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Abstract

Landslides are the second biggest natural disasters in Indonesia, occurring mostly in volcanic area with thick and
clay rich soils. Examining the changes of land surface and soil morphology brought about by a particular landslide
is usually the first step required for vegetative rehabilitation. Most examinations to date, however, have been based
on general characters rather than on soil morphology, including physical and chemical characteristics of the soil,
which are usually locally specific. This study investigates the morphological characteristics of soil in a landslide-
prone slope region of Sumbing Volcano, in Central Java Province of Indonesia. The field investigations are
conducted at three landslides sites. It starts with interpreting small format areal-photographs which have been geo-
corrected, followed by the delineation of landslide zones (i.e. crowns, main scarps, heads, bodies and toes) based
on morphological analysis of the landslide sites. Finally, identification of morphological, physical and chemical
characteristics of the soil in each of the landslide zones are conducted in the field, along with laboratory tests. The
results demonstrate that soil morphology is unique for each of the landslide zones. The characters of the
undisturbed soil, as indicated by well-defined genetic horizons, are found in the crown zones. Outcrop of high clay
content soil material layers are seen in the main scarp zones. Meanwhile pedoturbation processes are evident in
the zone of bodies and toes, suggesting that the soil is prone for erosion. If natural erosions in these zones are not
controlled and/or unmitigated, the situation will trigger landslide reactivations. We suggest that in studying
landslide, one also considers the characters of soil morphology, as this additional information provides a more
complete understanding of both land surface morphology and soil morphology to inform landslide vegetative
rehabilitation.
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Introduction
Landslides generally occur in mountainous and hilly
areas with thick soil and/or weathered rock, and in vol-
canic landscape over humid tropical regions. Landslides
in volcanic landscapes occur because of the weakening
of mountain topography due to volcanic parent rocks
that are affected by hydrothermal alteration processes.
Landslides that occur in the hydrothermal alteration area

can be influenced by the swelling clay mineral-bearing
hydrothermal alteration types, dip slope angle, and cap
rock (Maeda et al., 2012). Hydrothermal alteration
process that has been running in the past can affect the
increase in clay content. The high percentage of clay
minerals significantly reduced parent rock strength and
facilitated the slope failure (Regmi et al., 2013).
Landslides are an important factor in the evolution of

landforms (Glade and Crozier, 2010), soil properties, and
biotic agents, including vegetation and fauna (Sidle and
Ochiai, 2006). Landslides can redistribute sediment ma-
terial to areas with relatively less steep slopes. Landslides
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impact soil deficit, sediment transportation and accumu-
lation, soil material mixing, and material enrichment in
deposition zone. Changes in soil characteristics in the
sliding area can decrease soil organic matter and plant
nutrition (Sparling et al., 2003). The debris and pedotur-
bation of parent material in the landslide deposition
areas can re-supply nutrients to acidic soils that have
undergone intense weathering (Schrumpf et al., 2001;
Sartohadi et al., 2018).
Java Island has a high-density volcanic structures,

resulting in fertile soil and productive agricultural land,
especially over the volcanic areas. However, landslides
often disturb such agricultural lands. For example, land-
slide are threats to the Sumbing Quaternary volcanic
system and Menoreh Tertiary structural-volcanic system,
where the agricultural sector in the region serves as the
main livelihood for civil society and supports national
food security.
Sartohadi et al. (2018) shows that volcanic transitional

landscapes have unique geological relationship with soil,
because they are formed due to intense weathering
tephra and/or undergo hydrothermal alteration that re-
sulted in heavily altered volcanic rock characteristics.
Variations in volcanic rock and soil characteristics with
clay-rich content can potentially form a slip plane in the
lithological discontinuity layer. Only few studies have
attempted to investigate the changes in soil characteris-
tics caused by landslides, therefore further researches are
required.
It is also learnt that the damages caused by landslide

have stimulated the development of mitigation strategies
to prevent further deterioration on utilized landslide-
prone area. A research related to the landslide depos-
ition zone (Candraningrum, 2017) reported an associ-
ation between microrelief and physical characteristics of
surface soil material in a former landslide zone at the
Bompon watershed, which is located in a transitional
volcanic landscape, in Central Java. Other studies on soil
characteristics in landslide deposits were carried out in
different lithological areas and characteristics. Examples
include a research in Uganda by (Van Eynde et al., 2017)
which reported the impact of landslides on changes in
the soil surface characteristics of the upper layers and
the predicted recovery time of soil characteristics. A re-
search in Taiwan by (Cheng et al., 2016) reported
changes in the physicochemical properties of land
caused by landslides. These three studies emphasized
the importance of providing basic information on the
different section of the landslide is expressing different
characteristics for rehabilitation, management, and de-
velopment of land resources in landslide areas.
Landslides occurs every year in the mountainous and hilly

areas of Central Java (Marfai et al., 2008). Landslides have be-
come a serious threat in the Menoreh Tertiary Structural-

