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Abstract Landslides are introduced as regional movements,
which influence different engineering structures such as roads,
railways, and dams and cause the person’s death.
Identification of landslide zones may decrease the financial
losses and human injuries or deaths. This study tries to achieve
a landslide susceptibility mapping in Cham-gardalan catch-
ment by weighting the main criteria and the membership func-
tions of fuzzy logic. For this, we applied the best relationship
function between the presence and absence of landslides as
well as a collection of the elements. At first, the landslide
points were identified by the means of some components
those of satellite images, topographical (1:50,000) and geo-
graphical (1:100,000) maps, field visits, and Google Earth
software followed by the preparation of landslide distribution
maps. Then, all effective landslide factors such as percentage
of slope, slope aspect, height, geology, land uses, distance
from roads, distance from drainages, distance from breakage,
and precipitation map have been utilized in order to conduct
the fuzzy analyses. Landslide susceptibility map was per-
formed by fuzzy operators (Gamma, Product, Sum, Or, And)
in the study area. After fuzzificating and weighting, the effec-
tive criteria of landslides were determined through fuzzy
Gamma operators with the landaus of 0.2, 0.5, 0.8, and 0.9
and by comparing final maps for making an appropriate model
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of landslide susceptibility mapping. The regional susceptibil-
ity map represents the landslide-prone areas in five categories
those of very low, low, moderate, high, and very high. Our
results indicated that among the applied operators, Gamma
with landau of 0.9 can be used as an appropriate method for
mapping the landslide susceptibility due to the suitable
fuzzification of given criteria based on landslide distribution
maps. In addition, the elements of road, percentage of slope,
distance from drainage, and geology were recognized as the
most important factors for occurring the landslides.

Keywords Fuzzy operators - Membership function -
Geographic information systems - Fuzzificating - Weighting

Introduction

The impacts of natural disasters on the socio-economic statues
were resulted in considerable financial and environmental
damages worldwide every year. Landslides are regarded as
the specific types of natural disasters and range processes
resulting from geomorphologic, hydrological, and geological
conditions (Karam 2001). These conditions along with the
geodynamical processes, vegetation, land use, human activi-
ties, rainfall rate and intensity, and earthquake create this phe-
nomenon (Sefidgari 2002). Although the economic damages
of landslides have been significant in the developed country,
these damages constitute almost 1 or 2 % of their gross do-
mestic product (GDP) according to the studies done by
Reflifeco-Ordinary United Nation Disaster (Hansen 1984).
The financial damages were calculated about 500 billion
annually due to the landslides in Iran (Komak Panah
and Farhangfar 1994). Studying the range instabilities like
most of geo-environmental issues is very complicated because
of the variety of effective factors. Uncertainties resulting from
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Fig. 1 Location of the study area
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the ambiguities of conditions and concepts related to the pa-
rameters such as geology, hydrology, tectonics, vegetation,
precipitation, and erosion necessitate the application of suit-
able and accurate method in order to examine the regional
instabilities but most of the above information may be unwrit-
ten so that they are not exact and valid. Such limitations are
the main bases for the fuzzy theory (Fatemi et al. 2005). The
fuzzy theory was introduced by Lotfizadeh in 1965 in his
essay entitled “Fuzzy Collections” in Information and
Control Journal (Tanka 2004). The fuzzy theory includes all
of the theories, which apply the fundamental concepts of
fuzzy collections or membership functions which the aim is
to present a new method to express the daily uncertainties and
ambiguities (Ashghali Farahani 2004). Considering that lots
of methods are developing based on this theory, it is possible
to formulate the indefinite, ambiguous, and undetermined rea-
soning of human mind mathematically by providing new
methods concerning the concepts of fuzzy collection assump-
tions (Shariat Jafari 2008). Fuzzy models applied to the stud-
ies to solve the problems of the earth sciences, especially the
landslide hazards, are limited involving the studies of
Mahdavifar in Khorsh Rustam region in the southwest of
Khalkhal for zoning the landslide-prone areas (Mahadvifar
1997). In this research, this region was divided into 5071 units
of 500 m by the help of a regular system; afterwards, the
required units were examined with respect to various landslide
elements such as geology, percentage of slope, land-use types,
distance from the fault, and landslide deposits.

Results show that using fuzzy collections removes
the limitations of quantitative methods because of taking
the possibilities into consideration instead of numbers
and analyzes the roles of natural events more

accurately as compared to the other quantitative
methods. Fatemi Aghda et al. (2005) investigated the
landslide hazards using fuzzy logic in Roodbar, Gilan.
In this paper, information layers of slopes, lithology,
and distance from fault, current land uses, rainfall, and
maximum earthquake acceleration are regarded as the
effective parameters of regional instabilities. Zoning
the landslide hazards was done by fuzzy multivariable
decision-making method and both experimental and the-
oretical weighing ones. Furthermore, hazard rating was
computed through two triangle and trapezoid
fuzzification functions. As well, analytical hierarchical
process (AHP) has been introduced as a suitable method
for mapping landslide (Jamali 2009).

