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ABSTRACT. This paper presents the results of engineering geological mapping conducted
in Section 5 of the Yogyakarta-Bawen toll road and tunnel construction area and its sur-
roundings. This research aimed to evaluate the characteristics of the study area’s geomor-
phology, lithology, and geological structures to assess potential geological hazards during
and after the toll road and tunnel constructions. This research was conducted by collect-
ing geomorphological and geological data by surface mapping, which was not done in
the previous site investigation. The surface mapping results show that the study area is
at the geomorphological units of steep and gentle slope volcanic hills. The study area
consists dominantly of tuff and tuff breccia units. At the surface, the rocks are extremely
weathered. The geological structures controlling the study area are extensional joints with
northwest-southeast and northeast-southwest orientation, consistent with the morpholog-
ical alignment. Although the study area consists dominantly of hilly morphology and ex-
tremely weathered rocks, landslides are rarely observed. This may be attributed to the
land use and relatively high friction angle of the weathered pyroclastic rocks comprising
this area. The soils produced from weathering pyroclastic rocks in the study area may be
susceptible to remoulding. Therefore, cut slopes made for road and tunnel constructions

must be designed to prevent change in the soil state.
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1 INTRODUCTION

Knowledge of geological conditions is crucial in
tunnel construction, as it determines a tunnel’s
condition, shape, and cost (Norwegian Tunnel-
ing Society, 2014). Therefore, geological inves-
tigations, including geomorphology, lithology,
and geological structure (Dearman, 1991; Gon-
zalez de Vallejo and Ferrer, 2011), must be con-
ducted in the construction planning stage.
Section 5 of the Yogyakarta - Bawen toll road,
where PT Jasamarga Jogja Bawen will build a
road tunnel, is in Losari Village, Magelang Re-
gency, Central Java (Figure 1). The Yogyakarta -
Bawen tunnel will consist of 2 tunnels, namely
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Tunnel A (Yogyakarta direction), located on the
east side with a length of 490 m, and Tunnel B
(Bawen direction), located on the west side with
a length of 510 m. Both tunnels were built to
serve as traffic lanes for four-wheeled vehicles
crossing the Yogyakarta - Bawen Toll Road.

In the planning stage of road and tunnel
construction, the planning consultant has
conducted various subsurface geological and
geotechnical investigations through geophysi-
cal surveys, drilling, and in situ tests (PT. Cipta
Strada-KSO, 2022). Although the subsurface
investigations that have been carried out are
pretty comprehensive, mapping of the surface
engineering geology has yet to be carried out.
To assess carrying capacity and geological haz-
ards, surface engineering geological mapping
is required to comprehensively understand
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the construction site’s geological conditions
(i.e., geomorphology, lithology, and geological
structure). The engineering geology mapping
results presented in this paper are expected to
be an input for road and tunnel construction.

2 METHODOLOGY

In this study, five stages of research were car-
ried out: the preparation stage, data collection
stage, laboratory analysis stage, data processing
and interpretation stage, and manuscript writ-
ing stage.

In the preparation stage, problem formula-
tion was carried out by discussing with other
authors, conducting literature studies, visiting
the study site to determine the geological and
geomorphological conditions, and establishing
hypotheses based on the data collected at this
stage.

The next stage is data collection. This stage
is divided into two based on the type of data
taken: surface and subsurface. Surface data was
obtained by conducting geological mapping fo-
cusing on rocks” distribution, the rock weath-
ering level, geomorphological conditions, and
existing geological structures. The condition of
the rock weathering level is determined by re-
ferring to the division of weathering levels by
Dearman (1991), as seen in Table 1. Meanwhile,
subsurface data is obtained by core logging
from several boreholes by observing rock con-
ditions (rocks’ distribution and the rock weath-
ering level) and the groundwater depth. The lo-
cation of observation and data collection points
can be seen in Figure 2.

