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The debris flow is one of the geological hazards; its occurrence is complex, fuzzy, and random. And it is affected by many indices; a
new multi-index assessment method is proposed to analyze the risk level of debris flow based on the entropy weight-normal cloud
model in Banshanmen gully. The index weight is calculated by using the entropy weight method. Then, the certainty degree of each
index belonging to the corresponding cloud is obtained by using the cloud model. The final risk level of debris flow is determined
according to the synthetic certainty degree. The conclusions are drawn that the method is feasible and accurate rate of risk
estimation for debris flow is very high, so a new method and thoughts for the risk assessment of debris flow can be provided in

the future.

1. Introduction

The debris flow is one of the geological hazards; it is defined as a
special flood [1] with a great deal of silt and rocks induced from
the rainfall and topography. The debris flow usually happens in
a mountainous area; it is characterized as short time, strong
destructiveness, wide distribution, and high occurrence fre-
quency [2], so the debris flow brings great harms to the safety of
life, property, and infrastructure. To prevent harm, the risk
assessment and prediction of debris flow become an important
issue [3]; researchers [4] in different countries provided
methods and methodologies to determine the risk level of
debris flow in the past few decades. All these methods are
divided into four types: statistical analysis method [5], artificial
intelligence methods [6], numerical simulation [7], and other
methods [8]. The grey theory [9], the neural network [10], fuzzy
mathematics [11], extension theory [12], and hierarchical
analysis [13] are widely applied to assess the risk level of debris
flow, and they all belong to the above four types. Especially, GIS
theory [14] and numerical simulations are gradually applied to
analyze the risk level of debris flow as the development of
science and technology; for example, the risk level of a small

watershed in Sanyanyu is assessed by Yu [15] by using Flac3D;
hazard assessment of debris flow disaster in Zhouqu Nanyu
gully is assessed by Guo [16] using the grey theory; hazard
assessment of debris flow along the highway of a high altitude
cold and intensity regions with aid of ArcGIS are performed by
Zhang [17]; although the reliability and accuracy [18] of risk
assessment about debris flow has improved enormously by
using the above methods; however, they still have some lim-
itations. For example, their computational load is great, and the
correlation between assessment indices is not considered [19]
sufficiently; besides, the occurrence of debris flow hazards have
great complexity, fuzziness, and randomness, and these
characteristics are ignored in the evaluation process.

To overcome the above shortcomings, a new evaluation
method is suggested based on the entropy weight-normal
cloud method in the paper. When the normal cloud model is
combined with an entropy method, not only the correlation
among different indices are solved successfully but also the
conversion between qualitative and quantitative concepts
can also be realized; besides, the randomness with fuzziness
is considered; nowadays, the entropy weight-normal cloud is
widely used in many fields [20] due to the above virtues, but
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few studies about the method have been applied to evaluate
the risk of debris flow; the method is used to determine the
risk level of debris flow in the paper.

The paper is organized as follows: in Section 2, the
engineering background in the study area is introduced at
first; in Section 3, a new risk assessment method of debris
flow is introduced based on the cloud model and the entropy
weight algorithm; in Section 4, the entropy-normal cloud
model is established about debris flow in Banshanmen gully,
and the assessment results of the proposed cloud model
method are obtained; in Section 5, conclusions are drawn.

2. Study Area

The Banshanmen gully is located in the eastern region in
Danba County, SiChuan Province, China; and it is siting
on the left of Xiaojin River, as shown in Figure 1. Its
geographic coordinate is northern latitude 30°59'52" and
eastern longitude 102°03'10"; it is composed of a main
ditch and nine large branch ditches; its distribution map
of river valley and source of matter is plotted in Figure 2.
The plane of ditch valley presents strip shape; its drainage
area is about 67.8 km?; the height of a maximum point on
the ditch source is 4810 m, the minimum height is 2093 m,
and their height difference is 2717 m. The main ditch has
lots of bends, the mean longitudinal slope is 133%.
Branch ditches are situated on the left of the main ditch;
its mean longitudinal slope is 255~557%,. The average
rainfall in a year is from 512 mm to 615 mm; the rainfall
from May to September arrives at 460 mm, and it accounts
for 75.4% in the whole year. Its static reserves of the solid
source are about 185.43 x 10* m’, especially dynamic re-
serves arrive at 37.39 x 10* m>. The copious solid resource,
abundant rainfall plus steep terrain result in the occur-
rence of debris flow hazards, so it is necessary to evaluate
the risk level of debris flow in Banshanmen gully. The
whole picture of debris flow is shown in Figure 3.

