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Chapter 2
Frequency Ratio Approach for Landslide
Susceptibility Mapping of Phonda Ghat
of Maharashtra

Abhijit S. Patil, S. S. Panhalkar, and Sambhaji D. Shinde

Abstract The Western Ghats of Maharashtra frequently suffer from landslides
caused by various geo-environmental factors. The prime aim of this study is to
produce a suitable landslide susceptibility map of the Phonda Ghat region ofWestern
Ghats of Maharashtra. The present study reveals the application of the Frequency
Ratio (FR) model using GIS techniques to assess the influence of geo-environmental
factors on the occurrence and distribution of landslides. The FR model is derived
from the landslide inventory and geo-environmental factors viz, Slope angle, Slope
curvature, Aspect, Relief, Drainage, Land Use/Land Cover, Lineament, Geology,
NDVI, Geomorphology, Rainfall, and Soil depth. The main focus of this investiga-
tion is to categorize the land surface of the study area on the basis of the degree
of potential landslide susceptibility. The model is validated by performing the AUC
curve method. The result shows the landslide susceptibility map, which demarcated
more than 13%of the land area of the study region, is highly potential to the landslide.

Keywords Frequency ration (FR) · Phonda ghat · GIS · Landslide susceptibility

2.1 Introduction

Landslides are natural hazards that are caused by several geophysical & anthro-
pogenic factors. These landslides are dangerous, occur suddenly, and cause signif-
icant damages (Guzzetti et al. 1999). Generally, landslides occur in mountainous
and rugged terrain all over the world. The Himalayas and Western Ghats of India
characterize highly undulating and mountainous terrain. The Western Ghats contain
a significant highland range running parallel to the western coast of India. Several
studies on landslide mapping have shown that the Western Ghats region of India is
highly vulnerable to landslide hazards (Ramchandra et al. 2010; Patil et al. 2019).
Remote Sensing (RS) and Geographical Information Systems (GIS) play a crucial
role as they are used as the leading tools for detection, classification, analysis, and
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mapping of landslides. Recently, landslide hazard mapping is quite possible due to
easy access and a fine resolution of remote sensing data and thematic layers using
Geographical Information Systems (Gupta et al. 1990; Scaioni 2013; Qiao et al.
2013). The study of landslide hazard mapping based on Remote Sensing and GIS
techniques is carried out by a number of authors (Mantovani et al. 1996; Gupta et al.
1999; Saha et al. 2002; Lee et al. 2007). In recent times, a number of methods and
techniques of GIS and RS for landslide mapping have been proposed and applied
(Wang et al. 2005; Pardeshi et al. 2013; Balasubramani K et al. 2013; Merrett et al.
2013; Patil et al. 2020).

The advances inGIS andMulti-CriteriaDecisionAnalysis (MCDA) have changed
the perspective of the landslide study. The integration of GIS and MCDA creates
new tools that help for the management of data and spatial analysis (Guzzetti et al.
1999; Kayastha et al. 2013). Bayes Ahmed (2014) has used three different methods
of Geographical Information System based on Multi-Criteria Decision Analysis
methods. Artificial Hierarchy Process (AHP),Weighted Linear Combination (WLC),
and OrderedWeighted Average (OWA)were applied scientifically to assess the land-
slide susceptible areas in Chittagong Metropolitan Area, Bangladesh. van Wstern
et al. (2011) have given an overview of a recent research project between GSI,
the National Remote Sensing Centre (NRSC), and ITC (the Netherland) on how
the existing technique for landslide inventory, susceptibility, and hazard assessment
for India could be improved, and how these could be used for quantitative risk
assessment. Westen et al. (1999) have made a comparative study of landslide hazard
maps of the Alpago region in Italy to get a better insight into decision rules in their
direct mapping approach and to improve GIS-based indirect mapping techniques.
The present study has been carried out to demarcate the landslide susceptibility zone
of the PhondaGhat region ofMaharashtra using Remote Sensing andGIS techniques.