After collecting the primary data, laboratory
analysis was conducted on the rock samples.
Several tests were carried out during this stage,
such as petrography, rock index properties test,
and rock strength test. Petrography was con-
ducted on 29 rock samples, both from surface
and subsurface data. The rock index proper-
ties test used rock density, unit weight, and spe-
cific gravity values parameters on eight surface
rock samples and four subsurface rock samples.
The rock strength test was carried out using the
point load method, which refers to the standard
ASTM D5731-16 (2016) procedure by making
the rock sample into a block shape with dimen-
sions of length x height x width of 5 cm x 4 cm
x 3 cm on the surface sample, while the core
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sample can be tested directly because it meets
the requirements of 0.3 W < D < W (W = core
width and D = core diameter). The result of the
point load test is the Point Load Strength Index
(Is50) value, which will be converted to Uniax-
ial Compressive Strength (USC) by multiplying
the Point Load Strength Index (Is50) value with
the Strength Conversion Factor (K). The sample
in the point load test uses the same sample as
the rock index properties test.

Data obtained from primary data collection
and laboratory tests will be used for data pro-
cessing and data interpretation. ~Geological
structure data obtained in geological mapping
is extensional joint data only found at four ob-
servation points. The extensional joint data is
analyzed on a rose diagram using GeoRose soft-
ware by inputting the measured strike orien-
tation value of the extensional joint. The out-
put of this analysis is the direction of the main
force that forms the extensional joint. Geomor-
phological data was obtained through direct
field observation and digital elevation model
(DEM) image analysis. On the DEM image,
slope analysis was carried out using ArcGIS
software to make a slope classification based
on the slope range referring to the slope class
classification by van Zuidam (1983) in Table 2.
In addition, the DEM image also analyzed the
morphological alignment pattern in the study
area by drawing a striking morphological align-
ment line. Mapping geomorphological charac-
teristics in the field was conducted by observ-
ing the morphology and active geomorpholog-
ical processes, especially landslides. The out-
put of the geomorphological data analysis is the
river flow pattern. The results of petrography
are used to divide the lithological units on the
geological map and cross-section. The petro-
graphic data was then synergized with rock in-
dex properties test data, rock strength test data,
and rock weathering condition data to deter-
mine the rocks’ physical, mineralogical, and en-
gineering characteristics. The conclusion was
obtained by integrating all the final data and
writing the manuscript.

3 RESULTS AND DISCUSSION

The results of the surface mapping that has
been conducted show that the study area can
be divided into two geomorphological units
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FIGURE 1. The study area is based on the Grabag landform map sheet (No. 1409-523). Map source:
https://tanahair.indonesia.go.id/.

TABLE 1. Scale of weathering grades of rock mass (Dearman, 1991).

Term Description Grade

Fresh There is no visible sign of rock material weathering; perhaps I
slight discoloration on major discontinuity surfaces.
Discoloration indicates weathering of rock material and

Slightly weathered discontinuity surfaces. All rock material may be discolored by I
weathering.

Moderately Less than half of rock material is decomposed or disintegrated

weathered into soil. Fresh or discolored rock is present as a continuous 11
framework or as corestones.
More than half of the rock material decomposed or

Highly weathered disintegrated into soil. Fresh or discolored rock is present either v
as a discontinuous framework or as corestones.

Extremely weathered All rock material decomposed and/or disintegrated to soil. The v
original mass structure is still largely intact.
All rock material is converted to soil. Mass structure and

Residual Soil material fabric destroyed. There is a large change in volume, but VI
soil has not been significantly transported.
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TABLE 2. Slope class classification (van Zuidam, 1983).

Slope class

Process Characteristics and Field Conditions

SlOIE’e ag;gle Pefcerl/ta)lge Classification Descriptions
0-2 0-2 Flat to almost flat  There is no meaningful denudation process.
2_4 2_7 Gentle Gr01-md moti'on spged is low. Sheet and soil
erosions are identified.
4-8 7_15 More gentle The same as above, but with a higher
magnitude.
8_16 15 — 30 Slightly steep Flat landslides with a lot of ground
movement and erosion.
16 — 35 30-70 Steep Intensive denudation processes and ground
movements are COmmon.
Rock generally begins to unfold, and a very
35-55 70-140 Very steep intensive denudational process has already
started to produce rework material.
Exposed rocks are a very strong
>55 >140 Extremely steep denudational process prone to falling rocks;

plants are rarely grown (limited).

and two geological units. In addition, in the
study area, the geological structure is found as
an extensional joint with two orientation direc-
tions based on rose diagram analysis. In ex-
plaining geomorphological characteristics, sev-
eral aspects are presented, such as the divi-
sion of geomorphological units, the division of
drainage flow patterns, and the direction of ge-
omorphological alignment. For geological char-
acteristics, results are presented by dividing
lithological units based on physical and min-
eralogical characteristics, dividing the degree
of weathering, and engineering characteristics
based on the degree of weathering. Meanwhile,
the geological structural characteristics explain
the structures found and the results of struc-
tural analysis using rose diagrams.

