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ABSTRACT

Landslide is one of the most disastrous natural hazards in Indonesia, causing significant
fatalities and economic losses. Landslides can be triggered by several factors, such as rainfall,
earthquakes, soil conditions, and others, where each landslide event has its own triggering and
controlling factors. A progressive landslide occurred on the Central Java railway line which
resulted in damage to the double-track railway as a transportation infrastructure. The objective
of this paper is to understand the process and triggering factors of the landslide. Information
was collected through field investigations and measurements based on drilling results at 3
points, geophysical surveys at 5 lines, and laboratory testing of several soil samples. Geological
and geotechnical settings, topography, lithology, hydrogeology, and rainfall data of the area
were analyzed. Aerial photographs and other remote sensing data were used to evaluate and
discuss the information. Landslides in the study area occurred in stages, starting with the
formation of a tension crack, followed by two landslides over five months. The results show
that the clay material that dominates the study area is the dominant controlling factor of a
landslide, triggered by long-duration, low-intensity rainfall. Rainwater entering through tension
cracks increases moisture content, adding load to the slope and triggering landslides.
Furthermore, the train's external load on the slope also contributes to the occurrence of
landslides. The static and cyclic load of the train causes changes in the slope's pressure balance,
generating a force that drives the downslope soil. Further analysis was performed using back
analysis method with the limit equilibrium method to enhance understanding of slope stability
parameters at the time of slope failure. The analysis was performed considering the rising
groundwater level. A factor of safety (FS) value of 0.989 was obtained at the end of the
simulation, indicating that the slope had failed.

This is an open access article under the CC-BY license.

1. Introduction

A complex interaction of multiple factors is a major cause
of most landslide events, including dynamic events such

A landslide is a geological phenomenon where a mass of
rock and soil slides along a slope and has occurred in many
areas around the world. Landslide disasters cause
economic losses and fatalities. From 1981 to 2007, more
than 1,000 landslide disasters were reported in the most
populated island of Java, with the number of people
affected by landslides being more than thousands [1][2].
The high number of casualties due to landslides in
Indonesia is caused by the large population of people
living in landslide-prone areas [1]. Moreover, Indonesia's
climatic (frequent and high-intensity rainfall), geographic
(mountainous regions), and geological (located at the
junction of three tectonic plates) conditions make it more
susceptible to landslides [3][4].
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as heavy rainfall and seismic events; ground conditions
such as slope, geology, and soil type; and human
disturbances such as de-vegetated slopes and road cuts
[5][8]. In general, landslides can be triggered by two main
factors: seismic activity by earthquakes [9][10] and
rainfall [11][12]. Landslides caused by rainfall are
generally caused by changes in pore water pressure
resulting in slope instability. An increase in pore water
pressure leads to a reduction of soil shear strength. These
conditions are often caused by a rise in the groundwater
table [13][14][15], an increase in soil saturation [16][17],
or the formation of a perched water table [18]. The
occurrence of landslides due to rainfall was related to
rainfall intensity, slope, and soil composition [19].
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One recorded landslide event occurred gradually in
Central Java Province from January to June 2022. The
landslide occurred on a slope south of the double-track
railway. Landslides that occurred in June 2022 had the
most significant impact and affected the main southern
railway track with landslide material sliding down the
slope toward the river. It has been classified as a shallow
slope failure type and presumably triggered by rainfall.
The presence of a river at the slope base was also indicated
as one of the triggering factors for landslides. The east-
west river flow was interpreted as continuously eroding
the slope base to the north and south, resulting in the
occurrence of landslides along the river banks. In this
study, the characteristics of the landslide event are
investigated in detail through field investigations and data
interpretation. The causes and triggers of the landslide are
analyzed.

2. Description of Landslide

2.1 General Introduction

A landslide was reported on the southern side of the
double-track railway in Central Java Province shown in
Figure 1. The landslides occurred gradually from January
to June 2022. However, the landslide that occurred in June
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2022 had the most significant impact, causing subsidence
on the railway tracks, especially on the southern side. The
occurrence of the landslide resulted in the disruption of
train operations, as the train had to operate below the
operational speed when passing through the landslide
area. The trains operating speed under normal conditions
reached 110 km/hour, but after the landslide occurred, the
speed of passing trains had to be reduced to 60 km/hour
for the northern railway line and 20 km/hour for the south.
The landslide had a crown with dimensions 38 meters long
and 12 meters high, and the coverage area reached 984 m?
shown in Figure 2. Its movement mechanism was
rotational sliding with landslide material consisting of a
mixture of soil, sand, clay material, and vegetation.

