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ABSTRACT. Landslide susceptibility maps are crucial in disaster risk management, and
they can be used for regional development plans. Landslide susceptibility maps can be
made by analyzing parameters that are assumed to affect landslides such as gradient
slopes, geology, soil, and climate. Selection of landslide controlling parameters influences
the accuracy of landslide susceptibility map. This study evaluates the effect of parameter
that’s rarely used, which is groundwater. The study area of this research was Kalibawang
and Samigaluh Subdistricts, Kulonprogo, Special Region of Yogyakarta, Indonesia. Fre-
quency ratio was used for the method along other parameters which is slope gradient,
lithology, lineament density, land use, soil thickness. The result shows that groundwater
parameter increased the accuracy by 22.29%. This study suggests that groundwater should
be highly considered in landslide susceptibility mapping. In the other hand, groundwa-
ter depth mapping remains a challenge because most remote sensing methods only detect
shallow groundwater. Further research is necessary to develop better methods for ground-
water mapping using remote sensing or other indirect methods.

Keywords: Disaster management - Environmental geology - Frequency ratio - Groundwa-

ter - Landslide susceptibility.

1 INTRODUCTION

Mapping of landslide susceptibility is required
for the preparation of regional development
plan that is based on disaster risk reduction.
Landslides may result in material and imma-
terial losses and hence should be avoided if
landslide-prone zones can be identified (Rah-
man & Mapjabil, 2017). Landslide susceptibil-
ity maps must be accurate so that regional de-
velopment activities take place in locations that
are safe from the threat of landslides.

*Corresponding author: R. SUSATIO, Department of
Environmental Science, Faculty of Mathematics and Nat-
ural Sciences, Universitas Sebelas Maret, Surakarta 57128,
Indonesia, Indonesia.E-mail: susatio.raja@staff.uns.ac.id

Research on relative susceptibility is usu-
ally only based on a few parameters, namely
gradient slopes, geological characteristics, land
cover, and soil. This is due to parameters that
are relatively universal, and which can be inves-
tigated in any place are those parameters (Re-
ichenbach et al., 2018). The depth of ground-
water is one of the landslides controlling pa-
rameters whose role still needs further inves-
tigation. The groundwater depth parameter is
rarely accounted for because it is not found in
all places (Neuhduser & Terhorst, 2007). There-
fore, groundwater depth parameter research is
more often employed in a detailed scale on
a slope unit. Detailed scale research on one
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slope unit can show the effect of the presence of
groundwater because it calculates the effect of
permeability (Carrara et al., 1991). Groundwa-
ter depth parameters are rarely accounted for
in semi-detailed or regional scale analysis and
therefore, its effect on the landslide susceptibil-
ity accuracy still needs further investigation.

This study aims to evaluate the effect of
groundwater depth parameter on the accuracy
of landslide susceptibility map. The suscep-
tibility map produced will be compared with
susceptibility map without groundwater depth
in order to evaluate the effect of groundwater
depth parameters to its accuracy.

2 GEOLOGICAL SETTING/SITE CHARACTER-
IZATION

The study area is located in the Kalibawang
and Samigaluh Subdistricts, Kulon Progo Re-
gency, Special Region of Yogyakarta, Indonesia.
Geological formations that can be found in the
study area are Colluvium (Qc), Young Volcanic
Deposits of Merapi Volcano (Qmi), Sentolo For-
mation (Tmps), Jonggrangan Formation (Tmj),
Kebobutak Formation (Tmok), Nanggulan For-
mation (Teon), and Andesite (a) (Rahardjo et al.,
1995) (Figure 1).

From the youngest, Colluvium (Qc) that can
be found in the foothills consist of unsorted
debris from Kebobutak Formation. Young
Volcanic Deposits of Merapi Volcano (Qmi)
that can be found in the east side of the re-
search area consist of undifferentiated tuff, ash,
breccia, agglomerate, and lava flows. Sen-
tolo Formation (Tmps) that also found in the
east side of research area consist of Limestone
and marly sandstone. Jonggrangan Formation
(Tmj) which can be found in hilly area consist of
conglomerate, tuffaceous marl, and calcareous
sandstone with intercalations of lignite seams,
limestone, and coralline limestone. Kebobutak
Formation (Tmok) as the dominating geolog-
ical formation in the research area consists of
andesitic breccia, tuff, lapilli tuff, agglomer-
ate, and intercalations of andesitic lava flows.
Nanggulan Formation (Teon) that found in the
south side of the research area consist of sand-
stone, sandy marl, and claystone. Andesite
(a) that can be found on the west side of the
research area consist of hypersthene andesite
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to hornblende-augite andesite and trachyan-
desite.