3.1 Geomorphological characteristics

The geomorphological condition of an area is
a manifestation of geological processes (endo-
genic and exogenic processes) that work in the
area. In the study area, the endogenic pro-
cess can be reflected through the distribution of
lithology and the presence of geological struc-
tures, such as extensional joints, that indicate a
tectonic activity that works regionally. Mean-
while, the exogenic process in the study area
can be reflected through the erosion stadia in
the river that developed and the level of weath-
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ering recorded in the lithology that makes up
the study area and its surroundings.

The study area has the lowest point with
an elevation value of 608 meters above sea
level, with the highest point reaching 723 me-
ters above sea level. Based on the classification
of morphographic elements proposed by van
Zuidam (1983), the study area is categorized as
hills. This hilly morphology is part of the cir-
cular morphology east of the study area (Fig-
ure 3). Poedjoprajitno (2011) states that the cir-
cular morphology is the crater of an ancient vol-
cano.

Based on the analysis of DEM images (as
shown in Figure 3), the study area is located ad-
jacent to two faults, i.e., the Rawapening Fault
and the Merapi-Merbabu Fault, and four vol-
canoes, i.e., Ancient Volcano (Poedjoprajitno,
2011), Mount Merbabu, Mount Andong, and
Mount Telomoyo. The Rawapening Fault is a
thrust fault, one of the segments of the Baribis-
Kendeng Fold-Thrust Zone, while the Merapi-
Merbabu Fault is a strike-slip fault (The Na-
tional Center for Earthquake Studies, 2017).
Both are active faults with a movement of 0.1
mm/year (The National Center for Earthquake
Studies, 2017). Poedjoprajitno (2011), in the
photo geomorphology map of Java and Madura
islands, classified the study area into the geo-

Journal of Applied Geology
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FIGURE 3. DEM image of the study area and its sur-
roundings showing morphological conditions and
the location of active faults according to The Na-
tional Center for Earthquake Studies (2017). DEM
source: https:/ /tanahair.indonesia.go.id/.

morphological unit of the ancient volcanic cone
where the constituent lithology is sourced from
the eruption of the ancient volcano located in
the east of the study area.

The slope at the study site is categorized into
gentle and steep slopes. This gentle slope is
generally found in residential areas, gardens,
residents” farms, and cross-village roads made
by cutting a hill. Meanwhile, steep slopes are
generally found in several places that have yet
to be touched by residents due to the diffi-
culty of access to the location. So that the area
still shows its original condition without any
significant morphological changes by humans.
Referring to van Zuidam’s (1983) geomorpho-
logical unit names and morphometric elements
as complementary elements to make the unit
names more detailed and can be mapped, the
study area can be divided into two geomorpho-
logical units, namely the gentle-slope volcanic
hills unit (3° — 7°) and the steep-slope volcanic
hills unit (7° - 30°) (Figure 4). Several landslides
were observed in the steep-slope volcanic hills
unit. These landslides are located close to the
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river, most of which are shallow. Landslides
with large dimensions were only found at one
point, at the northern part of the outlet of tunnel
B. The landslide morphology is shown in Fig-
ure 5.

The proximity of the study area to the cen-
ter of ancient volcanism, the natural slope and
lithology types that are relatively uniform, and
the morphology of the elongated hills support
the formation of parallel drainage patterns (Fig-
ure 6a). The orientation of the drainage pat-
tern is consistent with the NE-SW and NW-SE
morphological alignment pattern (Figure 6b),
suggesting the morphological alignment in the
study area to be mainly controlled by erosion
rather than tectonics. Tectonic activity on active
faults around the study area only resulted in the
formation of extensional joints at several obser-
vation points. In contrast, erosional activity has
an important role in the morphology formation
process, such as the development of river stadia
in the study area.

