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Set pair analysis for karst waterlogging risk assessment
based on AHP and entropy weight
Jiajun Zeng and Guoru Huang

ABSTRACT
Karst waterlogging is a natural disaster that occurs frequently and it adversely affects the social and
economic development of affected areas. An analysis of the causes of karst waterlogging with
respect to climate and topography can serve as a foundation for disaster assessment and prevention.
In this study, a karst waterlogging risk assessment indexing system was established. The system was
based on a comprehensive analysis of risk factors, including the severity of the disaster and the
vulnerability of the affected area. DeBao County in GuangXi was used as the study area. Nine risk
indicators were chosen as evaluation indexes and combination weights were divided into subjective
and objective weights based on the analytic hierarchy process (AHP) and entropy weight.
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A geographical information system (GIS) was applied to help with the calculations of the set pair
analysis (SPA) and to pile up the layers of the evaluation indicators. Then, a risk rating map was
drawn using GIS techniques. The results showed that the high risk locations were mainly distributed
in the center of DeBao County; therefore, the map could be used as reference for the prevention and
management of karst waterlogging risk.
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INTRODUCTION
Karst waterlogging is a typical natural disaster that occurs in

rainy season, the rainfall enters the Earth’s subsurface and

karst areas. These disasters impact large populations across

percolates down to groundwater networks, which consist

southwest China every year where karst topography is

of three types of spaces: pores, ﬁssures, and caverns.

located. Previously, the research on water quantity in karst

Groundwater storage occurs in pores and ﬁssures, and

areas mostly focused on drought (Keqiang et al. ) while

cavern conduits act as drains (Mimi & Assi ). In other

karst waterlogging was rarely mentioned. As a result of eco-

words, the ﬂow in an interconnected ﬁssure network is con-

logical disruptions to the environment due to climate, karst

centrated in conduits that connect cavities and cave systems

waterlogging has begun to occur more frequently in areas of

to create groundwater ﬂow in a karst aquifer (Fiorillo ).

southwestern China, such as in Guangxi Province. This has

These hydrological processes involve surface water, ground-

aroused the attention of the government.

water, and soil water with complicated interactions (Díez-

Karst terrain is a unique landscape that is produced by

Herrero et al. ). This results in difﬁculties in determining

the dissolution of carbonate bedrock (Guo & Jiang ).

the causes of karst waterlogging. First, the direct external

The dissolution process leads to the development of caves,

cause is torrential rainfall. When the volume of water

sinkholes, springs, and sinking streams, all of which are typi-

exceeds the drainage capacity of the conduits in the area,

cal features of a karst system (Malagò et al. ). In the

the water will deepen in low-lying areas leading to
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waterlogging. When mud, soil, and trash are carried by the

provided while also avoiding human interference when

ﬂow and deposited in sinkhole in-takes or conduits, which

deciding the weight factors (Zou et al. ; Jia et al. ).

reduces cross-sectional ﬂow and the discharge capacity of

The set pair analysis (SPA) proposed by Zhao & Xuan

conduits, the potential for waterlogging is increased (Long

() is a theoretical method used to deal with uncertainty

et al. ). In addition, it should be noted that groundwater

problems. The SPA was used to distinguish between uncer-

ﬂow can be reversed from its normal ﬂow direction and spill

tain and unknown indicator symptoms (Feng et al. ).

over the sinkhole while the water levels increase at the dis-

A geographical information system (GIS) is a decision sup-

charge points (Zhou ). Due to the interconnections of

port

underground structures, the upstream rainfall water travels

referenced data in a problem solving environment (Chenini

downstream through underground conduits. At this point,

et al. ; Aurit et al. ). In GIS, database analytical tools

waterlogging may occur as the water pours out of the

and mathematical relationships among different layers can

sinkhole.

be combined into a decision support system, yielding a

A signiﬁcant effort has been made to reduce the damage

system

involving

the

integration

of

spatially

waterlogging risk zoning map (Kourgialas & Karatzas ).

caused by karst waterlogging disasters, but these efforts have

At present there are not many studies on waterlogging of

not completely addressed the issue, resulting in continued

karst internationally, especially for karst waterlogging risk

losses to life and property. This can be attributed to

analysis. However, ﬂood risk analysis has numerous existing

disasters’ broad inﬂuence which last for a long time

classical and developed methods, and there are similar prop-

(Macdonald et al. ). As the karst areas are distributed in

erties between ﬂood risk and karst waterlogging risk.

