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Prolong heavy rainfall is increasingly inducing slope instabilities on the high-risk hills of
weathered granitic basement in Penang. These slope instabilities are spatially
controlled with changes in geotechnical properties of the slope soils. A reliable
method to include density as part of geotechnical properties to calibrate electrical
resistivity tomography (ERT) resistivity distribution in slope instability monitoring is still
rare. Hence, we present six ERT data that were acquired with a survey length of 60 m
and 1.5 m electrode spacing using Wenner-Schlumberger array from 2019 to 2020.
The results were calibrated with the laboratory-determined geotechnical properties:
moisture content (MC), particle-size distribution, density, and hydraulic conductivity
(HC). The result of the analysis of ERT models classified resistivity distribution into
saturated zones of <600 am with a high percentage of >20% silt and clay, weak zones
of 600-3,000 am, and basement rocks of >5,000 am. The presence of floaters and
boulders of resistivity >4,000 am overlie saturated zones coupled with multiple rainfall
events that act as triggering factors for slope instability and failure. Geotechnical results
show strong correlation of R = 0.94 between density and resistivity values which are
crucial for the calibration of the ERT models because low-resistivity <600 am areas
have high MC, 30.1% with low density, 1,176 kg/m®, and HC, 2.02 x 10™° m/s, whereas
high resistivity <3,000 oam areas have lower MC, 11.4% with relatively high density
1,458 kg/m®, and HC, 1.34 x 1072 m/s. Therefore, we conclude that low-resistivity
areas are composed of earth materials that are less-dense low-permeable unstable
zones of displacement which constitute subsurface drainage paths that are precursors
to slope instability.

Keywords: geotechnical properties, electrical resistivity tomography, saturated zones, slope instability monitoring,
low-resistivity zones, low-permeable unstable zones
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INTRODUCTION

There are great concerns around the world over the years on the
occurrences of damaging landslides (De Vita et al., 2018; Froude
and Petley, 2018; Hojat et al., 2019; Whiteley et al., 2019). Slope
movement events that resulted in landslide have wrecked severe
havoc and damage to lives and infrastructures with an estimated
loss of several billions of dollars across the world (Chandarana,
2016; Sidle and Bogaard, 2016; Winter et al., 2016; Soto et al.,
2017; Wang et al., 2017; Bordoni et al., 2018; Di Traglia et al,,
2018; Tomas et al., 2018; Moragues et al., 2019; Yang et al., 2019;
Kirschbaum et al., 2020). The impact of damages caused to lives
and infrastructure as well as mitigation and management of this
natural hazard has been the subject of research for decades
(Abidin et al., 2017; Bordoni et al., 2018; Pasierb et al., 2019).
However, research work on the area of slope instability
monitoring to predict future occurrence of landslide to
prevent loss of lives and properties has not yet been fully
demonstrated (Chae et al.,, 2017; Intrieri et al., 2019; Park
et al., 2019).

Seasonal change of wet and dry in Peninsular Malaysia
subjects the rocks to undergo weathering that help to
breakdown the rock into smaller particles called soil through
physical and chemical processes (Sajinkumar et al., 2011; Eppes
and Keanini, 2017). The unconsolidated loose soil materials
undergo rapid infiltration during heavy rainfall and become
saturated. Infiltration of rainwater into the ground increases
the soil saturation and pore water pressures which are inimical
to landslide (Askarinejad et al., 2018). According to the available
data on global catalog of landslides, with Multi-Satellite
Precipitation Analysis records, they have shown that a
majority of landslide occurrences over the world were
triggered by extreme rainfall events (Kirschbaum et al., 2015;
Whiteley et al., 2019). Hojat et al. (2019) and have also shown that
landslide-prone slope becomes unstable at zones where the water
saturation exceeds 45%, and they observed that slope instability
could occur at the boundaries between areas with different water
saturations. Changes in water conditions and slope geometry are
the main factors that induce slope instability (Tang et al., 2018) in
the presence of discontinuities such as faults, fractures, and
beddings which are precursors to landslide (Chalupa et al,
2018). Since, the world is experiencing heavy and extreme
rainfall events because of global climate change (Kirschbaum
et al, 2020), the continuous precipitation during typhoon
increases slope instability around mountains which has led to
severe mudflows and landslide events (Baum et al., 2010; Pradhan
and Lee, 2010; Epada et al.,, 2012; Jeong et al., 2014; Chien et al.,
2015; Hakro and Harahap, 2015; Baharuddin et al., 2016; Sidle
and Bogaard, 2016; Jeong et al., 2017; Kumar and Rathee, 2017;
Soto et al.,, 2017; Tomas et al., 2018; Kirschbaum et al., 2020). A
majority of these landslides have caused a considerable loss of
lives and properties (Choi and Cheung, 2013; Askarinejad et al.,
2018). Since engineering measures cannot always provide enough
protection against the landslide occurrence, it is imperative that
effective warning systems should be developed to avoid slope
disasters caused by severe weather (Chien et al., 2015). Therefore,
understanding the hydrogeology of soil-water dynamics is
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required for motoring and predicting slope instability to
provide early warning to be able to avert impending landslide
catastrophic events.