3.2 Lithological characteristics

The study area is included in the Geologi-
cal Map of Magelang and Semarang Sheets,
Java, at a scale of 1:100,000 (Thandean et al.,
1996). Based on the geological map created
by Thandean et al. (1996), the study area and
its surroundings are composed of Kaligetas
Formation (Qpkg), Gilipetung Volcanic Rocks
(Qg), and Merbabu Volcanic Rocks (Qme).
Kaligetas Formation (Qpkg) is the oldest for-
mation in the study area and its surroundings.
This formation comprises lithologies of vol-
canic breccia, lava flows, tuffaceous sandstone,
claystone, flow breccia and lava with lava in-
serts, and fine to coarse tuff. Gilipetung Vol-
canic Rocks (Qg) is a formation unit composed
of lava flow lithology with a grey and vesicular
structure. Merbabu Volcanic Rocks (Qme) is a
unit formation comprising olivine basalt and
andesite augite lithologies.

The study area is about 6 km from the mor-
phological center of the ancient volcanic crater.
The study area is estimated to be in the proxi-
mal zone of the volcanic facies based on Bogie
and Mackenzie (1998). According to Bogie and
Mackenzie (1998), the proximal zone of volcanic
facies will be composed of lithologies such as
lava, tuff breccia, and lapilli tuff. The results
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of surface mapping show that the study area is
composed of tuff and tuff breccia (Figure 7a).
Likewise, the results of core logging conducted
on cores from several boreholes along the tun-
nel route show that the constituent lithologies
of the tunnel route are tuff and tuff breccia (Fig-
ure 7b).

3.2.1  Tuff unit

The tuff unit is produced from a volcano’s vol-
canism process near the study area. This unit
has a distribution of about 85% on the surface
of the study area. This unit has two types of
rocks: crystal tuff and lithic tuff. Lithic tuff in
this unit has a very limited distribution and is
only found locally.

a. Crystal tuff

Megascopically, this rock has a grain size of
<2 mm (very fine) and a sub-rounded to sub-
angular grain shape; the matrix of this rock
is composed of hornblende and clay minerals,
while the fragments of this rock are composed
of lithics from igneous rock fragments and iron
oxide minerals. This rock has a massive struc-
ture.

Microscopically, this rock has a grain size of
<2 mm - 3 mm, has a massive structure, has a
sub-rounded to sub-angular grain shape, and
the rock composition is lithic, quartz, horn-
blende, clay minerals, and iron oxide miner-
als. The rock matrix is composed of hornblende
and clay minerals. Fragments are composed of
lithics and iron oxide minerals. The naming
of lithic tuff is based on Fisher’s classification
(1966). In the study area, two types of crys-
tal tuff have differences in massive and vesic-
ular structures (Figure 8). At the surface, the
crystal tuff is dominantly extremely weathered.
Highly weathered tuff is only observed at the
river slopes. The engineering properties of the
weathered crystal tuff are shown in Table 3. Of
particular note are the density values, which
are typical for weathering products of pyroclas-
tic rocks. According to the International Soci-
ety for Rock Mechanics and Rock Engineering
(ISRM) (1978), crystal tuff is classified as a very
weak rock.

102

b. Lithic tuff

This rock has a very restricted distribution in
the study area. Megascopically, this rock has
a grain size of <2 mm and a rounded to sub-
angular grain shape; the matrix of this rock
is composed of hornblende and clay minerals,
while the fragments of this rock are composed
of lithics from igneous rock fragments, mafic
minerals, and iron oxide minerals. This rock
has a laminated structure.

Microscopically, this rock has a grain size of
<2 mm - 3 mm, has a laminated structure, has
a sub-rounded to sub-angular grain shape, and
the rock composition is lithics, quartz, volcanic
glass, hornblende, clay minerals, and iron oxide
minerals. The rock matrix comprises volcanic
glass, hornblende, and clay minerals. Frag-
ments are composed of lithics and iron oxide
minerals. The quartz in this rock is present as
veins that fill fractures in the rock. The frac-
tures are so minor that they cannot be seen on
a megascopic view. The lithic tuff is named af-
ter Fisher’s classification (1966). The outcrop,
hand specimen sample, and microscopic obser-
vations of the lithic tuff can be seen in Figure 9.
At the surface, the lithic tuff is mostly highly
weathered.

3.2.2  Tuff breccia unit

Based on the surface geological mapping re-
sults, this unit is below the tuff unit. On the
surface, it covers about 15% of the study area.