The hydrogeological settings on the location
are aquifer in which flow is intergranular and
aquifers of poor productivity and regions with-
out exploitable groundwater (Effendi, 1985).
Aquifer in which flow is intergranular can be
found in the lowland while aquifers of poor
productivity and regions without exploitable
groundwater mostly found in the highland.

3 METHODOLOGY

The data that was used in this study comprises
of primary and secondary data. The primary
data that was gathered through field surveys
consists of past and present landslide occur-
rence, lithology, soil thickness, and groundwa-
ter depth. Secondary data that was used were
contour line and land use, which both data ob-
tained from Geospatial Information Agency of
Republic of Indonesia. The contour line was
used to generate slope and lineament density.
Land use data was updated by field survey and
Google satellite imagery.

Lineament density analysis was divided into
10 classes equally as in general landslide sus-
ceptibility studies using the frequency ratio
method (Avinash & Ashamanjari, 2010; Prad-
han & Lee, 2010; Wang et al., 2016). Data
on soil thickness and depth of groundwater
from field measurements were plotted on semi-
variogram charts. Plotting the data on a semi-
variogram graph was applied to find suitable
kriging method interpolation according to data
distribution (Kisaka et al., 2016).

Landslide controlling parameters data were
presented in the form of slope gradient map,
lithology map, density lineament map, land
use map, soil thickness map, and groundwater
depth map. The parameters were further ana-
lyzed using frequency ratio using landslide oc-
currence data (Lee & Pradhan, 2007). Area of
landslide occurrence were plotted into suscep-
tibility parameter maps to get the area ratio in
each susceptibility parameter class using Equa-
tion 1.

_ D;/A;
YN, D/ YN, A

(1)

Notes:
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Geological Formation

|:| Qc Colluvium

D Qmi Young Volcanic Deposits of Merapi Volcano
|:| Tmps Sentolo Formation

m Tmj Jonggrangan Formation

D Tmok Kebobutak Formation

|:| Teon Nanggulan Formation

a Andesite

FIGURE 1. Regional geological map (Rahardjo et al., 1995).

FR : Frequency Ratio

D; : Landslide area in one class in one param-
eter

A; : Area of a class in one parameter

Y D; : Cumulative area of all landslides

Y A; : Overall research area

The results of the frequency ratio calculation
for each susceptibility parameter were summed
and classified into 10 classes of LSI (Landslide
Susceptibility Index) based on the equal dis-
tance method. The total value of the frequency
ratio was calculated using Equation 2. Regions
that have high LSI values describe high lev-
els of vulnerability and vice versa (Avinash &
Ashamanjari, 2010).

LSI = FRy + FRy + - - - + FR, @)

There are two susceptibility maps created
through this research, i.e. landslide susceptibil-
ity map created without and with groundwater
parameters. Accuracy evaluation of both maps
was carried by using Area Under Curve (AUC)
method. The curve was created by drawing it in
graphical form, with the X axis being the cumu-
lative area of the LSI class and the Y axis being
the cumulative area of the landslide (Samodra
et al., 2017).

4 RESULTS AND DISCUSSION

The results of the landslide survey in October
to December 2019 found 227 locations of land-
slides. About 50% of the landslide data is ap-
plied for the model building and another 50%
is applied for the accuracy evaluation. Distri-
bution of the number of landslides are 50,22%
for modeling and 49,78% for accuracy evalu-
ation, as close as possible to 50% because the
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landslide amount is imbalance. The total area
of landslides used to build the model is 12,876
m2 and data used for the accuracy evaluation
test is 17,063 m2. Figure 2 shows the distribu-
tion of landslide data being used for modelling
and for accuracy evaluation.

4.1 Slope gradient and lithology

Slope gradient has become the main parame-
ter when making landslide susceptibility maps
or models. Models that were made only by
slope were far more accurate compared to
models that were made only by geological
or others parameter (Marchesini et al., 2014).
Figure 3A shows the slope gradient in the
field. In this study, slope gradient is classified
based on (Samodra et al., 2017) which con-
sists of 5 classes. The classification is gentle
(00-80), moderately steep (80-150), steep (150-
250), very steep (250—-450), and extremely steep
(>450). This classification was used as the base
as the research were based on studies that con-
sidered characteristics of terrain in tropical and
tectonically active region, such as Indonesia.

