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Vathalmalai Ghat road section (VGR) using remote sensing and GIS techniques. In the
first step, the landslide causative factors such as geology, geomorphology, slope, slope aspect, land use / land cover, drainage density,
lineament density, road buffer and relative relief were assessed. All the factors were assigned to rank and weight based on the slope
stability of the landslide susceptibility zones. Then the thematic maps were integrated using ArcGIS tool and landslide susceptibility
zonation was obtained and classified into five categories ; very low, low, moderate, high and very high. The landslide susceptibility
map is validated with R-index and landslide inventory data collected from the field using GPS measurement. The distribution of
susceptibility zones is ; 16.5% located in very low, 28.70% in low, 24.70% in moderate, 19.90% in high and 10.20% in very high zones.
The R-index indicated that about 64% landslide occurences correlated with high to very high landslide susceptiblity zones. The model
validation indicated that the method adopted in this study is suitable for landslide disaster mapping and planning.

Keywords: Landslides, Remote sensing and GIS, Causative factors, Susceptibility.

I'eonpocTopoBa TexHo/0TisE KapTOrpadgyBaHHs 3CyBOHeOe3MeYHOl ISTHKUA Y3/10BXK O0POTH Y
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AHoTauisi. 3cyB IPYHTY € OJHI€I0 3 TIOINPEHNX Ta MIKIUIMBUX HeOE3IeK y NOPiBHAHHI 3 iHIIMMU KatacTpodamu. OLiHKa 30HATBHOCTI
CIPUIHATIMBOCTI 10 3CYBIB € Ba)KIMBUM 3aBJaHHSM 100 3MCHILICHHS JIIOJICBKUX BTpAT Ta MaiiHa. J[aHe TOCIIDKeHHS Ma€e Ha MeTi
PO3MEXyBaHHS 3CYBHUX TE€PUTOPIH y3MOBXK HITIHKH noporu Barxammaiinait I'at (VGR) 3 BuKopHCTaHHSIM METOIIB JUCTAHIIHHOTO
3ouayBanns Ta ['IC. Ha nepmiomy ertari Oyinu BCTaHOBJIEHI YMHHUKHY, 0 CHPUYHHSIOTH 3CYB, TaKi K T€0JIOTis, TeOMOPQOIIOTis, CXUII,
CXWJIOBUH aCIEeKT, BUKOPUCTAHHS 3eMJIi / TIOKPUB 3€MJIi, IMUIBHICTD APEHaXY, IMUIBHICTh NEPEeKPHUTTs, Oydep TOpOrH Ta BiIHOCHMI
penbed. Yei pakropu OyIu OLIHEHI 32 PAHTOM Ta BarOMICTO BUXOASYHM 31 CTIHKOCTI CXMIIIB 110 3CyBY. [10TiM TemaTH4Hi KapTu Oysu
IHTErpoBaHi 3a JOMOMOro iHcTpyMeHTy ArcGIS, i Oyno oTpuMaHO 30HYBaHHS CIPUIHATIMBOCTI 0 3CYBiB Ta KiacH(piKoBaHO Y
II’SITh KaTeropii, TakuxX K Ay:Ke HU3bKI, HU3bKI, IOMIPHI, BUCOKI Ta JyXe BUCOKI. Kapra cipuiHATINBOCTI 10 3CYBIB BamigyeThCs
3a IOMOMOrol R-iHIeKCy Ta AaHUX iHBEHTapu3alii 3CyBiB, 310paHMX y MONBOBHX yYMOBaxX 3a JOMOMOTol0 BHMiproBaHHS GPS.
Po3smoain 30H CIPUAHATINBOCTI CTAaHOBUTE 16,5% y myxe HU3bKHX, 28,70% y HH3bKHUX, 24,70% y momipaux, 19,90% y BHCOKHX i
10,20% y my»’e BHCOKHX 30HaX. R-iHIexc BKasye, mo O61m3pKko 64% BHIAIKIB 3CyBiB KOPENIOIOTHCS 13 BUCOKUMU Ta Ay>Ke BUCOKHMH
30HAMHU CHPUHHATIUBOCTI JI0 3CyBiB. Bauigamis Mozieni mokasana, O METOM, NPUHHATHIA Y [bOMY JOCIIKCHHI, MIIXOAUTh IS
KapTorpadyBaHHs Ta IIAHYBaHH 3CYBIB.