To adequately obtain information about the soil-water
conditions in the subsurface structure, a noninvasive
geophysical technique of ERT has been adopted by several
researchers (Brillante et al., 2015; Giocoli et al., 2015; Hiibner
et al., 2015; Abidin et al., 2017; Angelis et al., 2018; Boyle et al,,
2018; Cavalcanti et al., 2018; Gaffney et al., 2018; Gunn et al,,
2018; Olabode and Ocho, 2018; Tomds et al., 2018; Pasierb et al.,
2019). It provides a very fast, cheap, and efficient survey
technique to characterize landslide-prone slopes (Pasierb et al.,
2019). Electrical resistivity is sensitive to changes in the pore fluid
resistivity and fluid saturation as the mode of current flow in the
subsurface is through electrolytic conduction in the pore fluid
(Hen-Jones et al., 2017). ERT is used to differentiate between soil
types of differing resistivities as a result of presence of clay
minerals (Shevnin et al, 2007). High proportion of clay
minerals has a significant influence on electrical resistivity due
to surface conduction of electrical ions on the clay mineral that
leads to a reduction in electrical resistivity measurement
(Yamakawa et al., 2012; Hen-Jones et al., 2017). Recent studies
on landslides have shown that ERT is suitable to monitor soil
water content variations induced by rainfalls among other
methods such as seismic refraction, seismic reflection, and
self-potential and ground penetrating radar (Baron and
Supper, 2013; Boyle et al., 2018; Hojat et al., 2019; Whiteley
et al, 2019). ERT is applied in order to characterize
lithostratigraphic sequences and geometry of the sliding body,
identifying the sliding surfaces between the slide materials and
underlying bedrock and location of high-water content areas or
zones (Tomecka-Suchon et al., 2017; Pasierb et al., 2019).

In Peninsular Malaysia, shallow landslides are common
occurrence that have been studied using 2-D ERT as reported
by several researchers (Abidin et al., 2017; Ismail and Yaacob,
2018; Nordiana et al., 2018a; Nordiana et al., 2018b). However, a
reliable method to include density in geotechnical calibration of
ERT model resistivity values distribution is still rare. In recent
studies around the world, several researchers have attempted to
calibrate ERT with soil properties: moisture content, water
saturations, and shear strength. Ismail and Yaacob (2018) have
applied ERT for slope failure investigation in Malaysia and
obtained engineering laboratory-derived properties—moisture
content, soil hardness and Standard Penetration Test
N-Values—for comparison. Hen-Jones et al. (2017) used
geophysical and geotechnical sensors to monitor groundwater
conditions with ERT to determine the relationship between
resistivity, shear strength, suction, and water content in slope
monitoring. Likewise, Pasierb et al. (2019) used a combination of
geophysical and geotechnical methods which include ERT, cone
penetration testing, and drilling and laboratory test to evaluate
the condition of landslide and analyze how different saturations
of soil influence the stability of landslide. Hojat et al. (2019) have
applied time-lapse ERT for monitoring slope on a rainfall-
triggered landslide simulator to monitor rainwater infiltration
through a landslide body by time-domain reflectometry to obtain
volumetric water content and calculated water saturation to
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improve the understanding of precursors of failure. Wei et al.
(2017) have also related ERT to the dry density of a frozen soil.
Density and resistivity are both bulk properties of a material, and
their values do not depend on the size or shape but on the
material only. Therefore, the experimental determination of dry
density of a material can validate the resistivity response of the
material in question.