In the last decades, the considerable increase of mass
movements, particularly landslides, has been observed. In
our study area, different mass movement forms such as land-
slip exist in most of the watershed areas, especially in the road
across the dam. This region is one of the recreation areas
within the city because of the lake and beautiful nature.
Forest park construction plan is implemented there while con-
stituting the most important source of drinking water of Ilam
and the surrounding villages; therefore, it is necessary to pro-
vide the map of mass movements and also to investigate the
effective factors regarding this fact that it is located on the
sensitive and loose geological structures. This study aims to
(a) recognize the most important factors on the landslides, (b)
present the regional model by using the decision making tech-
niques of the model of fuzzy logic, (c) classify and prioritize
the effective elements to predict the sensitive regions and find
the suitable solutions, and (d) provide the maps of landslide
susceptibility.

Table 1  Weight of the effective landslide factors in the region using the AHP method of the expert judgment
Element Road Slope aspect River Geology Land use Precipitation Fault Percentage of slope Elevation
Weight 0.271 0.239 0.157 0.127 0.072 0.035 0.034 0.030 0.030
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Table 2 Fuzzy membership
functions types (Klir and Yuan
1995; Liu et al. 2010; Yager and

Function
type

Function definition

Zadeh 2012)
Gaussian

This function defines the membership function with regard to the normal or Gaussian distribution

and a midpoint (the fuzzy membership of midpoint is 1)

Small

It is used when the small amounts in the map have a membership close to 1. It is based on a

midpoint defined by the user (the membership of midpoint is 0.5)

Large

It is used when the large amounts in the map are close to 1. This function is defined concerning

the midpoint by the user (the membership of midpoint is 0.5)

Near

It specifies the function according to the specific amounts defined by a midpoint by a special user

(the midpoint membership is 1)

MS-small

This function defines fuzzy membership function based on the mean and standard deviation.

Smaller amounts are of the membership near to 1

MS-large

This function defines fuzzy membership function based on the mean and standard deviation.

Larger amounts are of the membership near to 1

Liner
of 1 and 0

It defines fuzzy membership function based on the maximum and minimum fuzzy memberships

Study area and data analysis

Cham-gardlan catchment is located in the southeast of
Ilam province in western Iran (32° 45’ 48" to 33° 7'
20” N and 47° 6' 13” to 47° 32' 55" E), with an area
of 476.5 km* (Fig. 1). The region is a mountainous area
which the highest elevation is about 2400 m in the north
of the region (Ghalarang Mountain), and the altitude at the
drainage point is 640 m in the southwest of the
catchment.

Data description

Identifying the effective factors of landslide is the most im-
portant stage of its susceptibility mapping. For mapping
landslide susceptibility, we used a number of datasets those
of elevation, percentage of slope, slope aspect, distance from
fault, geographical units, distance from river as well as
roads, land uses, and precipitation. The layers of elevation,
percentage of slope, and slope aspect were created from a
high-resolution digital elevation model (DEM). As well, the
geological information, e.g., distance from fault and geo-
graphical units, were obtained from the geological map at
1:100,000 scale which was provided by the Geological
Survey and Mineral Explorations of Iran (GSI). We also
applied 20-year meteorological information for preparing
the precipitation layer. In addition, the Landsat ETM+
(2007) satellite image was used for creating the land-use

Table 3  Fuzzy membership function types of the landslide elements

map. Distances from both river and road were produced by
a 1:50,000 scale topographic map by the National
Cartographic Center of Iran.

Weighting factors and criteria

The generated landslide mapping was based on the compari-
sons of the previous landslide map, and the effective landslide
factors map where the first step was to provide the distribution
map of previous landslides. Therefore, the potential landslide
areas and previous landslides were recognized by aerial pho-
tography (1:50,000). Most of the landslides cannot be distin-
guished in the images due to the small dimensions and simi-
larity to the adjacent areas. Thus, 64 landslide points were
sampled for collecting the collect the required information in
the field. Then, all layers were converted to mapping land-
slides by using satellite imagery and Google Earth software.
Combining the distribution map and the measured factors
gives the number of pickles in every layer. For fuzzification
of criteria, the fuzzy membership functions have been utilized
(Table 1). These functions were applied as the basis of mid-
point and spread parameters. Fuzzification function has been
selected with regard to each factor’s nature, importance, and
relation with the target one. Because the application of the
fuzzy logic model is based on the network analyses, therefore,
each pixel has to get the membership value from 0 to 1 regard-
ing the ideal function. After providing all the layers, which
influence the landslides in the given region and fuzzificating

Parameter Slope aspect ~ Landuse  Fault Road

River  Precipitation  Percentage of slope  Elevation  Geology

Applied function type  Gaussian Gaussian ~ Small ~ Small

Small  Large Large Large Large
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them, they are weighed by the expert judgment with respect
for their importance and effects.