Frequency ratio analysis of slope gradient
(Table 1) showed that most landslides can be
found in class of moderately steep (80-150).
This landslide occurrence represented by the
highest FR value at 2.40. On the other hand,
other classes do not have high FR value. All
slope classes except moderately steep have less
than 1 FR value. Landslides that occurred
in low slope angle (less than 150) are usually
caused by weathering zone increases in these
angles which increases its susceptibility (Cellek,
2022).

Lithology plays an important role in deter-
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Landslides Data Division

A: Data for Modelling A: Data for Accuracy Evaluation

FIGURE 2. Landslide data in the research area.

Lithology
|:| Gravely Sand Deposit - Andesite Intrusion

D Sandy Clay Deposit - Andesite Breccia

D Marl Sandstone D Sandy Marl
D Limestone

FIGURE 3. (A) Slope gradient map based on topography data (Geospatial Information Agency of Republic of

Indonesia, 2018); (B) Lithology map.

mining landslide susceptibility maps because
of its physical characteristics, like strength, re-
sistance toward weathering, and permeability
(Yu et al., 2021). Highly weathered and porous
rocks are prone to landslides because water in-
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filtration is increasing which can reduce cohe-
sion and increase pore water pressure (Guzzetti
et al., 2008). On the other hand, more com-
pact and resistant rock such as andesite is likely
less landslide prone (Figure 3B). The lithology
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TABLE 1. Frequency ratio value of slope gradient.

Classes (°) Area of Lezmdslide Area of each class Total area of Total Study Area  Frequency Ratio
(m?) (m?) landslide (m?) (m?) Value
0-8 2,158 226,003,255 12,835 117,779,716 0.76
>8-15 5,285 20,195,723 12,835 117,779,716 2.4
>15-25 3,802 41,292,782 12,835 117,779,716 0.84
>25-45 1,590 30,106,712 12,835 117,779,716 0.48
>45 - 181,244 12,835 117,779,716 -

that was found in the research area was gravely
sand deposit, sandy clay deposit, marl sand-
stone, limestone, andesite intrusion, andesite
breccia, and sandy marl and Table 2 shows this
parameter’s FR Value.

Table 2 shows that limestone has the highest
FR value of 4.27, way above others rock type. In
terms of characteristics, limestone has specific
properties which makes it prone to weathering
upon exposure to water. Also, the presence of
fractures due to geological structure may fur-
ther weaken it, especially in high-rainfall area
(H. Rahardjo et al., 2010). Andesite intrusion, as
the second-highest lithology with an FR value
of 1.74, shows that it is not as prone as limestone
but still more prone compared to other lithol-
ogy. Andesite intrusion is usually expected to
have low susceptibility, but its high FR value
tells otherwise. It is probably because of frac-
tures which can weaken the rock and increase
the weathering process (Sisay et al., 2024). This
also matches what Cruden & Varnes (1993)
stated that discontinuities and groundwater can
make slopes more unstable, especially in re-
gions with high seismic activity and heavy rain-
fall.

4.2 Lineament density and land use

Lineament density is one parameter that al-
ways present when creating landslide suscep-
tibility map. It is because lineament density can
be associated with geological structures, which
can decrease rock strength that led to lowering
slope stability. Previous studies have shown a
correlation in which area with high lineament
density usually more prone to landslides (Sisay
et al., 2024). In this study, calculation of lin-
eament density was being done per km?. Fig-
ure 4A shows the lineament density generated
in the study area, while Table 3 shows FR values
of lineament density.

Table 3 shows FR values of lineament den-
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sity which gradually increase and at its peak at
class of 2.461 - 3.076 per km? with FR value of
3,47. After that, it follows a normal distribu-
tion in which the FR value is decreasing. An
anomaly occurred in >4.921 - 5.537 per km?
class in which FR value rises again to 1, 10 but
decrease again on the higher class. This distri-
bution shows that lineament density does not
always correlate with landslide susceptibility.
Increase in FR value might be caused by local
parameters such as geological conditions, land
cover, or other parameters (Thapa et al., 2023).