Kniouogi crosa: 3cysu, oucmanyiiine 3ondyeanns ma I'IC, npuyunni gpaxmopu, cnputinamiugicms.

Introduction of the world. In landslide mass movement terrain, the
loam or debris material along with the inclined sloping
terrain causes major natural disasters, loss of lives,
damage to infrastructure and properties throughout

Landslides affect a significant impact on people’s
life and their property. They are among the costliest
and most damaging geological hazards in many parts
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the world (Varnes 1978; Aleotti and Chowdhury
1999; Dai et.al., 2002; Wang et.al 2015). In general,
landslide susceptibility mapping is defined as qualitative
methods which are direct hazard mapping techniques
or quantitative methods which are indirect mapping
techniques (Jaupaj et al 2014). Landslide occurrences
are mainly controlled by various geo environmental
parameters of the terrain (Anbazhagan and Ramesh
2014). In most mountainous terrain, geomorphology
plays a significant role in the occurrence of landslides,
so necessary importance has to be given to appraisal of
geomorphology in landslide studies. (Sajinkumar and
Anbazhagan,2014). At some locations, the development
of fractures and land subsidence provide early warning
for slope failure (Anbazhagan et al 2008) and one
has to seriously look for such evidences in ghat road
sections. Geospatial technology is widely utilized for
landslide inventory, hazard zonation mapping through
integration of causative factors, risk assessment and
mitigation (Sajinkumar et al 2013; Anbazhagan et al
2017; Ramesh et al 2017; Amit et.al 2019). GIS based
multi criteria analysis has been effectively implemented
to create landslide susceptibility zonation mapping
on CNG-37 ghat road section (Saranaathan and Mani
2016). In this study, several factors such as geology,
geomorphology, aspect, land use /land cover, drainage
density, lineament density, road buffer, slope angle,
relative relief and rainfall density were considered.
Similarly, GIS technique has been adopted for multi
criteria analysis of Bodimettu ghat section (Kannan et.al
2011). Many researchers have used different methods for
landslide susceptibility zonation mapping (Sarkar and
Kanungo 2004); Arnous 2011; Ahmed 2015; Mahdadi
et.al 2018, Amit et.al 2019; Sharma and Mehta 2012;
Maheep et.al 2018; Lee et.al 2004; Meng et.al 2011;
Hong et.al 2007). Overall, the GIS based multi criteria
decision analysis is simple and it provides convincing
results for zones of landslide hazards. Vathalmalai was
comparatively little known prior to 2012 when the hilly
terrain attracted attention through being announced
by the Government of Tamil Nadu as a tourist spot
in Dharmapuri district. In consequence of new road
construction along the Ghat section leading to slope
failure at several locations , Kavitha et al 2020a have
carried out preliminary studies on landslide inventory
and volume estimation. Several causative parameters
in the hilly terrain were integrated for preparation of
a landslide hazard zonation map though the Landslide
Hazard Evaluation Factor method (Kavitha et al 2020b).
The main objective of the present study is to assess the
landslide susceptibility zones along the Vathalmalai
Ghat road using multi-criteria analysis.

684

Study area

The study area Vathalmalai is a fast-growing
tourist spot located in Dharmapuri district, Tamil Nadu
state, India. The geographical area is located between
12°02°18’-12°04°15" N latitudes and longitudes of
78°10°30”-78 °13°15” E. Vathalmalai Periyur is a small
village located at 1140m above mean sea level (msl)
and 25km away from Dharmapuri town. Until 2010
there was no proper road connectivity and transport
facility available for the people who lived in this hilly
terrain. They couldn’t cultivate any cash crops. The
majority of the people living in the Vathalmalai Hills
belong to the tribal community. They have to walk at
least 12 km to access transport facilities in the foot hills.
They are also forced to sell their cultivated products
for their livelihood at a lowest cost. In the year 2012,
the Government of Tamil Nadu announced Vathalmalai
as a tourist spot and proposed several development
plans. At present, a ghat road connects the Dhinnahalli
village in the foothills to Periyur Potlangadu located
on the hilltop in Vathalmalai (Fig.1). The ghat road
was constructed and maintained by the District Forest
Department. Geologically, the road is covered by
weathered gneiss and charnockite formation. The
elevation of hill ranges between 500m and 1180m above
msl. A series of landslides occurred during November
2015 and May 2016, which were triggered by heavy
rainfall. The transport was totally cut off for several
days and people located on the hill suffered numerous
difficulties.

