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Abstract

An integrated study on slope stability has been conducted in the high weathering zone of the tropical and active tectonic
country, Indonesia. The research aims to introduce an integrated and comprehensive approach in studying the soil and rock
slope stability. Geophysical methods, including two seismic refraction tomography (SRT) and electrical resistivity tomog-
raphy (ERT) lines, were deployed to determine the slip zone of the landslide. Slope kinematic analysis and rock mass clas-
sification were performed on the slope surface for obtaining data of engineering geology combined with Standard Penetration
Test (SPT) data collected next to the sloping road. The soil slope stability analysis was simulated by employing the Slope/W
software to determine the factor of safety. The geophysical methods revealed three layers of rock and soil on top of the rock
layer, showing the slip zone of the landslide. The kinematic analysis revealed the planar failure, which possibly occurred in
Site B of Babarot—Gayo Lues road in Aceh Province due to the parallelism between slope and joint. The integrated data
from the geophysical methods and in situ RMR indicate that the rock mass classification in sub-surface is classified as Very
Good and Good Rock. It appears to be stable. The soil above the slope in sites A and B has 1.058 and 1.182 factor of safety,
respectively; yet, it has less than 0.847, the factor of safety, when loaded by the earthquake and it is unstable.

Keywords Slope stability - Rock mass classification - Geophysical methods - Geotechnical

Introduction annually. The Indonesian archipelago is one of the most tec-

tonically-active regions on the planet earth, located near the

Indonesia exemplifies typical Southeast Asian countries
influenced by the monsoonal climate (Wang et al. 2009),
where seasonal variations of dry and rainy months occur
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subduction zones of the colliding Indo-Australia and Euro-
Asian (Eurasia) tectonic plates. On the north tip of Suma-
tra Island of Indonesia, Aceh Province experiences a high
frequency of earthquake occurrences, combined with rainy
seasons, typically from September to February. Despite the
inherent influence of temperature, such a combination pro-
motes chemical weathering induced by heavy rainfall (Liu
et al. 2012). The weathering may be responsible for the rock
to lose its strength, which affects all of the engineering prop-
erties of rocks and will reduce the shear strength and stabil-
ity of rocky slopes (Jayawardena and Izawa 1994; Xue et al.
2018; He et al. 2011). Furthermore, in the southern part of
Aceh, a subduction zone is present between the Indo-Aus-
tralia plates and the Eurasia plate where the Indo-Australia
plate moves northward and is subducted beneath the Eurasia
plate at approximately 5 cm/year (McCaffrey 2009) and the
Great Sumatra Fault (GSF) zone is located near the study
area; hence, both subduction zone and GSF are possible to
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produce a high magnitude of the earthquake interfering the
stability of the slope.

Slope stability studies are crucial for slope failure mitiga-
tion, for instance, along the roadside, thus, reducing the loss
of life, property damage, and environmental degradation.
The roadside slope failures could disrupt the transportation
network and affect the logistics mobilization between two
distant places. At Babahrot and Gayo Lues districts in Aceh
Province, numerous slope failures have occurred in recent
years. Along the road, in particular, the weathering layer
(soil) is sitting on top of the rock layers causing instabil-
ity of the slopes, consequently disrupting the transportation
network and affect the logistics mobilization. To propose a
sound mitigation strategy for the foreseeable slope failure, an
integrated analysis of geophysics, geotechnical, engineering
geology methods is, therefore needed.

Previously, various studies on slope stability have been
conducted by applying geophysical, geotechnical, and engi-
neering geology approaches. Regarding the geophysical
method, the research on slope stability has been introduced
by Bogoslovsky and Ogilvy (1997), Hack (2000), Glade
et al. (2005), and Jongmans and Garambois (2007). They
successfully employed the seismic refraction tomography
(SRT) in determining the depth of landslide slip surface.
Furthermore, Bogoslovsky and Ogilvy (1997), Lebourg et al.
(2010), and Di Maio et al. (2020) identified the thickness of
the landslide body and soil saturation degree by deploying
the electrical resistivity tomography (ERT) method while
Syukri et al (2020) utilised the ERT to determine the cause
of road pavement failure. Nevertheless, they did not develop
a limit equilibrium analysis to produce a factor of safety
(FoS) and only considered a landslide slip surface. As for
the geotechnical approach, Avanzi et al. (2013) introduced
the Standard Penetration Test (SPT) measurement and soil
properties analyses for shallow landslide, while the slope
stability simulation using limit equilibrium analysis have
been conducted by Das and Sobhan (2013), Abdalla et al.
(2015) and Kassou et al. (2020). Gunawan et al. (2020) and
Isa et al. (2018) conducted slope stability simulation which
considers the effect of rainwater to slope, while the influence
of rainwater infiltration. All those research performed the
SPT combined with soil sampling to determine the hetero-
geneous geo-materials on the slope but have yet to consider
the quality of rock mass beneath the soil layers.

Furthermore, rock mass classification as one of the engi-
neering geology methods is the backbone of rock mass qual-
ity analysis and an empirical design approach for rock slope
stability (Rusydy et al. 2017, 2019, 2020c). The applica-
tion of surface rock mass classifications for slope stability
analysis has been conducted by Basahel and Mitri (2017),
Wei et al. (2020), and Rusydy et al. (2017, 2019, 2020c¢),
without further consideration of rock mass classification
in sub-surface, which influences the stability of the slope.
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Furthermore, multidisciplinary approach considering the
morphologic, geological setting, geo-structural data of rock
slope, groundwater, and its impact to human has been con-
ducted by Andriani and Loiotine (2020). All previous studies
in soil and rock slope stability are considered as stand-alone
studies, and there are gaps among those approaches. This
study tries to fill the gap using an integrated and compre-
hensive analysis of soil stability and rock slope; therefore,
it will produce reliable results. Therefore, the purpose of
this research is to discuss an integrated approach in soil and
rock slope stability study in a tropical country that is prone
to tectonic activities. Furthermore, this study will provide a
comprehensive method in field data acquisition by combin-
ing geophysical method along with geotechnical and engi-
neering geology methods.

In general, this study discusses the rock mass classifi-
cation systems from an engineering geology perspective,
its correlation with geophysical data and geotechnical data,
and its implementation in slope stability studies after being
disturbed by the earthquake’s dynamic load static stages
of groundwater. The final result is the factor of safety of
the slope at different stages of groundwater and earthquake
dynamic load. These processes will yield reliable results
in slope stability analysis for tropical and active tectonic
country.