Figure 4B. shows the land use in the study
area. Land use parameter influences landslide
susceptibility as different land use would have
different effects on the land, such as weight,
slope stability, or rain infiltration (Li et al.,
2024). Land use that was found in the research
area were lakes, grasslands, plantations, set-
tlements, paddy fields, rain-fed paddy fields,
shrubs, and crop field. This classification was
following the classification of Geospatial Infor-
mation Agency of Republic of Indonesia. Fre-
quency ratio values of land use are shown on
Table 4.

Table 4 shows that plantation has the highest
FR value of 1.35. This happened might be be-
cause a plantation usually only have shallow-
rooted crops in which diminished root rein-
forcement on soil (Lv et al., 2024). It is also noted
that locals said that most plantation in the area
was a forest that suffered landslides. Without
the loss of large trees, the locals find it easier
to change use the land. The second highest FR
value was settlements with FR value of 1.07.
This might be happening because most settle-
ments involve modification of natural slopes
and vegetation removal. Both things led to in-
crease in erosion and possibility of decreasing
rock strength. Additionally, studies also shows
that change in land use to settlements would

Journal of Applied Geology
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TABLE 2. Frequency ratio value of lithology.

Classes Area of Area of each Total area of Total Study Frequency
Landslide (m?) class (m?2) landslide (m?) Area (m?) Ratio Value
Limestone 7,105 15,282,712 12,835 117,779,716 427
Marl Sandstone 397 5,608,216 12,835 117,779,716 0.65
Andesite Breccia 4,347 71,598,567 12,835 117,779,716 0.56
Sandy Clay Deposit 9 4,446,343 12,835 117,779,716 0.02
Gravely Sand Deposit 126 15,682,767 12,835 117,779,716 0.07
Andesite Intrusion 846 4,457,082 12,835 117,779,716 1.74
Sandy Marl 5 704,028 12,835 117,779,716 0.07
TABLE 3. Frequency ratio value of lineament density.
Classes Area of Area of each Total area of Total Study Frequency
(Lineament/km?) Landslide (m?) class (m?) landslide (m?) Area (m?) Ratio Value
0-0.615 9 7,125,782 12,835 117,779,716 0.01
>0.615 - 1.230 138 7,171,973 12,835 117,779,716 0.18
>1.230 -1.846 560 7,564,460 12,835 117,779,716 0.68
>1.846 — 2.461 794 10,769,202 12,835 117,779,716 0.68
>2.461 -3.076 6,061 16,025,494 12,835 117,779,716 3.47
>3.076 - 3.691 2,581 22,809,143 12,835 117,779,716 1.04
>3.691 - 4.306 879 20,862,294 12,835 117,779,716 0.39
>4.306 —4.921 874 16,775,553 12,835 117,779,716 0.48
>4.921 - 5.537 879 7,300,800 12,835 117,779,716 1.1
>5.537 - 6.152 61 1,374,862 12,835 117,779,716 0.41

Lineament Density (per km?)

[ o-0615 | >3.076-3.691
| ]>0615-1.230 | >3.691-4.306
|| >1.230-1.846 || >4.306-4.921
| >1.846-2.461 [ >4.921-5537
| >2.461-3.076 I >5.537 - 6.152

I Paddy Field

I Rain-fed Paddy Field

E Shrubs
E] Crop Field

l:l Settlement

FIGURE 4. (A) Lineament density map based topography data (Geospatial Information Agency of Republic
of Indonesia, 2018) and method proposed by Avinash & Ashamanjari, 2010; (B) Updated land use map.

increase landslide susceptibility (Rabby et al.,
2022).
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4.3 Soil thickness and groundwater depth

Soil thickness is one of vital parameter in cre-
ating landslide susceptibility map as it corre-
lates with slope stability and groundwater oc-
currences. Thicker soil layer can store more wa-
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TABLE 4. Frequency ratio value of land use.

Classes Area of Area of each Total area of Total Study Frequency
Landslide (m?) class (m?) landslide (m?) Area (m?) Ratio Value
Grassland - 101,438 12,835 117,779,716 0
Plantation 7,214 49,110,949 12,835 117,779,716 1.35
Settlement 2,070 17,732,144 12,835 117,779,716 1.07
Paddy Field 106 7,721,612 12,835 117,779,716 0.13
Rain-fed Paddy Field 787 9,644,534 12,835 117,779,716 0.75
Shrub 74 3,851,396 12,835 117,779,716 0.18
Lake - 7,961 12,835 117,779,716 0
River - 1,390,953 12,835 117,779,716 0

ter which in turn reduce soil cohesion. Slope
stability has high degree of change in thickness
less than 2 meters (Brayfield, 2013; Ray et al.,
2010). As such, in this study, classification of
soil layer is divided into 3 which is 0 — 1 meter,
more than 1 — 2 meters, and more than 2 meters.
Field mapping result of soil thickness is showed
in Figure 5A and the result of frequency analy-
sis are shown in Table 5.