Volcanic Mountains as there is connection between
physical-natural factors and an increase in human population
and land-use change (Hadmoko et al., 2010). Landslides are
controlled to some extent by mainly two factor: (1) the
groundwater and rugged topography with high slope angles
(Regmi et al., 2013) and (2) the presence of clay layers con-
tributes to slope failure or instability (Sartohadi et al., 2018).
The level of soil movement is particularly determined by the
value of the safety factor and the shear zone of the clay layer
on a slope. The clay displays a strain-softening behaviour
which can be attributed to a change in material properties
like friction angle and cohesion (Gylland et al., 2013). The
physical and mechanical properties of soil are influenced by
the level of soil development through the pedogenetic
processes.
According to data from the National Disaster Manage-

ment Agency (2019), there are 180 landslides have oc-
curred in the past 10 years. Landslide therefore becomes
a priority area for natural disaster management. Various
studies that have been carried out earlier have provided
information on landslide-prone areas maps, the applica-
tion of landslide management methods, and the identifi-
cation of landslide mechanisms. Only few researches
have attempted to provide information regarding
changes in soil characteristics after a landslide. Research
on the detail and local re-distribution of landslide sedi-
ment at the former landslide areas has not been widely
reported.
This study aimed to investigate the morphological

characteristics of the soil in the landslide-prone slope re-
gion on the southern flank of Sumbing Volcano, in the
Central Java Province of Indonesia. This study is con-
ducted on three active “rotational slide” to demonstrate
the similarity of the landslide sediment distribution pat-
tern as well as land surface morphological units. This
study also develops data of shear zones and slope safety
factors, which can give insight into the patterns of slope
failure due to clay layers. The landslide area was divided
into five parts, namely crowns, main scarps, heads, bod-
ies, and toes. The three landslide study sites are located
in the transitional volcanic landscape systems which
have very thick soil layer, relatively high clay content,
under humid-tropic climates, and intensive erosion and
landslides processes (Sambodo et al. 2018). Detailed ob-
servations and analyses have been carried out to provide
better understanding on patterns of change in soil prop-
erties due to landslides and on slope failures due to clay
layers in volcanic transitional landscapes.

Material and method
Study area
The research was conducted on three active landslide
areas (Fig. 1). The three locations are located to the
south of the Sumbing Volcano, which is a transitional
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Fig. 1 Location of the landslide study area
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landscape between quarternary and tertiary volcanoes.
Descriptions of the three landslide study sites are pre-
sented in Table 1.
Both study sites in Wonogiri and Manglong belong to

the Kebobutak geological formation with late Oligocene
age to early Miocene, while the site in Tegalsari belongs
to Halang geological formation with late Miocene to
early Pliocene. All geological formations have been cov-
ered by quaternary tephra deposits with varying degrees
of weathering and thickness. Hydrothermal altered an-
desite breccia rocks are found in the Kebobutak Forma-
tion, whereas clay rocks and sand rocks are found inside
the Halang Formation. Both Halang and Kebobutak For-
mations consist of clay rock, sand rock, and tuff in a dif-
ferent position and composition (Van Bemmelen, 1949).
Hydrothermal alteration in the past has caused most of
the tertiary rocks on southern flank of Sumbing Volcano
to form heavy weathering profile (Sartohadi et al., 2018).
Tephra deposits from the Sumbing Volcano during the
Quarternary period results in thick surface soil overlay-
ing the heavily weathered zone of Tertiary rocks (Wida
et al., 2019). Weathering processes in the surficial tephra
deposit form highly clay textural characteristic in the
soil, especially in the lithological discontinuity between
clay-rich content and weathered parent rock (Pulungan
and Sartohadi, 2018a). All the three study sites are lo-
cated in the steep slope zone with very thick soil and
high clay content.

(1) Landslide in Tegalsari; (2) landslide in Wonogiri; (3)
landslide in Manglong
Survey and sampling design
Aerial photo technology was used to obtain orthophoto
of landslide areas. The method to capture aerial photo-
graph was based on unmanned aerial vehicles (UAV) DJI
Phantom version 4.0-pro. UAV DJI Phantom was oper-
ated using the Pix4D application which is an open-
source software. The steps for aerial photo acquisition
using UAV and Pix4D are as follows: (1) UAV track
(called a mission) is created in the Pix4D application.
The mission grid extent is adjusted with the information
about total area extent to be captured, flight height, and
the flight duration (2) The flight setting is adjusted in
Pix4D to control camera angle, output photos overlap,
and UAV speed (3) The UAV is connected to pix4D

application until the mission has been completed (4)
After all the settings are set, the UAV is taken off with a
flying altitude of less than 80m in order to capture the
aerial photo in landslides area. The collection of all cap-
tured aerial photos is subsequently combined into a sin-
gle mosaic. The steps for combining all photos into a
single mosaic using Agisoft 1.1 are: importing photos,
aligning photos, building a dense cloud, building mesh,
building texture, building tiled model, building digital
elevation model, building orthomosaic, and exporting re-
sults. The on-screen digitization was done using ArcGIS
10.5 software.
The ground control points (GCP) of the research site