3. Methodology

3.1. The Construction of Assessment Frame. The occurrence
of debris flow not only influence the normal operation of
road traffic but also endanger the life and property security
of people. Consequently, the risk assessment of debris flow
hazards has important significance.

A new assessment method of debris flow is suggested; it
is based on the normal cloud model, as presented in Figure 4.
At first, to evaluate the risk level of debris flow, a complete
assessment index system is built. Secondly, the weight of
each evaluation index is calculated by an entropy weight
algorithm. Thirdly, the numerical characteristics of the cloud
are obtained by the normal cloud model theory. Finally, the
magnitudes of synthetic certainty are performed, and the
risk level of debris flow is determined.

3.2. Assessment Index System. There are many factors that
resulted in the debris flow hazards, according to corre-
sponding documents [21]; there are seven assessment in-
dices that caused the debris flow hazards, and these indices
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FIGURE 1: The geographical location of the study area.

are categorized as three conditions; they include topo-
graphic condition (e.g., the length of replenishment section
(X;),longitudinal slope of main ditch (X,), the gradient of
side slope (X3), the length of ditch (X,)), source of matter
(e.g., the reserves of loose substance (X5), the drainage area
(X)), and rainfall condition (e.g., rainfall (X;)). These
assessment indices are all quantitative ones. The seven risk
assessment indices have four levels: low risk (I), medium
risk (II), high risk (III), and higher risk (IV), as shown in
Table 1.

3.3. The Entropy Weight Theory. Entropy weighting method
is defined as an average amount of information by using the
concept of entropy; it is a method of calculating the weight of
each index by using the magnitude of entropy [22]. The
entropy is an index to measure the disorder and degree of
confusion in a system [23]. Then, the occurrence of debris
flow is a dynamic process affected by many indices; it is
highly uncertain. Its calculative process is shown as follows:

(1) Assuming that there are m cases of debris flow and n
assessment indices, so the original matrix can be
expressed as

X11 X1 e Xym

Xo1 Xpp e Xopy

X = (D

Xu1 Xu2 o Xy

(2) Normalization treatment is conducted for the main
indices Xj;, and its expressions are described as
follows:

The positive indicator [24] is as follows:
X — min{xij, ...,xnj}

x;; = ! - : (2)
max{xlj, s xnj} - mm{xij, . xnj}

The negative indicator is as follows:
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FIGURE 3: The whole picture about debris flow.

. min{xll,...,xn} - X;;
xij = J ] ! > (3)
max{xlj,...,xnj} - mln{xi]-, ...,x,,j}

where 7 is assessment scheme;; is assessment index,
and x;; is the corresponding magnitude of the jth

assessment index in  the ith  scheme

(i=1,23..m; j=1,2,3,.,n).

(3) The determination of proportion about the jth
evaluation index in the ith scheme is expressed as

follows:
X :
b =<5 g 4
DY Xij @
(4) The entropy of jth evaluation index is shown as
follows:
s;=-kY b;In(b;). (5)
i=1
(5) The weight of jth evaluation index is depicted as
follows:
1-s;
w) ’ ()

