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Abstract. Small communities living in mountainous terrain
in Hubei province are often affected by landslides. Previ-
ous studies by the China Geological Survey focused on the
1: 100000 scale. Therefore, a more detailed assessment, es-
pecially at the community level, is urgently required by lo-
cal governments for risk management. In this study, we con-
ducted a more detailed semiquantitative landslide and risk as-
sessment at the community level using a scale of 1 : 10000.
We applied the probabilistic method to assess landslide spa-
tial, temporal, and size probabilities, while the hazard and
risk assessment were considered for four return periods (5,
10, 20, and 50 years) and two size scenarios (landslide vol-
ume). The spatial probability from susceptibility mapping
with an accuracy of 84 % indicates that the major controlling
factors are Quaternary deposits and weathered eluvium from
Ordovician limestones. This study revealed that most build-
ing areas in hazard maps are at the foot of major slopes with
very high hazard probabilities, and therefore we computed
the potential loss of life and property for each slope. The re-
sults reveal that 1530 people and USD 18 million worth of
property were at risk of landslides within a 50-year return
period and a landslide volume of 50 000 m>. The longer the
return period is, the higher the hazard probability is. Com-
pared with the classic inverse gamma and power law distri-
bution of landslide magnitude and frequency, the function by
the ordinary least squares method is more suitable for land-
slide size probability analysis of the study area. According to

these methods, the proposed procedure of landslide risk as-
sessment proves more useful than the existing data from the
1: 100000 scale in western Hubei, China.

1 Introduction

Risk analysis and assessment in China is an effective means
of reducing casualties and economic losses induced by land-
slides. Although theory and techniques applied worldwide
are available (Van Westen et al., 2005; Lee et al., 2007;
Neuhéduser and Terhorst, 2007; Erener et al., 2016; Huang
et al., 2017; Jiménez-Peralvarez et al., 2017; Van Westen and
Greiving, 2017), these are not yet well utilized in western
Hubeli, China, where the current research was undertaken. To
date, very little scientific work is documented at the commu-
nity level for the study area. Mountainous communities in the
area are exposed to landslides because of high rainfall and
urbanization. Annually, road construction and anthropogenic
modifications at the community level (e.g., excavations in
search of building materials), the degree of urbanization, and
subsequent population growth have promoted the frequency
of landslides, with immense risk to the communities, causing
death and unaccountable property loss. According to the Chi-
nese geological disaster notification report (2017), for exam-
ple, around 850 disasters occurred in 2017 in Hubei province,
China, causing 23 deaths and about CN'Y 254 million (equal
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to USD ~ 36.29 million by November 2019 conversion) of
economic losses. Quantifying landslide risk and developing
a reduction strategy remains a challenging issue.

Currently, guidelines for landslide risk zoning and land
use planning with the framework, definitions, and recom-
mendations are available for clearly defined scales (Fell et
al., 2008a). Also, research work highlighting landslide risks
at a community level has recently been conducted, and some
of the results reached are available to the public (Erener and
Diizgiin, 2012; Abdulwahid and Pradhan, 2016; H. X. Chen
et al., 2016; Liu et al., 2016; McAdoo et al., 2018; Paliaga
et al., 2019). Paliaga et al. (2019), for example, used a spa-
tial multicriteria analysis technique to propose geohydrologi-
cal risk mitigation measures in a small but densely populated
catchment, with descriptive parameters involving the extent
of urban development and elements at risk. In Spain, a quan-
titative assessment of landslide risk for the road network of
the Basque Country was used for calculating hazard proba-
bility and expected consequences (Mavrouli et al., 2019).

Our objective in this study is to conduct a community
level landslide hazard probability and risk assessment of an
area with limited landslide data and damage records. De-
spite these limitations, in this study, we attempted to quantify
the landslide risk for the Yuyangguan community, in Hubei
province, China. The probabilistic method was used to assess
landslide spatial, temporal, and size probabilities. Landslide
hazard and risk assessment are considered for four return pe-
riods and two magnitude scenarios. From these, we propose
risk reduction strategies that stakeholders can use for risk
management and control.

2 Study area and data

The study area, Yuyangguan community (30°07'-30°12'N,
111°01'-111°07" E), is in Wufeng county (29°56’'-30°25’ N,
110°14'-111°20" E), western Hubei province, China (Fig. 1).
It covers an area of about 34 km? with 15 villages, includ-
ing Sanfangping, Dafangping, and Caojiaping. This area has
been inhabited since 750 years ago, but intense urbaniza-
tion development involving the construction of national-class
roads began only in 2012. The area was selected for this
study because of frequent landslides responsible for tremen-
dous damage in recent years. The residential area is sur-
rounded by steep slopes, with elevations ranging from 180 to
680 ma.s.l. The climate is typical monsoonal with annual av-
erage precipitation of about 1500 mm.

The main lithological units outcropping in the study
area comprise Ordovician (O,g) limestones and shales, Sil-
urian (S25) sandstones and shales, Devonian sandstones with
coal layer, Permian sandstones, and recent deposits. The
Sos sandstones dominate the rock types along the commu-
nity slopes, and intense weathering explains the low mass
strength of the bedrock. Consequently, weathered S>s and
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0O,g rocks are the primary sources of landslides, with the
records and bedrocks presented in Table 2.

The Xiannvshan fault (Fault I in Fig. 1) and Yuyangguan
fault (Fault II in Fig. 1) of the Changleping tectonic belt
constrain the bulk architecture of the area. The Xiannvshan
fault, striking approximately 340° N-345°W and dipping
60-70° NE, is a transpressional fault terminating at the center
of the community. The fault is a seismically active belt, ex-
emplified by the Panjiawan earthquake (Mg = 4.9) of 1961
and the Zigui earthquake (M =3.3) of 1972. Conversely,
the Yuyangguan fault, striking E-W and dipping 60-70° S,
is a transtensional fault. Rocks associated with the Yuyang-
guan fault comprise a 20-50 m wide area of cataclasite and
brecciated mylonite, with several secondary faults merging
into it, and, together, go through the center of the Yuyang-
guan community. According to the China Earthquake Ad-
ministration, the studied area is in a weak-seismic-activity re-
gion with a basic earthquake intensity of VI, and the 50-year
10 % probability exceedance of the peak ground acceleration
is 0.05 g. No historical record is available for earthquake-
induced landslides in the area.

Rainfall and anthropogenic activities contribute signifi-
cantly to triggering mass movements, mainly landslides. In
the rainy season of 2013, a slope along the main road col-
lapsed, breaking and causing lengthy traffic jams and trans-
portation problems (Fig. 2). A landslide occurred in a new
residential quarter of the community on 3 January 2013, due
to an unstable foundation pit after a 1 d excavation (Fig. 3).
These two landslides are examples, with more landslide
records prepared from aerial photograph interpretations and
validated by field investigations.

Table 2 shows all historical landslide data from 1976
to 2013 in areas dominated by Quaternary deposits. Besides
the landslide inventory database, other datasets collected for
landslide risk mapping include the following.

— A 10mx10m resolution digital elevation
model (DEM) generated from a topographic map
obtained using an unmanned aerial vehicle (UAV) was
used. The DEM allowed the extraction of the slope,
elevation, aspect, and curvature data using the surface
analysis tool in ArcGIS (a geographic information
system for working with maps and geographic informa-
tion, http://www.esri.com/software/arcgis/arcgisonline,
last access: September 2017; Fig. 4a—d).

— A Geological map ata 1 : 50000 scale (Fig. 1) was used
to extract datasets, including lithology, faults, and slope
structure. The slope structure map (Fig. 4e) was gener-
ated using the standard and stratigraphic altitude advo-
cated by Cruden (1991). The land use map provided the
distribution of rivers and roads (Fig. 4h and 1).

— Landslide inventory databases of the case community
(named Yuyangguan) and a neighboring community
(named Chengguan) were utilized in this study to an-
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Figure 1. (a) Insert representing Wufeng county hosting the Yuyangguan and neighboring Chengguan community; (b) the distribution of
lithological units and recorded landslides in the case community. (The lithology codes in the legend are described in Table 1.)