remote mountainous areas where the economy is underdeve-

Combining the characteristics of karst areas we can use

loped with limited resources available to mitigate natural

the analysis methods of ﬂood risk for the risk assessment

disasters, it is prudent for disaster management personnel

of karst waterlogging. In this study, the risk of karst water-

to take into account the potential impact on people and prop-

logging was considered as the product of hazard and

erty when considering the application of risk assessment

vulnerability and a risk assessment index system was estab-

methods (Zheng & Qi ). Analyzing the spatial distribution

lished. The weights of the disaster factors were combined

characteristics of karst waterlogging risk and evaluating the

with subjective and objective weights calculated using the

degree of risk are important for disaster warning, disaster eva-

AHP and entropy weights. Next, the SPA was established

cuation, risk management, and decision-making (Jiang et al.

by employing GIS to generate an integrated zoning map

; Zou et al. ; Lai et al. ). In general, the risk of

for karst waterlogging to be used in risk management.

karst waterlogging is deﬁned as the product of hazard and
vulnerability. As a natural disaster, karst waterlogging is similar to ﬂood disasters, and the methods associated with risk

STUDY AREA AND DATA

assessment of the latter can be used for the former.
To obtain accurate risk levels in risk assessment, the

Study area

main difﬁculty is the multi-variable and non-linear relationship between indicators and risk levels. The analytic

DeBao County, located to the southwest of the Guangxi

hierarchy process (AHP), the most widely used multi-criteria

Zhuang Autonomous Region, is located at longitude

analysis method in risk assessment, has been applied to a

106 090 –106 590 , latitude 23 010 –23 390 (Figure 1). DeBao

wide range of scientiﬁc ﬁelds (Saaty ; Yang et al.

County covers an area of 2,575 km2. The terrain in the

). Therefore, it is reasonable to use the AHP to analyze

northwest is high while in the southeast it is low. The

karst waterlogging risk and determine indicator weight.

major landforms are karst topography in the county includ-

The method used to determine the attribute weights

ing peak-cluster depression area, peak forest-valley, etc. Low

should be divided into subjective and objective weighting

mountain terrain in the county comprises four terrain types:

methods. Entropy weight was chosen as an objective way

hilly, hills, plateaus, and plains. Mountainous areas account

to measure the amount of useful information with the data

for 78.4% of the total area. The rainy season begins in late
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DeBao County map.

April and ends in early October, and the average annual

from different study areas were selected based on the

rainfall is 1,463.7 mm.

speciﬁc characteristics of each location. An index may

DeBao County sits atop a typical karst area that experi-

show a high degree of impact for waterlogging risk in one

ences heavy rainfall over a short period, resulting in drainage

area while it may not in another (Chaudhary et al. ).

holes and sinkholes becoming easily blocked by water erosion.

Seven hazard factor indicators and two vulnerability factors

Due to this, the county is considered high-risk with regards

were selected to illustrate the inﬂuence factors of karst

karst waterlogging. Karst waterlogging disasters have occurred

waterlogging (Figure 2(a)–2(i)). The factors were selected

for many years and have threatened the personal property of

after taking ﬁeld surveys into account, considering the

residents, as well as the growth of crops. According to the his-

actual conditions of karst waterlogging, and considering

tory of disaster records, the most serious karst waterlogging

the relevant characteristics in the study area. These factors

disaster occurred in 1998. It affected 80,700 people across 67

were presented in the form of grid maps in GIS with the

villages and up to six townships.

scale of the raster set to 100 m × 100 m. These were used
to determine the ﬁnal karst waterlogging risk map.