Table 5 shows that soil thickness of 1 — 2 me-
ters has the highest FR value of 1.47. On the
other hand, the other classification has less than
1 FR values. This shows that moderate soil
thickness is the most hazardous. A shallow
soil thickness might be too little for landslide
to happen while a deeper soil more stable as its
being supported by its own total weight.

Groundwater depth is rarely used as land-
slide susceptibility parameters because not ev-
ery area has groundwater (Neuhduser & Ter-
horst, 2007). But if found, it became one
of the most crucial parameters as groundwa-
ter would decrease soil or rock strength and
even accelerates weathering process (Ganvir &
Guhey, 2023). By using normal distribution, the
groundwater depth was classified into 3 class
which is 0 to 4 meters, more than 4 to 8 meters,
and more than 8 meters. Groundwater depth
map is showed in Figure 5B while Table 6 shows
its frequency ratio analysis score.

Table 6 shows groundwater depth less than
4 meters has the highest FR Value of 1,78
while the others less than 1 FR Value. Shal-
low groundwater means the soil is saturated
for prolonged time which causes the materials
relatively loose with less cohesion (Batumalai
et al., 2023). Another special trait of ground-
water FR value is when compared to other
parameters that’s using ordinal as the data,
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groundwater depth is the only one that the FR
value is not normally distributed. As such, its
predicted groundwater might have significant
effect toward landslide susceptibility accuracy.

4.4 Landslide susceptibility index

LSI values of landslide susceptibility maps
created without groundwater depth param-
eters ranged from 1,312 to 12,954 as shown
in Figure 6A, while those with groundwater
depth parameters ranged from 1,808 to 14,736
as shown in shown in Figure 6B, while Figure 7
shows the AUC Graph.

An increase in accuracy of the susceptibility
map was made by adding groundwater depth
parameter (Figure 7). Susceptibility map with-
out groundwater depth parameter has an accu-
racy of 67.02%. Susceptibility map by calculat-
ing the groundwater depth parameter in this
study has an accuracy of 89.31%. This shows
that the addition of groundwater depth param-
eter can increase map accuracy by 22.29%.

In this research, increase of accuracy showed
that groundwater parameter has a significant
role in determining the level of landslide sus-
ceptibility, which also in line with previous
study conducted by (Ganvir & Guhey, 2023).
More water content in a rock mass or soil will
result in the decreasing of cohesion forces be-
tween particles. If the water content exceeded
the threshold, it will cause a landslide. The
main problem found is people always gather
around water sources as human activities need
water. When a river is not possible, groundwa-
ter becomes the choice. According to data, most
groundwater can be found on settlements and
plantations (). Both settlement and plantation
on the other hand also inhibit the highest FR

Journal of Applied Geology
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Soil Thickness (m)

- Jo-1
e

o -

Groundwater Depth (m)

o4 s
CEX

FIGURE 5. (A) Soil thickness map; (B) Groundwater depth map.

TABLE 5. Frequency ratio value of soil thickness.

Classes (m) Area of Lezmdslide Area of ee;ch class Total area og Total Stu<2:1y Area  Frequency Ratio
(m*®) (m*?) landslide (m~) (m*®) Value
0-1 1,665 31,181,052 12,835 117,779,716 0.49
>1-2 9,890 61,826,132 12,835 117,779,716 1.47
>2 1,279 24,772,532 12,835 117,779,716 0.47

TABLE 6. Frequency ratio value of soil thickness.

Classes (m) Area of L.’;mdslide Area of ee;ch class Total area 0£ Total Stu(zrly Area  Frequency Ratio
(m*) (m*®) landslide (m~) (m*®) Value
0-4 9,020 46,450,525 12,835 117,779,716 1.78
>4-8 3,408 64,179,030 12,835 117,779,716 0.49
>8 407 7,150,296 12,835 117,779,716 0.52

value. As such, indirectly, people are coming
and living in the landslide prone area.