Over the last few years, landslide susceptibility assessment is considered as a
significant and beneficial approach to predict the probability of spatial distribution
of landslide occurrence under certain geo-environmental circumstances. Thus, it is
valuable to do a landslide susceptibility assessment for landslide disaster risk reduc-
tion (Srivastava et al. 2010; Mahalingam et al. 2016; Persichillo et al. 2016).In the
past years, many models have been applied for landslide susceptibility assessment,
and these models can be mainly divided into qualitative models and quantitative
models (Devkota et al. 2013; Wu et al. 2016). The frequency ratio (FR) is a quan-
titative model that can be easily applied and provides high accuracy for landslide
susceptibility assessment (Lee and Talib 2005; Lee and Pradhan 2006; Yilmaz 2009).
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2.2 Study Area

The entire study area is located towards the extreme southern part of theMaharashtra
state of India. It lies between 16°17′35′′N to 16°26′41′′N latitude and 73°46′52′′E to
73°56′ 37′′E longitude thereby covering a total geographical area of approximately
291 km2 (Fig. 2.1). It is extended in part of Kolhapur and Ratnagiri districts. The
average height of the study area is about 525 m. The maximum height is 945 m,
which is observed towards the ridgeline area of a western ghat in the study area. The
lowest point is the extreme west part, where the height is 105 m above sea level. The
parts of the Radhanagari reservoir, Kurli dam, Kalammawadi, and other small dams,
have occupied 24.5 km2 of the study region.

Fig. 2.1 Geographical location of study area
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Fig. 2.2 Research methodology

2.3 Research Methodology

The processes of Landslide Susceptibility Assessment (LSA) include data sources
preparation, landslide-related environmental factors analysis, and calculation of land-
slide susceptibility indexes (LSI). A precise and effective prediction of landslide
susceptibility index is essential for producing the landslide susceptibilitymap (LSM).

The main object of this study is to prepare LSM using the Frequency Ratio model
for the PhondaGhat region.

In the beginning, the landslide inventory and other data are obtained from different
data sources and landslide-associated 12 geo-environmental factors are studied.
Further, the FR values of these geo-environmental factors are calculated. Then
third, the FR model is used to calculate the LSI based on landslide inventories,
selected environmental factors, and field investigation data. Meanwhile, the LSM of
the PhondaGhat area is produced inArcGIS andQGIS software. Finally, to assess the
reliability and efficiency of the method, the Area Under Curve (AUC) is calculated
using a cumulative percentage of testing landslide inventory and susceptible zone.
Figure 2.2 is providing a brief and systematic flow of entire research work.
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2.3.1 Frequency Ratio Method

The FR method is used to study the relationships between past landslide sites and
subclasses of each potentially influential factor (Lee andMin 2001; Lee and Pradhan
2006).In this investigation, all the influential factors are classified into their respective
classes and the frequency ratio (Eq. 2.1.1) is calculated based on each class, i. Further,
the normalized frequency ratio (Eq. 2.1.2) is computed for all classes in the same
factor. The summation of the normalized frequency ratio of each influential factor
results in the landslide susceptibility index (Eq. 2.1.3) (Pradhan and Lee 2010;Wang
et al. 2016).

Fri (Frequency Ratio of class i):

Fri =
(
NLi
NLt

)
(
NCi
NCt

) (2.1.1)

Frn (Normalized Frequency Ratio):

Frn = Fri∑
classiFr ,

(2.1.2)

LSI (Landslide Susceptibility Index):

LSI =
∑

Frn (2.1.3)

where

NLi = number of landslides in class i.

NLt = total number of landslide.

NCi = number of cell points of class i.

NCt = total number of cell points.

2.4 Result and Discussion

2.4.1 Landslide Inventory

The initial step to produce the landslide susceptibility map is the production of
updated landslide inventory maps (Varnes 1984; Choi and Min 2004). The Geolog-
ical Survey of India, field investigation, and local land resource departments have
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Fig. 2.3 Landslide inventory

identified 34 landslide point locations in the study area (Fig. 2.3). In which, 20 land-
slides are used as a training dataset for FR model while 14 are utilized for the model
testing or assessment. The landslide inventory of the study area shows that most of
the landslides have occurred along the road.