The present work was undertaken to describe detailed sets of
geophysical measurements and laboratory testing of geotechnical
parameters—moisture content, particle-size distribution, dry
density, and hydraulic conductivity—to validate the
distribution of ERT model resistivity values for monitoring
slope instability in natural unstable slope soil. The study
addresses three vital questions: 1) is ERT capable of
charactering and monitoring slope instability in residual soil of
weathered granitic basement? 2) Is assessment of geotechnical
properties suitable for calibrating ERT model in slope instability
monitoring? 3) Are ERT models capable of mapping
discontinuities?

MATERIALS AND METHODS

Study Site
Site Selection

Penang Island is located in the northern part of Peninsular
Malaysia. It is centrally occupied by Penang hills of granitic
origin, and it is rapidly becoming a major metropolitan city with
the influx of tourists and increase in construction and industrial
activities leading to expansion and building of infrastructure
around the slope area, with a daily maximum high
temperature of 35°C, annual average rainfall as high as
647 cm, and daily relative humidity as high as 96.8% in some
cases (Ahmad et al., 2006; Ali et al., 2011). These climatic factors
are responsible for rapid weathering of the granitic rocks which
makes the slope potentially unstable resulting in shallow landslide
in Balik Pulau and Paya Terubong axis. The southern end has
experienced shallow landslides in recent past years, and the
prominent areas are Balik Pulau toward the south and Paya
Terrubong toward the north. However, this selection was not
based on area that has experienced slope failure in the past
because the study is set to monitor slope instability. Therefore,
an area adjacent to these two locations central, Relau
Metropolitan Public Gardens, Sungai Ara, Bayan Lepas area,
was chosen where there is recent but few occurrences of slope
failure.

Location and Geology of the Study Area

The study is located within degree latitudes (5° 20’ 55.86", 5° 20’
57.48") N and longitudes (100° 16’ 11.03", 100" 16’ 12.72") E in
Relau Metropolitan Public Gardens area of Sungai Ara, Bayan
Lepas, Penang Island, at an altitudinal range of 600 to 500°'m
above the mean sea level (Figure 1). The geology of Penang
Island is predominantly granitic rocks which can be divided into
two types, namely, Type I (Sungai Ara Type) and Type II (Bt.
Bendera Type). Type I is of late carboniferous to early Permian
in age, is medium-grained, and contains primary muscovite,
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while Type II is of Triassic age, is coarse-grained, and does not
contain primary muscovite (Tan, 1994). Type I (Sg. Ara, Batu
Mang, and Paya Terubong) also refers to as the South Penang
Pluton (SPP), while Type II (Bt. Bendera and Tanjung Bungah)
also refers to as the North Penang Pluton (NPP) (Ahmad et al,,
2006). The study site is located within the Type I South Penang
Pluton.

Precipitation Data in the Study Area

Precipitation data for the locality (Penang Island) were obtained
from the National Centers for Environmental Information
station at Penang International, MY. The data were remotely
sensed at the Penang International station with position
coordinates of latitude and longitude 5.297°, 100.277° at an
elevation of 3.4 m and data coverage of about 60% which has
a network ID of GHCND:MYMO00048601. Table 1 shows global
monthly rainfall data obtained from January 2019 to October
2019 with no recorded data for November and December of that
year. Similar data have been used in the past for daily
precipitation  climate data record from multisatellite
observations for hydrological and climate studies (Ashouri
et al., 2015).