A further thing to discuss is groundwater
depth data acquisition method. In this sur-
vey, groundwater depth data are being gath-
ered by using field survey method which is not
cost and time effective. Previous study shows
not many remote sensing methods that can be
used for groundwater exploration, as most of it
is affected by atmospheric conditions and can
only estimate shallow groundwater (Ibrahim et
al., 2024). Further research related to deeper
groundwater depth using remote sensing needs
to be developed.

5 CONCLUSION

The research shown susceptibility map created
without groundwater depth parameter has an

Journal of Applied Geology

accuracy of 67.02%, while susceptibility map
that created with groundwater depth parame-
ter has an accuracy of 89.31%. It means, that
groundwater depth parameter managed to in-
crease landslide susceptibility map accuracy by
22.29%. Looking at groundwater classification,
area with groundwater depth less than 4 me-
ters has the highest FR value which is 1.78. That
value is 3 times higher than area with ground-
water depth more than 4 to 8 meters with 0.49
FR value and area with groundwater depth
more than 8 meters with 0,52 FR value. To sup-
port sustainable living of people in mountain-
ous and hilly areas that are prone to landslides,
groundwater depth parameters should be pri-
oritized when it present.

Groundwater depth data in this study were
obtained by field surveys which are Labor-
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LSI (Without Groundwater)

[ 1321 -2.484 | >7.137-8.301
|| >2.484-3648 | >8.301-9.464
|| >3.648-4.811 | >9.464-10.627
|| >4811-5974 ] >10.627 - 11.790
| >5.974-7.137 B >11.790 - 12.954

LSI (With Groundwater)

] 1.808 - 3.101 | >8.272-9.565

|| >3.101-4.304 || >9.565-10.857
|| >4.394-5686 || >10.857-12.150
|| >5.686-6.979 ] >12.150 - 13.443
| | >6.979-8.272 I >13.443-14.736

FIGURE 6. LSI map without groundwater parameter; (B). LSI map with groundwater parameter.

TABLE 7. Groundwater sources location and land use FR value.

Groundwater Depth (m)

Land Use Total Land Use FR Value
0-4 >4-8 >8

Grassland 0 0 0 0 0
Plantation 29 8 3 40 1.35
Settlement 21 21 22 64 1.07

Paddy Field 3 1 0 4 0.13
Rain-fed Paddy Field 7 4 0 11 0.75
Shrubs 0 0 1 1 0.18

Crop Field 3 5 3 11 0.8

intensive and expensive. Most remote sensing
only manages to locate shallow groundwater
or springs. Further research related to deeper
groundwater depth using remote sensing need
to be developed to support accurate detailed
scale mapping of landslide susceptibility.

REFERENCES

Avinash, K. G., & Ashamanjari, K. G. (2010). A GIS
and frequency ratio based landslide susceptibil-
ity mapping: Aghnashini river catchment, Uttara
Kannada, India. International Journal of Geomat-
ics and Geosciences, 1(3), 343-355.

Batumalai, ., Mohd Nazer, N. S., Simon, N., Su-
laiman, N., Umor, M. R., & Ghazali, M. A. (2023).
Soil Detachment Rate of a Rainfall-Induced Land-
slide Soil. In Water (Vol. 15, Issue 12). DOIL:
10.3390/w15122149 .

Brayfield, B. M. (2013). Modeling Slope Failure

22

in the Jones Creek Watershed, Acme,. Western
Washington University.

Carrara, A., Cardinali, M., Detti, F., Guzzetti, V.,
Pasqui, & Reichenbach, P. (1991). GIS Techniques
and Statistical Models in Evaluating Landslide
Hazard. Earth Surface Processes and Landforms,
16(5), 427-445. DOI: 10.1002/esp.3290160505 .

Cellek, S. (2022). Effect of the slope angle and its
classification on landslides. Himalayan Geology,
43(1), 85-95.

Cruden, D., & Varnes, D. (1993). Landslide Types
and Processes, Special Report , Transportation
Research Board, National Academyof Sciences.
Landslide Investigation and Mitigation, Decem-
ber, 36-75.

Effendi, A. T. (1985). Hydrogeological Map of In-
donesia 1:250.000 Sheet Vi Pekalongan (Jawa) (Is-
sue 1985). Directorate of Environmental Geology.