Megascopically, this rock has a brown color
with a massive structure, fragments of andesite
with a size of 1-20 cm, and mafic minerals with
a size of 5-7 mm; the matrix in this rock is in
the form of volcanic material <5 mm in size
consisting of clay minerals, sub-angular to sub-
rounded grain shape, and poor sorting. The
andesite fragments have a massive structure,
porphyro-afanitic granularity texture, and al-
lotriomorphic intercrystal relationship texture,
with the constituent composition being plagio-
clase, mafic minerals, and clay minerals. The
percentage of matrix in this breccia is about
65%, and the fragments are about 35%. Based
on the rate of fragments and matrix, it can be
seen that this rock has the name tuff breccia
(Fisher, 1966).

Based on microscopic observations made
on the matrix, this rock has a grain size of

Journal of Applied Geology
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FIGURE 7. (a) Geological map of the study area. (b) Geological cross-section of the tunnel route.
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FIGURE 8. (a) Outcrop of massive crystal tuff. (b) Outcrop of vesicular crystal tuff. (c) hand specimen sample
of massive crystal tuff. (d) Hand specimen sample of vesicular crystal tuff.

FIGURE 9. (a) Outcrop of lithic tuff. (b) hand specimen sample of lithic tuff. (c) Microphotograph of lithic
tuff showing laminated structure. (d) Microphotographs of lithic tuff show a quartz vein filling the micro-
fracture. Hbl = hornblende, Cly = clay, Ox = oxide minerals, Lth = lithic, and Qz = quartz.
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TABLE 3. Physical, mineralogical, and engineering characteristics of rocks.

Lithological unit Physical and mineralogical properties Engineering properties
Brown in color with massive, vesicular, and
laminated structures, fragments are composed of Dry density values range
Highly weathered lithics, mafic minerals, and plagioclase with a size ~ from 1.2 to 1.6 gr/cm3,
tuff of 1 -3 mm, matrix composed of clay minerals <1 ~ and compressive strength
mm in size, sub-angular to sub-rounded grain values range from 1.3 to
shape, and medium sorting. The degree of 1.6 MPa.
weathering of this rock is highly weathered.
Brown in color with massive, vesicular, and
laminated structures, fragments are composed of Dry density values range
Extremely lithics, mafic minerals, and plagioclase with a size from 1.0 to 1.3 gr/cm3,

weathered tuff

Highly weathered
tuff breccia

Extremely
weathered tuff
breccia

of 1 -3 mm, matrix composed of clay minerals <1
mm in size, sub-angular to sub-rounded grain
shape, and medium sorting. The degree of
weathering of this rock is extremely weathered.

Brown in color with a massive structure, fragments
consist of andesite with 1 — 8 cm in size. The matrix
comprises clay minerals, plagioclase, and mafic
minerals <1 mm in size, sub-angular to
sub-rounded grain shape, and poor sorting.
Fragments in this rock are andesite with massive
structure, porphyro-afanitic, and allotriomorphic
intercrystal relationship, with the composition of
the constituents being clay minerals, plagioclase,
and mafic minerals. The degree of weathering of
this rock is highly weathered.

Brown in color with a massive structure, fragments
consist of andesite with 1 — 8 cm in size. The matrix
comprises clay minerals, plagioclase, and mafic
minerals <1 mm in size, sub-angular to
sub-rounded grain shape, and poor sorting.
Fragments in this rock are andesite with massive
structure, porphyro-afanitic, and allotriomorphic
intercrystal relationship, with the composition of
the constituents being clay minerals, plagioclase,
and mafic minerals. The degree of weathering of
this rock is highly weathered.

and compressive strength
values range from 1.0 to
1.8 MPa.

Dry density values are
about 1.5 gr/cm3, and
the compressive strength
value is 1.4 MPa.

Dry density values are
about 1.2 gr/cm3, and
the compressive strength
value is 1 MPa.