Table 1. Characteristics of lithology distributed among Yuyangguan.

Lithology code  Characteristics of lithology

QP Gravel, pebble, and drift stone, with a small amount of sand.

Qdite Clay intercalated with gravel, mainly distributing in the gentle slope area of the bank slope.

Pymn The top marl, the middle thin-layered manganese-bearing siliceous limestone.

Pig Upper Carboniferous tumorous limestone, lower chernite nodules, and chernite strip limestone.
Cohn Upper thick-layered limestone, dolomitic limestone, lower dolomite, sometimes conglomerate.

Ds3x Upper sandstone and shale interbedded, middle thick-layered marl, lower sandy shale with oolitic hematite.
Dsh Thin, medium-thick silty shale, fine-grained quartz sandstone, bottom shale.

Doy Thick quartzite and quartz sandstone with a small amount of carbonaceous shale and mudstone shale.
Sos Thick- to thin-layered quartz sandstone, siltstone and silty shale, and mudstone shale at the lower part.
Sqlr Shale with siltstone and thin marl.

Sq! Muddy shale, sandy shale with siltstone, silty shale, and carbonaceous shale.

(01 Medium-thick-layered bioclastic turtle limestone.

Org Microcrystalline limestone with a medium thickness.

On Medium- and thick-layered limestone, dolomite and shale with limestone at the bottom.

O1h Thick and massive coarse-grained bioclastic limestone and limestone.

01d Thick to thin layers of tumorous limestone interbedded with shale.

€rsn Massive and thick-layered dolomite with dolomitic limestone.
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Figure 2. Landslide YYGO!1 occurred in the rainy season of 2013, causing damage on the national road (G318) in Yuyangguan. (Travel
distance =57 m.) (a) An overview of the landslide YYGO1, (b) left side of the loose landslide body, (¢) river blockage caused by the
landslide YYGO1, and (d) the retaining wall.

Figure 3. Landslide YYGO3 caused by slope incision in a residential quarter of Yuyangguan.

alyze the size probability in hazard assessment (see Ta- — A building footprint map (Fig. 5) was interpreted and

ble 2). We used the hazard database of the neighboring
community for the following reasons: (1) the landslides
in the case community are limited for probability anal-
ysis; and (2) the two communities are similar in geo-
morphology, geology, climate, and landslide types. The
location of the Chengguan community is displayed in
Fig. 1a, and administratively the two communities are in
Wufeng county. Both communities belong to the same
structural belt named the Changleping anticline fold that
extends in a nearly E-W direction and comprises the
Silurian and Ordovician rocks. Previous landslides in
these communities involve shallow and soil slope move-
ment of weathered bedrock. The factors triggering the
landslides are rainfall and slope cutting, associated with
urbanization development.

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

checked in the field by the authors, with most buildings
on or at the toe of the first slope zones, with an elevation
of up to 350 ma.s.1. The entire built area is 757 000 m?,
with data on the economic value of buildings obtained
from the Department of Natural Resources of Hubei
Province (see Table 3).

Census data were obtained by integrating the infor-
mation derived from the China population data (2010)
(http://www.stats.gov.cn/tjsj/pcsj/rkpc/6rp/indexch.
htm, last access: September 2016) and sampling survey
(Fig. 6), amounting to a population of 45914 in the
area.

www.nat-hazards-earth-syst-sci.net/20/1/2020/
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Figure 4. Thematic maps for landslide susceptibility mapping: (a) slope, (b) elevation, (c) slope aspect, (d) curvature, (e) slope structure,
(f) lithology, (g) distance to fault, (h) distance to river, and (i) distance to road.
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Figure 5. Building footprint map with economic values for the Yuyangguan community.

3 Methodology

This section summarizes the methods employed for semi-
quantitative risk analysis for landslides at a community level.
Initially, the slope-unit-based hazard probability was calcu-
lated by integrating spatial, temporal, and size probabilities.
We generated eight hazard probability maps involving four
return periods (5, 10, 20, and 50 years) and two size sce-
narios. For each map, we determined the potential landslide-
influencing area semiquantitatively by calculating the trav-
eling distance of the slope unit. Subsequently, the element-
at-risk map was interpreted from the image data, popula-
tion census data, and sampling survey. The vulnerability map
was created by assimilating assets and landslide-influencing
areas. Values in the vulnerability map were semiquantita-
tively determined for buildings and people in the buildings.
The combination of hazard maps, vulnerability maps, and
element-at-risk maps produced the risk value for each slope
unit, contributing to the final risk maps of the population and
buildings in the study area. The flowchart of the methodology
is depicted in Fig. 7.

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

3.1 Landslide hazard from spatial, temporal, and size
probability analysis

Hazard assessment is an essential step in landslide risk as-
sessment. For the community level, this is achievable through
the deterministic model (Gokceoglu and Aksoy, 1996; Qiao
etal., 2019), given enough engineering geology data. For the
study area, soil or rock strength parameters were unavailable
for use in the deterministic method. We therefore used three
probabilities (spatial, temporal, and size) to resolve questions
on where and how potential landslides will occur with abso-
lute magnitude in a given time (Guzzetti et al., 2005) using
the following expression:

H=P(S)xP(NL)x P(AL), (1)

where H represents the hazard probability, P(S) is the
spatial probability, P(Np) is a temporal probability, and
P (AL) is size probability.

3.1.1 Spatial probability

Spatial probability, based on the concept of susceptibility, as-
sesses the locations where a mass movement exists or may

www.nat-hazards-earth-syst-sci.net/20/1/2020/
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potentially occur. Landslide susceptibility mapping (LSM)
is now widely used by researchers (Ayalew et al., 2004;
Fell et al., 2008b; Van Westen et al., 2008; Guzzetti et al.,
2012). In this study, morphometric and geoenvironmental
factors, including altitude, slope, aspect, curvature, slope
structure, distance to rivers, and proximity to roads, were
chosen as variables. The morphometric factor maps were
derived from the DEM with a 10 m x 10 m resolution ob-
tained by a UAV. Geoenvironmental factors, such as lithology
and faults, were prepared and transformed from shapefiles to
grid-based maps using a 1 : 50000 scale geological field map
from the China Geological Survey (http://www.cgs.gov.cn/,
last access: September 2016). Detailed processing steps in
ArcGIS are provided in Catani, Casagli, Ermini, Righini,
and Menduni (2005). The commonly applied weight of ev-
idence (WoE) method was used to assess landslide suscepti-
bility in this study. This is a probabilistic model considering
evidence factors of landslides, based on the conditional inde-
pendence hypothesis (Hong et al., 2017). In the WoE method,
W™ and W~ were used as the weights where the evidence
was present or absent, respectively, and the contrasts (differ-

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020


http://www.cgs.gov.cn/

8 S. Fu et al.: Landslide hazard probability and risk assessment at the community level

Table 2. Historical landslides investigated in the field by the authors.

Date Landslide Coordinates Material Bedrock Volume Area  Triggering
(month/year) ID X Y (x10000 m3 ) (x10000 m2) factors
Seven landslides were located in the Yuyangguan community.

Jun 1981 YYGO02 506615 3335500  Soil Silr 49.8 4 Rand SC
Jan 1989 YYGO5 505788 3338880 Soil Srs 10.4 35 R

Dec 2007 YYGO06 507320 3340080 Soil androck O;d 8 1.6 RandSC
Jun 2010 YYGO7 507381 3341680 Rock 01d 222 22 RandSC
May 2013 YYGO04 506275 3338610 Soil Ss 10.7 1.5 Rand SC
Jul 2013 YYGO1 506692 3334830 Soil Srs 147.6 59 R

Jan 2014 YYGO3 506828 3337320 Soil Sl 20.9 1.7 Rand SC
Nineteen landslides were located in the Chengguan community.