Ganvir, P. S., & Guhey, R. (2023). An Implication
of Enhanced Rock Weathering on the Groundwa-
ter Quality. In Weathering and Erosion Processes

Journal of Applied Geology


https://doi.org/10.3390/w15122149%20
https://doi.org/10.1002/esp.3290160505%20

IMPROVING LANDSLIDE SUSCEPTIBILITY USING GROUNDWATER PARAMETER IN SAMIGALUH AND
KALIBAWANG SUBDISTRICTS

09 /’.
08

Q|0
05 / @Q
/N
S
04 RS
0‘3/
0.2

01

Percentage of Landslide Validation Area

01 02 03 04 05 08 07 08 09 10
Percentage of LSI Class Area

Susceptibility Map without Ground Water Factor (67,02%)
Susceptibility Map th Ground Water Parameter (89,31%)

FIGURE 7. Accuracy comparison of landslide sus-
ceptibility.

in the Natural Environment (pp. 215-242). DOIL:
10.1002/9781394157365.ch9 .

Geospatial Information Agency of Republic of In-
donesia (2018). RBI Per Wilayah.

Guzzetti, F.,, Peruccacci, S., Rossi, M., & Stark, C. P.
(2008). The rainfall intensity-duration control of
shallow landslides and debris flows: An update.
Landslides, 5(1), 3-17. DOI: 10.1007 /s10346-007-
0112-1.

Ibrahim, A., Wayayok, A., Shafri, H. Z. M., & Toridji,
N. M. (2024). Remote Sensing Technologies for
Unlocking New Groundwater Insights: A Com-
prehensive Review. Journal of Hydrology X, 23,
100175. DOI: 10.1016/j.hydroa.2024.100175.

Kisaka, M. O., Mucheru-Muna, M., Ngetich, F. K,
Mugwe, J., Mugendi, D., Mairura, F,, Shisanya, C.,
& Makokha, G. L. (2016). Potential of determin-
istic and geostatistical rainfall interpolation un-
der high rainfall variability and dry spells: case
of Kenya’s Central Highlands. Theoretical and
Applied Climatology, 124(1-2), 349-364. DOI:
10.1007 /s00704-015-1413-2

Lee, S., & Pradhan, B. (2007). Landslide hazard map-
ping at Selangor, Malaysia using frequency ratio
and logistic regression models. Landslides, 4(1),
33-41. 10.1007 /s10346-006-0047-y.

Li, P, Wang, H., Li, H., Ni, Z., Deng, H., Sui, H.,
& Xu, G. (2024). Refined Landslide Susceptibil-
ity Mapping Considering Land Use Changes and
InSAR Deformation: A Case Study of Yulin City,
Guangxi. In Remote Sensing (Vol. 16, Issue 16).
DOI: 10.3390/1s16163016.

Lv,]J., Wang, W., Dai, T, Liu, B., & Liu, G. (2024). Ex-

Journal of Applied Geology

perimental Study on the Effect of Soil Reinforce-
ment and Slip Resistance on Shallow Slopes by
Herbaceous Plant Root System. In Sustainability
(Vol. 16, Issue 8). DOI: 10.3390/su16083475

Marchesini, 1., Ardizzone, E, Alvioli, M., Rossi,
M., & Guzzetti, E (2014). Non-susceptible land-
slide areas in Italy and in the Mediterranean re-
gion. Natural Hazards and Earth System Sci-
ences, 14(8), 2215-2231. DOI: 10.5194 /nhess-14-
2215-2014

Neuhduser, B., & Terhorst, B. (2007). Landslide
susceptibility assessment using “ weights-of-
evidence ” applied to a study area at the Jurassic
escarpment ( SW-Germany ). 86, 12-24. DOIL
10.1016/j.geomorph.2006.08.002.

Pradhan, B., & Lee, S. (2010). Delineation of land-
slide hazard areas on Penang Island, Malaysia,
by using frequency ratio, logistic regression,
and artificial neural network models. Environ-
mental Earth Sciences, 60(5), 1037-1054. DOI:
10.1007 /s12665-009-0245-8

Rabby, Y. W,, Li, Y., Abedin, J.,, & Sabrina, S.
(2022). Impact of Land Use/Land Cover Change
on Landslide Susceptibility in Rangamati Munic-
ipality of Rangamati District, Bangladesh. In
ISPRS International Journal of Geo-Information
(Vol. 11, Issue 2). DOI: 10.3390/1jgi11020089.

Rahardjo, H., Nio, A. S., Leong, E. C., & Song, N.
Y. (2010). Effects of Groundwater Table Position
and Soil Properties on Stability of Slope during
Rainfall. Journal of Geotechnical and Geoenvi-
ronmental Engineering, 136(11), 1555-1564. DOI:
10.1061/ (asce)gt.1943-5606.0000385 .

