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ABSTRACT

Landslide, the second most common hazard in Indonesia, after an earthquake, is causing enormous losses of
public infrastructures with subsequent economic disruptions. Roads are the most frequent public property which is
affected by landslides. Due to the geomorphological condition of Indonesia, the construction of roads often
intersects the mountainous topography. The Trenggalek—Ponorogo Road is one of the roads passing through
mountainous terrains that are very susceptible affected by landslides. The road has an important role as the main
transportation connector of some regencies in East Java Province. Landslide mitigation strategies along the
Trenggalek—Ponorogo Road are needed to prevent enormous losses. This research was aimed to conduct a remote
sensing-based assessment of landslide susceptibility areas along the Trenggalek—Ponorogo Road. The landslide
susceptibility areas were assessed by considering landslide triggering parameters; those were topographic slope,
distance to geological structure, distance to stream, lithology, and land use/land cover. The landslide triggering
parameters were presented in spatial data and processed using Geographic Information System (GIS) technology.
The Analytical Hierarchy Process (AHP) method was applied to integrate the landslide triggering parameters
which have the degree of effect to determine Landslide Potential Index (LPI). The resulting LPI delineated the
area into four susceptibility zones: very high, high, moderate, and low, which were presented as landslide
susceptibility map. The susceptibility map was then validated by landslide occurrences inventory in the study area.
The very high susceptibility zones, which are strongly predicted affecting the Trenggalek—Ponorogo Road, are
located in Nglinggis and Grogol Village.
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INTRODUCTION
Landslide is defined as a downslope
movement of rock or soil, or both, occurring

socio-economic implications in terms of both
direct and indirect costs [2]. The road
infrastructures are the most common affected

on the surface of rupture [1]. In natural
condition, landslides frequently occurred in
mountainous areas with a high rate of
weathering. Human activities, or urbanization
processes, often enhance the probability of
landslide due to uncontrolled urbanization
development. In Indonesia, landslides are
frequently occurred hazard causing manifold

infrastructure  causing disturbed logistic
distributions and closed accessibility of roads
that lead to economic deprivation. Landslide
susceptibility assessment along the road
infrastructures in wide mountainous areas is
not easy to be conducted due to the limited
human resources.
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The Trenggalek—Ponorogo Road
experienced landslide due to lack of
susceptibility monitoring as evidenced by
several landslide occurrences. Landslides in
the Trenggalek — Ponorogo Road has causing
close access between two regencies
(Trenggalek and Ponorogo Regency) [3].
Landslide management is needed in the road
since it plays an important role to support
many activities between two (or more)
regencies.

This research was aimed to assess the
landslide-prone slopes and produce the
landslide susceptibility map along
Trenggalek—Ponorogo Road that will help the
government to arrange the slope management
strategies. The research was conducted using
the integration of GIS technology with remote
sensing data. The Analytical Hierarchy
Process and simple rating method were
incorporated to produce Landslide Potential
Index (LPI). In Indonesia, the application of
remote sensing and GIS technology was
rarely implemented for landslide
susceptibility assessment. Meanwhile, in
other countries, the integration of remote
sensing and GIS technology had widely used
in landslide susceptibility assessment due to
many good reasons, such as saving time and
resources as well as the precise result [4]. The
method was very suitable conducted in the
wide research area without spending a lot of
time and money.

The research was conducted along the
Trenggalek—Ponorogo Road and  the
surrounding area. The total research area is
190 km? and the total length of road is 27.68
km (Figure 1). The road connects Trenggalek
and Ponorogo Regency in East Java Province,
Indonesia. The road was constructed passing
through adverse geomorphological and
geological conditions. Most parts of the road

were constructed in mountainous terrain by
cutting the original slopes of mountainous
terrain. Whereas, the types of lithology
composing the mountainous terrain are
dominated by weathered tertiary volcanic
rocks with quite intensive structural geology
[5,6] . The implications of both conditions are
the high number of landslide-susceptibility
areas (Table 1).

Table 1. Landslide inventory in study area [3,7-9].