Jun 1967 CGO08 468193 3341670 Soil Orb 79.5 53 R

Jul 1969 CG09 468331 3341980 Soilandrock Ob 16.8 24 R

Jul 1969 CG17 468119 3342020 Soil S 4 05 R

Jun 1991 CG19 467889 3341710 Soil Sl 4.32 054 R

Jul 1991 CGO03 467576 3340630 Rock Orb 1.92 048 R

Jun 1992 CG06 468072 3341460 Rock Osrb 34.5 23 R

Jun 1992 CGl11 468841 3342740 Soil Sl 7 05 R

Jun 1992 CG12 468354 3342720 Soil Sl 9.6 12 R

Jul 1994 CG13 467816 3342670 Soil N 4.55 0.65 R

Jul 1994 CGl4 467888 3342520 Soil S1; 8.2 0.82 R

Jul 1996 CG16 468188 3342070 Soil Sl 3.6 06 R

Jul 1997 CG07 468295 3341510 Soil Orb 14.3 1. R

Feb 1998 CG15 467956 3342230 Soil Sl 8 08 R

Jul 2002 CGO05 467830 3340990 Soil Orb 559 43 RandSC
Aug 2005 CG04 467659 3340830 Rock Orb 5.04 0.56 SC

Jul 2007 CG18 467707 3341990  Soil S/ 13.2 1.1 R

May 2009 CGO1 466943 3339730 Soil Sil 54 045 R

Mar 2012 CG10 468597 3342480 Soil Orb 3.18 053 R

Apr 2012 CG02 467038 3339980 Soil S/ 1.05 021 R

R - rainfall; SC — slope cut. The code of bedrock is listed in Table 1. The projected coordinate system is Xian_1980_3_Degree_GK_Zone_37 with projection of

Gauss_Kruger.

ences between W+ and W) were used as the weight for the
morphometric and geoenvironmental factors.

The effectiveness of the LSM was tested using the receiver
operating characteristics (ROC) curve (Metz, 1978; Zezere et
al., 2017), with the area under the ROC curve used to assess
the success rate.

The above grid-based LSM data were then converted into a
slope-unit-based susceptibility map. The susceptibility value
of each slope was calculated from the average value of the
susceptibility of the grids within the slope. The slope unit
was subdivided using the hydrology analysis method in the
ArcGIS platform. The slope-unit-based spatial probability
map was classified into five classes, including very high,
high, moderate, low, and very low.

3.1.2 Temporal probability

Landslide temporal probability P(Np) is evaluated by as-
suming that slope failures are independent random point

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

events in the time domain (Crovelli, 2000; Guzzetti et al.,
2006). In this study, the Poisson model (Crovelli, 2000) was
adopted for constructing temporal probability. It is the ex-
ceedance probability of landslide occurrence during a given
period (see Eq. 2), meaning the probability of experiencing
one or more landslides during a given time, and derived as

P(Ni)=1-—¢T/RI RI=¢/N, )

where T is the return period, e.g., 1, 10, 20, and 50 years;
the recurrence interval (RI) is the historical mean recurrence
interval for each slope unit; ¢ is the temporal interval of
the landslide database; and N is the number of landslides
recorded in each slope. If the historical landslide database is
incomplete, N on a slope unit with a very high susceptibility
class in the LSM is assigned as 1.

www.nat-hazards-earth-syst-sci.net/20/1/2020/
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3.1.3 Size probability

Landslide size probability is calculated based on the relation-
ship between landslide volume and cumulative frequency.
Guzzetti et al. (2005) used the probability density function
of the landslide area to predict the probability of a specific
landslide area in each slope unit. Stark and Hovius (2001)
found that landslides in New Zealand and Taiwan fitted with
a double Pareto probability distribution, and two differences
in our study will improve the application. The first is that
the present study seeks the most suitable distribution for the
case study area. Therefore, we compared the distributions
stated previously and introduced another type using the ordi-
nary least squares (OLS) method in the MATLAB software,
with the best fit used for probability calculation. The sec-
ond is that landslide volume is an acceptable indicator for
risk control practice in the study area. Therefore, we con-
verted the landslide size probability distribution from area to
volume using the volume—area relationship simulated by the
OLS method. For this, we used the historical landslides in the
database of the study area in Table 2. The hazard database
of the Chengguan community was implemented because of
the landslide records limitation, but the geoenvironment and
hazards in both communities are similar. Meanwhile, the two
size scenarios were determined from the distribution of land-
slide volume in the case study area.

3.2 Data preparation for elements at risk

The next step was determining the elements at landslide
risk. This study focuses on residential buildings and people
within. The building footprint map (see Fig. 5) was inter-
preted from the 2013 UAV image data. The building structure
(reinforced, reinforced concrete, masonry, and wooden) and
numbers of floors are involved in the building map database.
To express the risk in monetary values, we used the economic
value of the buildings (see Table 3) obtained from the Depart-
ment of Natural Resources of Hubei Province. These data
were converted to building values by multiplying the unit
economic values, footprint areas, and the number of floors.
Data for the population in buildings were obtained by in-
tegrating the information from the China population census
data (2010) and the sampling survey. The average number of
people per building was calculated by applying a dasymetric
mapping approach (a methodology for generating a surface-
based representation of the population; Mennis, 2003), which
contributes to the data of the population in each building. To
assess the element at risk, the building footprint map was
then combined with the potential landslide influence area at
the community level. The influence area of each slope was
semiquantitatively determined by calculating the travel dis-
tances using the following formula (Hungr et al., 2005):

log(H/L)=A+ B xlogV, 3)

www.nat-hazards-earth-syst-sci.net/20/1/2020/

Table 3. The economic value of buildings in the Yuyangguan com-
munity (the Department of Natural Resources of Hubei Province,
2016).

Typology USD 100  Number

per m?  of floors
Reinforced 21.84 20-32
Reinforced concrete 9.31 6-20
Masonry 5.60 2-6
Wooden 0.70 1-2

where L is the travel distance, H is the slope height, V is
slope volume, and A and B are constants. These constants
are referred to in Corominas (1996).

3.3 Vulnerability analysis and risk assessment

Quantitative vulnerability analysis is still a challenge in land-
slide risk assessment (Chen et al., 2011; Peduto et al., 2017).
Physical vulnerability assessment is performed in a large- or
local-scale area (Fell et al., 2008b; Li et al., 2010; Quan Luna
et al., 2011). In this study, the physical vulnerability was
semiquantitatively determined for buildings, using two indi-
cators. The first indicator relates to building structures, such
as reinforced, reinforced concrete, masonry, and wooden,
while the second indicator is the landslide travel distance.
The assumption is that vulnerability is 1.0 for the buildings
on the slope, and it decreases from the toe of the surface
rupture to the farthest travel distance. We therefore propose
vulnerability values for different types of buildings (see Ta-
ble 4).

The vulnerability of the population in buildings follows a
power—law relationship with building vulnerability (Li et al.,
2010) as follows (see Eq. 4):

V, =0.0014 x 507V, 4)

where V), is the vulnerability of the population in buildings
and V4, is the vulnerability of a building.

A landslide risk map was then generated in ArcGIS based
on the concept defined by the IAEG (International Associ-
ation of Engineering Geology) and Varnes (1984) as “the
expected number of lives lost, persons injured, damage to
property, and disruption of economic activity due to a partic-
ularly damaging phenomenon for a given area and reference
period”. The conceptual equation for risk is

R=HxVXE, &)

where R is the expected loss for some return period, and H is
the landslide probability of some return period with a given
size scenario. In the present study, V' is the physical vulner-
ability of buildings or the population in the buildings, and
E is the quantification of the exposed elements at risk. Us-
ing Eq. (5), the risk curve is fitted by plotting the probability

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020
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Table 4. Vulnerability value of buildings impacted by landslides (proposed by authors).

Influence area

Zonel Zone2 Zone3 Zone4d
Reinforced 0.1 0.3 0.5 1
Reinforced concrete 0.2 0.5 0.7 1
Masonry 0.3 0.7 0.9 1
Wooden 0.4 0.9 1 1

L is travel distance; H is slope height.

versus potential loss, with the annual risk calculated from the
area under the risk curve (Van Westen et al., 2002).

