height,
and volume) are generally input through user self-program-
ming. The outlet of the debris flow initial motion can be de-
rived from field surveys combined with the aerial photos. The
volume of mobilized debris flow under different return pe-
riods can be obtained as follows.

The debris flow concentration is used here and is calculated
by the equilibrium concentration equation (Takahashi 1980),
which is shown as:

ptand

Can = 157 (tang—tand)

(1)

where Cy, is the equilibrium concentration of the debris
flow; p is the density of the fluid in the debris flow (for water,
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fluid density is 1.0 g/cm?; for clayey water, fluid density is 1.2
g/en’); 6 is the average slope of the riverbed (°) and can be
obtained through statistics on topographic data; o is the den-
sity of the solid particles, which is usually 2.65 g/cm’; and ¢ is
the angle of friction of the solid particles (°), which is obtained
from laboratory experiments of direct shear tests or triaxial
compression tests.

The amount of mobilized material in the field is determined
based on the amounts of precipitation and debris sources
(Chen et al. 2015b). If the amount of precipitation is relatively
small, only a small part of the loose material on the slope or
river bed can be mobilized to form a debris flow. As the
amount of precipitation increases, so does the amount of the
mobilized material until all the material is eroded. However, if
the amount of precipitation is greater than the amount of loose
material required to form a debris flow, a mixture of water
with the debris flow occurs. Therefore, the debris flow volume
should be determined by the amount of loose materials on the
riverbed or hill slope and the amount of local precipitation,
which can be calculated as Liu et al. (2009):

Vs Vi
Vp = mi . 2
) mm{cdm,l_cdw} )

where V is the available field debris source volume on the
riverbed or hill slope (m?), V,, is the amount of precipitation
during the rainfall event in a debris flow watershed (m?), Cye
is the equilibrium concentration of the debris flow, and Vp, is
the debris flow volume induced by the precipitation (m?).

In practice, the available field debris source volume (V) is
generally determined by intensive field investigations com-
bined with aerial photos. The precipitation amount (V,,) for
different return periods, as well as other key design parame-
ters, such as the 10 min, 1 h, 6 h, and 24 h rainfall intensity,
and the maximum flood peak discharge, can be obtained from
the Sichuan Hydrology Record manual (Shen et al. 1984).
With the above parameters, the total volume of debris flow
(Vp) for different return periods can be calculated using Egs. 1
and 2.

After preparing the necessary parameters for numerical
simulation of this model including boundary condition,
initial condition, material attribute data, and mesh genera-
tion, the debris flow movement velocities, maximum flow
depths, intensities, and inundated areas for different return
periods can be simulated. Figure 2 shows a typical simu-
lation based on the model.

Debris flow hazard assessment for different return periods

Hazard assessment of debris flows was conducted based on
three simulations, using as input rainfall with 20-, 100-, and
200-year return periods, respectively. According to Swiss and
Austrian standards (Fiebiger 1997), the yearly occurrence
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probability of debris flows based on the corresponding return
period can be obtained as:

P, = 1—(1—%)n, (3)

where P represents the yearly occurrence probability of
debris flow based on the corresponding return period. 7 is
the debris flow recurrence period, and the value of  is 1 for
a yearly probability. According to the Taiwan Debris Flow
Risk Classification (Lin et al. 2011), the following classifica-
tion is adopted for the probability of an outbreak of a debris
flow: more than 5% high probability; between 5 and 1%,
moderate probability; low probability, between 1 and 0.5%;
and very low probability, less than 0.5% (O’Brien 2004;
Chang et al. 2017). The precipitation amounts (V,,) for the
20-, 100-, and 200-year return periods were obtained by the
Sichuan Hydrology Record manual (Shen et al. 1984). The
total volume of debris flow (Vp) for the 20-, 100-, and 200-
year return periods were calculated using Eqs. 1 and 2.

Based on the Swiss and Austrian standards (Fiebiger 1997)
and the Taiwan Debris Flow Risk Classification (Lin et al.
2011), the debris flow intensity and probability of occurrence
were used in this article to create a debris flow hazard map. In
the researches, such as Giuseppe et al. (2012), Regione Sicilia
(2004), and Chang et al. (2017), the return period and the
intensity were also combined to determine the debris flow
hazard. The debris flow intensity is defined as the maximum
simulated depth (%) multiplied by the maximum simulated
velocity (v) and the maximum simulation depth (%). Table 1
shows the classification of the intensity based the 4v and 4
proposed by Lin et al. (2011) and Chang et al. (2017).
Combining the intensity classes with the occurrence probabil-
ity classes, calculated according to Eq. 3, three hazard classes
were adopted in this study (Fig. 3). Based on this classifica-
tion, a hazard map for the study can be obtained.