Tectonic setting and geology of study area

The Babahrot—Gayo Lues Road is located 332 km southeast
of Banda Aceh City, Indonesia (see Fig. 1). Numerous land-
slides have occurred; as a result, it disconnected Babahrot
and Gayo Lues District of Aceh province, Indonesia. The
numbers of rock units observed along the Babahrot—Gayo
Lues road denoting the geological processes in the past.
According to Cameron et al. (1982), various extrusive igne-
ous rock units of different ages were found in this area, and
they formed from the late Jurassic (163.5 million years ago)
to the early Cretaceous (100.5 million years ago). Barber
and Crow (2005) defined these units of rocks as the oceanic
assemblage, especially the basaltic-andesitic arc assem-
blage, which is part of the Babahrot Formation in the Woyla
Group. Unweathering (fresh) rock is difficult to find in this
study area due to the rapid weathering processes in tropical
countries.

After the Babahrot Formation (Mult) was deposited,
another igneous rock was formed in the late Oligocene
to early Miocene. This rock was named Sapi Volcano
Formation (Tlvs), which consists of andesitic lava rock.
This andesite unit can be observed from 9 km to 13.4 km
along Babahrot—Gayo Lues road. During the same epoch,
sedimentary rock consisting of shale and sandstone was
formed in this area, part of the Leuser Formation (TIl).
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Fig. 1 Indonesia archipelago derived from Google Map, Sumatra fault lines in Aceh province and the geology map of study area modified from

Cameron et al. (1982)

Shale in the Leuser Formation is formed from alluvial pro-
cesses, and it can be found from 14 km until the Gayo Lues
district, and it is exactly located in the investigated slope.
The sandstone can be observed for 24.4 km along this
road. The shale and sandstone do not lay in the horizontal
layer. As a result, the bedding trace dip in this study area
is relative to the south (Cameron et al. 1982). The highly
weathered shale is found on the surface of the slope in

the study area. We observed the residual and depositional
soil forming on top of shale bedding, and this residual soil
becomes the source of the landslide.

Several rockfalls occurred due to the high discontinuous
features of the rock caused by tectonic forces from the sub-
duction zone between the Indo-Australia and Eurasia plates
and the Great Sumatra Fault (GSF) zone. The GSF is an
active fault system that possibly generates earthquakes in
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the future (Muksin et al. 2018; Rusydy et al. 2018, 2020a).
The dynamic load of the earthquake can put the slope in an
unstable stage. As shown on the map (see Fig. 1), the Batee
fault segment, which is part of GSF, is situated 7 km to the
south-west of the study area, facilitating the studied area
prone to earthquakes. Besides, as an active tectonic country,
the rock in this study area is highly fractured by tectonic
force and weathering process. Hence, an integrated study,
especially on topsoil and rock quality as well as stability
beneath the soil, becomes compulsory in Indonesia.

Methodology

As the integrated research, numerous stages have been taken
in data acquisition, data analysis and processing, interpreta-
tion, and following by rock and soil slope stability simula-
tion. More detail each approach taken in this study can be
seen in this section and the research flowchart as denoted
in Fig. 2.

Geophysical investigation

The combination of geophysical methods and geotechni-
cal testing to investigate landslides has been utilized by
Glade et al. (2005) and Friedel et al. (2006). The geophysi-
cal approach works based on physical properties of earth
materials (Telford et al. 1990). This study combines 2D

seismic refraction tomography (SRT) with 2D electrical
resistivity tomography (ERT) data to investigate the thick-
ness of the landslide body and the slip zone at site A and
geo-material properties beneath the surface (see Fig. 3).

SRT deploys seismic wave propagations in sub-sur-
face refracted to the surface. The key assumption in SRT
for investigating landslide slip zones is the difference in
elasticity and stiffness on the slip zone layer to the layers
above. Accordingly, this stiffness contrast yields a dif-
ferent value in P-wave velocity Vp; (Glade et al. 2005;
Zikrilah et al. 2016). A 4 kg sledgehammer was used as
a seismic source recorded by 24 geophones and 5 blows
were consecutively stacked to avoid the noise from plant
root vibrations and other noise sources. Twenty four sets
of 10 Hz geophones were installed 2 m apart as suggested
in Zikrillah et al. (2016). Two seismic lines were acquired
over the sloped terrain and road using PASI seismometer
equipment (see Fig. 3). Subsequently, data processing and
analysis were carried out using the ZondST2D software
developed by Kaminsky (2015). The ZondST2D software
picks every seismic signal by its first-time arrival, and
assumes the SRT velocity (V) is proportionally escalat-
ing with depth. The SRT velocity (Vpy) has high correla-
tion to the quality of rock mass. Accordingly, it can be
used to estimate the RMR, GSI and SMR value in the sub-
surface. The ZondST2D software works based on refrac-
tion waves forward modelling and inversion in arbitrary
layered medium (Kaminsky 2015).
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Tomography (SRT) || Tomography (ERT) Classifications Test testing
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Fig.2 Flow chart of integrated approach in analysing rock and soil slope stability in tropical and active tectonic country
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The second geophysical method employed is ERT method
in determining the sub-surface layer based on electrical char-
acteristics, including the resistivity and chargeability of soil
or rock (Telford et al. 1990; Sugiyanto et al. 2018; Rusydy
et al. 2020b). The ERT method performs by penetrating an
electrical current along numerous paths through the sub-
surface and determine geo-material characteristics based on
the resistivity property of the earth materials (Telford et al.
1990; Rusydy et al. 2020b); this technique has been well
established since the 1990s (Lebourg et al. 2010).

The 2D ERT technique was employed to investigate the
landslide slip zone because soft-sediment above slip zone
has high porosity; consequently, it will yield high resistivity
located above in the slip zone (Friedel et al. 2006). In addi-
tion, the ERT method is capable of recognizing the ground-
water level, water content, moisture contents, and degree of
saturation in the sub-surface (Fukue et al. 1999; Uhlemann
et al. 2017; Di Maio et al. 2020). Furthermore, Lebourg et al.
(2010) acknowledge that the resistivity value strongly cor-
relates with the rise of the piezometric level on the slope.
When the geo-materials are saturated with groundwater, the
electrical conductivity of those materials will increase, while
the resistivity is decrease. In this study, two ERT lines pro-
files, as shown in Fig. 3, lie on the slope and the road and a
SuperSting R8/IP resistivity meter with a length of 82.5 m
were used for data acquisition. The SuperSting R8/IP is a

multi-electrode system resistivity meter that consists of con-
ventional steel electrodes. The Schlumberger-configuration
electrodes were applied; the spacing between each electrode
was 1.5 m to provide sufficient resolution for slip zone deter-
mination on the slope and groundwater. The data analysis
was conducted by employing 2D Earth Imager software.
Also, the elevation data along each profile were measured
using a Cobra 4 Phywe altimeter for the SRT and ERT lines.