Data

The description of each factor in Figure 2 is as follows:
1. Maximum 3-day precipitation (M3DP, mm): Precipi-

The selection of suitable risk indicators is the ﬁrst step in

tation is the direct external cause of karst waterlogging

karst waterlogging risk assessment. Different risk indicators

disasters. M3DP was chosen since karst waterlogging
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generally occurs with a long duration of rainfall. M3DP

Elevation Data on the website was procured and the

which is representative of the rainfall index was calcu-

raster set to 100 m × 100 m in ArcGIS.

lated based on daily precipitation data. These data were

3. Slope (SL,  ): This index reﬂects the degree of topographical

collected by the observational weather stations in

change. The hoodoos and peak clusters, especially in karst

DeBao County recorded for the years 1983–2013. These

areas, generally have sharp slopes that accelerate the conver-

data were obtained from the Guangxi Water Resources

gence speed of rain. This results in a constant ﬂood threat to

Department for this study.

lowland areas that aggravates soil erosion. The slope index

2. Digital elevation model (DEM, m): Waterlogging often

was extracted from the DEM using GIS techniques.

occurs in low-lying areas, where rainfall easily ﬂows

4. Soil types (ST): Soil erosion conditions vary considerably

from highlands. DEM was selected as an index to reﬂect

under different ST. There are two types of soil losses in

the topographical conditions of the karst area. It was

karst mountain areas: above-ground and underground

obtained from the Geospatial Data Cloud (http://www.

soil losses. The soil conveyed by the current is deposited

gscloud.cn/). The SRTMDEM 90 m Original Resolution

in the sinkholes or the groundwater pipes and these

Figure 2

|

Characteristic distributions of evaluation indictors. (Continued.)
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blocked water channels may cause waterlogging. The

evaluation and analysis (Stefanidis & Stathis ). Carrying

data for this indicator were obtained from the Guangxi

out a risk assessment of karst waterlogging based on AHP is

Water Resources Department.

therefore possible.

5. Lithology (LT): This index reﬂects the degree of karst

The AHP takes advantage of determining the relative

development. The higher the degree of karst develop-

importance of a set of factors and blending judgments on

ment, the more prone the area is to waterlogging. These

intangible qualitative criteria alongside tangible quantitative

data were obtained from the Guangxi Geology Bureau.

criteria (Jiang et al. ). The AHP combines the experi-

6. Groundwater depth (GD, m): Shallow groundwater is not

ence-based score of experts using pairwise comparisons of

conducive to rainwater inﬁltration during a storm when it

each factor to construct a judgment matrix. The most

is more likely to gush from the sinkholes. In reality, we

common methodology for performing comparisons is

ﬁnd that waterlogging rarely occurs in areas without

Saaty’s () comparative scale, which consists of the inte-

groundwater. These data were obtained from the Guangxi

gers 1–9, and their reciprocal values (1/9, 1/8, 1/7, 1/6, 1/5,

Geology Bureau.

1/4, 1/3, 1/2, 1, 2, 3, 4, 5, 6, 7, 8, 9). The minimum value,
1

2

·km ): The

1/9, represents the least relative inﬂuence, and the maxi-

GRM is the basic parameter used to evaluate the size of

mum value, 9, means that a factor is far more important

underground water in the form of underground runoff.

than the others. The weights of each index are calculated

A greater GRM leads to larger water contents in the

with the appropriate mathematical model.

7. Groundwater runoff modulus (GRM, L·s

area, which increases the probability of the occurrence

After a comprehensive analysis of the hazard factor, dis-

of waterlogging. The data were obtained from the

aster-charged environment, and the disaster information

Guangxi Geology Bureau.

from DeBao County, combined with a site visit and charac2

8. Population density (PD, people/km ): This index reﬂects

teristics’ analysis in a karst area, this study chose hazard and

the population distribution in DeBao County in 2013.

vulnerability as the karst waterlogging disaster risk evalu-

Densely populated areas experienced greater disaster

ation index. A multi-level analysis model including goal,

losses than less densely populated areas. These data were

criterion, and sub-criterion levels was developed (Figure 3).

obtained from the shared site of the Guangxi County
Economic Net (China) (http://www.gxcounty.com/).
9. Land use pattern (LUP): Land used for housing and cultivation fall into the more vulnerable category of property
loss when karst waterlogging occurs. The data were
obtained from the Guangxi Water Resources Department.