were marked using differential global positioning system
(DGPS) on objects that would have not been impacted
or changes by the landslides. The GCP are used to assess
root mean square error (RMSE) in orthophoto. The
RMSE calculation is used to evaluate the level of accur-
acy of the resulting orthophoto, the smaller the RMSE
value indicates a better geometrical accuracy of ortho-
photo. Table 2 presents the details of UAV flight infor-
mation and Fig. 2 presents measurements of GCP in the
research site.
The determination of observation points and soil sam-

pling was carried out in a transect line, which crosses
the landslide slope from the crown to the toe parts. Each
part of the landslide zones was taken as a representative
profile for observing the morphology of the soil (Fig. 3).
It is used to determine changes due to the slides and the
pedoturbation of the soil. Results found in each soil ob-
servation at a given point were compared with the ori-
ginal soil in the landslide crown. The changes in soil
morphological characteristics were analyzed qualitatively
and quantitatively.

Sample and data analyses
Fourteen soil profiles and sixty-five horizons have been
analyzed qualitatively and quantitatively. Qualitative ana-
lysis were based on observation of soil morphological
characteristics, which were conducted using the USDA
standard Field Book procedures for Describing and Sam-
pling Soils (Schoeneberger et al., 2012), but with a slight
modification to adjust with the research objectives. Site
observations were carried out to determine the geo-
graphical position, altitude, slope, and vegetation. Soil

Table 1 Descriptions of three landslide study sites

Location Coordinat Elevation Area Perimeter

Tegalsari, Bruno, Purworejo 109°57′11.86″ E
7°32′32.77″ S

334m asl 5410.55 m2 327.33 m

Wonogiri, Kajoran, Magelang 110°3′46.61″ E
7°32′52.77″ S

449m asl 569.94 m2 108.13 m

Manglong, Salaman, Magelang 110°5′22.28″ E
7°33′38.24″ S

445m asl 2878.91 m2 288.46 m
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profile description was subjected for horizon thickness,
horizon topography, horizon distinctness, soil color, soil
penetration, root quantity, root size, soil structure grade,
soil structure size, soil structure type, and soil
consistency in three conditions (dry, moist, and wet).
Soil sampling for quantitative analysis in the laboratory
was performed on disturbed and undisturbed soils. Un-
disturbed soil samples are used for the analysis of satu-
rated hydraulic conductivity (permeameter method) and
bulk density (ring method). Analysis of other soil charac-
teristics such as particle density (pycnometer method),
soil texture (pipette method), soil particle size criteria
was based on USDA classification: clay (Φ: < 0.002 mm),
silt (Φ: 0.05 mm - 0.002 mm) and sand (Φ: 2 mm - 0.05
mm), soil porosity, and soil organic carbon was carried
out using disturbed soil samples. The clay layer is deter-
mined from its depth (more than 2m) and has a high
clay content (more than 60%).
The stability of the slope is analyzed using the factor

of safety (F) with a simple calculation. The safety factor
based on the value of the comparison between the hold-
ing force and the moving force. Analysis of infinite slope
stability is used to determine the level of slope stability
at the research site. The infinite slope assumption is
based on a slope length greater than the depth or thick-
ness of the soil (H). Slope stability is very dependent on
the value of cohesion and internal friction angle ob-
tained from the triaxial test. The formula for calculating

the safety factor is based on the concept of the Coulomb
stress.

F ¼ c
γ:H cos2 α: tan α

þ tan Φ
tan α

ð1Þ

Where,
F = safety factor.
c = cohesion (kN.m− 2).
γ = bulk density (kN.m− 3).
H = soil thick (m).
α = slope (°).
Φ = internal friction angle (°).
Slope stability analysis is intended to determine the

safety factor of a potential slip plane of a landslide. In
another words, a slope can be said to be stable and un-
stable. The slope stability classification proposed by Ray
and De Smedt (2009) is presented in Table 3.
The topographic analysis was obtained from the deriv-

ation of the digital elevation model (DEM) from image
processing using UAV. The considered topographic indi-
cators are: the slope angle and terrain ruggedness index
(TRI). A quantitative DEM analysis was used to deter-
mine the distribution of safety factor values in landslide
areas. The process of mapping the value of safety factor
used the raster calculator tool in the ArcGIS 10.5
program.