Geotechnical investigation and soil stability analysis

A Standard Penetration Test (SPT) and soil laboratory test-
ing were conducted for the geotechnical investigation in two
locations next to the road at BHO1 and BHO2. In addition,
three test pits, TP1, TP2, and TP3, were conducted on the
slope (see Fig. 3) to collect numerous samples of the soils
which were then analysed in the laboratory. SPT is a stand-
ard method for a civil engineer to investigate the sub-surface
soil quality. According to ASTM D1586-11 (2011), the test
process works on the lower part of the borehole where a
split-barrel sampler which has an inner diameter of either
38.1 mm or 34.9 mm is driven into the sub-surface using
a hammer for a given distance of 0.30 m after a seating
interval. The hammer weighs approximately 623-N and it
falls from 0.76 +0.030 m in each hammer blow; the N-value
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(N-SPT value) was recorded as the number of hammer blows
per foot of penetration representing the resistance of the soil.

The soil properties from the SPT sampling and test pit
samplings were analysed in the laboratory. The depth of soil
in our study area is shallow soil, and the type of landslide
is a shallow landslide. SPT and soil properties analyses for
shallow landslide was introduced by Avanzi et al. (2013).
The two soil investigation areas are appropriate for our study
area where the soil sampling and analysis will yield the soil
classification result based on the AASHTO (America Asso-
ciation of State Highway and Transportation Officials) and
the USCS (The Unified Soil Classification System). These
classifications were performed because the boundary or tran-
sition between the soil and rock zones was not well defined,
and the RMR system in very weak rock to soil is difficult to
perform for practical reasons (Warren et al. 2016).

Slope stability simulation was developed based on the
concept of boundary balance; it assumes that the failure
occurs along a specified landslide area, while the value of
the shear strength along the potential landslide plane is cal-
culated and compared with the shear resistance along the
potential failure surface. This comparison is defined as a
factor of safety (FoS) for the slope (Abramson et al. 2001;
Das and Sobhan 2013; Abdalla et al. 2015) and accordingly,
this study employed the Slope/W software in the analysis of
the factor of safety of the slope in consideration of dynamic
load of the earthquake.

Hoek—Brown failure criterion introduced by Hoek et al.
(2002) was utilized to analyse the rock slope stability
beneath the soil and Mohr—Coulomb for the soil in limit
equilibrium analysis. The Hoek—Brown failure criterion has
a high relationship to geological data and its failure equation
is expressed as follows:

ol a
o =05+0, <mbﬁ + S) (1)
GSI - 100
My = 11 EXP ( 28— 14D ) &)

where the o, and o5 are the major and minor effective prin-
cipal stresses at failure, while o is the uniaxial compres-
sive strength (UCS) of the intact rock material that can be
estimated from the field. The $ and a are constant from the
rock and calculated using the following equation:

GSI — 100
S = <—>
“*P\79 3D 3)
a= 1 + l(e—GSI/ls _ e_20/3) @
276

The value of D (disturbance factor) and the m; depends on
the type of rock, those parameters refer to Hoek et al. (2002).
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In addition, the value of GSI was derived from the rock mass
classification analysis and will be used as the input data to
the Slope/W software for the slope simulation.

Rock mass classification analysis

The rock mass classifications were introduced by Ritter in
1879 when he attempted to formulate an empirical approach
for tunnel design and the support system (Rai et al. 2014;
Mohammadi and Hossaini 2017). The rock mass classifi-
cations were also employed in this study. Many rock mass
classifications employ multiple parameters developed from
civil engineering case studies. Rock mass classifications
include RMR (Rock Mass Rating) from Bieniawski (1989),
SMR (Slope Mass Rating) by Romana (1985), Q-System by
Barton et al. (1974), GSI by Hoek and Brown (1997), and
many others developed to determine the rock mass quality
for tunnel and slope design.

According to Singh and Goel (1999), rock mass classifi-
cation provides basic empirical design and is widely used in
rock engineering, called the quantitative rock mass classifi-
cation system. This system bridges and provides better com-
munication between geologist, designers, contractors and
civil engineers; the most widely known and used rock mass
classifications are the RMR system of Bieniawski (1989),
the Q-system of Barton et al. (1974), and the GSI proposed
by Hoek and Brown (1997). For evaluation of slope stability,
Romana (1985) developed a new adjustment factor to the
RMR system of Bieniawski (1989) called the Slope Mass
Rating (SMR). The application of the rock mass classifica-
tion systems in slope stability analysis was introduced by
Basahel and Mitri (2017), Wei et al. (2020), Rusydy et al.
(2017, 2019, 2020c).

Rock slope kinematic analysis

This study performs a slope kinematic analysis to determine
the slope stability based on the type of rock mass move-
ment without any consideration of the cause of movement
(Gurocak et al. 2008; Rusydy et al. 2017, 2019, 2020c). In
this method, the structural geology knowing as discontinuity
data are determined for the slope including bedding, joints,
folds, fractures, and faults; these structures have a strong
effect on the rock slope stability (Wyllie and Mah 2004;
Grelle et al. 2011; Siddique and Khan 2019; Rusydy et al.
2016,2017, 2019,2020c). Engineering geologists commonly
employ kinematic analyses and rock mass classifications for
slope and tunnel design.

Rock mass rating (RMR)

RMR was developed at the South African Council of Scien-
tific and Industrial Research (CSIR) initiated by Bieniawski in
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1973; Since then, the RMR has undergone several significant
changes and the latest one is RMR system of Bieniawski in
1989 (Singh and Goel 1999). RMR was initially developed
on case histories from civil engineering projects. Hence, the
most recent RMR in 1989 included modifications for mining
purposes (Hoek 2007).

The RMR parameters presented in Table 1 classifies the
geologic structure into various ratings to calculate the total
RMR value, which range value is given to prevent from subjec-
tive interpretations. In addition, Nourani et al. (2017) proposed
an equation for estimating the RMR from the P-wave velocities
in the field (Vpp), as mentioned in Eq. 5, where the velocity
unit is in km/s. The uniaxial compressive strength (UCS) can
be derived from field estimation using a geologic hammer and
pocket knife as described by Hoek (2007), while the RQD was
computed by deploying new correlations between the volumet-
ric joint (J,) and RQD equations, as proposed by Palmstrom
(2005). It is shown in Eq. 6. The J, value is equal to one spac-
ing of discontinuity planes.

RMR = 54.541 + 8.272 V. )

RQD =110-2.5J, (6)

In this study, the estimation of the RMR value beneath the
surface is calculated using Eq. 5 based on the SRT value (Vpp).
In addition, this study calculated the Geological Strength Index
(GSD) from the RMR value by utilizing Eq. 7; GSI is the recent
rock mass classification proposed by Hoek and Brown (1997).

GSI = RMR — 5 for RMR > 23 @)

Slope mass rating (SMR)

The SMR was proposed by Romana (1985) as an additional
adjustment to Bieniawski’s RMR system for slope analysis
considering the relationship between the strike and dip of the
slope and the strike and dip of joints on the slope. The equa-
tions proposed by Romana (1985) are shown in Eq. 8, 9 and,
10.