2.2 Geological and Geotechnical Settings

Soil investigation was carried out at the study area using
the standard penetration test method and soil sampling for
further laboratory testing to determine soil engineering
properties, as seen in Figure 3. There were also five
geoelectrical testing lines. The geoelectrical survey is a
method for interpreting the characteristics of rock and
structure below the soil surface by utilizing electrical
properties.
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Figure 1. Study area.
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Figure 3. Geoelectrical line and borehole point map.

The SPT results indicated that the soil layer was
predominantly composed of clay with an N-SPT value of
less than 30 up to a depth of 30 meters at all three
locations. The clay layer had a consistency ranging from
soft to very stiff. A longitudinal soil stratigraphy was
made through the three borehole points (lines A-A") to
determine the subsurface, layering at the study area shown
in Figure 4.

Soil samples obtained from borehole testing were tested in
the laboratory with several series of soil tests to determine
the physical and mechanical properties of soil layers.
According to the Unified Soil Classification System
(USCS), soil samples were classified as high-plasticity
inorganic clay (CH), low-plasticity clay (CL), low-
plasticity clay (MH), and clayey sand (SC). In general, soil
in the study area was dominated by high-plasticity
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inorganic clay (CH) which was found in most of the soil
samples.

A geoelectrical survey was carried out on 2 (two)
longitudinal lines on the north and south sides of the
railway line and 3 (three) lines transverse to the railway
line. The survey was carried out using the electrical
resistivity tomography or geoelectrical mapping method
in 2D with a dipole-dipole electrode configuration. After
processing the data, the results are obtained in the form of
2D subsurface sections shown in Figure 5. In general, the
results of geoelectrical measurements can be used to
support the SPT results. According to Table 1, clayey soils
have a resistivity of 1.5 — 3.0 ohm.m. Alternatively, soft
and firm clay can be identified through SPT results.
Meanwhile, the resistivity value of 3 — 15 ohm.m is silty
soils or the SPT results are stiff and very stiff clay. So, it
can be concluded that the resistivity value will be greater
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from soft to very stiff clay. This corresponds with the
concept of the geoelectric method that the harder a
medium is, the higher the resistivity value will be.

The zones that encounter landslides are indicated by line
D which extends for 240 m (north-south) with the location
of the borehole point (BH-1) at a distance of
approximately 100 m. In general, the type of soil based on
the resistivity cross-section on path D consists of three
types, namely soft clay (about 2 ohm.m), stiff clay (3 — 4

Elevation
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ohm.m), and very stiff clay (>5 ohm.m). The grouping of
soil types is correlated with the results of borehole testing
so that geoelectric data can support the results of borehole
data interpretation. The landslide area has surface soil that
is dominated by soft clay where these zones are described
with low resistivity values (about 2 ohm.m) which are soft
clay. This follows the theory of the geoelectric method
that the landslide zone will occur in a medium with a low
resistivity value.
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Figure 4. Soil stratigraphy.
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Figure 5. Geoelectrical survey results at line D.

Table 1. Typical resistivity values for geologic materials [20].

] Resistivity

Materials Qft Qm
Clayey soils: wet to moist 5-10 15-3.0
Silty clay and silty soils: wet to moist 10-50 3-15
Silty and sandy soils: moist to dry 50 — 500 15-150
Bedrock: well fractured to slightly fractured with moist soil-filled cracks 500 — 1000 150 — 300
Sand and gravel with silt About 1000 About 300
Sand and gravel with silt layers 1000 - 8000 300 - 2400
Bedrock: slightly fractured with dry soil-filled cracks 100 — 8000 300 - 2400
Sand and gravel deposits: coarse and dry >8000 >2400
Bedrock: massive and hard >8000 >2400
Freshwater 67 — 200 20-60
Seawater 0.6-0.8 0.18 - 0.24

@From Soilest, Inc.

Note: (1) In soils, resistivity is controlled more by water content than by soil minerals. (2) The resistivity of the pore or cleft water
is related to the number and type of dissolved ions and the water temperature.
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3. Causes and Triggering Factors

3.1 Geomorphology and Lithology

The study area has elevation profiles ranging from 40 — 60
m. The landslide crown was at 58 m masl at the level of
the railway track, with a height difference of 10 m from
the river flow. The slopes throughout the study area are
generally flat (0° — 3°). Segments adjacent to the river have
slopes ranging from undulating (3° — 8°), moderately
sloping (8° — 15°), and hilly (15° — 30°), especially near
river banks where landslides have occurred. The
geomorphology of this area is an important factor in
causing landslides. Slope gradient and slope aspect can
influence landslide initiation because gravity acts on the
sliding plane of the slope [21]. In addition, the landslide
crown was at the river's cut-off point, which may erode
due to river flow.