UTM
Coordinate
(49S Zone)

Code Failure Mechanism

Subsidence

Debris slide

Slump, crack, soil creep
Slump, crack, soil creep
Debris slide

Slump, irregular crack
Slump, crack

Slump, crack

563411, 9116758
565943, 9111570
568860, 9119627
568319, 9117997
568625, 9118098
570031, 9120433
571161, 9118699
572227, 9119057
571847, 9115231  Slump, crack

10 570643, 9116220 Crack, soil creep

O©oO~NOOhWNPF

Source: Geological Agency of Indonesia and National
Agency for Disaster Management.

DATA AND METHODS

Landslide is the result of the interaction
of many triggering parameters. The
knowledge that says landslide is only
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associated with extremely steep slopes does
not accurately reflect the real condition of the
research area. The assessment of landslide
susceptibility has to consider the various
adverse  triggering parameters.  The
establishment  of landslide  triggering
parameters in this research was supported by
the landslide inventory data. There are five
triggering parameters associated with the
landslide distributions of the research area,
those are topographic slope, lithology,
distance to lineament/geological structure,
distance to stream, and land use. The
landslide triggering parameters in this
research  represented both the natural
(geological and hydrological aspect) and
anthropogenic controls.

The information of the triggering
parameters in the research area was extracted
from remote sensing data and published map
(Table 2) and then presented in a raster-based
thematic map of parameters. The detailed
conditions of the parameters are described as
follows.

Table 2. The data sources of landslide parameters
[5,6,10,11].

Thematic  Data source Original

data maps scale/resolution
Slope Digital Elevation 0.27-arcsecond
angle Model (DEM) 1507-

44, 1507-53, 1508-
12, 1508-21 from
Indonesia Geospatial
Information Agency

Lithology = Geological map of 1:100,000
and the  Madiun and
distanceto  geological map of

lineament/  the Tulungagung

geological  from Geological

structure Research and
Development Centre

Land use Topographical map 1:25,000

and of Ponorogo and

Distance to  Trenggalek from
stream Indonesia Geospatial
Information Agency

e Slope Angle
Slope angle is an important landslide
causative factor. It controls the shear
forces acting on the hill slopes [12]. The
steep slope, usually, has greater shear
forces than shear strength which makes
the soil/rock mass moving. The study of
landslide susceptibility, so far, always
considers the slope angle [13-19]. In this
research, the slope angle data were
derived from remote sensing data
provided by the government in the form
of the Digital Elevation Model (DEM).
The slope angles in the research area,
which ranged in vary value, were
classified into five classes: (i) >25°; (ii)
15-25°; (iii) 10-15°; (iv) 5-10°; (v) 0-5°
(Figure 2a).

e Lithology
Lithology has a strong correlation with
the distribution of landslides in the
research area. Lithology plays an
important role to determine the
weathering resistance of a
slope/escarpment [20]. The lithology data
in the research area was gained from
geological maps of Ponorogo and
Tulungagung  published by  the
Geological Research and Development
Centre. The rock formations with similar
characteristic were regrouped into a
bigger class of rock. There were five
classes of rocks in the research area
(Figure 2b), those were quaternary
deposit, limestone, volcanic breccia,
sandstone and diorite [5,6].

¢ Distance to Lineament/Geological
Structure
Lineament is the surface manifestation of
geological structures. It indicates the
presence of geological structures beneath
the earth surface. In the research area,
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geological structures intensively intersect
the hills. Geological structures provide
discontinuities in rock bodies which can
enhance the weathering process. The
distance of slope to the geological
structure has a direct relationship to
landslide occurrences. The closer the
distance of the slope to the geological
structure, the more intensive the
discontinuities [21]. The geological
structures data in the research area was
gained from geological maps of
Ponorogo and Tulungagung published by
the Geological Research and
Development Centre. The research area
was divided into five zones based on the
distance to geological structures, those
were: (i) 0-200 m; (ii) 200400 m; (iii)
400-700 m; (iv) 700-1,000 m; (v)
>1,000 m (Figure 2c).