SMR =RMR + (F, - F, - F3) + F, ®)

Table 1 The parameters of Rock Mass Rating system after Bieniawski (1989)

Parameters Range of values
1 Strength of Point load > 10 MPa 4-10 MPa
intact rock strength
material index
Uniaxial > 250 MPa 100-250 MPa
compres-
sive strength
(ucs)
Rating 15 12
2 Rock quality designation (rqd)  90-100% 75-90%
Rating 20 17
3 Spacing of discontinuities >2m 0.6-2m
Rating 20 15
4 Condition of discontinuities Very rough Slightly rough
surfaces, not surfaces
continuous  Separa-
No separation tion< 1 mm
Unweathered Slightly
wall rock weathered
walls
Rating 30 25
5 Ground water Inflow per 0 <10
10 m tunnel
length (I/m)
(Joint water- 0 <0.1
press)/(major
principal, o)
General condi- Completely Damp
tions dry
Rating 15 10

2-4 MPa 1-2 MPa For this low range, UCS test is
preferred
50-100 MPa 25-50 MPa 5-25 MPa 1-5MPa <1 MPa
7 4 2 1 0
50-75% 25-50% <25%
13 8 3
200-600 mm 60-200 mm <60 mm
10 8 0
Slightly rough  Slickensided Soft gouge >5 mm
surfaces surfaces or thick or separation>5 mm
Separa- gouge <5 mm Continuous
tion< 1 mm thick or sepa-
Highly weath-  ration 1-5 mm
ered walls Continuous
20 10 0
10-25 25-125 >125
0.1-0.2 0.2-0.5 >0.5
Wet Dripping Flowing
7 4 0
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Fy = [1 - Sin(a,— ;)] ©)

F, = Tanﬁj (10)

where F;, F,, F;, and F, are the adjustment factors related
to the relationship between slope orientation and joints ori-
entation. a; is the slope strike, a; is the joint strike, and f;;
are the joint dips. The F; value is calculated using Eq. 9,
and it describes the parallelism between the joint strike and
slope strike. F, is computed using Eq. 10, and it refers to the
relationship between the slope face and joint dip. F; shows
the connection between the slope face and the joint dips. In
the case of planar slope failure, F; is fair (— 25) when the
slope face and joint dips are parallel and unfavourable (-50)
when the slope dips are 10° more than the joints (Singh and

Zm

Goel 1999). F, pertains to the adjustment of the excavation
method, and it refers to Romana (1985). A study using the
RMR and SMR rock mass classifications to study slope sta-
bility in the Aceh Province was conducted by Rusydy et al.
(2017, 2019). The RMR and SMR rock mass classifications
are widely applied to study the probabilistic rock slope sta-
bility (Ersoz and Topal 2018).

Results and discussions

SRT and ERT survey

Two lines of SRT were measured both on the slope and on
the side of the road to investigate sub-surface condition for
the slope stability analysis. Figure 4 shows the measured
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18 2

2 2

Verin km/s
38
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Sl
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© e
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Fig.4 The SRT profile and the location of RMR data collection, i.e.,
at BHO2 of TP2 site. The blue squares at the surface are the locations
of the geophones measurements and the red squares are the locations
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points (in red squares) of the SRT profiles consisting of
7 shot points to ensure the sufficient and high-resolution
results of Vpp to determine the slip zone for the landslide.
Twenty four unit of geophones installed 2 m apart from
one another. Herein, the geophone measured locations are
indicated in blue squares appear on the surface in Fig. 4a,
b. Overall, the total length of SRT longitudinal profile in
this study makes up 68 m in total, and able to penetrate
down to 12 m depth.

The SRT profile reveals several rock layers beneath the
slope (see Fig. 4a) and the road (Fig. 4b). The P-wave
velocities (V) obtained along the slope and the road is
in the range of 0.5-3.8 km/s. These V[ values divide sub-
surface materials into three categories based on the result
of the N-SPT measurement at BHO2. The first material on
the surface is loose soil (Vpp 0.5-0.6 km/s) and it is part
of the residual or depositional soil found on the surface of
the slope; the layer thickness varies from 1 to 3 m on the
slope. From this data, it can be interpreted that the pos-
sible slope failure for the residual soil on top of the rock
layer is translation slope failure. On the road, the soft soil
is only 1 m of thickness which has a V,, of 0.5 km/s. The
second layer beneath the soft soil had Vp, values ranging
from 0.6 to 2 km/s interpreted to be slightly weathered
shale which has several fractures both on the slope (see
Fig. 4a) and on the road (see Fig. 4b). These weathered
shale layers have Vp values lower than the standard value
of Vpp in shale and it similar to weathered shale studied by
Lghoul et al. (2012). The first and second layers are sepa-
rated by white dashed lines are interpreted as loose soil
and slightly weathered shale; while the third layer on the
slope is fresh shale and has Vpj values ranging from 2.0 to
3.6 km/s which are similar to fresh shale Vp, conducted by
Awang et al. (2017) in Malaysia. In Fig. 4, the upper sur-
face of the fresh shale is delineated by black dashed lines.

According to Cameron et al. (1982), shale in the inves-
tigated slope was originally formed in fluvial processes
during the tertiary period. Due to chemical, mechanical,
and biological weathering, this shale slowly decomposed
to slightly, moderately, highly weathered shale, and resid-
ual soil by the end of the weathering process. All those
degrees of weathering are revealed in SRT profile and
these results are essential in developing slope material on
slope stability simulation.

Two lines of ERT survey were conducted which location
was immediately next to the seismic lines, both on the road
slope and on the side of the road. ERT data processing are
performed using Res2dinv software. It took eight iterations
in the process resulting in a slope profile with RMR error
18.46%. On the side of the road, the ERT profile has a bet-
ter result by went through merely two iterations, the RMR
error merely 3.78%. For both profiles, the electrode spac-
ings are 1.5 m which make up a total length of 81 m, with

corresponding penetration to approximately 17 m beneath
the surface as shown in Fig. 5.

Figure 5 denotes the ERT profile on the slope and on the
road where the value of soil resistivity is ranging from 9
to 53,000 Qm (ohm-meter) on the slope (see Fig. 5a). The
highest resistivity is found at a depth of O to 3 m, having
resistivity value in the range of 150-54,000 Qm; as result,
it is interpreted as soft or loose soil which has high porosity
and is unsaturated to water. Below the soil layers, a low-
resistivity stratum is found in the range of 9-150 Qm at
depth of 3—15 m, interpreted as shale layer with numerous
fractures and saturated with groundwater. The groundwater
layer in this shale rock is in a small amount because the shale
is impermeable rock; as a consequence, the water only fills
the fractures and the bedding aperture between shale layers.
In Fig. 5a, the boundary between the shale and loose soil is
illustrated as a black dashed line.