Electrical Resistivity Tomography Data
Acquisition

ERT field surveys require a high level of technical organization
as the electrodes’ position in the survey lines must be colinear
(Boyle et al., 2018). Since the study site terrain is a slope with
highs and lows, survey lines were perfectly open by cutting the
bushes to make a straight line. ERT survey measurements were
conducted in November 2019 and January 2020. The first survey
was conducted after the end of a period of months of heavy
rainfall to allow the ground to be fully saturated. Then, the
second and third surveys were conducted during a warmer
period when the ground is not wet from lesser rainfall. The
ERT survey was conducted using ABEM SAS 4000 Tetrameter
connected to Selector ES 464 (4 Channel) and two 100 m cable
rolls with 41 electrodes (1.5m spacing) (Figure 2). The
electrodes made of stainless steel of 12cm long and 1cm
thick were used for data acquisition using an electrode
spacing of 1.5and 60m survey length with a depth of
investigation of approximately 11 m because the depth of
investigation is a function of electrode spacing (Park et al.,
2017). The choice of electrode spacing was due to some local
constraints—shrines and fences—in the study location which do
not give room for longer survey lines. The depth of investigation
is also limited to 11 m because the record of depth of past
landslides in the area is within 2-5 m (Lateh et al., 2011). ERT
surveys were conducted in north-south direction downslope
and east-west direction perpendicular to the slope in the study
site (Figure 1). During ERT measurements in November 2019,
five electrodes were excluded due to equipment’s
malfunctioning which reduces the number of data points
collected. Popular among array configuration used in slope
problems by researchers are Wenner, Schlumberger,
dipole-dipole, and Wenner-Schlumberger (Metwaly and
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TABLE 1 | Summary of precipitation data of the months for the year 2019 and January-March 2020.

2019 2020
Months Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Jan Feb Mar
Total amount (mm) 33 8 32 311 439 84 167 115 259 274 121 45 60 54 151
Greatest observed (mm) 16 5 10 162 108 22 84 41 46 58 43 11 18 12 24
Alfouzan, 2013; Chalupa et al., 2018; Hojat et al., 2019). These ~ 18% to 26% for ERT data acquired in January 2020. The
electrode array configurations have their advantages and  disparity between apparent resistivity RMS errors and
disadvantages. The choice of the array used depends on  structures in ERT data acquired in November 2019 and

depth of penetration, signal strength, and resolution
(Reynolds, 1997; Pasierb et al., 2019). Wenner-Schlumberger
array configuration was adopted for this study because it is
sensitive to both vertical and horizontal changes in the
subsurface, thereby able to delineate faults and bedding
discontinuities. It has a good resolution, moderate depth of
investigation, and signal strength. However, Wenner has a high
signal-to-noise ratio but low depth of investigation, and
dipole-dipole also has good depth of penetration but poor
resolution (Chalupa et al, 2018). The acquired ERT data
were inverted with RES2DINV software. However, bad data
points were first removed before the inversion process. Robust
inversion method with standard data constraint was adopted to
reduce the occurrence of very high or very low resistivity values
at the sides of the model, but mesh refinement was not reduced
to half of the electrode spacing in model discretization. A
smoothness-constrained least squares method was used for
the inversion (Loke and Barker, 1996). The inversion process
converted measured resistance values to apparent resistivity
(AR) from the ratio of voltage (potential difference) and
current injected to the ground multiplied by the
Wenner-Schlumberger geometric factor. The model data
have fairly good results after three iterations of the inversion
with higher RMS errors ranging from 70% to 71% for ERT data
acquired in November 2019, while RMS errors ranging from

January 2020 can be explained with two limitations of the
resistivity method: 1) electrode position and 2) smoothing.
First, the survey site is highly vegetated and steep slope
which is rapidly undergoing both surface and internal
erosion that has adversely affected the landscape and,
consequently, the electrode position. Secondly, the ERT data
acquired in November 2019 were noisy with high apparent
resistivity values close to the surface due to the faulty equipment
which also caused reduction of data points. The noise introduces
bad data points because of the high apparent resistivity values
recorded close to the surface that needs to be removed which
leads to lesser data points. A total of 26 misfits were removed
from profile A data and 16 misfits from profile B data. These bad
data points were more widespread and random at shallow depth
close to the surface. Therefore, to produce a smooth model from
the ERT data, RES2DINV program allows for the modification
of damping factor parameter by increasing it. The damping
factor controls the weight given to the model smoothness in the
inversion process. However, a larger damping factor produces
the model with less structure and poorer resolution because the
larger the damping factor, the smoother will be the model, but
the apparent resistivity RMS error will be higher or larger (Loke
etal., 2013). However, smaller RMS errors do not always imply a
more realistic model as more iterations will eventually overfit
the model to the data (Hauck and Vonder-Miihll, 2003).
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Geotechnical Laboratory Tests
The distribution of ERT model values serves as guide to locate the

exact depth for the collection of both disturbed and undisturbed
soil samples in the study site for geotechnical calibration of ERT
results. Samples were taken between 0.1 and 1m depth from
different locations on the profiles C, D, E, and F. These profiles C,
D, E, and F have less noise close to the surface with one misfit in
profile C and four misfits in profiles D, E, and F. These samples
were collected to calibrate ERT model values to know the soil
properties or type corresponding to the resistivity value displayed
on the model result. The following parameters—moisture
content, particle-size distribution, density, and hydraulic
conductivity—were determined from the collected samples.