The highest weight belongs to the layers which play the
most important roles in the landslides (LLC. 1998). After
choosing the weight of layers, it is multiplied by the layers
in raster calculate and the special analysis; as a result, the
overlapping maps will be ready.

Fuzzy operators

Different fuzzy operators in the below were used for mapping
landslide susceptibility (Wang 1999); those are including al-
gebraic operators (AND, OR, Product, and SUM) and Gamma
operator.

1. Fuzzy intersection or AND operator

It uses the minimum function for the overlaying, and it
corresponds to the intersection defined as follows:
Hcombinatia = IN(/’LA7I’I‘B’MC’ e) (1)
InEq. 1, pa , B ftc Show the fuzzy membership values of
existing pixels in the specific situations on the maps of differ-
ent factors. The operator of “AND” should be used for the

dependent parameters and some evidences that are necessary
to approve the hypothesis.

2. Fuzzy union or OR operator

This operator uses the maximum function and corresponds
to the union which is defined by Eq. 2.
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Fig. 2 Fuzzificating the effective elements in the landslide susceptibility using fuzzy membership function
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Fig. 2 (continued)
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If this operator is used, the maximum function value will be
selected out of two membership functions.
3. Fuzzy multiplication or product operator (minimization)

Fuzzy multiplication operator is defined as follows.
pe(x) = Tz (%) (3)

Here, (1; is the membership value in the map of the ith factor
(Eq. 1). Using this function, the fuzzy membership values are
more likely to be reduced in the output map. They move
toward 0 because of multiplying some numbers which are less
than 1; therefore, the combination of elements will have the
decreasing impacts. In other words, they decrease each other.

4. Fuzzy addition or SUM operator (maximization)

This operator is defined by Eq. 4.
pe(x) = T (1) (4)

0153 6

where p; means the membership value in the map of the ith
factor. The fuzzy membership values are more likely to be
increased in the output map, when this operator is used.
They move toward 1; consequently, the combination of ele-
ments will have the increasing impacts so that due to the
increasing impacts of fuzzy mathematical addition, there will
be the maximum risk. In other words, they augment each
other. Unlike fuzzy union and intersection, all the membership
values of the input map influence the output 1 for all the fuzzy
multiplication and addition operators of values.
5. Fuzzy Gamma operator

It is defined by fuzzy multiplication and addition in the
equation 5.

x (Fuzzy algebraic Product)' ™ (5)
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Fig. 4 Landslide regions (a) and those with no landslide (b)
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where v in Eq. (5) is between 0 and 1. It equals 1 and 0, when
v is the same fuzzy addition and multiplication, respectively.
Correct selection of y between 0 and 1 produces some values
of the output which shows the flexible adaptation of all the
decreasing and increasing tendencies of fuzzy multiplication
and addition, respectively.

Results
Fuzzificating and mapping

Function for the fuzzification was selected as the basis of the
criteria importance, nature, and relation with the target 1. Since
the use of the fuzzy logic model was based on the raster analysis
(network) for mapping the landslide susceptibility, each pixel
should be taken a membership value from 0 to 1 with regard to
the ideal function. At first, all parameters have to be weighed by
the means of fuzzy membership function (the functions in the
Table 2) in the environment of geographic information systems
(GIS) technology.

Fuzzy membership function types which have been
used for fuzzification in each factor concerning all mea-
sured parameters were presented in Table 3.

Fuzzification for each factor through fuzzy function
showed that the choice of one function should be done

according to the target (mapping landslide susceptibili-
ty), criterion nature in the study area, and the relation-
ship between the criterion and target. For example,
since the distance from breakage is important and the
least distance has the highest value, small function is
more likely to be used for the fuzzification in this pa-
per. According to Table 3, this function is used when
the small inputs are of the highest membership values.
Hence, the breakage criterion can be defined as follows
regarding the landslide susceptibility mapping; as the
distance from breakage decreases, instability and as a
result the landslide susceptibility increase. Fuzzification
of other factors will be performed on the same basis.
Figure 2 shows the maps of the effective elements in
the landslide susceptibility by using the fuzzy member-
ship functions.

Weighting

After fuzzification of different measured layers by using mem-
bership function, they have been weighed by the AHP method
of the expert judgment (Table 1). Accordingly, the layers are
weighed with regard to their importance and effects.
Afterwards, using the fuzzy operators and Gamma with lan-
daus of 0.2, 0.5, 0.8, and 0.9, specific layers were combined
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10.41 8
0 0 0 0 0 0 . o 016+ 4 0.63
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43.97
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Fig. 5 Number of pixels inside the landslide regions by a algebraic operators and b Gamma operator
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and the maps of landslide susceptibility were provided by
different applied functions (Fig. 3).