On the slope, the measurements were conducted in the
same line for both seismic and ERT methods. Hence, they
reveal similar patterns in sub-surface results. The boundary
between loose soil and shale is demonstrated in the seis-
mic and ERT data as the landslide slip zone. On the road,
the resistivity values range from 52 to 483 Qm; fractures
found in the road pavement allow water infiltration, which
has a resistivity value from 52 to 100 Qm. This ground-
water is predicted based on the leakage of drainage system
(see Fig. 5b), where the system next to the road is an earth-
line drainage system; accordingly, the water from the road
surface infiltrates to the sub-surface layer of the road, and
further through the rock fractures.

The resistivity values from ERT profiles have success-
fully determined the water table (piezometric levels) on the
slope and on the side of the road. The piezometric level
due to the rainwater infiltration will induce resistivity vari-
ation of the soil beneath the slope, and it has been proved
by Lebourg et al. (2010), Palis et al. (2017a), and Palis et al.
(2017b). In addition, the resistivity values have been uti-
lised by Uhlemann et al. (2017) to monitor the fluctuation of
moisture contents on the slope, while Di Maio et al. (2020)
determined the degree of saturation from resistivity values of
the soil on the slope. Falae et al. (2019) emphasised the ERT
method is capable to locate the high moisture content, the
pathways of water drainages, and the groundwater circula-
tion regime within an unstable area on the slope due to the
resistivity contrast among geo-materials beneath the surface.

Rock mass classification

Understanding the geological process and diagenesis of
the rocks are a crucial part of studying rock slope stability.
A sedimentary rock, such as shale, has a high degree of
weathering especially when interacts with groundwater.
The chemical weathering breaks down and changes shale
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Fig.5 The ERT profile and its interpretation a On the slope and b On the side of the road

into a new substance, i.e., soil, by which more influential
chemical weathering compares to the mechanical weath-
ering. This fact will reduce rock mass quality over time;
besides, tropical countries have very high rainfall intensity.

This study utilises the Bieniawski (1989)’s RMR
parameters to calculate the total number of RMR as the
number of rock mass quality, as shown in Table 1. The
first parameter is the strength of intact rock revealed from
a field measurement using the geological hammer. Herein,
the results of UCS are in the range of 5-25 Mpa having
two ratings. The RQD indicates the total distance higher
than 10 cm dividing the total length of survey, the result
reveals 85% of RQD. Most of the joints in the study area
are formed as rock beddings with thickness are between 60
and 200 mm, and it is recognised as space of discontinui-
ties. The joints condition of the rocks in the field are deter-
mined by their persistence, aperture, roughness, infilling
materials, and weathering; which results of joint condition
analyses can be seen in Table 2. As for the groundwater
condition, the slope in Site A was wet, whilst in the site B
was dripping. The result of the RMR values were 51 and
48, respectively (see Table 2), and according to Bieniawski
(1989), both slopes will have an internal friction angle in
the range of 25-35°. Furthermore, the structural geology

@ Springer

orientations were collected using the geological compass
for both sites.

In site A, the geological survey recorded the slope ori-
entation of 185° N for the slope face direction (a,) and 30°
for the slope dip angle (5,), while the bedding plane of the
slope has a dip direction of 230°N («;) and a dip angle of
32°(p)). The slope strike and bedding strike are different by
45°; hence, according to slope kinematic analysis, there is
no type of rock failure will occur at this specific study area
(site A). In site B, the slope direction (a,) is 220°N, and the
slope angle (f,) is 30° while the dip direction (a)) is 210°N,
and the dip angle is 31° (f). The planar rock slope failure is
possible because of the parallelism between the slope and
the rock joint by 10°, which is less than 20°, and the inter-
nal friction angle is lower than the dip angle. The types of
failure in this analysis are utilized in calculating the SMR
value (see Table 3).

Geotechnical properties analysis

In BHO1 and BHO2, the N-value was found to be below 50
up to 3 m beneath the surface. Bowles (1979) noted that
N> 50 was classified as hard soil, which in this research
was found at depths of 4 to 10 m. The soil description and



Environmental Earth Sciences (2021) 80:58

Page 11 0f20 58

N-value for each depth are shown in Table 4. From the sur-
face to 1 m for BHOI and up to 3 m for BHO02, they have
similar lithology consisting of clayey silt, coarse sand, and
angular gravel, whereas the colour of the soil is brown; it
has low water content and is slightly cohesive. At the depth
of 1-4 m in BHO1 and 3-8 m in BHO2, this research found
the fractured shale mixed with coarse sand, silt and less clay.
The colour is brown with low water content and it is slightly

cohesive. This layer is defined as hard soil or a soft rock
layer; BHO1 only reached 4 m beneath the surface, but BHO2
was up to 10 m thickness. From 8 to 10 m, we discovered a
shale layer with a fair water content that is slightly cohesive;
for detailed soil descriptions and the N-value for each layer,
see Table 4. The disturbed soil sample was taken at a depth
of 1 min BHOI and 2.5 m in BHO2. The soil property results
are presented in Table 5.

Table2 The RMR results at site A and site B beneath the residual soil (the slightly weathered layer in Fig. 4a)

No RMR Parameters Site A Site B
Condition Rating Condition Rating
1 The strength of intact rock material 5-25 MPa 2 5-25 MPa 2
2 Rock Quality Designation (RQD) 85% 17 85% 17
3 Spacing of discontinuities 60-200 mm 8 60-200 mm 8
4 Condition of discontinuities
Persistence 10-20 m 1 10-20 m 1
Aperture <0.1 mm 4 <0.1 mm 4
Roughness Rough 5 Rough 5
Infilling Hard material <5 mm 2 Hard material <5 mm 2
Weathering Slightly weathered 5 Slightly weathered 5
5 Groundwater Wet 7 Dripping 4
RMR Fair Rock 51 Fair Rock 48
GSI Fair 46 Fair 43
T.able 3 Th? SMR results at No. SMR parameter Site A Site B
site A and site B beneath the
residual soil Condition for planar Rating Condition for planar Rating
1 RMR Fair Rock 51 Fair Rock 48
2 F, (ag-a)=45° 0.09 (ag-a)=10° 0.68
3 F, p;=32° 0.62 p;=31° 0.6
4 F; prp,=2° -6 pp=1° -6
5 F, Natural slopes 15 Natural slopes 15
SMR Normal slope 65.66 Normal slope 60.55

Table 4 Soil description details, the N-SPT value each layer for SPT data in BHO1 and BHO02, and the V, from SRT beside the road correlated

with N-SPT value from BH0O2

BH 01

BH 02

Depth (m) Description of soil or rock material

N-SPT Value Depth (m) Description of soil or rock material

N-SPT Value Vp, (Km/s)