Distance to Stream

The research area has a very intensive
stream pattern. Most streams are formed
by surface runoff from rainfall water.
Considering this  phenomenon, the
streams  become  responsible  for
determining the water content in the
surrounding soils/rocks. The distances of
slope to streams become an important
factor of slope instability. Different
researchers had used the distance to
stream as one of consideration in
landslide  susceptibility — assessment
[14,15,19,20]. It becomes the
representation of the hydrological aspect
in landslide susceptibility assessment.
The research area was divided into five
zones based on the distance to streams,

those were: (i) 0-50 m; (ii) 50-100 m;
(iii) 100-150 m; (iv) 150-200 m; (V)
>200 m (Figure 2d).

e Land Use
Land use represents the anthropological
activities that contribute to

surface/morphological change. It plays an
important role in slope instability [22].
The land use data in the research area
was gained from a topographical map
published by Indonesia Geospatial
Information Agency. The research area
was divided into five land-use types,
those were: water body, built-up area,
barren land, agricultural land, and forest
(Figure 2e).

Landslide  susceptibility map was
generated by integrating five thematic maps
(Figure 3). The integration of all thematic
maps was conducted in two stages of
processes; those were AHP and a simple
rating method. Different researchers, who had
used AHP for Ilandslide susceptibility
assessment, noted some advantages of the
AHP method are: (i) all information can be
included in the assessment process; (ii)
judgement is structured; (iii) discussion rules
are based on expert’s knowledge and
experiences; (iv) inconsistencies in the
decision process can be detected [23]. In this
research, AHP was used only to assign the
rank of landslide triggering parameters but
not for the different classes of the parameters.
The assignment of the parameters’ classes
was conducted using a simple rating. Every
step of the methodology is explained as
follows.
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Figure 2. Thematic maps of landslide triggering parameters: (A) slope angle map; (B) lithology map; (C) distance
to lineament/geological structure map; (D) distance to stream map; (E) land use map.
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Figure 3. Research methodology.

The first step was determining the rank of
each parameter. The AHP method was
applied in the assignment. The assignments
are taken using pairwise relative comparisons
of the parameters without inconsistencies
incorporated in the assignment process [24].
The inconsistency can be checked using a
consistency ratio (CR). If the CR > 0.1, the
comparison matrix is inconsistent and should
be revised. The final result of pairwise
comparison is the ranking of triggering
parameters in this research can be seen in
Table 3. From this assignment, we got the
rank of parameters that represented the degree
of importance of the parameters to trigger a
landslide. The slope angle parameter took the
first position and the land use was at the last
position.

Table 3. Pairwise comparison matrix.

Landslide Final
triggering A @ 6 @ O gk
parameters
Slope angle (1) 1 2 3 5 7 | 42.5%
Lithology (2) (12 1 2 4 6 | 27.3%
Distance to
geological 0y 143 10 1 3 5 | 17.7%
structure/
lineament
Distanceto ) ' 15 114 13 1 3 | 84%
stream
Land use () i U7 16 1/5 1/3 1 4.2%

Amax =5.186; CR = 0.041

The second step was determining the
weight of classes in each parameter. The

value of weighting ranged between 0-9 which
represented the degree of influence to trigger
a landslide. The higher value has a bigger
influence to  trigger a  landslide.
Implementation of a simple rating method in
this research aimed to give a chance to the
researcher for assigning the degree of
importance as real as the natural condition of
the research area. The assignment of classes
using a simple rating method can be seen in
Table 4.

Table 4. The assignment of landslide triggering
parameters classes

Causative factors  Classes Weight

(€9) ) ©)

Slope angle >25°

15-25°

10-15°

5-10°

0-5°

Quaternary deposit
Limestone
Volcanic breccia
Sandstone
Diorite

0-200 m
200-400 m
400-700 m
700-1,000 m
>1,000 m
0-50m

50-100 m
100-150 m
150-200 m
>200 m

Water body
Built-up area
Barren land
Agricultural land
Forest

Lithology

Distance to
geological
structure/lineament

Distance to stream

Land use

P WOPPOCOFRPNE~NORFRPNENONMNWNOOORDNO O

The third step was integrating data. The
integration was a process of an arithmetic
overlay to combine all of the thematic maps
which had numerical data layers of landslide
triggering parameters and their classes (Table
5). The map overlay was conducted in GIS
software using the tool “Weighted Overlay”
following the formula of Landslide Potential
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Index (LPI) that had been demonstrated [21]
as follows.

LPI= 3" (Rix W) @

where R; denotes the rank for factor i and Wi
denote the weight of class j of factor i.