4 Results

This section provides the results of the case study to illustrate
the application of the proposed framework and methodology
in Sect. 3.

4.1 Landslide susceptibility assessment

In assessing landslide susceptibility, we investigated the el-
evation, slope, aspect, curvature, lithology, slope structure,
distance to fault, rivers, and roads. The weights and contrasts
values from the WoE method for LSM of Yuyangguan are
presented in Table 5. According to the contrast values ex-
plained in Sect. 3.1 for lithology, the Ordovician limestones
and shales (Ozg) and Quaternary eluvium (Qi’ *e) are the
top two units, implying that these units are susceptible to
erosion. Under this background, heavy rainfall in the area
accelerates erosion, thus triggering landslides.

General road construction is of secondary importance,
with a contrast value of 0.95. Data in Table 5 also reveal gen-
erally significant morphometric factors in the study area. For
aspect and elevation, the contrast values are elevated on the
north-facing slopes with an elevation from 0 to 260 ma.s.1.,
but low on the south-facing slopes with an elevation above
350m a.s.1. For the slope, the steeper the slope is, the higher
the landslide probability is, with the contrast value for slopes
ranging from 10 to 30° being 0.19, indicating a relatively
high landslide probability.

The grid-based susceptibility map was converted to a
slope-unit-based map with 701 slope units in total. The slope-
unit-based susceptibility map was ordered into five classes,
ranging from very low to very high (Fig. 8). The performance
from the map reveals an accuracy of 84 %, using the ROC
curve. The landslide susceptibility is very high for the north-
facing slopes along the main road, especially where Qi’ te
and O,g rocks are present. These results correspond well
with the contrast values presented in Table 5.

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

4.2 Landslide hazard probability

The landslide hazard involves spatial, temporal, and size
probabilities. The landslide data for Yuyangguan presented
in Table 2 cover the 33 years from 1981 to 2013. For each
slope unit, the historical mean Rl is calculated using Eq. (2).
Assuming that the past is an indicator of the future, landslides
in the study area may be modeled over the next 50 years,
based on the past 50 years.

Four landslide temporal probability maps are displayed in
Fig. 9 for four return periods (5, 10, 20, and 50 years). The
map for 50 years, for example, shows the highest probabil-
ity for the slope units experiencing landslide events among
the four maps. Slope units with high and very high proba-
bility values (> 0.5) cluster on the first slope zones around
the community. The probability values on the slopes increase
from the return period of 5 years. For example, the enlarged
windows in maps of Fig. 9 demonstrate that the slope in
Huanglongzhai village experienced a very low probability in
the 5 years to a high class in the 50-year return period.

The landslide probability distribution curves are created
using three different fitting functions, as displayed in Fig. 10.
In comparison to the inverse gamma and the power law dis-
tributions, the function by the OLS method shows the best
fit, with the lowest root mean square error of 0.05. This in-
dicates that the landslide frequency distribution function by
the OLS method is the most appropriate technique to ap-
ply in Yuyangguan. The volume-area relationship is ana-
lyzed in Fig. 11a with an R? value of 0.915. This indicates
that converting the size probability distribution from land-
slide area data to volume is feasible in the study area. Mean-
while, two size scenarios are determined from the cumulative
frequency curve (Fig. 11b) based on a landslide volume of
50000 and 100000 m>. The number of landslides begins to
increase rapidly in Fig. 11b when the volume is greater than
50000 m?, representing a probable threshold value of land-
slide hazard volume, while a landside volume greater than
100 000 m3 represents the maximum for the landslides, as
shown in Fig. 11b. The value of 100000 m? is a standard
threshold for landslide classification provided by the China
Geological Survey and a widely accepted value in landslide
hazard risk control in China.

www.nat-hazards-earth-syst-sci.net/20/1/2020/
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Table 5. The weight and contrast values by the weight-of-evidence model for landslide susceptibility mapping of Yuyangguan, western

Hubei, China.

Factors Classes Areaof Landslide wt W- Cc=wt—w— SZwhH?r sZwob s c/sc)d
domain area %
%
Slope 0-10 11.03 3.66 —1.11 0.08 —1.19 0.01 0.00 11.04 —13.15
(degrees) 10-30 55.76 67.48 0.19 —-0.31 0.5 0.00 0.00 27.44 13.84
30-50 30.77 28.86 —0.07 0.03 —0.09 0.00 0.00 26.53 —2.45
50-90 2.44 0 0 0.02 -0.02 - 0.00 - -
Elevation 0-260 30.99 51.21 0.51 —-0.35 0.86 0.00 0.00 29.24 25.15
(meters) 260-350 35.75 43.11 0.19 —-0.12 0.31 0.00 0.00 28.99 9.07
350440 19.81 5.68 —1.26 0.16 —1.42 0.01 0.00 13.60 —19.36
440-680 13.44 0 0 0.15 —0.15 - 0.00 - -
Aspect Plan area 2.32 0.14 -2.79 0.02 —2.81 0.20 0.00 2.23 —6.29
(degrees) NNE (0-45) 12.08 10.06 —0.19 0.02 —0.21 0.00 0.00 17.63 0.00
NEE (45-90) 10.86 17.23 047 —0.08 0.54 0.00 0.00 22.05 12.00
SEE (90-135) 11.48 7.06 —0.49 0.05 —0.54 0.00 0.00 15.03 —8.11
SSE (135-180) 12.51 744  —0.52 0.06 —0.58 0.00 0.00 15.40 —8.96
SSW (180-225) 12.25 72 —0.54 0.06 —-0.59 0.00 0.00 15.17 —-8.99
SWW (225-270) 12.16 5.88 —0.73 0.07 -0.8 0.00 0.00 13.81 —11.09
NWW (270-315) 12.18 15.59 025 —0.04 0.29 0.00 0.00 21.21 6.17
NNW (315-360) 14.17 29.39 0.74 -0.2 0.94 0.00 0.00 26.56 24.97
Lithology Qutp 0.78 0.06 —2.61 0.01 —2.62 0.50 0.00 1.41 -3.70
odite 8.08 50.95 191 —0.63 2.54 0.00 0.00 28.83 73.28
Pymn 0.58 0 0 0.01 —0.01 - 0.00 - -
Piq 0.75 0 0 0.01 —0.01 - 0.00 - -
Corhn 0.26 0 0 0 0 - 0.00 - -
Dsx 0.63 0 0 0.01 —0.01 - 0.00 - -
Dsh 1.24 0 0 0.01 —0.01 - 0.00 - -
Dyy 7.16 0 0 0.08 —0.08 - 0.00 - -
Shs 22.07 27.61 023 —-0.07 0.3 0.00 0.00 26.15 7.88
Silr 21.34 11.99 —0.58 0.11 -0.7 0.00 0.00 19.06 —13.26
Sil 15.18 0 0 0.17 -0.17 - 0.00 - -
Osb 4.54 0 0 0.05 —0.05 - 0.00 - -
Org 3.33 9.37 1.06 —0.07 1.12 0.00 0.00 16.89 18.94
01d 3.83 0.03 —-4.9 0.04 —4.94 1.00 0.00 1.00 —4.94
O1h 4.71 0 0 0.05 —0.05 - 0.00 - -
On 4.69 0 0 0.05 —0.05 - 0.00 - -
€xsn 0.84 0 0 0.01 —0.01 - 0.00 - -
Curvature Concave 48.71 51.94 0.07 —-0.07 0.14 0.00 0.00 29.25 4.11
Straight/flat 0.87 0.03 —-3.42 0.01 —3.43 1.00 0.00 1.00 —3.43
Convex 50.42 48.03 —0.05 0.04 —0.09 0.00 0.00 29.26 —2.54
Slope Overdip 9.88 12.28 022 —0.03 0.25 0.00 0.00 19.19 478
structure Underdip 5.8 239  —-0.89 0.04 -0.93 0.01 0.00 8.98 —-8.32
Oblique 15.19 6.71 —0.82 0.1 —-0.92 0.00 0.00 14.70 —13.49
Transverse 32.32 33.29 0.03 —0.02 0.05 0.00 0.00 27.59 0.00
Anaclinal 36.82 45.33 021 —0.15 0.36 0.00 0.00 29.14 10.47
Distance to faults > 100 84.96 88.47 0.04 —-0.27 0.31 0.00 0.00 18.72 5.80
(meters) < 100 15.04 11.53  -0.27 0.04 —0.31 0.00 0.00 18.72 —5.80
Distance to rivers > 50 89.57 87.26 —0.03 0.2 —0.23 0.00 0.00 19.50 —4.46
(meters) <50 1043 12.74 0.2 —0.03 0.23 0.00 0.00 19.50 4.46
Distance to roads  Outside buffer 83.76 69.63 —0.19 0.64 —0.82 0.00 0.00 26.84 —22.09
General road (< 100) 9.73 21.59 081 —0.14 0.95 0.00 0.00 23.95 22.85
(meters) Highroad (< 200) 6.52 8.79 0.3 —0.02 0.33 0.00 0.00 16.55 5.44