RSy FEH

3.4. The Normal Cloud Model. The cloud model theory is
constructed on the idea of fuzzy sets theory [25] and probability
concepts [26], proposed by Li [27]. The cloud is defined as an
uncertain transformation model between some qualitative
concepts and quantitative ones; it represents uncertainty
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Risk assessment of debris flow
The building of assessment index
Topographic condition Source of matter Rainfall condition
The length ratio of replenishment section longitudinal slope of main ditch
the gradient of side slop relative height difference the length of ditch
the reserves of loose substance the soild matter of one charge rainfall
The calculation of entropy The normal cloud model
weight coefficients
The calculation of synthetic certainty
Determine the risk grade of debris flow
FIGURE 4: The risk assessment process of debris flow.
TasLE 1: The standard classification of assessment index about debris flow.
. Assessment indices
Risk level o 4 3. 2 4 3
X5 (%) X5 (%) X5 (%) X, (km) X5 (10" m’/km®) X6 (10° m”) X; (mm)

I 0~10 0~52 0~10 0~1 0~1 0~1 0~50

II 10~30 52~105 10~30 1~5 1~5 1~10 50~100

I 30~60 105~213 30~50 5~10 5~10 10~35 100~500

v >60 >213 50~90 >10 >10 >35 >500

(including the randomness and fuzziness) of knowledge
concept for things or person in nature. It constitutes the
mapping between qualitative concepts and quantitative ones.

Let U be a quantitative universe including exact values,
and M be the qualitative concept connected with U. If the
qualitative value xbelongs to U, x is a random imple-
mentation by using the qualitative concept M. The certainty
degree u (x) € [0, 1] of x relative to a qualitative concept M is
the random variable with steady tendency; it can be
expressed as follows:

wU— [0,1], VxeU, x — u(x), (7)

where the distribution of x in qualitative domain U is called
as the cloud, and every x is called as a cloud droplet, which is
a tool as a quantitative meaning to describe a qualitative
concept.

The numerical characteristics of cloud are defined as the
representative of the whole about the concept of cloud based
on the normal cloud and normal membership function
distributions. The distribution of x can be determined by
three numerical eigenvalues (Ey,Ey, andH,); Ex is an
expectation value in the universe of discourse and the best
characterization of a qualitative concept [28]; E,, is the
entropy of Ey, and it represents a discrete degree of a cloud
droplet in the distribution; H, represents the measure of
uncertain degree for entropy, namely, it is the entropy of
entropy; Their eigenvalue in the normal cloud distribution is
shown in Figure 5.

The transformation process from qualification to
quantification is called as the positive cloud generator. On
the contrary, it is called as the negative cloud generator. Only
the forward cloud generator in the paper is used, and the
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FIGURE 5: The sketch map about the eigenvalue of cloud.

backward cloud generator is omitted. Its transformation
process is listed as follows: at first, the suitable cloud droplet
is generated by using CG ~ N3 (E,, E,, H,), the production
process of cloud drops represents the uncertainty of con-
version between qualitative concept and quantitative values.
Then, n cloud droplets are composed of the cloud, so the
qualitative concept is transformed as a quantitative ex-
pression by using the uncertainty of cloud model, and its
process is shown in Figure 6.
Its specific algorithm in Figure 6 is listed as follows:

(1) Expectation E, and the standard deviation H, are,
respectively, calculated.

(2) The normal random number E is generated
according to the characteristic value (Ey, Ey, H,) of
cloud, its expected value is E,, and the standard
deviation is H,.

(3) A normal random number x; is generated, its ex-
pected value is E,, and the standard deviation is E, ;
X; represents a quantitative value of a qualitative
concept.

(4) The certainty degree u of the qualitative concept C is
expressed according to procedures (1), (2), and (3).

(5) The cloud droplet with the certainty degree y and
normally random number x; are, respectively, gen-
erated. Then, repeating procedures (1) to (4) until N
cloud droplets are generated.

4. The Establishment of Risk Assessment
Model about Debris Flow

4.1. The Determination of Assessment Index’s Weight. Due to
the randomness and fuzziness of debris flow’s occur-
rence, the normal cloud model can be established in the

Ex ———»
En——p CG
He —— |

— Drop (x;, 4;)

FiGure 6: The forward cloud generator.

paper. Seven assessment indices are selected, each as-
sessment index is depicted in Table 1. These indices are
all positive assessment indices. The positive assessment
indices denote that the risk level is lower as the mag-
nitudes of these indices increases. Otherwise, they are
defined as a negative assessment index. At first, to
evaluate the weight coefficients of each assessment index,
the original data of seven assessment indices are listed in
Table 2.