The local lithology is composed of alluvial deposits
consisting of unconsolidated material on the body and
banks of the river. Based on the rock formation, the
alluvial deposits consist of clay, silt, sand, and gravel and
were deposited along the floodplain of the Lusi River.
Clay material which dominates in the research area is
proven by the results of the soil investigation that has been
described previously. Slopes with clay soil that have low
permeability will inhibit the water in the body of the slope
from exiting, it will result in an additional load on the
slope and triggering instability. In dry conditions, clay
material is highly susceptible to shrinkage and cracking
(this is especially true for clay materials with high
plasticity). After rainfall, shrinkage cracks appeared,
allowing rainwater to infiltrate the topmost few meters of
the slope crest. Due to the low permeability, water
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movement downwards was stopped, resulting in a perched
water zone forming near the slope's crest. The presence of
water causes soil to lose its shear strength and create a
weak zone along the cracks.

3.2 Hydrogeology

The study area is the downstream part of the perennial
river of the Jampi River and a tributary river of the Lusi
River in the northwest shown in Figure 6. The river valley
is located south of the main rail line and is classified as an
old stadia. According to [22], the mature to old stadia
areas are characterized by rivers in this section dominated
by "U" shaped valleys and show indications of lateral
erosion, which are slow but more dominant than vertical
erosion. This is also supported by evidence of a lateral
shift of river water flow.

Based on the results of a comparison between aerial
photographs and available Google Earth satellite imagery,
information is obtained that the river bends are being
naturally displaced. Changes in the river bend from 2000
to 2022 can be seen in Figure 7. In 2000, the riverbank was
+50 m south of the railway tracks. The shape of the river
bend has shifted, tapering more and more to the north,
causing the riverbank to move closer to the railway tracks.
In 2022, the riverbank will be approximately 45 m south
of the railway tracks, indicating a shift of up to 5 meters
north or approaching the railway tracks. Thi and Minh
(2019) reported that soil erosion may cause riverbanks to
become increasingly overhanging [23]. During the rainy
season, the river water level rises, resulting in a high shear
stress flow that expands the width of soil erosion and
creates an overhanging bank shape.

Figure 6. River conditions in the study area
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Figure 7. Changes in river bend [24].

Soil erosion significantly impacts riverbank stability and
is caused by hydraulic dynamic [25][26] and seepage
erosion [27]. Bank instability can lead to mass failure
through various combinations of weakening factors, i.e.
those processes that act on the bank material to reduce its
strength, and a variety of erosion processes. The
surrounding areas are characterized by cliffs, which are
susceptible to landslides caused by erosion that erodes the
cut-off slope, with avalanche material moving toward the
river valley in the south.

3.3 Long-duration, Low-intensity Rainfall

The landslide that occurred in the study area was a
progressive landslide, with tension cracks forming on the
slope on 26 January 2022 shown in Figure 8. The cracked
soil gradually became unstable and moved down the slope,
resulting in a landslide on May 9, 2022. The landslide area
expanded causing subsidence on the south side of the
railway line on June 30. Although landslides can be
influenced by several factors such as slope conditions and
angle, lithology, soil type, and hydrological or

meteorological conditions [28], rainfall is considered to be
the main trigger for landslides in the study area. This is
because most of the landslides reported in the area
occurred during months of intense rainfall. The
measurement of water that falls on the ground during a
specific period is expressed in millimeters (mm) through
rainfall. The 2022 hourly rainfall record was obtained
from meteorological stations maintained by the Japan
Aerospace Exploration Agency (JAXA). Figure 9 shows
the distribution of daily rainfall over 6 months in the study
area.

It rained on 11 days between January 7 and January 22
with an intensity of 7.94 — 58.08 mm/day before the slope
area experienced massive cracks. The total cumulative
rainfall that occurred from January 1 to 25 was 220 mm,
indicating a long duration of rainfall and low intensity in
that period. A major landslide occurred on May 9, 2022,
approximately three months after the tension cracks
formed. During that period, more than 45 rainfall ranging
from 6.00 — 47.84 mm/day with a rainfall duration of 1 —
11 hours were recorded.