The above hazard classification of debris flow is related to
the intensity and occurrence probability, which can be classi-
fied into three categories (Fig. 3): (i) high hazard (H3) causing
severe structural damage corresponds to conditions under high
intensity and high probability, high intensity and moderate
probability, or moderate intensity and high probability; (ii)
moderate hazard (H,) causing weak structural damage de-
pending on its specific property corresponds to conditions of
high intensity and low probability, moderate intensity and
probability, or high probability and low intensity, and ele-
ments may suffer weak structural damages depending on the
specific property; and (iii) low hazard (H;) is a minimum
flooding situation, which refers to moderate intensity and
low probability, low intensity and moderate probability, or
low intensity and low probability. It is observed that the haz-
ard of debris flow varies with the occurrence probability and
intensity. Larger-scale events occur less frequently but have
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Fig. 2 A typical numerical
simulation result for a debris flow
event. The debris flow inundated
area and buried depth are shown
in the figure. Different colors
indicate depths of the debris flow
(Wang et al. 2016)

fluid depth/m
20.000

13.333

6.667

0.000

higher intensity expressed in terms of flow depth and velocity.
Smaller-scale events are more frequent but have smaller in-
tensity. The methodology to delineate debris flow hazard map
used in this study was first applied in northern Venezuela, and
it is based on Swiss and Austrian standards (Gentile et al.
2008; Lin et al. 2011; Chang et al. 2017). Three zones of
different hazard levels are defined (Fig. 3). The occurrence
probability is defined for return periods of 20, 100 and 200
years; the intensity depends on the combination of flow depth
(n) and flow velocity (v).

Land use determination within debris flow inundated
areas

According to the numerical simulated results of debris flows
under different rainfall periods, the land use types within the
inundated area can be determined. Here, the current land use
classification standard issued by the Standardization
Administration of the People’s Republic of China was used

251250 25 5 75 |
A e km

— Contour
D Watershed boundary

to classify the land use types in this article (PRC National
Standard GB/T 21010-2017). The 12 first-class land use clas-
ses, namely, cultivated land, garden land, forest, grassland,
commercial land, industrial and mining storage land, residen-
tial land, public management and public service land, special
land, transportation land, water/water conservancy facilities,
and other land, were classified (Table 2). In practice, based on
Landsat TM digital images combined with the above land use
classification standard, the spatial distribution of land use can
be mapped by employing the full digital interactive remote
sensing extraction method. Then, the land use within the in-
undated area can be extracted from the inundated area bound-
ary based on the numerical simulation results.

Vulnerability and risk assessment of debris flow

Risk is defined as the expected loss of life, personal injuries,
property damage, and economic activity disruption due to a
particular natural phenomenon. Mathematically, it can be

Table 1 Debris flow intensity

divided standard used in this Debris flow Maximum simulated Relation ~ Maximum simulated accumulation depth
study intensity accumulation depth / (m) and velocity vi (m?/s)

High (1) h>25 Or vh>2.5

Moderate (/) 0.5<h<?2.5 And 0.5<vh<25

Low (I;) 0.0<h<05 And 0.0<vh<05
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Fig. 3 Classification of the
degree of hazard for debris flows

proposed in this study High(I+)

Moderate(Iv)

Intensity

Low(I.)

Occurrence

High Moderate Low probability

Rainfall frequency

Return period

Occurrence
probability

20 100 200

2% 1% 0.5%

- High hazard (H3) l:l Moderate hazard(H2) \:, Low hazard(H1)

translated as the product of hazard and vulnerability (Eidsvig
et al. 2014):

R=HV, (4)

where hazard (H) is the physical property of a disaster itself
(as discussed in detail in the “Debris flow hazard assessment
for different return periods” section) and vulnerability (V) re-
fers to the extent of loss to the element at risks under a given
debris flow intensity and ranges between 0 (no loss) and 1
(total loss). Here, the element at risks refers to the land use
within the inundated areas. Risk includes both the probability
of debris flows occurrence and element losses.

