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ABSTRACT. Every year, landslide often occurs in the Tinalah watershed, Kulon Progo
Regency. The frequency of landslide events increases after high rainfall intensity. Some
factors control landslides, such as slope gradient, land use, geological structure, slope hy-
drology, and geological condition. This research aims to develop the susceptibility map
of the Tinalah watershed and identify the rainfall threshold to trigger a landslide. The
development of the susceptibility map using the frequency ratio method with four param-
eters, including slope, type of rock, land use, and lineament density. The landslide data
were collected during the field survey and from the local disaster management author-
ity (BPBD) Kulon Progo. Rainfall data were collected from Japan Aerospace Exploration
Agency (JAXA). Soil analysis also was conducted to develop a numerical model to verify
the rainfall threshold value. The result shows a high susceptibility of the landslide area is
dominated in Tinalah watershed. The rainfall threshold for the low susceptibility of the
landslide zone is I = 490.14D~14% with 5-7 days antecedent rain. The rainfall threshold
for the medium susceptibility map is I = 164.32D~%6% 3-7 days antecedent rain. More-

over, the rainfall threshold for the high susceptibility of the landslide zone is 111.62D %77,

with 2-7 days of antecedent rain.
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1 INTRODUCTION

Landslide is one of the geological disasters that
can be controlled by several factors, such as
geological condition, geomorphological condi-
tion, geological structure, slope hydrology, and
land use. A landslide can be triggered by high
rainfall intensity, vibration (earthquake), and
human activity (Karnawati, 2005). One area
with a high risk of landslide in the Kulon Progo
Regency is the Tinalah watershed (PVMBG,
2014). Tinalah watershed is located in the north
of the Menoreh Mountains. Tinalah water-
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shed has a dendritic pattern controlled by the
geological structure with direction northeast-
southwest (Widagdo et al., 2017). There were
47 landslides events from January 2017 until
March 2020 (BPBD Kulon Progo, 2020). Gen-
erally, landslides in the wet season are due to
rainfall. High rainfall intensity can increase the
groundwater table, making the slope unstable
(Karnawati, 2005). The rainfall intensity that
can trigger landslide depends on the geologi-
cal condition and slope gradient (Brunetti et al.,
2013; Ferardi et al., 2018).

Rainfall can trigger a landslide called an-
tecedent rain (Aleotti et al.,, 2004; Peruccaci
et al., 2017). Several researchers showed that
shallow landslides could be triggered by high-
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intensity rainfall with a specific duration (Ale-
otti et al., 2004; Ferardi, 2018; Arrisaldi, 2020 ).
This threshold can be used as a standard to de-
velop a landslide early warning system thresh-
old value in the area (Bui et al., 2019).

Tinalah watershed is highly susceptible to a
landslide (Wacano and Hadmoko, 2012). Hu-
man activity also influences the landslide po-
tential, such as a land-use change to agricul-
tural and settlements (Kumalawati and Junun,
2005). So the susceptibility map needs to be
updated regularly based on current field con-
ditions. Therefore, this research aims to de-
velop an update of the susceptibility map and
develop a rainfall threshold value for each sus-
ceptibility zone.

2 METHODOLOGY

The research area is located in Tinalah Water-
shed, Kulon Progo Regency, Yogyakarta Special
Region Province, as shown in Figure 1 accord-
ing to Google Earth images (2020) and the digi-
tal elevation model (DEMNAS SRTM, 2021). A
survey was conducted to collect data from 104
stop sites, and three soil samples were collected
from weathering of andesitic breccia to ana-
lyze physical and mechanical properties. The
total landslide data is 81, collected during a
field survey and secondary data from BPBD
Kulon Progo Regency. Only half of the land-
slide data was used to develop of susceptibil-
ity map. The development of the susceptibility
map used the frequency ratio method (Lee and
Pradhan, 2007). Remain landslide data will be
used to validate the susceptibility map model
from the frequency ratio method (Avinash et
al., 2008). The frequency ratio used four pa-
rameters are slope gradient, lithology, land use,
and lineament density. Frequency Ratio (FR) is
a method that uses a comparison of the num-
ber/area of landslide events to the area of the
class by using the equation Equation 1 (Lee and
Pradhan, 2007).