The LPI, gained from overlay process,
was classified into four classes which
delineated the research area into four classes
of landslide susceptibility (Table 6) and
presented as a landslide susceptibility map of
the research area. The resulting map was,
then, validated using landslide inventory data
as stated in Table 1. The validation showed a
relatively precise result, where the very high
susceptibility zone has higher landslide
occurrences than the other zones (Figure 4).
However, the number of landslide
occurrences in inventory data was not

sufficient to validate the zonation. The
collected data of landslide inventory was very
difficult due to the Ilimited information
provided by the government. After validated,
the landslide susceptibility map along the
Trenggalek—Ponorogo Road was ready to be
used (Figure 5).

LANDSLIDE OCCURRENCE

NUMBER OF L ANDSLIDE
OCCURRENCES
o o

o o, oNow oA

Very High High
LANDSLIDE SUSCEPTIBILITY ZONE

Figure 4. Distribution of landslide occurrences in the
landslide susceptibility zones.

Moderate Low

Table 5. Integration of landslide triggering parameters and their classes.

Causative Classes Rank of Weight of  Final weight
factors @) parameters classes B)=R3)x(4)
(1) 3) (4)
Slope >25° 42.5% 9 3.825
angle 15-25° 8 3.400
10-15° 5 2.125
5-10° 2 0.850
0-5° 1 0.425
Lithology =~ Quaternary deposit 27.3% 9 2.457
Limestone 8 2.184
Volcanic breccia 7 1.911
Sandstone 3 0.819
Diorite 2 0.546
Distanceto 0-200 m 17.7% 9 1.593
geological  200-400 m 7 1.239
structure/ 400-700 m 4 0.708
lineament ~ 700-1,000 m 2 0.354
>1,000 m 1 0.177
Distanceto  0-50 m 8.4% 9 0.756
stream 50-100 m 7 0.588
100-150 m 4 0.336
150-200 m 2 0.168
>200 m 1 0.084
Land use Water body 4.2% 9 0.378
Built-up area 8 0.336
Barren land 4 0.168
Agricultural land 3 0.126
Forest 1 0.042
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Table 6. Classification of LPI.

Landslide susceptibility class LPI
Low 14
Moderate 4-5
High 5-6
Very High 6-9
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Figure 5. Landslide susceptibility map in the research area.

RESULTS AND DISCUSSION
Based on the landslide susceptibility map

that had been produced, the Trenggalek— o
Ponorogo Road passes through mostly in a
low susceptibility map. However, there are
some parts of the road that need to be o

considered:
In Nglinggis Village, Trenggalek
Regency, approximately 5 kilometers of

road is located in
susceptibility zone.

In Pangkal Village, Ponorogo Regency,
approximately 3 kilometers of road is
located in high susceptibility zone.

In Grogol Village, Ponorogo Regency,
approximately 0.6 kilometers of road is

located in a very high susceptibility zone

a very high
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and about 1.5 kilometers of road is

located in high susceptibility zone.

The road in Nglinggis (5 km) and Grogol
(0.6 km) Village has the highest probability
of landslide because it is located alongside
the river, steep mountainous slope with
relatively low vegetation, composed of highly
weathered volcanic breccia and also occupied
by a normal fault. Meanwhile, the road in
Pangkal (3 km) and Grogol (1.5 km) Village
are located on a steep mountainous slope with
agricultural vegetation, composed of highly
weathered volcanic breccia and relatively
near to normal fault.

The protocol of landslide mitigation
strategies is needed in both of the locations.
The strategies must fit the nature condition of
slopes, including geotechnical and
hydrological aspects, so they can be
implemented properly to prevent landslides.
Furthermore, the implementation of the early
warning system is also needed to monitor the
relevance of landslide parameters.

CONCLUSIONS

The landslide susceptibility assessment
along Trenggalek—Ponorogo Road using
integrated remote sensing data and GIS
technology had evidenced the reliable
landslide susceptibility map. There are three
locations of the road which need to be
considered, those are in Nglinggis, Pangkal,
and Grogol Village which have very high
landslide susceptibility and high landslide
susceptibility. The researchers suggest that
the onsite investigation must be conducted
immediately to arrange mitigation and
management strategies.
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