Vulnerability is determined by the hazard of debris flows
and the property of the elements at risk (land uses). The vul-
nerability assessment is complicated by the problem of having

to assume a specific monetary value and the difficulty of
assessing the physical, social, and economic capacity of peo-
ple to react to the disaster occurrence. Followed by Fuchs et al.
(2007), a simplified method able to quantify the vulnerability
is proposed by dividing the elements at risk (land uses) into
several classes (12 first-class land use classes, seen as Table 2)
and then using an indicator of functional damage degree or the
cost of recovery to the land use derived from the occurrence of
a debris flow event under a given intensity. The final vulner-
ability can be classified into three distinct classes: (i) low
vulnerability (V; < 0.3), superficial (minor) damage, where
the elements at risk are functionally unimpaired and can be
easily and quickly restored; (ii) moderate vulnerability (0.3 <
V, < 0.6), functional (moderate) damage, where the function
of the elements at risk is impaired, and the recovery of the
element requires considerable time and cost; and (iii) high

Table 2  The land use type classification standard used in this article
Land use law Land use types Content
El Cultivated land Paddy field, irrigated fields, dry land, etc.
E2 Garden land Fruit land, tea land, betel field, etc.
E3 Forest use Broadleaf wood, coniferous wood, bush woods, bamboo field, etc.
E4 Grassland Natural pasture land, artificial pasture land, etc.
ES Commercial land Wholesale and retail land, accommodation and catering land, commercial and financial land, etc.
E6 Industrial and mining storage land Industrial land, mining land, storage field, etc.
E7 Residential land Urban residential land and rural residential land
E8 Public management and service land ~ Scientific education land, medical treatment land, sports and entertainment
land, press and publication land, public facilities and scenic spots 1
and, park and green spaces field, etc.
E9 Special land Military installations, religious sites, funeral sites, etc.
E10 Transportation land Railway, highway, rural road, airport, port and dock land, pipeline transportation, etc.
Ell Water and water conservancy facilities River, lake, reservoir, fish pond, tidal flats, ditches, hydraulic structures, etc.
El12 Other land use Salt and alkaline land, swamp land, sand, bare land, etc.

@ Springer



Arab J Geosci (2020) 13: 979 Page70of 14 979

Q
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Fig. 4 The risk matrix used in the Risk
study
High(H3) - High risk (R3)
T
& Moderate(Hz2) |:| Moderate risk (R2)
<
=
LOW(HI) |:| Low risk (Rl)
High (V3) Moderate(V2) Low(V1)

topographic data was the DEM with 5-m resolution. The ma-
terial data were mainly the attributes of the material (derived
from in/outdoor tests of soil samples of debris flow source
area) and the debris flow (derived from in/outdoor tests of soil
samples of debris flow accumulation area). The hydrology
data mainly consisted of rainfall data obtained over the past
20 years; the historical statistics of 10 min, 1 h, daily, monthly,
and yearly rainfall; and the rainfall records corresponding to
important previous disasters. The management data were
mainly remote sensing images including the multi-period
Landsat 8 satellite images and Google Earth images, the de-
tails of previous disasters, the results of intensive on-site in-
vestigations, and section measurement data. The land use
types in the study are obtained as follows: according to

Chengdu

103"3I 1'0"E

°3I2'0”E 103°3>|3'O”E

L

31°3'30"N 31°4'0"N 31°4'30"N 31°5'0"N
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I
103°33'0"E
Fig. 5 The location of the study area
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Vulnerability

the current land use classification standard (PRC National
Standard GB/T 21010-2017), the Landsat-8 remote sens-
ing image of the study area was used as the data source to
classify the initial land use types by the supervised classi-
fication method of the ENVI software. Then, the field sur-
vey method was used to verify the accuracy of the initial
results of supervised classification. The land use final clas-
sification map of the study area can be obtained after
verification.

According to the Sichuan Hydrology Record manual (Shen
etal. 1984), the relevant key design parameters of the drainage
outlet, such as the 10 min, 1 h, 6 h, and 24 h rainfall intensity,
and the maximum flood peak discharge can be obtained, as
can be seen in Table 5.

Regional administrative bounaries

— National and provincial boundaries
D DulJiangyan Region

Sichuan province boundary

Elevation
pem High : 2492

= Low @ 837
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Table 4 Morphological characteristics of the study area

Morphological factors Value
Area (km?) 8.63
Max altitude (m a.s.L) 2492
Elevation difference (km) 1.65
Main river channel length (km) 445
Average channel slope (m/m) 0.37

31°03' 01" ~31° 05" 22" N;
103° 30" 57" ~103° 32" 41" E

Range

The equilibrium concentration of a debris flow can be cal-
culated using Eq. 4. The values of the parameters in Eq. 4
derived from the material data are as follows: p = 1000 kg/
m’, ¢ =38°, o =2450 kg/m’, and 0 = 22.34°. The equilibrium
concentration was calculated as:

ptand 1000 x 0.411
Cy= =

(0—p)(tanp—tanf) 1450 x 0.370

~0.76 (5)