According to Table 2 and equation (4), specific gravity
matrix of each index can be shown in Table 3.

According to Table 3 and combining with equations (4)
and (5), the index entropy matrix of every index is shown in
Table 4.

Based on equation (6), the weight coefficients of every
index can be obtained in Table 5.

4.2. The Normal Cloud Model of Debris Flow. To reflect the
randomness and fuzziness, the risk assessment model about
debris flow is established, and its assessment procession is
listed as follows:

(1) The index and evaluation sets are, respectively, set up
to assess the risk level of debris flow in Banshanmen
gully at first. In the paper, the datum in Table 2 is
regarded as the index sets U = {ul, Uy e un}; Table 1
is evaluation sets V = {v},v,,..., v

s Vb

(2) The fuzzy matrix M is established. To establish the
matrix M, it is assumed that the upper and lower
boundaries of the index x; are, respectively, x; and
x,,, and then the qualitative concept E,, of the index x
can be depicted as

= (xl _; xu). (9)

Entropy can be expressed as follows:

p, = Fu=%) (10)

" 6

And the hyper entropy H, is a constant which reflects
the dispersion degree of the cloud model, where the
hyper entropy H, is set as 0.01.

Apart from that, if a variable has only a single
boundary, like [-o0, x,] or [x;, +oo], its default
boundary parameters can be determined by the value of
the upper or lower bounds as follows:
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TaBLE 2: The synthetic parameters of debris flow.

The leneth of The Reserves of
Name of re lenishme%l t section Longitudinal slope of The gradient of length of loose substance Drainage area Rainfall X,
ditch P X, (%) main ditch X, (%o) side slope X5 () ditch X, X5 X, (km?) (mm)
LA (Km) (10" m*/km?)
Main ditch 72 134 39 18.8 3 67.8 616
1#branch 60 255 43 3.41 3 4.89 601
ditch
2#branch 60 292 43 343 3 3.65 592
ditch
3#branch 60 264 43 3.14 3 3.32 581
ditch
4#branch 60 281 43 4.73 3 6.89 569
ditch
>#branch 60 344 43 3.25 3 3.31 579
ditch
6#branch 65 379 43 3.68 5 3.02 633
ditch
7#branch 67 450 53 3 10.2 3.14 642
ditch
8#branch 62 464 50 2.42 3 251 620
ditch
9#branch 62 557 53 2.37 3 378 618
ditch
TaBLE 3: The synthetic parameters of debris flow.

Name of E)Tefir;ﬁgezi Longitudinal slope of The gradient of The length of Resszg f:n(i l)o(ose Drainage area Rainfall X;

. N . 0 . o . 5 3
ditch section X, (%) main ditch X, (%o0) side slope X3 (") ditch X, (Km) (10* m?/km?) X (km’) (mm)
Main ditch 0.1446 0.0392 0.0861 0.3898 0.0765 0.6627 0.1018
(Iiﬁ’cr}‘l’mh 0.0955 0.0746 0.0949 0.0707 0.0765 0.0478 0.0993

#
ii&amh 0.0955 0.0854 0.0949 0.0711 0.0765 0.0357 0.0978
tht;fmh 0.0955 0.0772 0.0949 0.0651 0.0765 0.0325 0.096
iftt;amh 0.0955 0.0882 0.0949 0.0981 0.0765 0.0673 0.094
z’it;amh 0.0955 0.1006 0.0949 0.0674 0.0765 0.0324 0.0957
Z?Elamh 0.1035 0.1108 0.0949 0.0763 0.1276 0.295 0.1046
tht;amh 0.1067 0.1316 0.117 0.0622 0.2602 0.0307 0.1061
iftlglamh 0.0987 0.1357 0.1104 0.0502 0.0765 0.0245 0.1025
9#branch 0.0987 0.1629 0.117 0.0491 0.0765 0.0369 0
ditch

TaBLE 4: The index entropy matrix.