The total area of the community is 29.14 km?2. Total landslide area is 3740 pixels. # Variance of W . P Variance of W ™. ¢ Standard deviation of contrast. 9 Studentized value of contrast.
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Figure 8. Slope-unit-based LSM at the community level, converted from the grid-based LSM using the weight-of-evidence method for

Yuyangguan, western Hubei, China.

Integrating the spatial probability in Fig. 9, temporal prob-
ability in Fig. 10, and the magnitude—frequency relationships
in Fig. 11, eight hazard maps were produced using Eq. (1).
Through these maps, we demonstrate the hazard probabil-
ity for each slope unit for four return periods (5, 10, 20,
and 50 years) and landslide sizes equal to or greater than
50000 m? and equal to or greater than 100000 m>. For ex-
ample, Fig. 12 shows the four landslide hazard maps for the
four return periods and the landslide size scenarios equal to
or greater than 50 000 m>. In these maps, the landslide haz-
ard probability values comprise five categories from very
low (0.0-0.1) to very high (0.4-0.5). The maps for the 50-
year return period show very high hazard probabilities for
most building areas in the community at the bottom or near
slopes. Conversely, buildings located in the community cen-
ter are in areas from low to very low hazard probability class.

4.3 Element-at-risk and vulnerability assessment

We assume that the buildings and population in the build-
ings are exposed to the slopes with high and very high class
probability in the hazard maps. Therefore, the element-at-
risk maps for buildings and the population generated from
the data in Sect. 2 and methodology in Sect. 3.2 are consis-
tent with the four return periods and two size scenarios of the
landslide hazard probability maps.

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

Data in Table 6 show no exposure for the return periods
of 5 years and 10 years, while for the 50-year return period
and 50 000 m? size scenario, 570 000 m? of hosing areas and
14257 persons are exposed to landslide risk. The data also
highlight the potential for damaged building areas and the
number of persons in the buildings for return periods of 20 to
50 years. The vulnerability value is indirectly calculated by
Eq. (4) in Sect. 3.3. In the size scenario of landslides for the
volume equal to or greater than 50 000 m3, a sharp increase in
exposure exists for built areas and their population, with the
exposure more than doubling from 20 to 50 years. Similar re-
sults emerge for the size scenario of landslide volume equal
to or greater than 100000 m>. Comparing the two size sce-
narios, we find that the number exposed for the 100 000 m?
volume is lower than that for 50000 m>. The percentage of
building areas exposed to landslides in the 20-year return
period are 8.76 % for the 50000 m3 volume, whereas it is
5.86 % for the 100 000 m? volume, probably due to the lower
hazard probability in the latter scenario. A similar tendency
is observed for the population in buildings, with about 30 %
exposed to landslides for the 50-year return period.

Accordingly, eight vulnerability maps for buildings and
eight vulnerability maps for the population in the buildings
are created for the four return periods and two size scenarios.
For example, Figs. 13 and 14 show the resulting vulnerabil-
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Figure 9. Landslide temporal probability maps based on the Poisson model, showing the exceedance probability of landslide occurrence in

each slope unit for four return periods (5, 10, 20, 50 years).

ity maps for buildings and the population in buildings for the
four return periods and when the landslide volume is equal
to or greater than 50000 m>. Most exposed buildings are lo-
cated on slopes with high or very high hazard probability,
including the Caolinwan, Dafangping, and Sanfangping vil-
lages. The buildings and population in buildings in these cen-
tral communities are not exposed to slope hazard because of
the very low class (0-0.1) of landslide probability.

As presented in Table 4 in Sect. 3.3, we assigned a vul-
nerability value of 1.0 to buildings on slopes. This causes
buildings outside the flat areas in the community to display
very high vulnerability values in Fig. 13, involving five cat-

www.nat-hazards-earth-syst-sci.net/20/1/2020/

egories ranging from very low to very high. For the 50-year
return period and 50 000 m?3 size scenario, 18 % of built areas
exhibit very high class vulnerability. The vulnerability value
for the population was then assigned according to Eq. (4)
in Sect. 3.3 from the building vulnerability result. The very
high class population vulnerability shown in Fig. 14 was
over 0.5, with the area representing about 10 % of the people
exposed, concentrated in the slope influence areas of Dafang-
ping, Caolinwan, and Sanfangping or on the slopes with the
very high class hazard probabilities displayed in Fig. 12.
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4.4 Risk assessment

Landslide risk maps are then generated from the eight haz-
ard maps, eight vulnerability maps, and the values of the el-
ements at risk by Eq. (5). An example of a risk map for the
population loss is shown in Fig. 15. The map for the 50-year
return period, for example (see Fig. 15d), shows that poten-
tial loss is concentrated in the urban and densely populated
areas along the Yuyangguan River, especially at the toe of
the slope of the Caolinwan, Dafangping, and Sanfangping
villages.

The final population and building risks for four return peri-
ods and two size scenarios are presented in Table 6. Accord-
ingly, no potential losses emerge for the 5- and 10-year return
periods. The absence of risk for the 5-year return period is
proven by the fact that no casualties or economic losses have
been reported in the Yuyangguan community since 2014.
For the volume equal to or greater than 50000m?, how-
ever, the potential casualties are 771 persons, representing
1.68 % of the total population in the community. The eco-
nomic losses are estimated at USD 8.57 million for the 20-

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

year return period, amounting to 3.7 % of economic values
associated with buildings. As presented in Table 6, the risk
is expected to double in the next 50-year return period. For
the volume equal to or greater than 100 000 m?, the potential
loss is lower, with 1.27 % of the population exposed to land-
slides, amounting to a decrease of 0.41 % relative to the size
scenario of 50000 m>.

5 Discussion
5.1 Discussion on landslide susceptibility map

The landslide susceptibility results demonstrate that lithol-
ogy is the most important controlling factor. Qi’ *e | weath-
ered Guniutan O»g limestone, and weathered S>s sandstone
exhibit the top three weight values in lithology contribution
in the susceptibility map. This is consistent with findings
inform the fieldwork. The residual deposit and eluvium are
composed of clay and gravels that are characterized by low
strength and cover the main areas with intensive human activ-
ities in the Yuyangguan community. For the O, g bedrock, its

www.nat-hazards-earth-syst-sci.net/20/1/2020/
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Figure 12. Landslide hazard maps for four return periods (5, 10, 20, and 50 years) and the landslide sizes scenario equal to or greater than
50000m>. The maps were generated by integrating the spatial probability in Fig. 8, temporal probability in Fig. 9, and the magnitude—

frequency relationships in Fig. 10.

high strength makes it less vulnerable to a landslide. How-
ever, in the field, we found two groups of surface joints in
the O g, and this helps to explain why the YYGO07 landslide
occurred (see Table 2). Field observations also reveal that
most landslides occurred in S>s sandstones and shales. How-
ever, the weight value (0.3) of S is lower than those of Qi’ ter
and O;g. This is because the area covered by the S»s for-
mation is much larger than the area of Qi’ *eand 0g (see
Fig. 1). Therefore, high landslide probability for slopes in
0, g limestone must be considered, and attention should be

www.nat-hazards-earth-syst-sci.net/20/1/2020/

devoted to slopes where historical landslides are not as fre-
quent now.