Moisture Content

Soil samples were collected with hand auger at various depths
from 0.1 to 1 m and properly weighed to 0.01 g. The weighed
samples were placed in an oven to dry with temperature set to
110°C for 24 h and repeatedly weighed until a constant weight is
achieved (Olabode and Ocho, 2018). The samples were removed
from the oven after drying and allowed to cool and weighed again.

W, - W, 100

AT NS . 1
Wi W, 1 1)

Moisture Content =
where W1 = weight of the empty can, W2 = weight of the empty
can + wet soil sample, W3 = weight of the empty can + dry sample
after 24 h in oven.

Particle-Size Distribution

Collected disturbed samples were oven-dried, and sieve analysis
was performed on the dry samples. The sieve size was selected
based on Wentworth (1922) grain-size classification. The British
Standard BS 410/1986 standard number of sieve sizes was
adopted for the analysis (Table 2). The sieve was first clean
and weighed each to 0.01 g. The selected test soil samples (oven
dry soils) were broken to individual particles with the fingers and

TABLE 2 | Selected sieve sizes based on grain-size classification.

Diameter (mm) Diameter () Wentworth size class

4 -2 Cobble and pebble
2 -1 Granule

1 0 Very coarse sand
0.5 1 Coarse sand

0.25 2 Medium sand
0.125 3 Fine sand

0.0625 4 Very fine sand

Pan 0 Silt and clay

a rubber-tipped pestle and mortar and poured into the topmost of
the nest of selected sieves to be sieved through using a mechanical
shaker (Figure 3) for 10 min. Each sieve was weighed to 0.01 g
with the soil retained on it. Percentage mass retained was plotted
against the sieve size to obtain the particle-size distribution curve.

Density

A calibrated cylindrical steel core cutter container of known
weight, length, and diameter (Figure 4A) was used to collect
undisturbed soil samples at 0-1 m depth (see Table 4), and the
collected soil samples were carefully wrapped with cellophane
paper to prevent soil moisture from escaping (Figure 4B). The
samples were weighed to 0.01 g in the laboratory after collection.
Then, the soil samples were removed from the core container
after the mass has been obtained by deducting the weight from
the empty steel core cutter weight. The samples were oven-dried
for 24 h to a constant weight and then reweighed.

Bulk Densit kg Total mass of the wet soil 2)
ulk Density | —= | =
I\me Total volume of the wet soil
and
Drv Densit kg'\ _ Bulk Density 3)
e Y\m* ) = 1+ Moisture Content
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FIGURE 3 | A mechanical shaker and oven-dried soil samples.

density determination.

FIGURE 4 | (A) Calibrated cylindrical steel core cutter containers. (B) Undisturbed soil samples were collected and carefully wrapped with cellophane paper for

Laboratory Determination of Hydraulic Conductivity

Undisturbed soil samples were collected for permeability tests
with a calibrated core cutter cylindrical steel container of known
weight, length, and diameter. The samples were carefully wrapped
with cellophane paper to prevent soil moisture from escaping.
They were weighed to 0.01 g in the laboratory after collection.
Constant head and falling head permeability test were both
performed on the different samples according to their
densities (Figures 5A,B). Sample A is a coarse soil of higher
density than sample B which has a higher proportion of fine-

grained particles and less dense. Then, from Darcy’s law, the
coefficient of permeability for coarse soil was determined by
constant head permeability test as follows:

ql
k= —, 4
Aht “@
where k is the coefficient of permeability (m/s), g is the total
rate of flow or discharge volume (m®), ¢ is the time (s), A is the
cross-sectional area (m?), and [ is the length of the
specimen (m).
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FIGURE 5 | (A) Constant head permeability test and (B) falling head permeability test experimental setup.

Also, the coefficient of permeability for fine soil was
determined by falling head permeability test as follows:

al h,
k=23 ml()gwE’ (5)

where k = coefficient of permeability (m/s), a is the area of the
standpipe (m?), A is the area of the soil sample (m?), /is the length
of the soil sample (m), At is the time for standpipe head to
decrease from h, to h;. Precaution was taken to ensure that both
samples were fully saturated and deaired.