Table 2 UAV flight information

Landslide location Area captured (m2) Number of photographs Number of GCPs Total RMSE

Tegalsari 120,411 81 4 0.0646209

Wonogiri 57,273 59 4 0.0744468

Manglong 47,216 64 4 0.0708227

Fig. 2 Measurements of Ground Control Points (GCP) in the research site
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Results
Changes in soil morphological characteristics
The changes in the soil morphology characteristic as a re-
sult of field observation are presented in Table 4 along
with the pictures taken during the observation. The pic-
tures are exhibited in discussion section for better descrip-
tion of the results. In addition to that, sketches are also
used to explain the phenomena observed in the field.
Soil layer near the surface was developed from new

volcanic ash sedimentation that later change into porous
soil, while the lower layer was developed from old alter-
ated volcanic rocks. The later one formed less porous
soil. The process of eluviations and illuviation on soil
profile has caused the formation of genetic Bw (cambic)
in Tegalsari landslide and Bt (argillic) in Wonogiri and
Manglong landslide. The original soil in Tegalsari land-
slide has porous in nature. It is indicated by soil penetra-
tion which is less than 1 Kg.cm− 2, soil consistency in
wet condition which is very loose, volumetric weight of
less than 1 g.cm− 3 and soil porosity greater than 55%
(Table 4). Porous soil of Tegalsari has high ability to
pass the water with hydraulic conductivity value greater

than 25 cm.h− 1. Undisturbed soil in Wonogiri and
Manglong landslide contain very high translocated clay
and therefore could form cutan clay. Undisturbed soil in
Manglong has horizon arrangement of plinthite at 51–
65 cm depth with hydraulic conductivity value less than
that of in the horizon above it (Table 4).
Soil in Tegalsari and Manglong has clay content be-

tween 50% - 60%, while soil in Wonogiri has quite high
which is close to 90% (Table 4). In general, the soil in
volcanic landscape is thick soil, has many layers and high
content of clay (Sartohadi et al., 2018; Wida et al., 2019).
The formation of thick soil is due to series of sedimenta-
tion of volcanic ash which is later developed to become
soil. Volcanic ash has high content of mineral and is eas-
ily decomposed to produce clay (Pulungan and Sarto-
hadi, 2018b). The characteristic of soil morphology near
the undisturbed surface in Tegalsari has showed the
sedimentation of volcanic ash that has not been com-
pletely decomposed. It is indicated with clay content of
less than 20% and sand greater than 40%. However, at
the depth of more than 240 cm, the clay content reaches
more than 60%. The present of clay layer can be found

Fig. 3 Illustration of site sampling and design at five landslide parts

Table 3 Slope stability classes

Safety factor (F) Slope stability class Remarks

F > 1.5 Stable Only major destabilising factors lead to instability

1.25 < F < 1.5 Moderately stable Moderate destabilising factors lead to instability

1 < F < 1.25 Quasi stable Minor destabilising factors can lead to instability

F < 1 Unstable Stabilising factors are needed for stability
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at the depth of more than 200 cm in all over the land
slide study area, with relatively very high content of clay.
Soil layer below the surface with high content of clay

is come from old volcanic rocks that have gone through
hydrothermal alteration process in the old time (Van
Bemmelen, 1949). Alteration of volcanic rocks produces soil
with high content of clay with mineral type in the clay that is
sensitive towards wetting and therefore has high chance to
trigger the landslide (Pulungan and Sartohadi, 2018a).
The head of landslide relatively moves less but it

causes the changes in morphological characteristic in
the land as well as soil. Micro relief of land surface be-
comes wavy and some parts irregularly broken. Land
horizon arrangement in the head of landslide still com-
pletes, however, the physical characteristics parameters
of soil have substantially changed. The changes in these
parameters relatively easy to be observed (Noviyanto
et al., 2017). The thickness of the horizon A decreased
spottily due to the influence of surface waving. Little
downshifting process on lower layer of soil can cause
crack and even damage on the horizon surface. Cracks
on the soil surface increases the saturated hydraulic con-
ductivity up to more than 25 cm.h− 1 and change the soil
structure to become prismatic. The lower layer of soil
also went through compression process due to litho
static pressure from the upper soil layer. Lower layer soil
compression was indicated with the increase in soil
penetration value which is higher than 3 Kg.cm− 3 and
the change in the soil structure become platy. The find-
ings from landslide study area support and consistent
with the observation of material characteristic in various
part of landslides done by Cheng et al. (2016).
The changes in soil morphology characteristic in the

body and foot of landslide were caused by slides and spread
processes that cause disorder in the soil layer. The pattern
of changes in the physical and chemical characteristic of
soil did not show similarity or regularity in all three land-
slides that were observed. The pattern in soil morphological
changes was more complex in Tegalsari due the addition
and subtractions of landslide material from the river that
passed through it. The main soil with low content of C-
organic appeared in the surface of Wonogiri landslide
(Table 4). At the tip of the foot of the Wonogiri landslide,

the soil material that slide at the farthest become granular
in structure, but it became easily dispersed when it was wet,
and therefore can trigger the second landslide. Different
condition was found in the foot of Manglong landslide,
where the mixed soil material was removed as it blocked
the main path and leaves the body landslide with the soil
that was not agitated. Soil morphology characteristics in the
body of the Manglong landslide still had the complete parts
of horizon arrangement, but some physical characteristics
have changed such as weight, volume, porosity and satu-
rated hydraulic conductivity.