METHODOLOGY
Analytic hierarchy process
The AHP is a multi-criteria decision-making method that
provides a systematic approach for assessing and integrating
the impacts of various factors (Saaty ). The AHP has
been successfully applied to many ﬁelds, including engineering, evaluation, and management, because of its simplicity
and ﬂexibility (Chenini et al. ). Therefore, the AHP
can be used to handle many risk-related problems, such as
risk evaluation, risk management, and in particular hazard
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The hazard criteria of the karst waterlogging index illus-

carried out using GIS, with which the layer index data are

trated the severity of the waterlogging disasters. Seven

rasterized and reclassiﬁed according to the contribution of

factors (M3DP, DEM, SL, ST, LT, GD, and GRM) were

the data to the degree of risk.

selected for the karst hazard waterlogging evaluation
index. The judgment matrix of hazard (Matrix A) was constructed

using

index

scoring

assigned

by

Entropy weight method

experts.

Meanwhile, the vulnerability criteria showed the possibility

In information theory, entropy is used to measure the

and severity of socio-economic losses caused by water-

amount of disorder in a system. However, it could also be

logging. PD and LUP were chosen to evaluate the

used to measure the amount of information carried in

vulnerability of a karst waterlogging disaster area. A judg-

data. For a certain evaluation, if the difference between

ment matrix of vulnerability (Matrix B) was constructed

the indexes values increases, the entropy decreases. If the

using these two factors.

index also carried a relatively large amount of effective information, then the weight of the evaluation index value would

M3DP DEM SL ST
2
1
2
3
4
6 1=2
1
2
3
6
6 1=3 1=2
1
2
6
6 1=4 1=3 1=2 1
6
6 1=4 1=3 1=2 1
6
4 1=2
1
2
3
1=3 1=2
1
2

A¼

LT GD GRM
3
M3DP
4
3
2
DEM
3
1
2 7
7
SL
2 1=2
1 7
7
ST
1 1=3 1=2 7
7
LT
1 1=3 1=2 7
7
GD
3
1
2 5
GRM
2 1=2
1

be larger (Fagbote et al. ).
In the concrete implementation and application, according to each evaluation index value of the degree of
differentiation, the entropy weight of each evaluation
index is calculated (Zou et al. ). Then, the weights of
the evaluation indexes were measured using the method of
entropy weight in order to obtain objective assessment
results. The calculation was accomplished in the following

PD LUP


PD
1
4
1=4 1 LUP

B¼

steps.
1. Normalization of the original evaluating matrix: Con-

In order to improve the rationality and logic of the judgment matrix, it could be evaluated through a consistency
ratio (CR). The CR must be <0.1 in order to be accepted.
The CR was deﬁned as follows (Saaty ):
CR ¼

CI
RI

(1)

where RI is a random index representing the consistency of
a randomly generated pairwise comparison matrix (Saaty
). CI represents the computing consistency index and
is given as:
CI ¼

λmax  n
n1

(2)

where λmax represents the largest eigenvalue of the judgment

struct a judgment matrix, X, with m evaluation objects
 
and n risk indices as X ¼ xij n×m ; where xij represent
the j grid of the i risk indices:
0

x11
B .
X ¼ @ ..
xn1

1
   x1m
..
.. C
.
. A
   xnm

(3)

 
Normalize this matrix to obtain matrix R ¼ rij n×m ,
where rij is the proportion of the index value of the j-th
evaluation item of the i-th evaluation index. Among
these indicators, a larger attribute value of xij relates to
higher risk (Wang et al. ), thus:
rij ¼

xij  xmin
xmax  xmin

(4)

while a larger attribute value of xij relates to lower risk:

matrix, and n represents the size of the judgment matrix.
Considering that the dimensions of the evaluation index
are different, non-dimensional standardization of the data is
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be determined as identical, contradictory, or discrepant.
S represents the number of identical characteristics; P is
the number of contradictory characteristics; F þ N  S  P

Hi ¼ k

m
X

fij ln fij

(6)

j¼1

Pm

is the number of characteristics of these two sets that
are neither identical nor contradictory (Wang et al.
). i is the uncertain coefﬁcient of the discrepancies

k ¼ 1=ln m; i ¼ 1, 2 . . . . . . n;

and has an interval of [1,1]. j is the coefﬁcient of

3. Deﬁnition of the weight of entropy: The weight of

a ¼ S/N, b ¼ F/N, and c ¼ P/N, with the formula then

in which, fij ¼ rij =

j¼1 rij ;

j ¼ 1, 2 . . . . . . m.