<2 mm to about 3 mm, moderate consolida-
tion level, sub-rounded to sub-angular grain
shape, with a composition of hornblende, pla-
gioclase, clinopyroxene, lithics, and clay min-
erals. Lithics in this rock matrix are rocks that
have grain sizes up to about 3 mm, have a
holocrystalline crystallinity texture, fine crys-
tal size, porphyritic, hypidiomorphic, with a
composition of plagioclase, hornblende, and
clay minerals. Based on this analysis, the name
crystal tuff (Fisher, 1966) was obtained as the
matrix of the tuff breccia in this unit. From
this information, it can be known that this brec-
cia is a breccia of primary volcanic products.
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Documentation of the outcrops, hand specimen
samples, and microscopic observations of the
tuff breccia can be seen in Figure 10. At the sur-
face, the tuff breccia is dominantly extremely
weathered. Highly weathered tuff breccia is
only observed at the river slopes. Engineer-
ing properties of the weathered tuff breccia are
shown in Table 3. Based on the International
Society for Rock Mechanics and Rock Engineer-
ing (ISRM) (1978), the tuff breccia is classified
as a very weak rock.
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FIGURE 10. (a) Outcrop of tuff breccia. (b) hand specimen sample of the fragment of tuff breccia. (c) and (d)
Microphotographs of tuff breccia. Hbl = hornblende, Plg = plagioclase, Cly = Clay, Ox = oxide minerals, and

Lth = Lithic.

3.3 Geological structure characteristics

The toll road and tunnel location are more than
10 km from the Merapi-Merbabu and Rawapen-
ing Fault, identified by The National Center for
Earthquake Studies (2017) (Figure 3). In addi-
tion to these two massive active faults, the ge-
ological structures found in the study area are
compressional joints. Based on the analysis us-
ing rose diagrams, the main orientations of the
compressional joints are northwest-southeast
and northeast-southwest (Figure 11), consistent
with the morphological alignment pattern in
the study area and its surroundings based on
DEM image analysis (Figure 6b).

4 POTENTIAL GEOLOGICAL HAZARD

Although the study area consists dominantly
of hilly morphology and extremely weathered
rocks, landslides are rarely observed (Figure 4).
Landslides in the study area are usually shal-
low on river slopes less than 5 meters high.
One of the largest landslides found was close
to the outlet of tunnel B (Figure 5). This may
be attributed to the land use and relatively
high friction angle of the weathered pyroclas-
tic rocks comprising this area. The study area
has been developed mainly as a plantation area.
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Cut slopes are typically made less than 2 m
high, and high slopes of more than 5 m are
rarely observed. Previous authors indicate that
the weathering of pyroclastic rocks produces
soils with relatively high friction angles, imply-
ing that high slopes can be stable under nat-
ural conditions. For instance, Wesley (1979)
reported that the friction angle values of soils
from pyroclastic rocks in Indonesia range from
31 to 38°. Keam (2008) reported that the friction
angle values of soils from pyroclastic stones in
New Zealand range from 50 to 56°. Moon et al.
(2015) reported that friction angle values of soils
from pyroclastic rocks in New Zealand range
from 29 to 41°. However, Moon (2016) states
that the soils produced from weathering pyro-
clastic rocks can be susceptible to remolding.
Therefore, cut slopes for road and tunnel con-
structions must be designed to prevent change
in the soil state (from natural to remoulding
state) by considering landslide-triggering fac-
tors, such as rainfall and earthquakes.

5 CONCLUSION

The study area, where the toll road and tun-
nel will be constructed, consists of two geomor-
phologic units of steep-slope volcanic hills and
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ENGINEERING GEOLOGICAL CHARACTERISTICS OF PLANNED CONSTRUCTION AREA OF SECTION 5
YOGYAKARTA-BAWEN TOLL ROAD, MAGELANG, INDONESIA

s~

FIGURE 11. Typical compressional joints in the study area and the rose diagram showing the primary orien-

tation of the joints.

gentle-slope volcanic hills and is located near
an ancient volcanic crater. The study area has a
parallel flow pattern with an orientation consis-
tent with the NW-SE and NE-SW morpholog-
ical alignment pattern. The study area’s mor-
phological alignment is mainly controlled by
erosion rather than tectonics.

The study area dominantly consists of ex-
tremely weathered tuff with low compressive
strength. The toll road and tunnel location are
more than 10 km from the Merapi-Merbabu and
Rawapening Fault. Other geological structures
in the study area are extensional joints, which
have an orientation consistent with morpholog-
ical alignment. Although the study area con-
sists dominantly of hilly morphology and ex-
tremely weathered rocks, landslides are rarely
observed. This may be attributed to the land
use and relatively high friction angle of the
weathered pyroclastic rocks comprising this
area. The soils from weathering pyroclastic
rocks in the study area may be susceptible to re-
moulding. Therefore, cut slopes made for road
and tunnel constructions must be designed to
prevent changes in the soil state by considering
landslide-triggering factors, such as rainfall and
earthquakes.
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