The different volumes of debris flow for the corresponding
return periods were calculated using Eq. 6 and are summa-
rized in Table 5. According to our field surveys as well as
related research of Ma et al. (2011), more than 600 x 10* m*
of the loose material remains on the hill and in the main chan-
nel, which would be mobilized to form debris flows induced
by heavy rainfall. Thus, the total volume of available material
(V,) was set to 600 x 10* m*. With sufficient precipitation, all
of the debris materials can be mobilized. The maximum debris
flow volume was:

Vp = min{g—;, ]Yéd} = % x 10*(m*)=783 x 10*(m*)  (6)

The rainfall event which occurred on August 13, 2013,
had a return period of approximately 100 years and trig-
gered a large-scale debris flow rushing out about 116 x 10*
m°> of loose solid materials (Ma et al. 2011). We used the
research results presented by Ma et al. (2011) to validate
our calculated results in Table 5 with the same return pe-
riod of 100 years and found that the calculated result value
was close to the field survey result of Ma et al. (2011).

Table 5 The key design parameters for 20-, 100-, and 200-year return
periods

Return period/year 20 100 200
10-min rainfall intensity/mm 20.76 26.76 29.16
1-h rainfall intensity/mm 82.68 111.8 121.68
6-h rainfall intensity/mm 197.00 269.00 300.00
24-h rainfall intensity/mm 318.08 467.18 531.08
Debris flow volume/ x 10* m’ 42.00 115.50 349.50

Therefore, the calculated flow volumes presented in
Table 5 are reasonable for the debris flow simulation with
different return periods.

Generally, the outlet of debris flows was determined by
field investigations and the interpretation of remote sensing
data. The outlet of the debris flow used for numerical simula-
tion under different return periods in this study is shown in
Fig. 6. The catchment area and length above this outlet are
4.28 km? and 3.1 km, respectively. On-site investigations
were conducted to determine the debris flow density. The
mean of multiple measurements of typical deposits of the de-
bris flow event on August 13, 2013, was chosen as the flow
density for the numerical simulations with different return
periods. The material rheological parameter was measured
using an MCR301 rheometer in the laboratory. The debris
flow was determined to be a Voellmy model based on rheo-
logical testing of the slurry. The basic input parameters are
shown in Table 6. The topographic boundary condition for
debris flow simulation was derived from high-resolution
DEM (5 x 5 m). The bed erosion was not considered in this
study and the boundary conditions were set by default, i.c.,
wall boundary conditions. The outlet was set as the inflow
boundary condition for the flow volume corresponding to dif-
ferent rainfall periods. The flow height was controlled by the
debris flow volume and the topography of the input outlet.
After preparing all the necessary parameters and boundary
conditions, the mesh type, the number of mesh cell, and the
node coordinates were defined to conduct debris flow
simulation.

The numerical simulation results for the maximum flow
depths for 20-, 100-, and 200-year return periods are shown
in Fig. 7. The fluid motion parameters have a high degree of
uncertainty and the following method was used to verify the
accuracy of the numerical simulation.

Fig. 6 The location of the out and gully condition in the study area
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Table 6 The input parameters of flow in the proposed model

Particle Water Average flow Internal friction Bed friction  Internal friction angle of the Chezy Pore
densityp/kg/  densityp,/kg/  densityp /kg/m’ angleg/° angle 06/° flowing massoyoesm/° coefficient pressure
m’ m’ ratio
2450 1000 1850 40 40 12 12 0.8

The observed parameters (Agpserved) Of the selected debris
flow events were based on field surveys. The predicted pa-
rameters (Apredictea) Were defined as the debris flow motion
parameters simulated by the numerical model. The evaluation
parameter (relative error {2, a value indicating the overall ac-
curacy of the simulated events) can then be calculated as:

Apredicted_Aobserved

Q= x 100% (7)

Aobserved

The rainfall on August 13, 2013, had a 100-year return
period. After the event, we conducted numerous field investi-
gations and measurements and measured the inundated area,
damaged houses, casualties, and damage to different land use
types. Therefore, this debris flow disaster event was used to
verify the debris flow simulation. We selected the fluid depth
and the inundated area as the validated parameters. The result
of'the field investigation of flow depth for a building house on
the debris flow fan was approximately 6.0 m, and the numer-
ical simulation result was 7.075 m, yielding an error of 17.9%
(€2 = 17.9%). The simulated result of the inundated area was
approximately 9.55 x 10° m?, with a relative error of 21.1%

(€2 = 21.1%). Therefore, the numerical simulation results un-
der a 100-year return period are in agreement with the field
surveys. Hence, the proposed method can be used to simulate
debris flow inundated parameters and to calculate debris flow
intensities.