@
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(b)

Figure 8. Landslide event time: (a) January 26; and (b) May 9 [29].
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Figure 9. Daily precipitation data from January to June

The second landslide had a larger coverage area than the
first. This landslide caused the soil mass on the south side
of the railway line to collapse and resulted in the
subsidence of the railway tracks. The landslide on June 30
occurred less than two months after the initial one. During
that period, there were around 11 light to normal rain
events with continuous rain lasting between 1 — 7 hours.

Based on rainfall data and the chronology of landslide
events described above, it can be seen that landslides did
not occur immediately after the highest rainfall intensity.
Landslides in the study area occurred after continuous
rainfall events, with the time for landslide occurrence 1 —
4 months after the first rain. This is supported by the
results of research from Ze"zere et al. (2005), which
suggested antecedent rainfall of 1 — 15 days for shallow
landslides and 1 — 3 months for deep-seated failure [30].

3.4 Train load

The railway line in the study area is an important
transportation infrastructure connecting several regions in
Central Jawa. The train on this line is designed for
passengers and freight, with a maximum speed of 110
km/h and a locomotive weight of up to 90 tons. Live traffic
loads from high-speed trains place additional loads on the
slope, which can trigger slope failure due to changes in the
pressure balance in the slope body and create a driving
force on the downslope soil. The soil layer directly under
the track is the area most affected by the train load. This
area can be used to clearly illustrate the state of load
transfer and accumulation of deformation, which can
assess the development of slope failure. The dynamic
force acting on the rail results in the track vibrating and
creating a dynamic interaction between each sleeper and
the ballast. The long-term stability of the slope will be
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negatively affected by the cyclic dynamic load induced by
train operation. The vibration load of trains causes
deformation and damage to railway slopes. When a train
passes, the slope may develop micro-cracks and become
unstable [31]. According to Xi et al. (2020), as the heavy-
duty train moves along the track, it generates a constant
vibration that is transmitted through the rail, sleeper, and
ballast to the supporting structure [32]. These vibrations
are then transmitted to the subgrade and slope in the form
of vibration waves. The safety and stability of the
surrounding area can be significantly impacted by the high
amplitude and long-duration vibrations caused by heavy
trains.

4. Movement Mechanism

All the landslide events did not occur during the highest
daily rainfall. The first landslide did not occur
immediately after high-intensity rain on January 11, 2022,
with an intensity reaching 58 mm/day but rather occurred
several months after the heavy rain. Based on this
phenomenon, the amount of rainfall in one day is not the
only factor that triggers slope instability, but prolonged
rainfall may play a role in developing the mechanism for
landslides.

The mechanism of landslides is influenced not only by the
duration of rain but also by the type of soil. The soil in the
research area is composed of clay, which has a low
permeability coefficient. As a result, rainwater will take a
longer time to infiltrate the soil and will be stored in it for
an extended period. This will lead to the creation of a
perched water zone near the crest of the slope. Slopes with
low-permeability soil are likely to fail during prolonged
rainfall, while those with high-permeability soil are less
susceptible [33].
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In the period after the formation of tension cracked and
before the landslide occurred, more than 45 rain events
were recorded with a fairly long duration. Rainwater
infiltrates and accumulates in the slope through the tension
cracks that form, generating lateral water pressure that
creates horizontal pressure. Furthermore, rainwater
infiltration contributes to the loss of suction and a decrease
in effective stress, causing the soil mass to weaken and
become unstable. Due to lateral water pressure, uplift
pressure, and soil softening, the slip surfaces merge
completely in the sliding zone and the unstable soil mass
immediately collapses, which is the initiation of a landslide
shown in Figure 10.

The movement of material causes the slope to become
more upright and in unstable conditions. The second
landslide occurred 2 months after the first landslide
occurred. During this period, rain was recorded with light
to normal intensity. As the rain continues to fall, rainwater
will enter the body of the slope, increasing the load on the
slope and causing the slope to become unstable. Rainwater
that enters the soil will reduce the shear strength of the soil.
This worsens the already unstable condition of the slopes.
The reduction in shear strength leads to a decrease in the
slope's factor of safety and subsequently triggers
landslides. A schematic of the movement mechanism of
slope failure in the study area is given in Figure 11.
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Figure 10. Water pressure distribution in tension cracks.
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Figure 11. The mechanism of slope failure in the study area.

5. Numerical Simulation

A slope failure implies that the factor of safety of the slope
at the moment of failure is unity. Back analysis is
commonly used to improve understanding of slope stability
parameters, such as soil shear strength and pore water
pressure at the time of slope failure [34]. Determination of
slope geotechnical properties using back analysis
techniques and slope stability analyses was performed
using 2-D limit equilibrium slope stability program. In the
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limit equilibrium formulation, it is assumed that the soil
behaves similarly to Mohr-Coulomb material. The
cohesive and frictional components of strength have equal
factors of safety (FS) for all soils involved, and the FS
remains consistent for all slices [35].