Methodology

The Weighted Linear Combination (WLC)
method applying weight values of each thematic
factor is applied for landslide susceptibility mapping.
It consists of a process of thematic layer, database
generation, assignment of weightage to each factor
and validation of the landslide model. In this study,
nine landslide causative factors were considered;
geology, geomorphology, land use/ land cover, slope,
slope aspect, drainage density, lineament density, road
buffer and relative relief. A Survey of India (SOI)
toposheet was used for preparation of the drainage
map and contour map with 20 m intervals on the scale
1:50,000. Slope and slope aspect were derived from
the SRTM DEM data and spatial analysis tools using
ArcGIS 10.4.1 software. The Geology map was prepared
from the Geology and Mineral map of Tamil Nadu and
Pondicherry (1995). The geomorphology, land use and
land cover, lineament and road maps were derived from
IRS P6 LISS —III satellite imagery.
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Fig. 2. Flow Chart shows the Methodology adopted in the study
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Landslide Causative Factors

Geology

Geology is one of the main factors have a direct
influence on the occurrence of landslides (Wang et al
2009). In the study area, there is not much variation
in lithology. The major rock types in the study area
are charnockites and basic alkaline dykes (Fig.3). The
rock prone to weathering has the greatest influence on
occurrence of landslides Accordingly , ranking and
weights were assigned.

interception, infiltration and evapotranspiration. The
land use / land cover in the Vathalmalai Hill region
was prepared from IRS P6 LISS III satellite image and
toposheet. The major types of land use and land cover in
the study area are fairly dense scrub, flat land, moderately
vegetated areas, plantations and settlements. Out of these,
dense scrub and vegetation occupy the major portion of
the hills (Fig.5). Though different land cover occupied
the entire hill system, the forest cover is degrading at a
faster rate due to frequent landslide occurrences.
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Fig. 3. Geology of the study area mostly covered by Charnockite
rocks

Geomorphology

Geomorphology is one of the important parameters
active in occurrence of landslides. In the present study,
IRS P6 LISS III satellite imagery was interpreted to
delineate different geomorphological features in the
study area. The interpreted features were verified during
field investigation. The structural hill system, pediment
and fracture valley are the important geomorphological
features in the study area (Fig.4).
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Fig. 4. Geomorphological features in the study area

Land use and land cover

Land use / land cover is one of the most sensitive
parameters in the study and it is easily affected by
changes resulting from the environment and human
activities (Begueria, 2006). The type of vegetation is
affected by the soil hydrology during increased rainfall
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Fig. 5. Land use / land cover in the study area

Slope

The nature of slope in a terrain controls the
stability or failure of slope. Slope inclination is one
of the mandatory parameters required for occurrence
of landslides. Plains and gentle slopes are always free
from landslide occurrences. Slope in degree is the
form between any part of the surface of the earth and
a horizontal datum (Ayalew et al 2004). SRTM DEM
data was utilized to obtain a slope map for the study
area. In the present study, the slope map was categorized
into five classes ; 0°-11°, 11°-19°, 19°-27°,27°-31° and
31°-38° respectively (Fig.6).
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Fig.6. Slope (degree) categories of the study area
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Slope aspect

Slope aspect is another important parameter, which
denotes the direction of maximum slope of a terrain. It
is an indirect factor which affects slope instability. In the
study area, the aspect map is classified into flat, north,
northeast, east, southeast, south, southwest, west and
northwest directions. The slope aspect map is useful to
understand the impact of sunlight and local microlevel
climate of the area. The aspect map was derived from
SRTM DEM data (Fig.7).

TR TEIOE TEIFME

12N

12N

L
-

By

[
S -

B s

[

— — .