0-1 Claying silt, coarse sand, and angular 1 0-3 Claying silt, coarse sand, and angular 1 0.6
gravel, brown colour, low moisture gravel, brown colour, medium
content, slightly cohesive moisture content, slightly cohesive
14 Shale fragment with coarse sand, 60 3-8 Shale mixed with silt and a little 50 2.0
contains silt and a little clay, brown sand, brownish colour, medium
and blackish, low water content, moisture content, solid, slightly
solid, slightly cohesive cohesive
8-10 Dark gray colour shale, moder- 60 2.5

ate water content, solid, slightly

cohesive
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Table 5 The results of laboratory tests for the soil at BHO1 and BH02

No. Parameters Notation Unit  Disturbed sample

BHO1 BHO02

Depth I m Depth 2.5 m

1 Water content w % 8.361 19.089
2 Bulk density Y kKN/m* 17.805 22.030
3 Dry density Y4 KN/m® 16.432 18.502
4 Specific gravity G, 2.723 2.767
5 Void ratio e 0.630 0.470
6  Porosity n 0.380 0.320
7  Degree of satura-  Sg % 36.39 113.040
tion
Liquid limit LL % - -
9  Plastic limit PL % - -
10  Plasticity index PI % - -
11  Sieve analysis
Gravel % 7.870 51.800
Sand % 8.180 16.530
Silt % 57.520 12.570
Clay % 26.430 19.100

The types of soils on the slope are classified using
AASHTO (America Association of State Highway and
Transportation Officials) and USCS (The Unified Soil Clas-
sification System). The results of those classifications can be
seen in Table 7; according to the USCS, the typology of soil
on the slope is CL and ML-OL. Warren et al. (2016) noted
that the ML type of soil under flowing groundwater condi-
tions is assumed to exhibit zero to few rock-like properties;
consequently, this group is defined as 0 RMR (Table 6).

The empirical correlations
Geotechnical and geophysical correlations

In this study, two SRT lines and two ERT lines were run-
ning over a road slope and over the side of a road where
two N-SPT borehole and three pits tests were performed.
The strength of correlations among the acquired data was
subsequently analysed. From the seismic measurements,
the Vpp values in Fig. 4b has a strong correlation with
borehole data (BH02) situated on the side of the road (see
Fig. 3). The correlation between Vp values and N-SPT
value from BHO2 can be seen in Table 4. Several pre-
vious empirical studies have been conducted to reveal a
linear correlation between Vp, value and N-SPT, such as

Table 6 The results of laboratory tests for the soil on the slope and their physical characteristics to Vp, and Resistivity

No  Parameters Notation  Unit Undisturbed sample
TP1 TP3 TP2
Depth1.0m  Depth1.2m  Depth1.4m  V,,and resistivity
At 1.4 m (see  Previous study results
Figs. 4a, 5a)

1 Water content w % 30.971 23.272 15.943 320 Qm 300 Qm
2 Bulk density 7 kKN/m® 15941 19.473 18.551 0.5 km/s 0.85 km/s
3 Dry density Y4 KN/m® 12,174 15.794 16.000 - -
4 Specific gravity G, 2.739 2.795 2.748 - -
5 Void ratio e 1.210 0.740 0.680 - -
6 Porosity n 0.550 0.420 0.410 - -
7 Degree of Saturation Sk % 70.230 88.400 63.960 - -
8 Liquid limit LL % 30.324 29.520 36.176 - -
9 Plastic limit PL % 21.800 23.220 29.530 - -
10 Plasticity Index PI % 8.524 6.303 6.642 - -
11 Sieve analysis

Gravel % 16.880 7.830 14.070 - -

Sand % 9.550 13.930 7.050 - -

Silt % 15.480 51.580 46.180 - -

Clay % 58.080 26.650 32.700 - -
12 Direct shear

Cohesion c kN/m? 6.180 32.962 19.914 - -

Internal friction angle ¢ @) 16.330 24.040 24.320 - -
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Bery and Saad (2012), Awang and Mohamad (2016) indi-
cating an increase in N-SPT value proportionately with
the increase of Vpp, and went up with depth in sedimen-
tary rock, which is similar to the result of this study (see
Fig. 6). From the surface down to 3 m depth, the N-SPT
value is 1, which is equivalent to 0.6 km/s of V. At this
certain depth, this study finds claying silt, coarse sand,
angular gravel, and slightly cohesive, those characteristics
interpreted as the topsoil. At a depth of 3 to 8 m, N-SPT
value reveals 50 with Vp is 2 km/s, which is recognised
as slightly weathered bedrock mixing with silt and a little
brownish sand. At a depth of 8 to 10 m, the N-SPT value
reached 60 and it is equal to 2.5 km/s of Vp, where the
dark grey fresh shale bedrock is found.

This study performed a regression analysis to pro-
duce an empirical correlation equation for N-SPT and
Vpp denoted in Eq. 11. Illustrated in Fig. 6, the result of
Eq. 11 stands in between Bery and Saad (2012), Awang
and Mohamad (2016)’s trendlines. The #-test by employing
the R Studio software reveals ¢ value 10.211 and p value
0.06215, the correlation between N-SPT and Vpp is reli-
able, nevertheless it requires more data to approve this.

Vpr = 0.031(N — SPT) + 0.55(R* = 0.99) (11)

Furthermore, the undisturbed samples were taken from
three test pits, TP1, TP2, and TP3; merely TP2 within 3 m
from seismic and ERT survey lines on the slope. Hence, the
geotechnical parameters obtained from TP2 are utilised in
correlating with SRT characteristic Vpp, and the resistivity
of soil which yield from ERT investigation and compare it
with the previous study from Hua et al. (2020) and Fukue
et al. (1999) as denoted in Table 6. From multitude geo-
technical parameters yielded from the laboratory testing of
TP2 sample, bulk density has a strong correlation with Vyp
value from SRT and resistivity of soil with water content
in the soil.