simpliﬁed to:

entropy of each index can be deﬁned as:

ui ¼

1  Hi
P
n  ni¼1 Hi

where 0  ui  1,

(7)
Pn
i¼1

the contraries and j ¼ 1 as marked effect. Generally

μ ¼ a þ bi þ cj

(9)

where a, b, and c are connectivity components referred to
ui ¼ 1.

as the identity degree, the discrepancy degree, and the
contradictory degree. In addition, a þ b þ c ¼ 1. bi could
be expanded into a multi-element connection degree

Set pair analysis

(k elements) and μ can be shown as:

SPA is a theoretical method used to deal with the certainty

μ¼

and uncertainty of systematic analysis (Wang et al. ).
The SPA constructs a set pair of two related sets of uncertain
systems in order to analyze the identity, difference, and
opposition of the set pair. The connection can be quantitatively characterized as:

μ¼

S F
P
þ iþ j
N N
N

m
X

λr μr

r¼1

¼

m
X

λr ar þ

r¼1

þ

m
X

m
X

λr br,1 i1 þ   

r¼1

λr br,k2 ik2 þ

r¼1

(8)

m
X

λr cr j

(10)

r¼1

where λr is the index combination weight presented in
this paper.

where μ is the connection degree. N is the total number of

When the values of the indicators are greater the risk is

set characteristics, and S, P, and F are the number of iden-

greater, for example, the risk is greater when the value of the

tical, contradictory, and discrepant characteristic terms,

M3DP is greater. The connection degree, μ, can be deﬁned

respectively. The connection degree of the set pair can

as follows:

8
1 þ 0i1 þ 0i2 þ    þ 0ik2 þ 0j
>
>
>
>
s1 þ s2  2xr 2xr  2s1
>
>
>
þ
i1 þ    þ 0ikþ2 þ 0j
>
> s2  s1
s2  s1
>
>
>
>
s1 þ s2  2xr
2xr  s2  s3
>
<
i1 þ
i2 þ    0ik1 þ 0j
0þ
s3  s1
s3  s1
μr ¼
>
>
..
>
>
.
>
>
>
>
2xr  sk2  sk1
> 0 þ 0i þ    þ 2sk1  2xr i
>
j
>
1
k2 þ
>
s

s
sk1  sk2
>
k1
k2
>
:
0 þ 0i1 þ    þ 0ik2 þ j
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data is fully excavated. However, the weight values may

In contrast, when the indicator values are greater the

not be consistent with the actual importance of the corre-

risk is smaller, for example, the risk is lesser when the

sponding indicators. In order to construct a judgment

value of the DEM is higher, μ can be deﬁned as follows:

matrix, the ST, LT, and LUP layers need to be quantiﬁed

8
1 þ 0i1 þ 0i2 þ    þ 0ik2 þ 0j
>
>
>
>
2xr  s1  s2 2s1  2xr
>
>
>
þ
i1 þ    þ 0ikþ2 þ 0j
>
> s1  s2
s1  s2
>
>
>
>
>
< 0 þ 2xr  s2  s3 i1 þ s1 þ s2  2xr i2 þ    0ik1 þ 0j
s1  s3
s1  s3
μr ¼
>
>
..
>
>
.
>
>
>
>
sk2 þ sk1  2xr
> 0 þ 0i þ    þ 2xr  2sk1 i
>
j
>
1
k2 þ
>
s

s
sk2  sk1
>
k2
k1
>
:
0 þ 0i1 þ    þ 0ik2 þ j

where s1 , s2 ,    sk1 are the extremes of the standard.

ðxr  s1 Þ
s þ s

1
2
 xr < s1
2
s þ s
s1 þ s2 
2
3
 xr <
2
2
..
.

sk2 þ sk1 
sk1  xr <
2
ðxr < sk1 Þ

(12)

in GIS (Aurit et al. ). The elements of the matrix are
judged by the grid value. Through the calculation steps of
entropy weight method, the entropy weight is determined

RESULTS AND DISCUSSION

using the raster calculator in GIS. The results of the entropy
weight are as follows: 0.0013(M3DP), 0.0544(DEM), 0.2255

Combination weight

(SL), 0.1255(ST), 0.0749(LT), 0.2025(GD), 0.0643(GRM),
0.1279(PD), and 0.1237(LUP).