FR — D;/ A

Y N
Y. Di/ ) A
i=1 i=1
where, FR = frequency ratio value; D; = num-

ber of points/area of a landslide in one class in
one factor; A; = the area of a class in one factor;

)
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Y D; = number of points/area of a landslide in
all classes in one factor; and } | A; = total area for
one factor.

The results of the frequency ratio method are
calculated using the landslide susceptibility in-
dex (LSI) method to produce the class. The LSI
value is obtained by summing all FR parame-
ter values using Equation 2 (Lee and Pradhan,
2007). The LSI value represents the degree of
susceptibility relative to recorded land move-
ment events. The higher of LSI value, the higher
the level of susceptibility (Oh et al., 2017).

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

Rainfall data is obtained from the GSMap.
GSMap is Japan’s weather satellite that can pro-
vide hourly data rainfall intensity (Jaxa, 2020).
The rainfall threshold gets from the empirical
and physical models (Guzzetti, 2007). An em-
pirical method based on landslides event data
and antecedent rainfall data. Data analysis us-
ing Statistical Package for the Social Sciences
(SPSS) to get exponential regression calculation
will show the rainfall threshold and duration
of rainfall based on antecedent rainfall data. A
physical method based on one point landslide
data to get critical safety factor of the slope
before landslide happen. This modeling uses
Seep/W and Slope/W. Seep/W to get the infor-
mation of rainfall infiltration to the ground dur-
ing antecedent rainfall data (Chow et al., 1998;
Chen and Young, 2006) and Slope/W to get
slope stability condition after the rainfall hap-
pen. Notation for the rainfall threshold showed
in Equation 3 (Glade, 2000).

I=C+aDy 3)

where, I = rainfall intensity; D = duration; C,
«, and B = empirical parameters.

3 RESULT AND DISCUSSION

The landslide susceptibility map has four pa-
rameters: slope map, geological map, land use
map, and lineament density map, as shown in
Figure 2. The landslide susceptibility map has
four parameters: slope map, geological map,
land use map, and lineament density map, as
shown in Table 1.

Step after defining the FR number for each
parameter, the next step is to make a land-
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FIGURE 2. Parameters map: (a) slope gradient map; (b) land use map; (c) lineament density map; (d) geolog-
ical map. All the maps based on the DEMNAS SRTM (2021).
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TABLE 1. Frequency Ratio (FR) calculation.

Parameters Sub-parameters classes FR
Low slope gradient (0-20) 0.93
Slope .
Gradient Moderate slope gradient 1.12
(>20-40)
High slope gradient (>40) 0.44
Litholo Andesite breccia 1.04
&Y Grainstone-packstone 0.64
Settlement 1.25
Land use Rice field and garden 0.91
Forest and bush 0.4
Lineament Low lineament density 2.39
Densit Moderate lineament density ~ 0.54
y High lineament density 1.44

slide susceptibility map and validate the sus-
ceptibility map. The map is made by overlay-
ing all parameters by using a geographic infor-
mation system (GIS). Using the natural breaks
Jenks method, the area was divided into low,
medium, and high susceptibility zones. The
low susceptibility of the landslide has 12 % of
the area, the medium susceptibility zone of the
landslide has 27 % of the area, and the high sus-
ceptibility of the landslide has 61 % of the area,
as shown in Figure 3a.

High susceptibility is wider than the previ-
ous susceptibility map developed by PVMBG
(2014). It is probably due to land-use change
in the Tinalah Watershed. Many areas changed
from forest to agricultural or settlement. There-
fore, many landslides were found in the settle-
ment area, which changed the slope gradient to
get a wider flat area.