Name of il;ilrfirsllg]ﬁi;ft Longitudinal slope of The gradient of The length of Ressue;:teasn(il;)(ose Drainage area Rainfall X;

: N o . o A 5 3
ditch section X, (%) main ditch X, (%0) side slope X5 (°) ditch X, (Km) (10* m*/km?) X (km”) (mm)
Index

0.9992 0.9736 0.9978 0.8674 0.9496 0.5926 0.9997

entropy
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TaBLE 5: The weight coefficient matrix.
Name of Thg length of ‘ Longltl-ldln.al slope The.gradlent Thellength Reserves of loose ~ Drainage Rainfall X,
ditch replenishment section  of main ditch X, of side slope  of ditch X, substance X; area X, (mm)
X, (%) (%o0) X; () (Km) (10* m*/km?) (km?)
Weight 0.0013 0.0425 0.0035 0.2139 0.0813 0.6569 0.0005
coefficients
TaBLE 6: The fuzzy matrix M of normal cloud standard classification about debris flow.
Risk level Assessment indices
isk leve
X, (%) X5 (%o) X, () Xy (km) X5 (10°m’km?) X (10" m?) X7 (mm)
I (5, 1.667, 0.01) (26, 8.667, 0.01) (5, 1.667, 0.01) (0.5, 0.167, 0.01) (0.5, 0.167, 0.01) (0.5, 0.167, 0.01) (25, 8.333,0.01)
II (20, 3.333,0.01) (78.5, 8.833, 0.01) (20, 3.333,0.01) (3, 0.667, 0.01) (3, 0.667, 0.01) (5.5, 1.5, 0.01) (75, 8.333,0.01)
11 (45, 5, 0.01) (159, 18, 0.01) (40, 3.333,0.01) (7.5,0.833,0.01) (7.5, 0.833,0.01) (22.5,4.167,0.01) (300, 66.7, 0.01)
v (80, 6.667, 0.01) (319.5,53.25,0.01) (70, 6.667,0.01) (15, 2.5, 0.01) (15, 2.5, 0.01)  (52.5, 8.75, 0.01) (750, 125, 0.01)

Ex = I.le, (11)
E

E, =-—*%~ 12

= (12

According to equations (9) to (12), evaluation sets
V = {v|,v5,...,v,,} can be transformed into the fuzzy
matrix M.

(3) The final mean membership degree T;; can be de-
termined according to the assessment indices of
debris flow.

T. = ==L (13)

where t]7 is the value generated from the forward
generator in mth time; N is calculative time.

(4) The comprehensive certainty degree of the risk levels
about debris flow can be depicted as

Pj(n) = Zwi.Mij, (14)

where P; (n) is the comprehensive certainty degree of
corresponding risk level j of the branch ditch #; w; is
the weight coeflicient of the ith assessment index of
the nth branch ditch. And M;; is the jth assessment
level’s average certainty degree of the ith assessment

index.

Finally, the risk assessment level of the branch ditch »
can be obtained as follows:

L = max(P,, P,, P;, P,). (15)

4.3. Risk Level Assessment. According to Table 1 and in
combination with equations (9)-(12), the fuzzy matrix M of
normal cloud standard classification about debris flow as
shown in Table 6.

The risk level of debris flow is determined by the
maximum synthetic certainty degree, and the distributions
of the certainty degrees about each evaluation index in the
four risk levels of debris flow are plotted in Figure 7. In
Figure 7, abscissa is the value of each assessment index, and
the ordinate is the corresponding value of the certainty
degree.

Based on normal cloud model theory, the process can be
listed as follows:

(1) The standard of risk assessment about debris flow
can be determined, and it is divided into four levels.
Then, the numerical characteristics of fuzzy matrix
M can be obtained according to equations (9)-(12).

(2) According to the entropy weight theory, the weights
of different indices are shown in Table 5 by equations
1)-(6).

(3) Based on the obtained fuzzy matrix M and the
weights, the comprehensive certainty degree can be
obtained by equations (13)-(15), and the final
evaluation results can be shown in Table 7.