RESULTS

Electrical Resistivity Tomography
The analysis of rainfall data shows that the total amount of

maximum monthly rainfall was observed in the month of May
with a value of 439.42 mm, while the least amount of rainfall was
observed in the month of February with a value of 8.13 mm. The
maximum amount of rainfall recorded in a day was 152.4 mm in
April, whereas the minimum amount of rainfall recorded in a day
was 5.08 mm in February. The recorded monthly amount of
rainfall was 273.56 mm in the month of October preceding the
month of November when the first investigation was carried out.
There was no rainfall two days prior to the survey although the
ground was still moist and the air temperature of the day of
survey was 28°C less than the mean maximum recorded
temperature for the year. The mean maximum temperatures
occur in the month of April and July with values of 33.8°C
and 32.7°C, respectively.

Table 3 shows the characteristics of the six ERT profiles
that were acquired using 41 steel electrodes with 1.5m
electrode spacing and a total length of 60m using
Wenner-Schlumberger array configuration. The objective was
to obtain models with maximum depth of investigation greater
than the average depth of past landslides in the study area. The
choice, of array configuration, electrode spacing, and profile
length, is to obtain better resolution and maximum depth of
investigation. It is moderately sensitive to both horizontal and
vertical structures to provide detailed information for monitoring
unstable zones in weathered basement rocks that can cause
possible movements to provide early warning of future
landslides. Therefore, the obtained shallow maximum depth of
investigation of 11.1 m (Table 3) is based on the past known
occurrences of landslide information in the study area, which
occurs within the shallow depth of 2-5m (Lateh et al., 2011).

The results of ERT models show the range of resistivity values
from 191 to 10,000 om in the six inverted ERT model profiles
from November 2019 to January 2020 (Figure 6). ERT model
results for profile lines A and B (Figure 6) were acquired in the
east-west directions across the study site during the end period of
the raining season on November 13, 2019, when the soil is still
moist for easy penetration and good contact of the electrode with
the soil. Profile line A is situated in the uphill of the slope at the
southern part of the study site (see Figure 1), and it is separated
by 14 m from profile line B in the downslope toward the north
end of the study site. At the central part of profile line A, a
distinctive hemispherical low resistivity <600 om is visible below
5m depth covering an horizontal distance of about 8 m, and it
bears resemblance to the low-resistivity hemispherical body
displayed in profile line B with the same resistivity values of
<600 om within the same depth of 5 m and below but relatively
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TABLE 3 | Characteristics of the six electrical resistivity tomography (ERT) profiles acquired using 42 steel electrodes with Wenner-Schlumberger array.

Profiles Coord. (start) Coord. (end) Direction Total Electrode No. Data Maximum
length spacing of measurements points pseudodepth

N5.34889, E100.27016 N5.34909, E100.2698 E-w 52.5 1.5 415 251 8.6
N5.34889, E100.27016 N5.34909, E100.2698 E-w 60 1.5 665 587 111
N5.34904, E100.27019 N5.34919, E100.26980 E-w 52.5 1.5 415 264 8.6
N5.34889, E100.27019 N5.34909, E100.26980 E-W 60 1.5 665 656 111
N5.34887, E100.26989 N5.34924, E100.27003 N-S 60 1.5 665 659 111
N5.34890, E100.26983 N5.34927, E100.26992 N-S 60 1.5 665 658 111
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FIGURE 6 | Model resullts of the acquired electrical resistivity tomography data at different dates using Wenner-Schlumberger array configuration: (A,B) profiles in
east-west direction on November 13, 2019; (C,D) profiles in east-west direction on January 22, 2020; and (E,F) profiles in north-south direction on January 23, 2020.