The AHP is used for determining the subjective weights which

In this study, the subjective weights, ωi , and objective

are affected by the subjective judgment of the experts. The

weights, ui , are combined to obtain the combination

weights of the seven hazard factor indicators of hazard factors

weights, λi , which can be deﬁned as follows:

were calculated as 0.303(M3DP), 0.184(DEM), 0.105(SL),
0.060(ST), 0.060(LT), 0.184(GD), and 0.105(GRM). The judg-

λi ¼ αωi þ ð1  αÞui

(13)

ment matrix A was established with a CR of 0.019, which
satisﬁed the criteria of CR being less than 0.1. Similarly, the

in which a change in α changes the combination weights.

weights of vulnerability factors, PD and LUP, were deter-

According to previous risk assessments performed by

mined to be 0.750 and 0.250, respectively. The CR of matrix

experts (Liu et al. ), this coefﬁcient α could be set in

B whose dimension was two-dimensional was bound to

the range of 0.6–0.8. After examining the proportional

meet the requirements of consistency. Using previous risk

change of the subjective and objective weights and combin-

assessments performed by experts as a reference, the karst

ing with the ﬁeld investigation, we set α ¼ 0:725 in this

waterlogging disaster risk assessment in DeBao County was

paper. Therefore, the combination weight results are

assigned a hazard weight of 0.75 and a vulnerability weight

shown in Table 1.

of 0.25. Therefore, the weight of the nine indicators, determined by AHP, can be shown to be 0.2273(M3DP), 0.1378

Risk distribution analysis

(DEM), 0.0784(SL), 0.0452(ST), 0.0452(LT), 0.1378(GD),
0.0784(GRM), 0.1875(PD), and 0.0625(LUP).

In order to quantify the dimensionless indicators (ST, LT,

The entropy weight method is used to determine objec-

LUP), the indicators are encoded based on the degree of

tive weights, in order to reduce the subjective inﬂuence of

danger they pose. This degree of danger is based on pre-

the experts, and the information carried by the original

vious determinations made by experts (Table 2). As the
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Combination weights of the evaluation indicators

Index

M3DP

DEM

SL

ST

LT

GD

GRM

PD

LUT

AHP

0.2773

0.1378

0.0784

0.0452

0.0452

0.1378

0.0784

0.1875

0.0625

Entropy weight

0.0013

0.0544

0.2255

0.1255

0.0749

0.2025

0.0643

0.1279

0.1237

Combination weight

0.1652

0.1149

0.1189

0.0673

0.0534

0.1556

0.0745

0.1711

0.0793

Table 2

|

Degree of danger of the indicators

ST

Code

LT

Code

LUP

Code

Rock

1

Pyrogenetic rock

1

Woodland

1

Yellow soil

2

Clastic with carbonate

2

Shrub forest

2

Latosolic red soil

3

Clastic rock

3

Meadow

3

Skeleton soil

4

Argillaceous limestone

4

Cultivated land

4

Paddy soil

5

Dolostone

5

Housebuilders

5

Red soil

6

Limestone

6

Calcareous soil

7

degree of danger increases, the indicator is considered

where λr was the individual weights of the indicators.

more dangerous. Each grid of layers represents a point

According to the weights obtained above, weighting stacks

of evaluation in ArcGIS (Wang et al. ) and each

the 9 evaluation indicators by using the raster calculator of

index was divided into ﬁve categories, using the method

the weighted aggregation method in GIS. Similarly,

of natural breaks (Table 3). In the table, s1 represented

b1 , b2 , b3 , c could be calculated as follows:

the threshold of the lowest risk, while s4 represented one
of the highest risk thresholds. For each layer, Equations
(11) and (12) were used to calculate the connection

bt ¼

9
X

bt,r λr ¼ bt,1 λ1 þbt,2 λ2 þ    þ bt,r λ9 , (t ¼ 1, 2, 3)

(15)

r¼1

degree using the raster calculator in ArcGIS. This resulted
in the generation of individual grids for different layers
with their own ar , b1,r , b2,r , b3,r , cr . r was the serial

c¼

number of the layers.