& B4 [} | T

TR0 TR 1IE

12°13N
12°THN

YT

Fig. 7. Slope aspects map of Vathalmmalai Ghat road section

Drainage density

Besides soil type and geotechnical properties ,
drainage and drainage density are the causative factors
which control occurrence of landslides . Drainage
density is the total length of all streams and rivers in a
drainage basin divided by the total area of the drainage
basin. Sarkar and Karungo (2004) stated that there is an
adverse relationship between landslides and drainage
density. The drainage density map was generated from
drainages extracted from the Survey of India toposheet
using ArcGIS tool. Further, the drainage density in the
study area is grouped into three classes ; low, medium
and high (Fig.8).
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Fig. 8. Drainage density map for the study area

Lineament density

Lineament in general defined as any straight-line
features in the satellite image, controlled by structural
features like fault, fold axis, dyke, joints, fractures, etc.,
Lineament density is considered one of the important
parameters in landslide studies. The IRS P6 LISS III
Satellite image was used to interpret the lineaments in
the study area. The major lineaments were identified in
the northern and southern part of this study area and few
landslide occurrences were noticed in the north-west
and south-east directions. The lineament density map
was derived from the lineament map and reclassified
into three categories ; low, medium and high (Fig.9).
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Fig. 9. Lineament density map of Vathalmalai Ghat road section

Road buffer

Road cutting is one key factor that affects the
modification of natural slope into cut slope. Road
construction is a significant factor which causes slope
instability in a terrain. In this study, a buffer zone with
50m distance on both side of the road was generated
using Arc GIS software. The road buffer zone was
classified into three categories 25m, 50,100m (Fig.10).
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Fig.10. Road buffer zone along the Ghat road section of the
Vathalmalai Hills
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Relative relief

Relative relief denotes the maximum and minimum
height in the study area. Relative relief is one of
the important terrain parameters which control the
occurrence of landslides. In this study area, the relative
relief ranges from 500 to 1180 m. It was classified into
two classes , low and medium relative relief zones
(Fig.11).

TE"H0'WE

TEM0'E TEIE

—

12730N
12°30°N

Legend
Refative Rallel

12130 N
130N

o
o
w
N

TEIOWE TEMITE TEMIHE

Fig. 11. Relative relief in the study area
Weighted linear combination (WLC)

Weighted linear combination (WLC) function aggregates
all criteria and produce a single score. WLC is a function
used to standardize the factor maps, ensuring the sum
of the set of factors weights. The weightage and scores
were assigned to all causative parameters according to
its contribution to susceptibility of landslide occurrence.
Landslide susceptibility index formula is given in the
equation 1.

Susceptibility index =7, (Wix Ri)

Where Wi is the weight for factor i,
Ri is the score of class of factor i and
n is the total number of factors
(Muheep et.al 2018).

(1)

The weightage from 0 to 100 and scores from 0
to10 were assigned each causative factor in the study
(Table 1). The landslide inventory details were collected
through field investigation and validated the distribution
of landslide susceptibility classes.

Results and Discussion

In the present study, weighted linear combination
analysis was adopted for the purpose of the calculation
of the landslide susceptibility index (LSI). All the
causative factors processed and converted the vector
based layers into raster format with a 10m grid size of
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Table 1. Ranking and weights assignment to causative factors

S. No Factors Classes Weights | Rank

Charnockite 7

1 Geology Basic alkaline 15

dykes
Structural hill
system

5

e

Pediment 10

Fracture valley

Settlement

N[ Q||

Plantati
Land Use / antation
3 Moderately 15

Land Cover
Vegetated area

@)}

Fairly Dense Scrub
0-11

11-19

19-27 10
27-31
31-38
Flat
North
Northeast
East

4 Slope

Southeast
South

5 Slope Aspect 20

Southwest
West
Northwest

Low
Medium 10
High

Drainage
Density

Low

7 Lineament Medium 5

Density

High
0
25
8 Road Buffer 10
50

100

Al | O[N] O N[ |O (O Q| N[ W|IND[—|O||W|Q|W|W|O

Relative
Relief

0.6 9

IRS P6 LISS III satellite imagery with help of spatial
analysis tool for ArcGIS 10.4.1 software. The landslide
influencing factors were integrated and converted into
raster format through calculation of values and scores.
The integrated landslide susceptibility zonation map of
the study area contains five cluster zones ; very low,
low, moderate, high and very high . The percentage
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distribution of susceptibility zones is 16.5% in very low,
28.70% in low, 24.70% in moderate, 19.90% in high
and 10.20% in very high zones (Fig.12). Out of the five
classes, the high and very high landslide susceptibility
zone occupied a limited part of the area. The integrated
resultant landslide susceptibility map shows that the
middle part of the Ghat road section is more prone to
occurrence of future landslides.
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Fig.12. Landslide Susceptibility Map of Vathalmalai Ghat road
section