larger covering a horizontal distance of about 10 m. Low-  low-resistivity earth materials were observed between the
resistivity earth materials of <600 om within 0-5m depth  distance of 0 and 21 m within 0-5m depth in a matrix of
were observed and identified between 0 and 30 m along both  high-resistive body of resistivity values greater than >5,000 m
profile lines A and B in the part of the survey lines. Three of such ~  in the eastern part of profile line A, whereas four were observed
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between the same distance and depth in profile line B in
the same direction. Another prominent low-resistivity
hemispherical earth material was also centrally situated
between the horizontal distance of 25 and 30 m and 0-5m
depth within erosional gully along both profile lines A and B.
Also, an elongated oval body situated in the west between a
profile length of 36 and 40 m within 0-5 m depth with resistivity
values greater than >4,000 am is bounded on the top and
bottom with materials of resistivity values < 1,350 am.
Conversely, a low-resistivity earth material is situated within
an horizontal distance of 36-45m below 5m depth with
resistivity values less than <600 om in profile lines A and B,
respectively. High-resistivity contrasts are generally observed
between 0 and 12 m along the profiles and in the 24 m mark on
both profile lines A and B.

On January 22, 2020, the second phase of ERT data were
acquired on the same profile lines A and B as C and D (Figure 6).
The ERT model results for profile lines C and D were acquired
with a protocol different from that of profile lines A and B but
with the same array configuration of Wenner-Schlumberger
because the former protocol produced data with a large
number of misfits and noise. The major difference is that
profile lines C and D have more data points than profile lines
A and B. A low-resistivity body of <600 am in the bottom layer
below 5m depth is only visible in profile D tomography which
extends from the central toward west with an extent length of
several tens of meters about 30 m, whereas profile C tomography
shows a high-resistivity contrast within the same zone and a low-
resistivity hemispherical body of <600 am in the west. At 7m
along the profiles from east are observed low-resistivity materials
of resistivity values < 600 om within 0-5 m depth in both profile
lines C and D, and it is also observable as an oval shape body at
41 m underneath a high-resistive body of resistivity values >
4,000 om. High-resistivity contrast is visible in both profile lines
C and D at 19 m along the profiles within a matrix of the high-
resistivity body of resistivity values >5,000 om. Also, two high-
resistivity bodies with resistivity values > 4,000 am are displayed
in central and western parts of the profile D at 29 m and 44 m,
respectively.

ERT model results in Figures 6E,F were both acquired on
January 23, 2020, in the north-south direction perpendicular to
the profile lines A and B in the study site. They were acquired
using the same protocol in profile lines C and D. Along profiles E
and F, there are visible centrally elongated body materials
oriented in east-west direction with resistivity values <600 om
in profile F, while it ranges in values from <600 to 1700 om in
profile E and generally below 5 m depth. High-resistivity contrast
was observed in the uphill side between 9 and 12 m mark from 0
along profile E within homogeneous resistivity values > 5,000 om
in the southern part of the study site. An isolated elongated
cylindrical-like body of resistivity values > 4,000 om is also visible
toward the north in the downslope end within a relatively
homogeneous materials with a resistivity value of about
3,000 om in 0-5m depth. Also, high-resistivity homogenous
materials with resistivity values > 5,000 am which extends for
several meters occupied the southern uphill side in profile F
within 0-5 m depth, and lenses of the same materials are found

Low-Resistivity Slope Soil Instability Analysis

scattered within the same depth toward the downslope in the
northern end.

Geotechnical Results
The geotechnical parameter test results conducted are

summarized in Table 4. It shows the results of moisture
content, particle-size distribution, density, and hydraulic
conductivity. The estimated moisture content ranges in values
from 11.4% to 38.3% (Table 4). Particle-size distribution results
for four samples revealed soils with larger percentages of silts and
clays that were greater than 20% and very coarse sand, coarse
sand, and medium sand greater than 25% (Figure 7). However,
the remaining three samples have lower percentages of silts and
clays that were less than 20% and very coarse sand and coarse
sand greater than 25% (Figure 7). Estimated bulk density ranges
from 1,501 to 1781 kg/m’, whereas dry density estimated ranges
from 1,176 to 1,458 kg/m>. Density values show relationship with
the resistivity values in the study location as revealed in Table 5.
Figure 8 shows the relationship that exists between resistivity and
density from the study site. Computed hydraulic conductivity
value using constant head permeability test was 1.34 x 107> m/s,
while falling head permeability test gave a lower value of 2.02 x
107" m/s.

DISCUSSION

Electrical Resistivity Tomography Models
Interpretation

The inverted ERT models were interpreted on the scale of
resistivity values that were classified into zones as shown in
Table 6. The table shows both weathered and unweathered
basement and its spatial distribution of resistivity values into
saturated zones with resistivity values ranging from 1 to 600 om,
weak zones with resistivity values ranging from 600 to 3,000 om,
and basement rock of resistivity value > 5,000 am (Palacky, 1987;
Reynolds, 1997; Ghazali et al., 2013).