Vulnerability level of landslide
Three landslides under the observation are still having
potential to reoccur. The analysis of topography indica-
tors that covered slopes, surface roughness index and
slope stability was conducted to get more information
about the landslide vulnerability in the landslide area
(Yu et al., 2017). The outcome shows that the slope with
angle greater than 30o was found in steep portion of
Tegalsari and Manglong landslide and at the foot of
Wonogiri landslide. While the analysis of surface rough-
ness index shows that landslide deposition possesses het-
erogenic relief in all zones. The surface roughness index
is a topographic indicator that shows spatial variability
at the altitude of particular area (Lindsay et al., 2019).
This index also has been used widely in the previous re-
searches to describe vulnerability of the landslide (Glenn
et al., 2006; Li et al., 2015). The higher that slope angle
and surface roughness index, the higher is the vulner-
ability level of that area (Kang et al., 2019).
The stability level of slope in the land that vulnerable

towards landslide can be evaluated through analysis of
safety factor (Table 5). The result shows that the un-
stable slope lies on the steep portion of Tegalsari and
Manglong landslide and at the foot of Wonogiri land-
slide. The distribution of the value of safety factor is pro-
portional with the slope. The steeper, the more unstable
is the slope. The unstable slope is also caused by soil
characteristics which is very thick and has high content
of clay, and it influenced the volumetric weight of the
soil, cohesion, and the ability of soil to retain water. The
lower the soil cohesion level, the higher is the friction

Table 5 Factor of safety and soil moisture content

Location Genesis of
clay layer

Wc c γ H α cos2α tanα Φ tanΦ F

% kN.m− 2 kN.m− 3 m ° ° ° ° °

Tegalsari Volcanic ash 54.00 68.59 9.22 7 32 0.115 −2.78 17.74 −10.17 0.33

Tegalsari Parent rock 77.95 17.70 8.73 5 32 0.115 −2.78 17.24 47.30 −18.30

Wonogiri Volcanic ash 45.04 15.s16 10.59 6 27 0.060 3.94 56.11 1.73 1.44

Wonogiri Parent rock 36.53 8.52 11.47 5 27 0.060 3.94 43.71 1.10 0.90

Manglong Volcanic ash 43.70 13.33 10.40 15 19 0.003 −17.24 37.92 − 26.31 0.05

Note: Wc Soil moisture content; F Safety factor
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angle, and the easier for the landslide to occur. Further-
more, clay layer from decomposed volcanic ash has
safety factor which is higher than that of decomposed
master tuff rock and alterated breccia rock. It was found
in all of area under study that slopes are not stable (F <
1) except the one in Wonogiri landslide which has
medium slope stability (Table 5).

Discussion
Changes in soil morphological characteristics
Undisturbed soil in the crown of the landslide showed
complete horizons. Soil at the surface was formed from
series of volcanic ash sedimentation that contain high
mineral. It decomposes in relatively short time produces
thick soil with high content of clay particles (Pulungan
and Sartohadi, 2018b). The development of land from vol-
canic ash under humid tropical climate is characterized
with the formation of horizon B which has higher clay
compared with the horizon lays over it (Pal et al., 2014).
The soil in the Tegalsari landslide area is characterized
with the existence of horizon Bw (see Fig. 4a) and the soil
two other landslide locations is characterized with the ex-
istence of horizon Bt (see Fig. 4b and c). Horizon Bw and
Bt differ in term of the increase in the content of clay
compared with the horizon lays over it. Horizon Bt has an
increase of clay content which is relatively higher (10% –
20%) compared with the horizon Bw (Table 4 column 5,
S3, S29, S49).
Undisturbed soil in Tegalsari landslide location has soil

development level lower than undisturbed soil in other two
locations. The difference in the soil development level was
possible due to the difference in the type of base rocks that
have different capacity in passing the water (Table 4 col-
umn 16). Soil in Tegalsari was developed above tuffacious

sandy rocks that have been decomposed, and therefore the
movement of water in soil profile up to 2m depth have not
produced distinct increase in clay content (Table 4 column
5, S1-S3). Soil in Wonogiri ad Manglong was developed
above breccia rocks that have gone through alteration and
therefore has compressed characteristic and can result in
the increase of clay content at the depth of less than 2m
(Table 4 column 5, S26- S29, S45-S50). The evaluation at
the soil development level was done only for soil profile at
maximum of 2m depth (Schoeneberger et al., 2012).
Undisturbed soil at all landslide locations has high cap-

acity in passing the water (Table 4 column 17, S1, S26,
S45). The soil has relatively high content of clay and or-
ganic matters, and therefore it formed stable soil structure
(Johannes et al., 2017). The rain water that fall in the soil
surface will be immediately absorbed in the soil profile
make the all soil horizon wet. The existence of horizon Bt
has important role in landslide study (Sartohadi et al.,
2018). Horizon Bt will act as sliding plane as because of
the following physical characteristics: (1) low ability to
pass water (Table 4 column 17, S29, S49, S50) (2) soil that
easily dispersed (muddy when it is wet).
Escarpment of landslide showed soil profile and layers

of soil material lying under. (Fig. 5). The term of soil pro-
file is used to describe horizons which was formed
through pedogenic process at up to 2m depth (Schaetzl
and Anderson, 2005), while layer terminology is used to
describe the difference in soil material at the depth of
more than 2m (Sartohadi et al., 2018). Soil layers with
high content of clay also found at the depth of more than
2m in all landslide location under study (Table 4 column
6, S14-S16, S42, S61). The existence of soil material layers
with high clay content has different origin: (1) at Tegalsari
landslide location, it was formed as a result of deep