5.2 Discussion on landslide hazard assessment

Landslide hazard maps are generated for four return periods
(5, 10, 20, and 50 years) and two size scenarios. Theoreti-
cally, the definition of hazard scenarios, as stated by L. Chen
et al. (2016), should be based on the analysis of landslide oc-
currences and triggering events. Due to incomplete informa-
tion on landslide dates in the community, it is challenging to
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Table 6. Exposure and risk of buildings and population for landslides under four return periods (5, 10, 20, and 50 years) and two size scenarios
(landslide volume equal to or greater than 50 000 or 100 000 m?) by using the methodology in Sect. 3.2 and 3.3. (Number in brackets is in

percentage.)

Size scenario

Landslide volume equal to or greater

Landslide volume equal to or greater

Return period (years) than 50000 m3 than 100 000 m3
5 10 20 50 5 10 20 50
Exposure Population 0 0 4073(8.87%) 14257 (31.05%) 0 0 2724(593%) 13746 (29.94 %)
Building area (x 10000 m3) 0 o0 16.3 (8.76 %) 57 (30.64 %) 0 o0 10.9 (5.86 %) 55 (29.57 %)
Risk Casualties (person) 0 o0 771 (1.68 %) 1485 (3.23 %) 0 o0 584 (1.27%) 1235 (2.69 %)
Economic losses (x USD 1000) 0 0 8627 (3.69%) 16613 (7.10 %) 0 0 6593(2.82%) 13360 (5.71 %)

Annual risk  Casualties (person)

Economic losses (x USD 1000)

59 (0.13 %)
661 (0.3 %)

47 (0.10 %)
513 (0.23 %)

establish the relationship between the landslide return period
and triggering factor (rainfall in this case study). However,
we observed that no landslide has occurred in the Yuyang-
guan community since 2014, which is consistent with the
hazard result for the 5-year return period (see Fig. 12a). This
means that the temporal probability approach using the Pois-
son model is suitable for landslide hazard assessment when
the landslide database is missing the occurrence date and
triggering event (e.g., rainfall) data.

In the size probability analysis, the landslide probability
distribution is the key for quantifications. We found that the
classical distribution model (Stark and Hovius, 2001; Mala-
mud et al., 2004) failed to produce an excellent fitting per-
formance in this study. The difference in the landslide size
between Malamud’s and our landslide database accounts for
this inconsistency. No small landslides (< 1000 m? in Mala-
mud’s research) are present or recorded in the Yuyangguan
community, and the simulation equation (in Fig. 10) is suit-
able for landslide risk assessment in this study. In the future,
however, comparison with classical models should be under-
taken, and other factors, such as triggers and landslide types,
should be considered using a complete database or one with
more landslide events.

5.3 Other limitations in risk results

Uncertainties exist in the final risk maps due to some other
factors, such as element-at-risk data and their vulnerability or
resilience. In this study, the data for buildings and population
in buildings at risk are derived from empirical calculations
for the landslide influence area. Further studies considering
landslide material, pore water pressure, and ground surface
characteristics besides slope height and volume used in this
paper will be conducted by numerical modeling.
Meanwhile, the risk results cannot be tested because of a
lack of historical damage data in the area, which is a com-
mon difficulty in China and other areas (Ghosh et al., 2011;
L. Chen et al., 2016). Damage data are also crucial for vul-
nerability analysis. We considered building typology and lo-
cation from the landslide to assess the physical vulnerability
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based on local experts’ opinions. However, the resilience of
the element at risk contributes to a reasonable decrease in
vulnerability. The mobility of persons and their characteris-
tics (e.g., age, education, and physical disability) and disaster
prevention capability of the government are not considered in
the community. In the future, physical vulnerability curves
for buildings and the population will be constructed for the
area.

From susceptibility to risk assessment, in general, we as-
sumed that landslides will occur under the same condition
as historical landslides. However, morphometric and geoen-
vironmental conditions will change with time. For example,
the slope degree, elements at risk, and land use cover may
change because of new infrastructures, or the number of his-
torical landslides may increase due to heavier rainfall. Fu-
ture studies will be necessary, considering the changing con-
ditions for more accurate results and more practical applica-
tions. So far, the series of maps represent a basis for landslide
risk control and land use planning in the Yuyangguan com-
munity. Risk control measurements can be planned on each
slope unit using a matrix combining landslide hazard proba-
bility and risk maps. For example, risk management on slope
units with very high class hazard probability and very high
risk can be suggested as requiring relocation or engineering
works. The precondition is that a more detailed geotechnical
investigation and comprehensive analysis be complemented.
This achievement can be used by professionals on engineer-
ing geology. The slopes with high class hazard probability
and midclass risk are suggested for monitoring, consider-
ing the importance of safety for the surrounding population,
roads, or other elements at risk. Meanwhile, the results of the
four return periods and two size scenarios are useful for mul-
titemporal land use planning, including short term (5 years),
mid-term (10-20 years), and long term (50 years) strategies.
The annual risk value on each slope is useful for the cost—
benefit analysis of risk decisions. This kind of achievements
can be applied for government decision makers.
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Figure 13. Buildings exposed to landslides, vulnerability distribution map for four return periods (5, 10, 20, and 50 years), and size scenario

of landslide volume equal to or greater than 50 000 m3.

6 Conclusion

We conducted a semiquantitative risk assessment for land-
slides at the community level based on the definition of land-
slide risk provided by Varnes (1984) and the IAEG. In our
case study, we focused on the potential damage of buildings
and loss of life for the population in the buildings. We gen-

www.nat-hazards-earth-syst-sci.net/20/1/2020/

erated a susceptibility map, eight hazard maps, eight vul-
nerability maps, and eight risk maps for four return peri-
ods (5, 10, 20, and 50 years) and two size scenarios (equal
to or greater than 50000m> and equal to or greater than
100000 m?). The landslide susceptibility result was tested,
and it yielded a success rate of 0.84, highlighting the im-
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Figure 14. Population exposed to landslides and vulnerability distribution map for four return periods (5, 10, 20, and 50 years) and size

scenarios of landslide volume equal to or greater than 50 000 m3.

portant contribution of Qi’+el and the Guniutan O,g lime-

stone. The approach for generating hazard maps, which in-
volved integrating three probabilities (spatial, temporal, and
size probabilities), proved applicable in the case study area.
In the size probability calculation, the use of a normal dis-
tribution function for landslides requires caution, with a bet-
ter fitting function suggested when small landslide data are
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scarce in an area. Also, the landslide influence area was em-
pirically determined at a community level using simple data
(slope height and volume) in the absence of geotechnical
parameters. However, for a more accurate vulnerability as-
sessment, numerical modeling on landslide travel distance is
suggested because the resulting intensity parameters, such as
velocity and depth, are essential input data for vulnerability
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Figure 15. Example of a risk map for population loss for four return periods (5, 10, 20, and 50 years) and the landslide size scenario equal

to or greater than 50 000 m3.

quantification. Besides the presented limitations, we believe
that the proposed risk maps can help local stakeholders in
establishing periods of risk planning for the community, in-
cluding short-term (in 5 years), mid-term (10-20 years), and
long-term (50 years) strategies, or provide a reference for the
cost—benefit analysis for each slope unit from the quantified
annual risk values.

Data availability. The data are available upon request to the corre-
sponding author.

www.nat-hazards-earth-syst-sci.net/20/1/2020/

Author contributions. KY, LC, YX, ZL, and DL supervised the
field work and collected the complicated data. LC and SF discussed
the plan for this article and designed and implemented all the ex-
periments. SF compiled all data and prepared the draft including
figures in the article. LC and TW revised the article while JD and
CZ provided support on methods.