After providing the maps of landslide susceptibility
by using the fuzzy operators, different layers were
compared with the landslide maps to determine the
accuracy of the operators for finding the maps which
do not have the landslide. At first, the maps of land-
slide areas and those with no landslide were specified
through the satellite imagery and field visits (Fig. 4).

Landslide susceptibility mapping was designed by
two layers of landslide regions and those with no land-
slide in order to recognize the number of pixels in the
inside all categories those of very low, low, moderate,
high, and very high (Fig. 4a) and outside the landslide
region (Fig. 4b). Then, the number of pixels in the
inside the landslide regions was produced by algebraic
operators (OR, AND, Product, Sum) (Fig. 5a) and by
Gamma operator (Fig. 5b) and also in the outside the
landslide regions (Fig. 6a, b). As well, the ratio of the
pixel frequencies inside the region as compared with
the outside were calculated by each operator in all
levels of very low, low, moderate, high, and very high
by algebraic operators (Fig. 7a) and Gamma operator
(Fig. 7b).

a =OR =AND

9.5 100 100 31.17 24,77 100 100 15.7

36.6 100 100 40.47

Discussion

In this study, landslide susceptibility mapping was pre-
sented a number of fuzzy operators using different lan-
daus. The produced map showed that the landslide
mapping prepared by the “And” operator makes the
region into very low hazardous class. But, the applica-
tion of “Or” operator leads to the classification of most
regions as high and very high hazardous classes. It
should be stated that the operators of “And” and
“Or” are the operators of Boolean logic indicating the
absolutely pessimistic and absolutely optimistic results
by 0 and 1 numbers, respectively (Zhang and Kandel
2003). The operator “Sum” produced a low sensitive
map, because the pixel value tends toward the right in
this operator whom more pixels may be put into very
high and high hazardous categories (Chung and Fabbri
2001). As well, the landslide hazard maps were pre-
sented by the fuzzy “Product” operator. Since all the
information layers are multiplied, this operator leads to
the smaller outputs which tend to 0. Consequently,
fewer pixels are put in very high and high hazardous
classes. In order to decrease very high sensitivity of
fuzzy multiplication and low accuracy of addition

= Product =~ SUM

36039
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Fig. 6 Number of pixels outside the landslide regions by a algebraic operators and b Gamma operator
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Fig. 7 Comparisons of pixel frequencies of landslide regions and those with no landslides by a algebraic operators and b Gamma operator

operators, another operator named fuzzy “Gamma” is
applied. A variety of Gamma values (0.2, 0.5, 0.8,
and 0.9) are more likely to be used (Lee 2007) which
the outputs of the “Gamma” operator map were pre-
sented with different values. It indicates that as Gamma
value tends from 0.2 to 0.9, the resultant maps have
different categories so that the categories can be appro-
priately separated, and the accuracy of the maps is
more likely to be enhanced (Chi et al., 2002;
Hampati-ray et al. 2007; Lee 2007; Tangestani 2003;).
The results of statistical descriptions of different fuzzy
operators are shown by the fuzzy membership function
in Fig. 7. It indicates that if we move from the fuzzy
“AND” operator to Gamma computed as 0.9, it can be
concluded that Gamma operator is of more accuracy in
the region with regard to the variation coefficient and
its gradual decrease. Comparison of fuzzy operator
maps shows that “Gamma” operator presents more ac-
curate landslide maps with the accuracy value of 0.9.
Our results are in the line of the previous studies those
introduced the gamma operator with the best accuracy
(Lee 2007; Pradhan et al. 2009; Pradhan 2010).
Therefore, it is suggested that it is necessary to con-
sider the resultant maps as a basis in order to take the
operational measures in the region. Accuracy of

@ Springer

mapping landslide is directly related to the
fuzzification method and the choice of method.

The fuzzy membership function was applied for weighting
of the landslide map by using the AHP method of the expert
judgment to find their importance and effects. Finally, five
landslide intensities of very low, low, moderate, high, and very
high were recognized in the study area.

Conclusion

In the current study, the landslide map was determined by
weighting the main criteria and the membership functions of
fuzzy logic. For this, the most important f factors were applied
for mapping landslide susceptibility, e.g., percentage of slope,
slope aspect, height, geology, land uses, distance from roads,
distance from drainages, distance from breakage, and precip-
itation. These factors were weighted for fuzzificating by using
the AHP method of the expert judgment. As well, our results
illustrated that the fuzzy operator of “Gamma” has been rec-
ognized an inappropriate model for mapping landslide suscep-
tibility. Five classes those of very low, low, moderate, high,
and very high were identified by using this function in the
final landslide maps.
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