Fig. 4 Types of soil genetic horizon on crown part of landslide area: Tegalsari (a), Wonogiri (b), and Manglong (c)
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translocation of clay from layers lay over it, (2) at the
Wonogiri landslide location, it came from base rocks after
hydrothermal alteration in the past, (3) at the Manglong
landslide location, it was formed from repeated formation
process (polygenetic soil formation). Whether it is horizon
Bt at less than 2m depth or soil material layers at more
than 2m depth, both can act as landslide sliding plane in
the wet conditions.
The soil horizons and soil material layers which are ex-

posed to landslide fault escarpment describe the physical
and chemical characteristics of soil particle that form
them in various ways. Soil horizons are developed from
parent soil of recent volcanic ash, while soil material layers
are developed through different types of processes. Soil
material layers in Tegalsari landslide were developed tuffa-
cious sandy rocks, while the one in Wonogiri was

developed from hydrothermal alteration material in the
past that came into contact with volcanic breccias. Only
soil material layers in Manglong landslide was developed
from old volcanic ash. Landslide causes down-slope move-
ment of all soil particles with different physical and chem-
ical characteristics (Szokoli et al., 2018) with various
intensity. The different in intensity of down-slope move-
ment results in unique land surface morphology and spe-
cific agitation level of soil materials.
Soil morphology and arrangement of horizons at the

head of landslide did not change much in the context of
the variety of horizons (see Fig. 6). Morphological
change of soil occurred in the thickness of the horizons
followed by physical characteristics such as colour and
clay content (Table 4 column 5 and Column 6, S4-S8,
S30-S34, S51-S54). The change in the horizon thickness

Fig. 5 Soil and weathered rock materials in the main scraps of: Tegalsari (a), Wonogiri (b) and Manglong (c)

Fig. 6 Soil morphology on the head part of landslide: Tegalsari (b), Wonogiri (b), and Manglong (c). The blue lines show cracking and difference
of soil structure (type of prismatic). The red lines show lithostatic pressure
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was thought as a result of compaction, limited mixing
and lessening. Compaction process happened due to the
vertical movement and thus resulting in the compression
(Table 4 column 13 and column 17, S8, S34, S54). Dif-
ferent process of limited mixing between soil horizon
and/or soil material layers were found in three landslide
points under study. Mixing at horizon 3Bt1 happened at
the escarpment with the soil material horizon/other
layers to form horizon A/B at the head of landslide at
Tegalsari which is characterized by the decrease of clay
content from 66.94% to 51.54%. Similar thing happened
at landslide Wonogiri where horizon Bt4 at escarpment
with clay content 90.04% changes into horizon Bt1 at
the head with clay content of 83.54%. While horizon A/
Bt1at escarpment of Manglong landslide with clay con-
tent 70.98% changed into horizon Bt1 at the head with
clay content 65.36%.
Lessening process occurred at the soil horizons in escarpment

with less than 1m depth as a result of sliding to the landslide
part at the lower position. Part by part sliding of soil horizon oc-
curred due to minor sliding plane that further caused the soil
layers at the upper part slide farther than the lower soil layer
(see Fig. 7). Horizon A that has been observed at the head, most
probably came from the debris of soil material from escarp-
ment.post major landslide move. The changes in the thickness
of horizon A at the head in comparison with those at the es-
carpment is shown in Table 4 (column 3, S9, S35, S56).
Changes of soil morphology at the body have been

found different in the three landslide points under ob-
servation. The difference was due to specific type and
movement intensity in every location under study. The
change of soil morphology at Wonogiri landslide body
(S43) was as a result of turn over process of layers due
to landslide movement at lower layer (at the depth of
horizon Bt). It was proved with the similarity in colour
(5YR 4/6, yellow red) and clay content (60% - 70%)
which is similar to clay layer at alterated volcanic rocks