2.4.2 Influential Geo-environmental Factors of Landslide

2.4.2.1 Geology

Geology or rock type is an important factor in controlling slope stability. It controls
the nature of theweathering and erosion of the region (Citrabhuwana et al. 2016). The
Western Ghats is the vital orographic feature of Peninsular India, which denotes the
long-lived uplift history. It is rugged, faulted, and eroded edge of the Deccan Plateau
(Envi. & Forest Gov of India 2013). The spatial distribution of different rock types
of the study area with geological formation is shown in Fig. 2.4. It has been observed
that nine geological features existed in the study area viz. Deccan trap, Essentially
Aa simple flow, Granite, Laterite, Mainly Aasimple flow, Megacryst flow, Quartz
chlorite amphibole schist, Quartzite (Sedimentary) and Shale.
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Fig. 2.4 Geology

2.4.2.2 Geomorphology

Geomorphology is science that studies the origin, evolution, and development of
topographic features and how those topographies associate to form landscapes
(Stetler 2014). The South Indian tectonic shield landscape is believed to have formed
through a slow geomorphic process (Radhakrishna 1993). The spatial distribution of
different landforms of the study area (Geomorphic Units) is shown in Fig. 2.5. It is
being observed that six geomorphic landforms existed in the study area viz. Anthro-
pogenic Origin-Anthropogenic Terrain, Denudational Origin-Mod Dissected Upper
Plateau, Denudational Origin-Pediment-PediPlain Complex, Structural Origin-Low
DissectedLower Plateau, StructuralOrigin-ModeratelyDissectedLower Plateau and
Waterbody.

2.4.2.3 Drainage

In Peninsular India, Western Ghats is the major water divider for the east and west-
flowing rivers. The rivers originate in the Western Ghats, flow down the steep scarp
on the west and meet to the Arabian Sea, or they flow east, on the gently sloping
plateaus and drain into the Bay of Bengal. The study area includes large numbers
of small gullies, small streams, and tributaries (Fig. 2.6). The landslide analysis has
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Fig. 2.5 Geomorphology

been done by using drainage distance. The drainage distance has been categorized
into five categories in the study area viz. less than 200, 500, 1000, 2000 m, and more
than 10000 m.

2.4.2.4 Relief

The relief of the Western Ghats of Maharashtra has two major parts that are Konkan
and Ghat (Desh) region. Both regions reveal greater differences in elevation. The
relief differs remarkably from place to place and the wide relief changes are seen in
the west–east direction of Western Ghats with local variations (Deshpande 1971).
The part of Konkan of the study area shows the greatest changes in elevation, whereas
the plateau (Ghati) part is quite a monotonous feature with the least elevation change
(Fig. 2.7). The relief is categorized into seven categories in the study area viz. less
than 110 m, 111–241 m, 242–416 m, 417–565 m, 566–664 m, 665–785 m, and 786–
948 m. The maximum height is 948 m, which is observed along the ridgeline of the
Western Ghats in the study area. The lowest point is towards the extreme west part,
where the height is 105 m above sea level. Comparatively, the western part of the
study area has a lower elevation, whereas the eastern part of the study area is covered
by higher elevation.
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Fig. 2.6 Drainage distance

2.4.2.5 Slope

The geometry of slope is an important factor that affects slope stability (Chaulya
et al. 2016). The degree or angle of slope very much governs the movement and
extent of the landslide (Donnarumma et al. 2013; Chen et al. 2016). The slope map
of the study area is prepared by using ALOS Pulsar DEM, which has 12.5 m spatial
resolution. The slope of the entire study area has been divided into five categories,
from 0 to 78 degrees range (Fig. 2.8). The ridgeline of the mountain range ofWestern
Ghats is located at the center of the study area, which shows a greater degree of slope.