The Vpp value is escalating with the increase of mate-
rial density, and the same pattern occurs for soil. From the
undisturbed soil sample testing from TP2 at depth of 1.4 m,
the bulk density of the soil is 18.551 kN/m>. At this cer-
tain depth, the Vpp value from SRT results in approximately
0.5 km/s as illustrated in Fig. 4a. Hua et al. (2020) developed
the empirical relationship between soil bulk densities with
Vpp value. Their empirical relationship shows that the soil
bulk density 18.551 kN/m?® will result the V. value about
0.85 km/s as denoted in Table 6. With merely 0.35 km/s

Fig.6 The correlation between
investigated N-SPT and V. in Correlation Between N-SPT and VPF (Km/s)
this study compared to previous
studies 2
3
e Vp=0031(NSPT) +055 _ _ - =
£ R?=099 _ -~~~
=2 2 et ]
= -
= i — R
1 —— = [ T
05 |® 7 1
. I .
0 10 20 30 40 50 60
N-SPT
@ This Study —&— Andy and Rosli (2012)
Awang and Mohamad (2016) — = —Linear Regression of This Study
Table 7 Soil Classification on the slope based on AASHTO and USCS
USCS Remarks AASHTO Soil Classifications
TP1 CL Inorganic clays or low to medium plasticity, gravelly clays, sandy clays, lean clays A-4 Silty soils
TP2 ML-OL Inorganic silts and very fine sands, rock flour, silty or clayey fine sands with slight A-4 Claying silt

plasticity, or organic silt and organic silt—clay of low plasticity

TP3 ML-OL Inorganic silts and very fines sands, rock flour, silty or clayey fine sands with slight ~ A-4

plasticity. Or Organic silt and Organic silt—clay of low plasticity

Claying silt
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difference, the results of both bulk density and V[ value are
reliable and can be utilised in the next analysis.

The resistivity of soil is declined with the increasing
water content in the soil; thus, this study scrutinizes the
resistivity value from the ERT profile shown in Fig. 5a over-
lapping with TP2. The resulting resistivity value is approxi-
mately 320 Qm at the depth of 1.4 m, whilst the percentage
of water content in TP2 at a similar depth is 15.943%. Also,
a previous study by Fukue et al. (1999) on the correlation of
soil water content with resistivity value was resulting in a
15.943% of soil water content yielded about 300 Qm which
is comparable with the resistivity value resulting from this
study.

Rock mass classifications and geopysical methods

The data acquisition for the RMR was conducted on the
slope surface, as shown in Fig. 7a or in a slightly weathered
layer where Vpp are 0.6-2.0 km/s. This layer has RMR value
of 51 which is categorized as fair rock. Beneath this slightly
weathered layer, as shown in Fig. 4a, fresh shale layers are
found to produce high RMR values. Based on these sur-
face RMR values, the GSI on sub-surface was calculated, as

shown in Table 2, and the SMR values are shown in Table 3.
The SMR value of site A is different from that of site B due
to different parallelism values in both slopes. Even though
those slopes have different SMR values, according to RMR
classification, both rock slopes are categorized as normal
slopes and are partially stable.

The RMR, GSI, and SMR are the parameters in rock mass
classifications for the rock surface, whilst the SRT result is
utilized to determine the sub-surface value of RMR, GSI,
and SMR. This study deploys Eqs. 5 and 7 to estimate the
RMR and GSI values for the slightly weathered layer and
fresh rock layer beneath the slope and Eq. 8, 9 and, 10 to
compute the SMR. Equation 5 requires the Vp value derived
from SRT. Certainly, it can be used to estimate the RMR in
assumptions that the rock mass beneath the slope is com-
pletely dry. Figure 7 shows the estimation result and the
overlapping results between the SRT, the values of RMR,
GSI, and SMR (Fig. 7a) and the ERT profile (Fig. 7b).

Table 2 indicates the real RMR, GSI, and SMR values
derived from the geologic structure survey on the surface
for Site A are 51, 46, and 65.6, respectively. Nevertheless,
the calculated model (see Fig. 7a) yields a deviation. The
values are varying from 53-56, 48-51, and 67-70 for RMR,

Residual Soil
(Undefined RMR, GSI, and SMR)

S0
~~
..
N,

6040

80

9.1

Verin km/s RMR Scale GSl Scale SMR Scale
3.8 79 74 94

76 71 91

3.0 72 67 87

68 63 83

2.0 64 59 79

60 55 75

10 56 51 70

0.5 53 48 67

Field data of RMR = 51

Fig.7 a The model of V,, and calculated RMR, GSI, and SMR values, and b the ERT profile
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GSI, and SMR, respectively. Equation 5 describes the rela-
tionships between RMR and Vp proposed by Nourani et al.
(2017). This equation initially has a regression of 0.794;
moreover, when it is applied to this study area, the model
RMR produced a higher value than the field data by 2-5
points. Since the deviation between the field data and the
calculated ones is merely up to five points apart, it can be
concluded that Eq. 5 is reliable in estimating the RMR value
beneath the slope surface by applying the V. For SMR
calculation, the adjustment factors are assumed to be similar
to both the surface as well as the sub-surface.

The values of RMR, GSI, and SMR have a different range
in rock mass classifications. Bieniawski (1989) classified
RMR values into five groups: very good (100-81), good
(80-61), fair (60—-41), poor (40-21), and very poor (< 20).
Hence, this research yields two classes of RMR beneath the
slope; the fair rock class and the good rock class. The fair
class in Fig. 7a is shown in blue, and good rock is in green
to purple. The classification of the GSI system proposed by
Hoek and Brown (1997) is similar to RMR; the rock classi-
fied as fair in GSI classification is shown in blue to green and
good rock in yellow to purple. The estimation of SMR in the
model is higher than the actual RMR and GSI.

Slope stability simulation

In geotechnical engineering, apart from the rock condi-
tion, the stability of the slope is an important criterion for
ensuring the connectivity of cities. Rock mass classification
such as RMR and GSI help to compute the quality of the
rock slope, whilst the SMR predicts the probability of rock
slope failure but not being used to analyse the quality of the

soil-forming on top the rock. The rock mass classifications
do not consider the force which acts in rock and soil-forming
the slope; as a consequence, the numerical analysis is nec-
essary to calculate the factor of safety. Furthermore, as a
tropical and active tectonic country, the groundwater and
the load from the earthquake affecting the stability of the
slope must be considered and can only be solved by slope
stability simulation.

The residual soil and the rock beneath were analysed
and simulated by Slope/W software considering both the
static groundwater and dynamic load from the earthquake.
The geometry of the slope based on field measurement and
the boundaries between soil and rocks beneath the surface
derived from SRT and ERT models (see Figs. 4a and 5a).
Those geophysical data are crucial for determining the sub-
surface profile which is used in developing the slope stability
simulation model. In static, this study considers the increas-
ing groundwater. In the dynamic analysis, the only dynamic
coefficient taken into account is the horizontal direction. The
vertical direction is not taken into account since its effect to
slope stability is not significant. Melo and Sharma (2004)
suggested that the horizontal dynamic coefficient value used
in the slope stability analysis is 40-45% of the peak ground
acceleration (PGA). Considering the standard provided by
the Ministry of Public Works and Housing (2011), the value
of PGA for Aceh Province is 0.511 g; thus, the value of %,
used in the slope stability analysis in the dynamic condition
is 0.204 g (40% from 0.511 g).