The procedure of forward cloud generator about debris
flow run by MATLAB calculated the datum from Table 2
about 2000 times. Finally, a comprehensive certain degree is
obtained. And it is compared with the actual investigation
results. The results are listed in Table 7.

In Table 7, each branch ditch can be generally classified
by four levels from low to high. The final level of 1, 2, 3, 5, 6,
7, and 8# branch ditch are II. One of 4# branch ditch is III.
The final level of the main ditch is IV.

According to the comparative analysis of the assess-
ment results in Table 7, the results assessed by using two
different methods are basically consistent in different
branch ditches, except the 4# branch ditch. Its accurate
rate arrives at 90%, and conclusions are drawn that it is
feasible to estimate the risk level of debris flow by using
the normal cloud model. The cloud model not only
achieves transformation between qualitative concepts and
quantitative characteristics but also provides more details
about the risk assessment levels. For example, drainage
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Figure 7: Cloud of each assessment index generated by the forward cloud generator. (a) The length of replenishment section X;. (b)
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TaBLE 7: Comprehensive certainty degree.

The level of debris flow

Member No I I - Comprehensive assessment Actual investigation
Main ditch 0 0.0813 0.0195 0.2108 v v
I#branch ditch 0 0.8629 0.0023 0.0206 II II
2#branch ditch 0 0.5621 0.0023 0.0374 11 IT
3#branch ditch 0 0.5191 0.0023 0.0249 II II
4#branch ditch 0 0.5161 0.0023 0.0329 II 11T
5#branch ditch 0 0.5069 0.0023 0.0384 II II
6#branch ditch 0 0.2955 0.0023 0.0231 II II
7#branch ditch 0 0.4043 0.0084 0.0155 1I II
8#branch ditch 0 0.3183 0 0.0014 II II
9#branch ditch 0 0.5699 0 0.0004 11 IT

area X, of 2# branch ditch is 3.65km?, which should
belong to grade II according to Table 1. In addition, the
certainty degrees of the drainage area obtained by the
normal cloud generator are u;=0.00, puy=0.4675,
pir=0.0083, and pry =0.0004. Therefore, the certainty
degree by quantitative analysis is py > pypr > prv > (1, and
the drainage area X of 2# branch ditch only belongs to
grade II and almost impossibly belongs to grades I, IV,
and III. The conclusions are consistent with qualitative
analysis. Furthermore, the level of 1# branch ditch is more
likely to be level IT than that of 24, 3#, and 4#, because the
certainty degree of 1# branch ditch for level II (0.8629) is
higher than that of 2# (0.7485), 3# (0.7485), and 4#
(0.7485). In total, the results based on the normal cloud
model not only reflect the risk level accurately but also
further determine the risk ranking of debris flow for
different branch ditches at the same level.

5. Conclusions

Considering the topographic condition, the source of
matter, as well as rainfall condition, a new multi-index
evaluation method is introduced in this paper to assess the
risk level of debris flow in Banshanmen gully based on the
entropy weight-normal cloud model. Required cloud drops
are generated based on three numerical characteristics
calculated by cloud generator algorithm. The weighting
coeflicients of the different indices were obtained by using
entropy weighting method. The risk level of debris flow is
determined by using the comprehensive certainty degree.
The present method is applied to the risk assessment of
debris flow in Banshanmen gully. Finally, its results are
compared with the actual investigation, and the calculated
results obtained by two various methods are almost the
same; its accurate rate arrives at 90%. The results
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demonstrate final risk levels of the rest branch ditches except
the 4# branch ditch are all level II. Besides, one of 4# branch
ditch is level II, and one of the main ditch is level IV. In other
words, the risk degree ranking of the main ditch is the
highest. And the next it is the 4# branch ditch. Finally, one of
the other branch ditches is the lowest. In all, the results of the
proposed entropy weight-normal cloud model are highly
consistent with the investigation results. It not only reflects
the risk level of debris flow accurately but also further de-
termines the risk ranking of debris flow for different branch
ditches at the same level. So for the risk level assessment of
debris flow characterized as complexity, fuzziness, and
randomness, a new method, and thoughts can be provided.
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