2.4.2.6 Land Use/Land Cover

Land Use and Land Cover (LU/LC) replicates the physical and socio-economical
characteristics of land or surface of the earth (Mohammed et al. 2014). According to
Rajan K.S and Shibasaki R (2001), Land Use and Land Cover is a significant compo-
nent in understanding the interactions of human activities with the environment. The
LU/LC map of the study area is prepared with a depiction of LU/LC unit viz. Barren
Rocky, Deciduous Forest, Evergreen / Semi-evergreen, Fallow, Plantation, River,
Rural, Scrub Forest, and Water Bodies/Reservoir (Fig. 2.9).
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Fig. 2.7 Relief

2.4.2.7 Lineament

The lineaments are significant lines of the landscape caused by joints and faults,
revealing the hidden architecture of the rock basement (Hobbs 1904). The struc-
tural geology of the area has a significant influence on the occurrence of landslides
(Anbalagan and Singh 1996; Atkinson et al. 1998). Occurrences of landslides are
mostly acknowledged in the areas of linear patterns or lineaments (Nagarajan et al.
1998a, 1998b). The lineaments are detected and mapped in the study area by using
remote sensing data and GIS techniques. The Lineament Distance has been used as
a landslide influencing factor, which is categorized into seven categories viz. 500,
1000, 3000 and 5000m.While analyzing the lineament map, it is observed that about
39 lineaments have been passing through the area under investigation (Fig. 2.10).

2.4.2.8 Rainfall

Rainfall is recognized as a main triggering factor to create slope instability and
further causing the occurrence of a landslide (Chen et al. 2003; Seul Bi Kim et al.
2015; OgbonnayaIgwe 2015; Aristizábal et al. 2017). In the study area, the western
slopes of the mountains experience heavy rainfall (during the southwest monsoon
from June to September), while the eastern slopes have moderate rainfall. The great
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Fig. 2.8 Slope

variation of rainfall patterns in the Western Ghats also produces a great variety of
vegetation types (Envi. & Forest Gov of India 2013). The distribution of rainfall in
the study area is divided into four categories viz. 3001–3200 mm, 3201–3400 mm,
3401–3600 mm, and 3601–3800 mm. The annual average rainfall in this part is
3400 mm. The isohyet of rainfall of the study area reveals that the rainfall increases
from east to west (Fig. 2.11).

2.4.2.9 NDVI

The dense vegetation cover reduces the impact of weathering and erosion, which
increases slope stability, whereas the lands without vegetation cover are usually
enhancingweathering and erosion of the slope. Thus it is responsible for slope failure
(Normaniza et al. 2011;Normaniza et al. 2018). Thewide variation of rainfall patterns
in theWestern Ghats also produces a great variety of vegetation types (Envi. & Forest
Gov of India 2013). Ultimately, Normalized Difference Vegetation Index (NDVI) is
an essential parameter to detect the concentration of vegetation for landslide studies.
In the present research, theNDVImap is prepared by using Sentinel 2 satellite images
(Fig. 2.12).
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Fig. 2.9 Land use/land cover

Aspect

Aspect is one of the important topographic factors which affects a landslide (Hossein
et al. 2014). The orientation of slope affects the distribution of sunlight, wind, and
rainfall, thus indirectly affect to landslide occurrence (Clerici et al. 2006). The aspect
map of the study area (Fig. 2.13) was produced by using the aspect tool of ArcGIS
Software. The aspect of the study area is categorized into flat, north, northeast, east,
southeast, south, southwest, west, and northwest facing classes from 0 to 360°.
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Fig. 2.10 Lineament

Curvature

Profile and plan curvatures of the slope are used for landslide investigation (Ayalew
and Yamagishi 2004). Both profile and plan curvatures of a slope affect the landslide
susceptibility (Carson and Kirkby 1972). The plan curvature of the slope is calcu-
lated using ALOS Pulsar DEM for the landslide susceptibility of the study area.
The curvature map is classified into seven categories, from −33.91 to 33.27 value
(Fig. 2.14).