Validation of the susceptibility map used 40
landslides events that spread evenly. Landslide
susceptibility index (LSI) was made by classify-
ing the susceptibility map into ten classes and
counting the frequency of landslide events for
each class (Figure 3b).

The area under curve (AUC) value was cal-
culated from the accumulation of landslide fre-
quency as a curve, as shown in Figure 4. The re-
sult value of AUC is 80.75 %. It means that the
accuracy of the susceptibility map is very good
(Lee and Pradan, 2007).

3.1 Rainfall threshold

The total landslide that has complete informa-
tion, including rainfall, is 47. Therefore the
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development of rainfall threshold only uses 47
data in the Tinalah watershed. Rainfall data
were collected from Japan Aerospace Explo-
ration Agency (JAXA, 2020). Three susceptibil-
ity zones were identified based on the suscep-
tibility map from the frequency ratio method.
The low susceptibility landslide zone has four
landslide data. The rainfall threshold value in
this zone is I = 82.81D %% with 5-7 days an-
tecedent rain, as shown in Figure 5.

The medium susceptibility of the landslide
zone has 13 confirmed landslide data. The
rainfall threshold value in this zone is I =
67.82D 0021 4nd it has 3-7 antecedent rain du-
ration to trigger a landslide, as shown in Fig-
ure 6.

The high susceptibility landslide zone has 30
confirmed landslide events. The rainfall thresh-
old value in this zone is I = 54.988D %77 with
2-7 antecedent rain duration, as shown in Fig-
ure 7.

3.2 Model verification

The empirical rainfall threshold was validated
by numerical modeling from the landslide in
Pucung Subvillage, Ngargosari Village, Sami-
galuh District. This landslide is located in the
high landslide susceptibility zone. The land-
slide occurred due to 2 days of rainfall, with a
total intensity of 67.37 mm. Landslide dimen-
sion has 15 m of height, 35 m for cracks wide,
and 48° gradient.

The lithology of the slope is material from
weathering of andesite breccia with cohesion
value 30.23 kPa, friction angle value 12°, and
bulk density 19.78 kN/m?. The soil can be clas-
sified as sandy clay soil (ASTM, 2001). The
slope materials were assumed as homogenous
materials in the model.

Analysis of slope stability using Seep/W was
run for four days with a constant rainfall inten-
sity of 30 mm/day. The initial condition of the
slope shows that the slope is in a stable condi-
tion with a safety factor value of 1.432, as shown
in Figure 8a. However, when the model was
running for two days of constant rainfall inten-
sity, it showed a decreasing safety factor that
reached 1.068, as shown in Figure 8b. It means
that the slope has a critical to move. The total
rainfall intensity in two days is 60 mm. The es-
timation of rainfall-triggered landslide accord-
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FIGURE 3. (a) susceptibility map based on FR method; (b) LSI map for validation. All the maps based on the
DEMNAS SRTM (2021).
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FIGURE 8. (a) Initial slope stability; (b) Critical slope stability after two days of rainfall with a total intensity

of 58.40 mm.

ing to the rainfall threshold equation for high
susceptibility of the landslide zone is 65.1 mm,
and the actual data during the landslide event
is 67.37 mm. Therefore, those values are not
significantly different. The result from the em-
pirical model was confirmed with a numerical
model.

4 CONCLUSION

The susceptibility map of the Tinalah water-
shed can be divided into three zones, namely
low, medium, and high susceptibility. The map
has very good accuracy based on the criteria
of AUC value of 80.75 %. Around 61 % of
the total area dominates the high susceptibil-
ity zone. The high susceptibility area is more
significant compared to the previous suscepti-
bility map developed by PVMBG. It is due to
land-use change in this area. The numerical
model confirmed the empirical model of the
rainfall threshold for triggering a landslide. The
rainfall threshold for the low, medium, high
susceptibility of the landslide zone areas are
I = 490.14D 149 T = 164.32D~ %% and I =
111.62D %779, respectively.
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