(S42) at the escarpment. The changes of soil morphology
at the Manglong landslide body was due to accumula-
tion process of material at soil surface horizon, which
was characterized with C-organic content which is
higher than 1% and more porous (58.95% porosity) and
hydraulic conductivity greater than 25 cm.h− 1. In the
meanwhile, the changes of soil morphology at Manglong
landslide body cannot be explained the way the changes at
Wonogiri and Tegalsari were explained, as the landslide at
Manglong occurred long before the observation was con-
ducted. The changes of soil morphology are illustrated
based on landslide movement that occurred (see Fig. 8).
Figure 9a of soil profile at the Tegalsari landslide body

shows there is mixing and turnover of soil layers in es-
carpment. An appearance similar to rocks fragment was
chunks of soil materials which came from soil layers at
depth of 2–4m at escarpment. Figure 9b shows soil profile
at Wonogiri landslide body which came from soil material
at the depth of more than 2m at the escarpment. While
Fig. 9c shows soil profile at Manglong landslide body that
is relatively similar to arrangement and soil layers at the
escarpment. The landslide that occurred in Manglong in-
volved only series of soil layers that came from volcanic
ash and did not reach layer which was a result of volcanic
rocks decomposition. Horizon notations in Fig. 9c is simi-
lar to landslide at the escarpment, but it has higher clay
content (more than 70%) at the body compared with that
in escarpment (less than 70%). So it did not come from
layer with the same notation in escarpment
Soil morphology at the foot of landslide can be ex-

plained only based on the observation conducted at the
Tegalsari and Wonogiri landslide. Soil morphology at the
foot of landslide of Tegalsari (Fig. 10a) has physical char-
acteristics which quite different with the ones of the land-
slide at the upper portion of it. Most probably it was as a
result of sedimentation at nearby river. Soil morphology at
the foot of the landslide was a result of turn over process

Fig. 7 Illustration of soil layer arrangement at the head part as a result of landslide movement process
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of soil layers at the escarpment (Fig. 10b). Layer of clay
soil (S41 and S42) at the escarpment became soil surface
at the foot of the landslide. The soil has the following
characteristics: tends to have red in colour (5R 5/6, red),
very low organic content (less than 1%) and high clay con-
tent (more than 60%). It shows that the layers at the sur-
face was as a result of turnover of volcanic ash layers
which was further decomposed (S41) and alterated vol-
canic (S42). Soil morphology at the foot of Wonogiri land-
slide is a water saturated zone which was proved with low
level of penetration (< 0.5 Kg.cm− 2), high hydraulic con-
ductivity (> 25 cm.h− 1) and high porosity level (> 60%).
Sedimentation of soil materials at the foot of the landslide

will change according to the process and intensity of distur-
bances. Disturbance such as flood will change the shape

and composition where soil materials from landslide will be
taken away replaced with other material. Over flow from
flood causes water saturation at the landslide deposition
zone, and therefore will have more reactive soil mechanic
characteristics. Other disturbance is from human activities,
where soil material sedimentation will disappear or will be
utilized further. Loose soil material is good and can be used
for agriculture purpose for the surrounding people. Since
the disturbance happened at the foot of the landslide, the
characteristics of soil morphology at this part cannot be for-
mulated with certainty for long term period.
The process of soil turn over that occurred at the body

and toe of landslide is different with the one that happened
due to pedogenetic process. The turn over soil that hap-
pened due to pedogenetic process generally found as

Fig. 8 Illustration of landslide movement that caused changes at landslide body; (a) Rotational movement; (b) Topping Movement
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pedoturbation such as in Vertisol soil (Pal et al., 2012). Ped-
oturbation occurs at the flat land or basin (Pierre et al.,
2019). Turn over process can also occur due to pedobiotur-
batic, both due to flora or fauna (Ruiz et al., 2015; Piron
et al., 2017). Bioturbatic process is local and with small area
(Whitesides, 2015; Román-sánchez and Reimann, 2019).
Pedoturbation of landslide process occurs at the sloped area
with the area bigger than that of bioturbatic. Pedoturbation

at the landslide involve not only layers turn over, but also
other process such as compaction, gravitational mixing and
lateral lessening. Gravitational mixing has been explained
by Cheng et al. (2016) and Van Eynde et al. (2017), how-
ever, in this research, more detail explanation is put on with
the presentation of soil morphology characteristics in every
part of the landslide. Lessening process in the landslide
under study is also different with the process explained by

Fig. 9 Soil morphology on the bodies parts of landslide: Tegalsari (a), Wonogiri (b), and Manglong (c). Note: Red lines show boundaries of broken
horizon. Soil profile in Wonogiri shows pedoturbated horizon

Fig. 10 Soil morphology on toe parts of landslide: Tegalsari (a) and Wonogiri (b). Note: Soil profile in Tegalsari shows superposition of mass
movements and rock fragments. Soil profile in Wonogiri shows pedoturbated horizon
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(Mhazo et al., 2016). Lessening process in erosion covers
particle by particle, while in landslide covers whole horizons
and even whole soil profile.