Soil Depth

Soil depth is a crucial influential factor in slope stability and hillslope hydrology
(Tromp-van Meerveld and McDonnell 2006). Soil depth factor is prepared by using
a district resource map of the Geological Survey of India. The spatial distribution
of soil depth of the study area is shown in Fig. 2.15. There are three classes of soli
depth viz. Deep (>50 cm), Shallow (25–50 cm) and Very shallow (10–25 cm).
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Fig. 2.11 Rainfall

Fig. 2.12 Normalized difference vegetation index
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Fig. 2.13 Aspect

2.4.3 LSA by Frequency Ratio

For the present landslide investigation, the frequency ratio is calculated,which reveals
the spatial relationships among the landslides inventory and influential factors (Table
2.1). The LSI values of PhondaGhat area range from 1.11 to 11.98. A higher LSI
suggests a higher vulnerability to landslide occurrence. This study implements the
equal interval method to classify the calculated LSI values into five categories: very
high (1.39%), high (12.18%), moderate (35.49%), low (42.79%), and very low land-
slide susceptibility (8.16%) for easy and visual interpretation (Table 2.2). The suscep-
tibility map (Fig. 2.16) demonstrates that about 13% of the land area of the study
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Fig. 2.14 Slope curvature

region is shown in the very high and high zone of landslide susceptibility. Hereafter,
it is observed that most of the landslide-prone areas are found along State Highway
No. 179.

2.4.4 Validation of the Frequency Ratio Model

In this study, a frequency ratio approach for estimating the susceptible areas of land-
slide using a GIS is applied and tested. Field investigation-based landslide inventory
(Testing data) is used for themodel validation. AreaUnder Curvature (AUC) is calcu-
lated from the cumulative percentage of susceptible zones of LSI in the study area
and the cumulative percentage of landslide occurrences in the classes as per Table
2.3. As per the result, the AUC value of 0.823 is obtained for the frequency ratio.
It shows the accuracy of the model (Fig. 2.17). The intensive field investigation is
carried out in the study area for validation of the result (Fig. 2.18).
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Fig. 2.15 Soil depth

2.5 Conclusion

The present study illustrates that the landslide susceptibility mapping of Phonda
Ghats ofMaharashtra. TheFrequencyRatiomodel is applied and tested usingRemote
Sensing and GIS techniques. The susceptibility map shows that more than 13% of
the land area of the study region is highly susceptible to the occurrence of the land-
slide. Hence, the major portion along PhondaGhatroad (SH-179) is represented as
highly vulnerable to the landslide. Therefore, this road is dangerous for unplanned
anthropogenic activities. The study reveals that the frequency ratio is an effective
method for landslide susceptibility mapping of hilly and rugged mountainous areas.
The performance of the Frequency Ratio model is validated by cumulative frequency
diagram, which shows that the model has an accuracy of 82% based on field investi-
gation. The landslide susceptibility map will be useful for planners and engineers in
choosing locations for the prevention andmitigation of existing and future landslides.
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Table 2.2 Landslide
susceptibility zones

Sr. No Susceptibility
zone

No. of pixels
within zone

Area of zone (%)

1 Very low 105,581 8.16

2 Low 553,620 42.79

3 Moderate 459,176 35.49

4 High 157,545 12.18

5 Very high 17,943 1.39

Fig. 2.16 Landslide susceptibility map using FR

Table 2.3 Distribution of
susceptible classes and
landslide occurrence

Susceptibility
zone

No. of testing
landslide

Percentage of
testing
landslide

Area
percentage

Very low 0 0 8.16

Low 1 6.67 42.79

Medium 4 26.67 35.49

High 6 40 12.18

Very high 4 26.67 1.39
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Fig. 2.17 Cumulative frequency diagram showing landslide susceptibility classification in the
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Fig. 2.18 Photo-plates of field investigation
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