After obtaining the key parameters of debris flow for dif-
ferent return periods (such as the influence area, flow depth,
and flow velocity), a final debris flow hazard map can be
obtained by using the proposed hazard assessment standard
of debris flows (Figure 3), as shown in Fig. 8.

The land use properties of the study area within the
maximum influence area corresponding to the 200-year
return period are mainly cultivated land (E1), forestland
(E3), grassland (E4), residential land (E7), transportation
land (E10), rivers (E11), and bare land (debris flow deposit
area, E12), as shown in Fig. 9. These land uses were arti-
ficially mapped through intensive fieldwork combined
with remote sensing images.

Vulnerability is determined by the hazard of debris flows
and the properties of land uses (Table 3). The water land (E11)
is mainly the Longxi River and Dagangou River, which are
important sources of water for the Zipingpu reservoir

Outlet
@

fluid depth
20,000

fluid depth
19.490

12088 13.333

6.497 ez,

0.000 0.000

Outlet Outlet
@ @

fluid depth

a ﬂy 23,037

15.358
7.679

0.000

Fig. 7 Numerical simulation results of final buried depths under rainfalls with different return periods
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Fig. 8 Hazard map

Land use types

Transportation land (E10)
River (E11)

Cultivated land (E1)
Forest land (E3)

Grass land (E4)
Residential land (E7)
Bare land (E12)

i Inundated area

Fig. 9 Land use types within the influenced area
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providing drinking water for Dujiangyan City, China. Thus, it
is considered a high-risk level. The other land in this area
(E12) is mainly a debris flow deposit area and is considered
a low-risk area. The other land use risks are determined by the
risk matrix (Table 3). Based on them, the debris flow risk map
was finally generated (Fig. 10), which shows the risk qualita-
tively classified into three classes (low, medium, and high).
Figure 10 also shows that residential land and transportation
land show a high risk. Moderate risk is distributed in cultivat-
ed land, grassland, and forestland. Low risk is mainly distrib-
uted in cultivated land, forestland, and bare land.

Discussion

In this study, the roughly 12 first-class land use class vulner-
abilities under different hazard intensities were assessed.
However, each first-level land use type contains multiple
second-level types. For example, the transportation land use
type contains railway, highway, rural road, airport, port and
dock land, pipeline transportation, etc. Under the same hazard
level, the vulnerability of different secondary-class land use
types is also different. The deficiency of this study is that it did
not consider the different vulnerabilities of secondary-class
land use indicators. However, this study considered the

Risk
& I High risk (R,)
Moderate risk (R,)
Low risk (R,)

Fig. 10 Risk map

@ Springer

maximum value of the vulnerability of the second-class land
use indicators and used this value as the vulnerability of each
first-class land use types. In the following research, the vul-
nerability assessment methods and models for secondary-
class land use types will be conducted, making the vulnerabil-
ity assessment of debris flow more reasonable and better ap-
plied to the practice of debris flow disaster prevention and
mitigation.

Conclusions

In this study, the debris flow risk analysis and modeling were
performed by combining numerical simulations with land uti-
lization data and the proposed methodology was tested by a
case study area of a small catchment. The main conclusions
are the following:

(1) The debris flow process intensity and the probability of
occurrence were used to create a debris flow hazard map.
The debris flow intensity was defined as the product of
maximum simulated depth (%) and fluent velocity (v) or
the maximum simulated depth (%). Joint with the 20-,
100-, and 200-year return periods, three hazard classes
(high, moderate, and low) were adopted, indicative of the
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potential level of damage to land uses within the inun-
dated areas.

(2) A simplified method able to quantify the vulnerability of
12 first-class land use classes by evaluating the degree of
functional damage under the given hazard class was put
forward. Each land use type has three vulnerability cate-
gories: superficial damage (low vulnerability), functional
damage (moderate vulnerability), and structural damage
(high vulnerability).

(3) After the hazard and vulnerability assessments of debris
flows, the final debris flow risk assessment was conduct-
ed by combining the hazard and vulnerability assessment
results. The final risks were classified into high (R3),
moderate (R,) and low risk (R)).
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