Vulnerability level of landslide
Rain fall is the main factor that triggers the slope failure in
the region with tropical humid climate. Slope failure usu-
ally is caused by the increase in the water content and
pore water pressure that further reduce the ground shear
strength (Malizia and Shakoor, 2018). The increase in the
soil water content results in the increase of the volumetric
weight of soil and shear stress, while effective stress will
decrease (Chae et al., 2015). Combination between shear
stress and slope angle will result in bigger force towards
the slope. Mechanically, ground has maximum shear re-
sistance that can be used against the external force that
can damage the soil physically. Landslide is a result of
condition where the ground cannot bear the force from
huge shear stress. Characteristic and property of soil play
important role in bearing the force, where in this case, the
soil with high content of clay has sensitive characteristic.
Sensitivity of clay properties is influenced by soil water
content, where the increase in sensitivity will cause high
level of landslide vulnerability. Figure 11 exhibits the out-
come of triaxial test of soil with high content of clay.
High water content soil was found in the clay layer from

decomposed tuffacious sandy rocks at Tegalsari landslide, and
this condition can cause negative value in safety factor (Cheng
and Lau, 2014). In reverse, low water content soil at Wonogiri
landslide results in relatively higher safety factor, even
though the clay content is quite extreme. Safety factor (F
value) in the clay layers from decomposed volcanic ash at
Wonogiri landslide is 1.44, and therefore is classified as a

stable slope. However, alterated andesite breccias rock
which was laid under decomposed volcanic ash will make
slope even more prone of landslide, and it was proven
with the safety factor (F value) less than 1. Chloric mineral
is a product of hydrothermal alteration and therefore can
be found in alterated rocks (Pirajno, 2009). This mineral is
typical silicate mineral 2:1 that can easily shrink or expand
(Schaetzl and Anderson, 2005), and this cause the clay
layers in alterated andesite rocks become more sensitive
and unstable. Slope failure was found in Manglong land-
slide with F value 0.05. One of the minerals in volcanic
ash such as Na-plagioclase might be found in the clay
layer on Manglong landslide. Sodium in the clay layer can
act as dispersing agent when the water content increase.

Implication for rehabilitation post landslide
The change in soil morphology at the body of the land-
slide tends to form soil that sensitive towards erosion.
The sensitivity is due to unstable soil structure (struc-
ture hardness degree is weak and soil penetration is less
than 0.5). The change in soil surface morphology at the
body of the landslide produced complex reliefs (Fig. 12b
and h). There exist some parts with steep but short
slope. Combination between soil morphology and soil
surface morphology, added with position at escarpment
and body of the landslide cause the plots formation of
erosion become more intensive (Hassen and Bantider,
2020). Figure 13 shows example of the surface of the
body of landslide in Manglong where many plots and
trenches erosion can be seen. If it is not controlled,
plots and trenches can initiate the process of landslide
reactivation. It is supported by the observation of safety
factor (Fig. 12c, f and i).

Fig. 11 The results of a triaxial test for high clay layers. Note: σ1 = 98.0665 kN.m− 2 (a); σ2 = 137.293 kN.m− 2 (b); σ3 = 176.52 kN.m− 2 (c)
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Fig. 12 Topographic indicator (slope and terrain ruggedness index) and quantitative analysis of the DEM (safety factor). Note: (a) slope angle in
Tegalsari; (b) terrain ruggedness index in Tegalsari; (c) safety factor in Tegalsari; (d) slope angle in Wonogiri; (e) terrain ruggedness index in
Wonogiri; (f) safety factor in wonogiri; (g) slope angle in Manglong; (h) terrain ruggedness index in Manglong; (i) safety factor in Manglong

Fig. 13 The appearance of erosion in landslide sediments
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Landslide rehabilitation need to take into account the
characteristics and properties of soil in every part of the
landslide. Soil material from the surface with relatively
dark in colour and loose indicates the fertility of the soil
for agriculture purpose (C-organic > 1% and porosity be-
tween 50% - 60%). Vegetative debris rehabilitation of
landslide shall start from foot, body and to the head of
landslide in all points that has soil relatively dark in
colour and loose. At the foot part, the soil is always wet,
thus the vegetative rehabilitation shall be conducted
using plants that have high ability in evaporating the
water. Plantation at the foot means for reducing the risk
of soil will be muddy and move, and thus landslide re-
activation can be avoided. Soil at the body of landslide
has property of prone towards erosion and therefore the
plants that can function as ground cover are required to
reduce erosivity of rain and at the same time can in-
crease the organic matters level of soil. In the mean-
while, the soil at the head shows same characteristics
with the ones at the crown, thus it requires same type of
plants for rehabilitation in the crown of the landslide.

Conclusion
High thickness of soil and high content of clay along
with the angle of the slope play important role in deter-
mining landslide sensitivity. Landslide sliding plane at
less than 2 m depth when there is horizon Bt, while
landslide sliding plane also found at the depth of more
than 2m when there is soil material layers with high
content of clay. Landslides process at the volcanic soil
which is very thick with high content of clay is complex
due to multiple landslide slope. Reactivation of landslide
is possible to occur at the escarpment and head which is
triggered by the angle of the slope and the difference in
the elevation which is very high. Landslide reactivation
is also can be started from the body and foot which is
triggered by the soil characteristics such erodibility and
the hardness of land surface. Vegetative landslide re-
habilitation can be done by considering the characteris-
tics and properties of soil in every part of the landslide
along with the characteristic of the slope. The utilization
of land post landslide that does not consider morpho-
logical characteristic of land surface can add complexity
in the process of land rehabilitation.
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