Rahardjo, W., Sukanddarrumidi, & Rosidi, H. M. D.
(1995). Systematic Geological Map of Jawa Sheet
Yogyakarta 1408-2 & 1407-5 Scale 1:100.000 (2nd
ed.). Geological Research and Development Cen-
tre.

Rahman, H. A. & Mapjabil, J. (2017). Landslides Dis-
aster in Malaysia: An Overview. Health and the
Environment Journal, 8(1), 58-71.

Ray, R. L., Jacobs, ]. M., & de Alba, P. (2010). Impacts
of unsaturated zone soil moisture and groundwa-
ter table on slope instability. Journal of Geotechni-
cal and Geoenvironmental Engineering, 136(10),
1448-1458. DOIL:  10.1061/(ASCE)GT.1943-
5606.0000357.

Reichenbach, P., Rossi, M., Malamud, B. D., Mi-
hir, M., & Guzzetti, F (2018). A review of
statistically-based landslide susceptibility mod-
els. Earth-Science Reviews, 180, 60-91. DOI:
10.1016/j.earscirev.2018.03.001.

Samodra, G., Chen, G., Sartohadi, J., & Kasama,
K. (2017). Comparing data-driven landslide sus-
ceptibility models based on participatory land-
slide inventory mapping in Purwosari area, Yo-

23


https://doi.org/10.1002/9781394157365.ch9%20
https://tanahair.indonesia.go.id/portal-web/download/perwilayah
https://doi.org/10.1007/s10346-007-0112-1
https://doi.org/10.1007/s10346-007-0112-1
https://doi.org/10.1016/j.hydroa.2024.100175
https://doi.org/10.1007/s00704-015-1413-2
https://doi.org/10.1007/s10346-006-0047-y
https://doi.org/10.3390/rs16163016
https://doi.org/10.3390/su16083475
https://doi.org/10.5194/nhess-14-2215-2014%20
https://doi.org/10.5194/nhess-14-2215-2014%20
https://doi.org/10.1016/j.geomorph.2006.08.002
https://doi.org/10.1007/s12665-009-0245-8
https://doi.org/10.3390/ijgi11020089
https://doi.org/10.1061/(asce)gt.1943-5606.0000385%20
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000357
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000357
https://doi.org/10.1016/j.earscirev.2018.03.001

SUSATIO et al.

gyakarta, Java. Environmental Earth Sciences,
76(4), 1-19. DOI: 10.1007 /s12665-017-6475-2.

Sisay, T., Tesfaye, G., Jothimani, M., Reda, T. M.,
& Tadese, A. (2024). Landslide susceptibility
mapping using combined geospatial, FR and
AHP models: a case study from Ethiopia’s
highlands. Discover Sustainability, 5(1). DOI:
10.1007 /s43621-024-00730-4.

Thapa, P. B., Lamichhane, S., Joshi, K. P., Regmi, A.
R., Bhattarai, D., & Adhikari, H. (2023). Land-
slide Susceptibility Assessment in Nepal’s Chure
Region: A Geospatial Analysis. In Land (Vol. 12,
Issue 12). DOI: 10.3390/1and12122186.

24

Wang, L.]., Guo, M., Sawada, K,, Lin, J., & Zhang, .
(2016). A comparative study of landslide suscep-
tibility maps using logistic regression, frequency
ratio, decision tree, weights of evidence and arti-
ficial neural network. Geosciences Journal, 20(1),
117-136. DOI: 10.1007 /s12303-015-0026-1.

Yu, X., Zhang, K., Song, Y., Jiang, W., & Zhou, J.
(2021). Study on landslide susceptibility mapping
based on rock-soil characteristic factors. Scien-
tific Reports, 11(1), 1-27. DOI: 10.1038/s41598-
021-94936-5.

Journal of Applied Geology


https://doi.org/10.1007/s12665-017-6475-2
https://doi.org/10.1007/s43621-024-00730-4
https://doi.org/10.3390/land12122186
https://doi.org/10.1007/s12303-015-0026-1
https://doi.org/10.1038/s41598-021-94936-5
https://doi.org/10.1038/s41598-021-94936-5

	Introduction
	Geological Setting/Site Characterization
	Methodology
	Results and Discussion
	Slope gradient and lithology
	Lineament density and land use
	Soil thickness and groundwater depth
	Landslide susceptibility index

	Conclusion