The input data of physical and mechanical parameters of
the soil for the Slope/W software are based on the data from
sample TP2 of site A and TP3 of site B as shown in Table 8,
and Mohr—Coulomb model material is utilised for the soil on

Table 8 Input Parameter to

Parameter Model material Site A Site B
Slope/W software

1. Residual soil Mohr-Coulomb

Saturated Density, y,,, (kN/m®) 19.990 19.950

Bulk Density, y, (kN/m?) 18.550 19.470

cohesion, ¢ (kPa) 19.910 32.960

Internal friction angle, ¢ (degree) 24.320 24.040

2. Slightly weathered bedrock (shale) Hoek—Brown failure criterion

Bulk Density, y, (kN/m?) 22.000 22.000

UCS of intact rock, o,; (kPa) 5,000 5,000

m; 4 4

GSI 46 43

D 0 0

3. Fresh bedrock (shale) Hoek-Brown failure criterion

Bulk Density, y, (kN/m?) 24.00 24.00

UCS of intact rock, o,; (kPa) 25,000 18,000

m; 6 6

GSI 63 60

D 0 0
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top of the rock, whereas the Hoek—Brown failure criterion
is used for the rocks slope stability by applying Eq. 1 while
additional parameters calculated using Egs. 2, 3, and 4. The
soil parameters were obtained from laboratory testing, the
rock data were obtained from the field study, and the stand-
ard value was the one developed by Hoek et al. (2002).

In the static state, low groundwater level, the factor of
safety for site A (see Fig. 8) and site B (see Fig. 9) are
1.058 and 1.182. At these factor of safety, the failure of
the soil can occur in site A, while site B is safe. Yet, as the
groundwater level escalates, the factor of safety for site A
and B becomes 0.987 and 1.031, which are categorized
as critical or unsafe. Being located in a tropical country,
the rise of groundwater at the studied sites is highly likely
to occur during the raining season, i.e., normally from
September to February; thus, the slope stability changing
conditions in a tropical country is seasonal. The laboratory
tests reveal that the physical characteristics of the surface

soil is claying silt, coarse sand, angular gravel which have
high hidrolic conductivity values or high permeability
leading to high rate of rainwater infiltration to the slopes.
In site B, the slope is stable during a dry season as the
groundwater is lower. However, it is unstable during the
rainy season. Overall, the worst-case scenario throughout
the year considered as unstable.

As shown in Table 9, the slope simulation is modelled
with two conditions, namely static and dynamic conditions.
Each condition is modelled with two different groundwater
levels to represent the ones during the dry season and rainy
seasons. Based on the results of the simulation at the two
observed sites, all conditions do not meet the slope stability
criteria as the value of the safety factor in the static condition
is less than 1.5 and in the dynamic condition is less than 1.0.
In the static and dynamic condition with increasing ground-
water level, the value of the safety factor is lower than that
with low groundwater level. This explains that water can
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Fig.9 The static slope stability analyses for Site B, a cross section for lowers water table, b the result for lowers ground water level, ¢ cross sec-
tion for increasing groundwater level, d the result of simulation for increasing water table

Table 9 The result of slope stability simulation at Site A and Site B

Location Condition Factor of Safety (FoS)
Static  Dynamic load
(PGA=0.204)
Site A Low ground water level 1.058 0.784
Increasing ground water level  0.987  0.756
Site B Low ground water level 1.182  0.847
Increasing ground water level 1.031  0.731

reduce the shear resistance in the slope; thus, reduce the
slope stability.

In dynamic load due to earthquake, either in low ground-
water level or in increasing groundwater level, both sites
will have a critical condition or failure will occur. The detail

value descriptions for static and dynamic slope analysis at
lower and higher groundwater are shown in Table 9. Besides,
the ground shaking of the earthquake will reduce the stabil-
ity of the slope either in the dry or rainy seasons. Therefore,
slope stability in a tropical country which is prone to tec-
tonic activities must consider the groundwater and dynamic
load from earthquakes.

Conclusion

The primary subjects govern the soil and rock slope stability
are geology, hydrology, and seismology. All those subjects
must be understood properly along with the methods in data
acquisition from the field through the parameter inputs in
slope stability simulation. All those subjects and methods
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are presented and explain in this study as a contribution to
the scientific community and practitioner working in slope
stability reseach and projects. Regarding geology subject,
this study reveals how the mechanical and physical proper-
ties of soil and rock are obtained from the field by combin-
ing the geophysical, engineering geology, and geotechnical
approaches. As for hydrology, this study develops the slope
stability considering the static stage of groundwater owing to
dry and rainy sessions in a tropical country. The water table
altitude relies on the result of the ERT survey. The dynamic
effect from the earthquake is considered as the apart of seis-
mology subject. The local tectonic which possibly trigger
the earthquake must be scrutinised properly; therefore, the
maximum peak ground acceleration (PGA) inputted to slope
simulation process is reliable.

Slope stability in tropical and active tectonic countries
must be analysed carefully and the integrated approaches
including geophysics, engineering geology, and geotechnical
methods are compulsory. Those approaches will yield more
reliable results as conducted in this study which is success-
fully combined surface data from geotechnical methods and
rock mass classification approaches along with sub-surface
data collected by geophysical methods (SRT and ERT meth-
ods). Soil investigation in geotechnical approach found the
linear correlation between the N-SPT values to Vpp. It indi-
cates that the N-SPT investigation is probably to be replaced
by the SRT survey to reduce the cost, increases efficiency,
and to cover a large area in future. Previously, similar results
related to empirical correlations between N-SPT to Vpp
are conducted by Bery and Saad (2012), and Awang and
Mohamad (2016); accordingly they revealed similar result
to this study. Besides, the bulk density value also can be
estimated from SRT and the water content from soil resistiv-
ity value in a ERT investigation. The slope stability simula-
tion and analysis by considering the effect of groundwater
and earthquakes using limit equilibrium analysis yield the
reliable results and our study have successfully proved it.
Hopefully, our approaches are considered as the role model
for future research in studying soil and rock slope stability
in tropical and active tectonic countries and it can be applied
conveniently by other researchers. Furthermore, this study
approach is recommended to be implemented in rock slope
design to ensure the long-term safety of the road.

Even with the comprehensive approaches, this study still
has limitations. This study only applied the deterministic
method in computing the factor of safety (FoS) and the
method does not consider the variability of physical and
mechanical properties of soil and rock. Those properties
are highly heterogeneous and can be solved by applying the
probabilistic approach in slope stability simulation for future
research. Besides, we suggest performing numerical mod-
elling to examine the stresses and strains developed in the
slope. Another suggestion is to conduct the rock degradation

@ Springer

analysis due to the chemical weathering; therefore, this phe-
nomena must be scrutinised time-dependently, because the
rate of weathering/degradation of rock in a tropical country
is relatively very high. Accordingly, it will affect the quality
of rock mass which is detrimental to rock slope stability in
the long term.
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