Competing interests. The authors declare that they have no conflict
of interest.

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020



20 S. Fu et al.: Landslide hazard probability and risk assessment at the community level

Special issue statement. This article is part of the special issue “Ad-
vances in extreme value analysis and application to natural haz-
ards”. It is not associated with a conference.

Acknowledgements. We want to thank the editor and two anony-
mous reviewers for their constructive comments, which helped us
improve the quality of the paper.

Financial support. This research has been supported by the Na-
tional Natural Science Foundation of China (grant nos. 41877525,
41601563, and 41641012) and the Research Foundation of Guide-
line for Geological Hazards in Mountainous Communities in Wul-
ing Area, China Geological Survey (grant no. D5.7.3).

Review statement. This paper was edited by Yasser Hamdi and re-
viewed by two anonymous referees.

References

Abdulwahid, W. M., and Pradhan, B.: Landslide vulnerabil-
ity and risk assessment for multi-hazard scenarios using air-
borne laser scanning data (LiDAR), Landslides, 14, 1057-1076,
https://doi.org/10.1007/s10346-016-0744-0, 2016.

Ayalew, L., Yamagishi, H., and Ugawa, N.: Landslide susceptibil-
ity mapping using GIS-based weighted linear combination, the
case in Tsugawa area of Agano River, Niigata Prefecture, Japan,
Landslides, 1, 73-81, https://doi.org/10.1007/s10346-003-0006-
9, 2004.

Chen, H. X., Zhang, S., Peng, M., and Zhang, L. M.: A physically-
based multi-hazard risk assessment platform for regional rainfall-
induced slope failures and debris flows, Eng. Geol., 203, 15-29,
https://doi.org/10.1016/j.enggeo.2015.12.009, 2016.

Chen, L., Yin, K. L., and Dai, Y. X.: Building vulnerability evalua-
tion in landslide deformation phase, J. Mount. Sci., 8, 286295,
https://doi.org/10.1007/s11629-011-2101-z, 2011.

Chen, L., van Westen, C. J., Hussin, H., Ciurean, R. L., Turkington,
T., Chavarro-Rincon, D., and Shrestha, D. P.: Integrating expert
opinion with modelling for quantitative multi-hazard risk assess-
ment in the Eastern Italian Alps, Geomorphology, 273, 150-167,
https://doi.org/10.1016/j.geomorph.2016.07.041, 2016.

Corominas, J.: The angle of reach as a mobility index for small and
large landslides, Can. Geotech. J., 33, 260-271, 1996.

Crovelli, R. A.: Probability models for estimation of number and
costs of landslides, US Geological Survey, Denver, Colorado,
2000.

Cruden, D. M.: A simple definition of a landslide, Bull. Int. As-
soc. Eng. Geol., 43, 27-29, https://doi.org/10.1007/bf02590167,
1991.

Erener, A. and Diizgiin, H. B. S.: A regional scale quantitative risk
assessment for landslides: case of Kumluca watershed in Bartin,
Turkey, Landslides, 10, 55-73, https://doi.org/10.1007/s10346-
012-0317-9, 2012.

Erener, A., Mutlu, A., and Sebnem Diizgiin, H.: A compar-
ative study for landslide susceptibility mapping using GIS-
based multi-criteria decision analysis (MCDA), logistic regres-

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020

sion (LR) and association rule mining (ARM), Eng. Geol., 203,
45-55, https://doi.org/10.1016/j.enggeo.2015.09.007, 2016.

Fell, R., Corominas, J., Bonnard, C., Cascini, L., Leroi, E., and
Savage, W. Z.: Guidelines for landslide susceptibility, hazard
and risk zoning for land-use planning, Eng. Geol., 102, 99-111,
https://doi.org/10.1016/j.enggeo.2008.03.014, 2008a.

Fell, R., Corominas, J., Bonnard, C., Cascini, L., Leroi, E., and
Savage, W. Z.: Guidelines for landslide susceptibility, hazard
and risk zoning for land use planning, Eng. Geol., 102, 85-98,
https://doi.org/10.1016/j.enggeo0.2008.03.022, 2008b.

Ghosh, S., van Westen, C. J., Carranza, E. J. M., and Jetten, V.
G.: Integrating spatial, temporal, and magnitude probabilities for
medium-scale landslide risk analysis in Darjeeling Himalayas,
India, Landslides, 9, 371-384, https://doi.org/10.1007/s10346-
011-0304-6, 2011.

Gokceoglu, C. and Aksoy, H.: Landslide susceptibility mapping of
the slopes in the residual soils of the Mengen region (Turkey) by
deterministic stability analyses and image processing techniques,
Eng. Geol., 44, 147-161, 1996.

Guzzetti, F., Reichenbach, P.,, Cardinali, M., Galli, M.,
and Ardizzone, F.: Probabilistic landslide hazard assess-
ment at the basin scale, Geomorphology, 72, 272-299,
https://doi.org/10.1016/j.geomorph.2005.06.002, 2005.

Guzzetti, F., Galli, M., Reichenbach, P., Ardizzone, F., and Cardi-
nali, M.: Landslide hazard assessment in the Collazzone area,
Umbria, Central Italy, Nat. Hazards Earth Syst. Sci., 6, 115-131,
https://doi.org/10.5194/nhess-6-115-2006, 2006.

Guzzetti, F., Mondini, A. C., Cardinali, M., Fiorucci, E., San-
tangelo, M., and Chang, K.-T.: Landslide inventory maps:
New tools for an old problem, Earth-Sci. Rev., 112, 42-66,
https://doi.org/10.1016/j.earscirev.2012.02.001, 2012.

Hong, H., Ilia, 1., Tsangaratos, P., Chen, W., and Xu, C.: A hy-
brid fuzzy weight of evidence method in landslide susceptibility
analysis on the Wuyuan area, China, Geomorphology, 290, 1-16,
https://doi.org/10.1016/j.geomorph.2017.04.002, 2017.

Huang, F, Yin, K., Huang, J., Gui, L., and Wang, P.: Land-
slide susceptibility mapping based on self-organizing-map net-
work and extreme learning machine, Eng. Geol., 223, 11-22,
https://doi.org/10.1016/j.enggeo.2017.04.013, 2017.

Hungr, O., Fell, R., Couture, R., and Eberhardt, E.: Landslide risk
management, Taylor and Francis, London, 2005.

Jiménez-Peralvarez, J. D., El Hamdouni, R., Palenzuela, J. A., Iri-
garay, C., and Chacén, J.: Landslide-hazard mapping through
multi-technique activity assessment: an example from the
Betic Cordillera (southern Spain), Landslides, 14, 1975-1991,
https://doi.org/10.1007/s10346-017-0851-6, 2017.

Lee, S., Ryu, J.-H., and Kim, L.-S.: Landslide susceptibility anal-
ysis and its verification using likelihood ratio, logistic regres-
sion, and artificial neural network models: case study of Youngin,
Korea, Landslides, 4, 327-338, https://doi.org/10.1007/s10346-
007-0088-x, 2007.

Li, Z., Nadim, F,, Huang, H., Uzielli, M., and Lacasse, S.: Quanti-
tative vulnerability estimation for scenario-based landslide haz-
ards, Landslides, 7, 125-134, https://doi.org/10.1007/s10346-
009-0190-3, 2010.