9
X

cr λr ¼ c1 λ1 þc2 λ2 þ    þ c9 λ9

(16)

r¼1

The identify degree a could be calculated as follows:
The conﬁdence degree was set to 0.5. If a1 > 0:5, the risk
a¼

9
X

ar λr ¼ a1 λ1 þ a2 λ2 þ    þ a9 λ9

(14)

r¼1

Table 3

|

of this grid was the lowest; if a1 þ b1 > 0:5, the risk was the
lower; if a1 þ b1 þ b2 > 0:5, the risk was the medium; if

Standard grades and weights of the indicators

Indicator

M3DP (x1)

DEM (x2)

SL (x3)

ST (x4)

LT (x5)

GD (x6)

GRM (x7)

PD (x8)

LUP (x9)

s1

144

1086

36

1

1

0

0

88

1

s2

150

894

26

2

2

1

1

119

2

s3

155

724

18

4

4

10

3

147

4

s4

160

537

10

6

5

50

5

183

5

Weights

0.1652

0.1149

0.1189

0.0673

0.0534

0.1556

0.0745

0.1711

0.0793
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risk
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the
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According to Figure 4, the highest risk zones are con-

|

2018

The
lowest

The
lower

The
medium

The
higher

The
highest

Risk level

risk

risk

risk

risk

risk

Percentage (%)

15.33

19.31

24.64

26.42

14.30

Areas (km2)

394.75

497.23

634.48

680.32

368.22

adding up these layers together, the ﬂood risk assessment

centrated in the central and southeast regions of DeBao

49.4

Risk level percentage by area in DeBao County

a1 þ b1 þ b2 þ b3 þ c > 0:5, the risk was the highest. By
map was drawn, as shown in Figure 4.

|

County. The risk in MA AI and NaJia are particularly prominent, and parts of ChengGuan and LongGuang are
located in high-risk zones. The higher-risk zones are

of population was small). It is suggested that karst water-

mainly distributed in the north and southern regions of

logging risk is mainly determined by natural conditions

DeBao County, including BaTou, northern LongSang, wes-

and social factors. In addition, the effect of topography

tern MA AI and DU AN, northern YanTong and

on disaster risk should not be ignored. For example,

LongGuang. The medium-risk zones are mainly located

NaJia and Long Sang do not experience high rainfall, but

in the western region of DeBao County, which mainly

contain steep slopes and low elevation that is conducive

includes JingDe and DongLing. The lower risk zones

to the convergence of precipitation in low-lying areas.

exist mainly in ZuRong, and the lowest risk zones are in

Therefore, the risk of waterlogging in these areas should

RongHua.

also receive attention.

Generally, the trend of karst waterlogging risk in
DeBao County shows high risk in the center and low risk
on both sides. According to the risk-zoning map, areas of
the highest and higher risk account for 34.64% (Table 4)

DISCUSSION

of the total risk area, have greater precipitation, and a
high degree of karst development with abundant and rela-

According to the low-lying waterlogged area statistics sur-

tively shallow underground water. Moreover, the PD in

veyed in 2010, the results of risk assessment can be

these areas is high. In contrast, the lowest risk zones are

considered to be in line with actual situations. The statistics

distributed in weak karstiﬁcation areas with almost the

were provided by the Flood Control and Drought Relief

least amount of rainfall (e.g., RongHua, where the density

Ofﬁce of Debao County. The statistics show that DongLing,
BaTou, MA AI, NaJia, and LongSang have experienced
waterlogging disasters in history and the cumulative
number of people affected is up to 6,074 people. The
water depth of the affected area in NaJia is 0.5 to 1 m
because the area is surrounded by mountains, and the disaster area of MA AI was affected by 1.5 to 2 m of water depth.
The results of risk assessment are, therefore, in line with the
survey results.
Although the direct external cause of risk is the rain, it
could be seen from the risk-zoning map that the groundwater could be an important factor contributing to the risk
of karst waterlogging. There is a strong possibility that the
disaster occurred because the groundwater ﬂows backwards
from the sinkhole. In particular, this is the difference
between karst waterlogging and a traditional ﬂood disaster.
It is suggested that studying the laws of groundwater vari-

Figure 4

|

Karst waterlogging assessment map of DeBao County.
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