The landslide inventory details were collected during
field investigation and used in validation of landslide
susceptibility mapping analysis. In the susceptibility
zone, several types of landslide activities were identified
as debris flow mixed with mud and water in flowing
condition, rockfall on the steep slopes, weathered
charnockite rock formation and piping phenomena in
the soil profile. Landslide occurrences were noticed
along 3, 6,7, 11, 12, 15, 16, 17 and 21 hairpin bends.
The landslide locations were captured through GPS
measurements during field investigations. Most of the
landslides consist of debris , where water acts as
lubricant with highly weathered soil. In almost all the
landslide locations, the parent rock is not visible and the
entre slope section is in weathered conditions. Altogether
62 landslide locations were delineated in different sizes
during the landslide inventory. The landslide inventory
locations were compared with the landslide susceptibility
map and validate the accuracy of the mapping. There
are five susceptibility zones in the map ; very low, low,
moderate, high and very high. In the correlation, 22
landslides fall within very high zones, 17 within high
zones, 13 within moderate zones, 7 within low zones and
3 within very low zones. In comparison, 35.50%, and
27.40% of landslide occurrences respectively fall within
very high and high landslide susceptibility zones. About
64% of previous landslides were closely associated with
high to very high category and the multicriteria and
WLC method were found to be suitable for landslide
susceptibility mapping.

The potential map was verified using distribution
of landslide locations. For the verification, the R-index

method was used. The R-index method is used to
evaluate the association between location of landslide
points and the LSI map. The aim of validation is to
evaluate performance of the landslide density of the
study area. An index of relative landslide density
(R) has been used to validate the results. The index
is defined as follows (Baeza and Corominas, 2001);

R=(n/N)/¥(n/N)x 100 )

Where, n.is the number of landslides in susceptibility
level ‘i’ and

N.is the area occupied by the cells of susceptibility
level ‘1’

The R-index for each landslide class is represented
in Table 2, and the graphical representation (Fig.13)
points out the distribution of landslide locations
observed in the classes, indicating the consistency
of landslide density classes. It may be expected that
slope failures will appear in cells which have higher
discriminant scores.

Table 2. R-index in the landslide susceptibility in the study area

Susceptibility | Area | Area |Landslide | Landslide| R
Classes Pixels| % point % Index
Very low 3894 |16.50% 3 4.80% 4.59
Low 6796 |28.70% 7 11.30% | 6.13
Moderate 5839 |24.70% 13 21.00% | 13.27
High 4694 |19.90% 17 27.40% | 21.58
Very high 2410 | 10.20% 22 35.50% | 54.41
60.000
50.000 /
40.000 /
ﬁ 30.000 /
z /
20.000
10.000 k—’//
0.000
Very Low Low Moderate High Very high

Landslide Succeptability

Fig. 13. Graphical representation of R-index of landslide
susceptibility

Conclusion

The Vathalmalai Ghat road section is susceptible to
frequent landslide occurrences and the most common
triggering factor for landslide occurrence is heavy
rainfall. In the present study, landslide susceptibility
mapping has been carried out using multi criteria
analysis with help of remote sensing and Geographical
Information System (GIS) techniques. In this study, nine
causative factors, namely geology, geomorphology,
slope aspect, land use land cover, drainage density,
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lineament density, road buffer, slope angle, and relative
relief were considered for generation of a landslide
susceptibility map. The results indicated that the high
and very high susceptible zones include steep slope
and unconsolidated materials in cut slope areas. The
R-index method was used to validate the results of
landslide susceptible mapping and it indicated that
the procedure adopted in this study is appropriate and
valid. Careful planning and suitable mitigation measures
are required in moderate, high and very high landslide
susceptibility zones. In the landslide inventory study,
it was inferred that soil erosion, piping and saturation
of highly weathered soil profile lead to slope failure.
Hence, a proper drainage mechanism should be provided
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