Liu, Y., Yin, K, Chen, L., Wang, W. and Liu, Y. A
community-based disaster risk reduction system in
Wanzhou, China, Int. J. Disast. Risk Reduct., 19, 379-389,
https://doi.org/10.1016/.ijdrr.2016.09.009, 2016.

www.nat-hazards-earth-syst-sci.net/20/1/2020/


https://doi.org/10.1007/s10346-016-0744-0
https://doi.org/10.1007/s10346-003-0006-9
https://doi.org/10.1007/s10346-003-0006-9
https://doi.org/10.1016/j.enggeo.2015.12.009
https://doi.org/10.1007/s11629-011-2101-z
https://doi.org/10.1016/j.geomorph.2016.07.041
https://doi.org/10.1007/bf02590167
https://doi.org/10.1007/s10346-012-0317-9
https://doi.org/10.1007/s10346-012-0317-9
https://doi.org/10.1016/j.enggeo.2015.09.007
https://doi.org/10.1016/j.enggeo.2008.03.014
https://doi.org/10.1016/j.enggeo.2008.03.022
https://doi.org/10.1007/s10346-011-0304-6
https://doi.org/10.1007/s10346-011-0304-6
https://doi.org/10.1016/j.geomorph.2005.06.002
https://doi.org/10.5194/nhess-6-115-2006
https://doi.org/10.1016/j.earscirev.2012.02.001
https://doi.org/10.1016/j.geomorph.2017.04.002
https://doi.org/10.1016/j.enggeo.2017.04.013
https://doi.org/10.1007/s10346-017-0851-6
https://doi.org/10.1007/s10346-007-0088-x
https://doi.org/10.1007/s10346-007-0088-x
https://doi.org/10.1007/s10346-009-0190-3
https://doi.org/10.1007/s10346-009-0190-3
https://doi.org/10.1016/j.ijdrr.2016.09.009

S. Fu et al.: Landslide hazard probability and risk assessment at the community level 21

Malamud, B. D., Turcotte, D. L., Guzzetti, F., and Reichenbach, P.:
Landslide inventories and their statistical properties, Earth Surf.
Proc. Land., 29, 687-711, https://doi.org/10.1002/esp.1064,
2004.

Mavrouli, O., Corominas, J., Ibarbia, I., Alonso, N., Jugo, I., Ruiz,
J., Luzuriaga, S., and Navarro, J. A.: Integrated risk assessment
due to slope instabilities in the roadway network of Gipuzkoa,
Basque Country, Nat. Hazards Earth Syst. Sci., 19, 399-419,
https://doi.org/10.5194/nhess-19-399-2019, 2019.

McAdoo, B. G., Quak, M., Gnyawali, K. R., Adhikari, B. R., De-
vkota, S., Rajbhandari, P. L., and Sudmeier-Rieux, K.: Roads
and landslides in Nepal: how development affects environ-
mental risk, Nat. Hazards Earth Syst. Sci., 18, 3203-3210,
https://doi.org/10.5194/nhess-18-3203-2018, 2018.

Mennis, J.: Generating Surface Models of Population Using Dasy-
metric Mapping, Profess. Geogr., 55, 31-42, 2003.

Metz, C. E.: Basic principles of ROC analysis, Seminar. Nucl. Med.,
8, 283-298, 1978.

Neuhduser, B. and Terhorst, B.: Landslide susceptibility assess-
ment using “weights-of-evidence” applied to a study area at the
Jurassic escarpment (SW-Germany), Geomorphology, 86, 12—
24, https://doi.org/10.1016/j.geomorph.2006.08.002, 2007.

Paliaga, G., Faccini, F., Luino, F., and Turconi, L.: A spa-
tial multicriteria prioritizing approach for geo-hydrological risk
mitigation planning in small and densely urbanized Mediter-
ranean basins, Nat. Hazards Earth Syst. Sci., 19, 53-69,
https://doi.org/10.5194/nhess-19-53-2019, 2019.

Peduto, D., Ferlisi, S., Nicodemo, G., Reale, D., Pisciotta,
G., and Gulla, G.: Empirical fragility and vulnerability
curves for buildings exposed to slow-moving landslides
at medium and large scales, Landslides, 14, 1993-2007,
https://doi.org/10.1007/s10346-017-0826-7, 2017.

Qiao, S., Qin, S., Chen, J., Hu, X., and Ma, Z.: The
Application of a Three-Dimensional Deterministic Model
in the Study of Debris Flow Prediction Based on the
Rainfall-Unstable Soil Coupling Mechanism, Processes, 7, 99,
https://doi.org/10.3390/pr7020099, 2019.

www.nat-hazards-earth-syst-sci.net/20/1/2020/

Quan Luna, B., Blahut, J., Van Westen, C. J., Sterlacchini, S.,
Van Asch, T. W. J,, and Akbas, S. O.: The application of nu-
merical debris flow modelling for the generation of physical
vulnerability curves, Nat. Hazards Earth Syst. Sci., 11, 1-14,
https://doi.org/10.5194/nhess-11-1-2011, 2011.

Stark, C. P. and Hovius, N.: The characterization of land-
slide size distributions, Geophys. Res. Lett., 28, 1091-1094,
https://doi.org/10.1029/2000g1008527, 2001.

Van Westen, C. J. and Greiving., S.: Environmental Hazards
Methodologies for Risk Assessment and Management, Interna-
tional Water Association Publishing, London, 2017.

Van Westen, C. J., Montoya, A. L., Boerboom, L. G. J., and
Badilla Coto, E.: Multi-hazard risk assessment using GIS in ur-
ban areas: a case study for the city of Turrialba, Costa Rica, in:
Proceedings of the Regional Workshop on Best Practices in Dis-
aster Mitigation: Lessons Learned From the Asian Urban Disas-
ter Mitigation: Lessons Learned From the Asian Urban Disaster
Mitigation Program and Other Initiatives, Bali, Indonesia, 120—
136, 2002.

Van Westen, C. J., Van Asch, T. W. J., and Soeters, R.: Landslide
hazard and risk zonation — why is it still so difficult?, Bull. Eng.
Geol. Environ., 65, 167-184, https://doi.org/10.1007/s10064-
005-0023-0, 2005.

Van Westen, C. J., Castellanos, E., and Kuriakose, S. L.: Spa-
tial data for landslide susceptibility, hazard, and vulnera-
bility assessment: An overview, Eng. Geol., 102, 112-131,
https://doi.org/10.1016/j.enggeo.2008.03.010, 2008.

Varnes, D. J.: Landslide hazard zonation: a review of the principles
and practice, Scientific and Cultural Organization, Paris, 1984.
Zezere, J. L., Pereira, S., Melo, R., Oliveira, S. C., and
Garcia, R. A. C.: Mapping landslide susceptibility using
data-driven methods, Sci. Total Environ., 589, 250-267,

https://doi.org/10.1016/j.scitotenv.2017.02.188, 2017.

Nat. Hazards Earth Syst. Sci., 20, 1-21, 2020


https://doi.org/10.1002/esp.1064
https://doi.org/10.5194/nhess-19-399-2019
https://doi.org/10.5194/nhess-18-3203-2018
https://doi.org/10.1016/j.geomorph.2006.08.002
https://doi.org/10.5194/nhess-19-53-2019
https://doi.org/10.1007/s10346-017-0826-7
https://doi.org/10.3390/pr7020099
https://doi.org/10.5194/nhess-11-1-2011
https://doi.org/10.1029/2000gl008527
https://doi.org/10.1007/s10064-005-0023-0
https://doi.org/10.1007/s10064-005-0023-0
https://doi.org/10.1016/j.enggeo.2008.03.010
https://doi.org/10.1016/j.scitotenv.2017.02.188

Remarks from the language copy-editor

As we are only allowed to insert technical and necessary changes at this stage, the change you requested to the character-
istics of lithology (replacing "Upper Carboniferous... strip limestone." with "Upper nodular limestone, lower limestone
with cherts.") needs to be approved by the editor. Please provide an explanation for the editor for this change.

Please verify that the correct figure is being used.



	Abstract
	Introduction
	Study area and data
	Methodology
	Landslide hazard from spatial, temporal, and size probability analysis
	Spatial probability
	Temporal probability
	Size probability

	Data preparation for elements at risk
	Vulnerability analysis and risk assessment

	Results
	Landslide susceptibility assessment
	Landslide hazard probability
	Element-at-risk and vulnerability assessment
	Risk assessment

	Discussion
	Discussion on landslide susceptibility map
	Discussion on landslide hazard assessment
	Other limitations in risk results

	Conclusion
	Data availability
	Author contributions
	Competing interests
	Special issue statement
	Acknowledgements
	Financial support
	Review statement
	References