Back analysis is performed to produce FS values that are in
line with field conditions. In determining slope stability,
the term FS is defined as the ratio of the resistance moment
to the moment that moves the soil mass in the landslide
area. The FS value determines the slope stability condition.
The categories are shown in Table 2.

Table 2. FS value categories for slope stability [36].
FS Condition

<1.07 Landslide occurred
1.07<FS<1.25 Landslide can occur
>1.25 Landslides rarely happen

The slope stability analysis was performed with SLOPE/W
using the Morgenstern-Price method. Landslide simulation
was started with the slope geometrics determination at the
most critical cross-section. The simulation was performed
with five different groundwater level scenarios. The first
simulation modeled the groundwater level below the
riverbed since the river is dry during the dry season
according to local conditions. Figure 12b shows the results
of this simulation, which produced an FS value of 1.288.
In the second simulation, the groundwater level slowly rose
due to the infiltration of rainwater into the soil and reached
approximately 4.5 meters above the first water level, as
shown in Figure 12b. The simulation results of the second
scenario produced an FS value of 1.185.

In the third simulation, the groundwater level was at a
depth of 4.5 below the ground surface shown in Figure 12c.
The simulation results showed a factor of safety (FS) of
1.093. However, based on Table 2, this FS value is lower
than the minimum required value of 1.25, indicating a
potential for landslides. This is due to the formation of
tension cracks that make the slope unstable. As a result,
there is a high risk of landslides. This condition is the
beginning of a slope-critical condition.

In the next simulation, the groundwater level was at a depth
of 2 m from the ground surface and gives an FS value of
1.054 shown in Figure 12d. It is important to note that the
FS value will decrease as the groundwater level rises. In
the last simulation, the groundwater level was at a critical
condition or the soil was fully saturated shown in Figure
12e. The slope stability analysis results showed an FS value
of 0.989 indicating that the slope had already failed and
experienced a landslide. This result is in line with the field
conditions where the slope is located.
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Figure 12. Simulation results.
6. Conclusion and Recommendations

The triggering mechanism and background of this landslide
were thoroughly analyzed shortly after it occurred. Hence,
the following conclusions can be drawn.
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Landslides in the study area can be classified as rotational
landslides that had a crown of 38 meters in length, 12
meters in height, and a coverage area of 984 m2. The
landslide disrupted the rail transportation network that
crossed the railway line on the upper side of the slope. The
landslide that occurred can be described as a progressive
landslide which started with the formation of a tension
crack on the slope and was followed by the first landslide
occurring 3 months apart. Subsequently, a second and
larger landslide took place in less than 2 months.

The soil at the landslide location is dominated by clay
material with high plasticity. Clay, a weathering product of
rock, can contribute to landslides due to its chemical and
physical properties [37]. Due to the low permeability,
water movement downwards was stopped. As a result, a
perched water zone forms near the crest. The presence of
water weakens the soil's shear strength, creating a weak
zone along the cracks.

Based on the chronology of landslide events and rainfall
data, it can be observed that landslides are more influenced
by antecedent rainfall rather than the highest rainfall
intensity. Continuous rainfall resulted in water retention at
the top of the hill and created a high saturation in the soil,
causing infiltration where water enters the pores of the soil
until it comes into contact with the bedrock [38].

The train load acting on the slope also plays a role in the
mechanism of landslides. The maximum speed of the train
on this line is 110 km/h, and it is designed to carry both
passengers and freight. The locomotive can weigh up to 90
tons. Passing trains provide additional load on slopes,
besides that, live traffic from high-speed trains can trigger
slope failure due to pressure imbalances and create a
driving force on downslope soil.

Back analysis is performed to better understand slope
stability parameters such as soil shear strength and pore
water pressure at the time of slope failure. Based on the
results of numerical simulation, it is obtained that the FS
value decreases as the groundwater level increases. The FS
value obtained was 0.989 when the landslide occurred

The results of the back analysis, in the form of soil shear
strength, can be used to design appropriate mitigation
measures for slopes that have failed. These measures can
be categorized as control works and restraint works.
Control works include modification of slope geometry and
infiltration control during rainfall. On the other hand,
restraint works include the construction of retaining walls,
piles, geosynthetics, anchors, etc.
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