Low-resistivity areas with resistivity values <600 om on the
ERT models were interpreted as saturated zones in Figure 9.
Saturated zones as referred to in this context does not mean zone
of saturation below water table but a zone where all the pores are
filled with water. Saturated zones identified on the surface
(Figures 9A,B,D) occurring within 0-5m depth may become
unstable areas of instability during heavy and continuous rainfall
when the ground is completely soaked with water causing the soil
to lose its fabric and strength that will result in the sliding of the
soil mass. Conversely, saturated zones occurring below 5 m depth
(Figures 9D-F) are characterized by possible collapse as a result
of subsidence from increase in the soil moisture during
continuous rainfall. The boundary between the saturated zones
and the high-resistivity overburden materials, which are coarse
sand (Table 4), can be defined as the slip surface for movement
where landslide can probably occur for the movement of the
materials downslope.

High-resistivity contrast indicated by black dash lines
(Figure 9) interpreted as faults/fractures were weak zones
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TABLE 4 | Summarized geotechnical parameter test results.

Test Date of sample ERT profile Sample ERT model Model
No collection line/sample depth (m) color resistivity
location (Qm)
1 24/01/2020 E/10.5 m 0.1-0.3 Gray <1,000
2 24/01/2020 E/10.5 m 0.1-0.3 Gray <1,000
3 02/03/2020 E/10.5 m 0.1-0.3  Gray <1,000
4 02/03/2020 F/41 m 0.5-0.7  Yellow <3,000
5 02/03/2020 D/31.5 m 0.3-0.5  Green <1,700
6 02/03/2020 D/7m 0.8-1.0 Blue <600
7 02/03/2020 C/22.5m 0.2-0.4  Light green <1,350
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FIGURE 7 | Typical particle-size distribution curves in the study site.

TABLE 5 | Result of calculated density values and model resistivity values at
designated location.

Test No Resistivity values (Qm) Density values (kg/m®)
1 572 1,176
2 990 1,271
3 1,351 1,347
4 1712 1,375
5 2,961 1,458

of instability occurrence because fracture/fault is one of the
major causes of slope instability and failure (Martinez et al,,
2019; Porres-Benito et al., 2016). Fracture allows vertical flow
of soil water and caused a rapidly downward infiltration of soil
water during dry period when there is little or no precipitation
(Kotikian et al., 2019). We also observed that the study site is a
highly fractured/faulted zone as interpreted in Figure 9, and
these zones of highly fractured/faulted are usually unstable areas
that may be subjected to instability (Andresen, 2018;
Raghuvanshi, 2019). Also, high-resistivity materials of
resistivity values > 4,000 am that are exposed in the surface
as outcrops were interpreted as floaters with curve-dashed cyan
line in Figures 9D,F. There is also presence of high resistivity
>4,000 om located beneath the surface interpreted as boulder
indicated with dashed blue line in Figure 9. Saturated zones
were located beneath and beside some of these boulders
(Figures 9C-F), which may induce movement during heavy

Low-Resistivity Slope Soil Instability Analysis

% % sand % silt and Bulk Dry Hydraulic
moisture  content clay density density conductivity
content content  (kg/m3  (kg/m°) (m/s)

36.2 >25 24 1,646 1,208 —
38.3 >25 21 1,674 1,210 —
28.8 >25 22 1,636 1,271 —
1.4 >25 5 1,624 1,458 1.34 x 1072
20.9 >25 7 1,662 1,375 -
30.1 >25 31 1,530 1,176 2,02 x 107°
22.2 >25 9 1,646 1,347 —

and prolong rainfall (Nordiana et al., 2018a). The continuous
infiltrated of water from the prolong rainfall will lead to
oversaturation of the cohesive soils within the saturated
zones, and it can cause a reduction in the cohesive forces of
the soils resulting in the soil particles to be separated from each
other by a small infinitesimal distance delta x, and when this
happened, their shear strength will not be fully contributed by
cohesive force but by internal friction. As soon as this happened,
the weight of the boulder will press the material down causing a
displacement and movement resulting in the body sliding down
the slope. These features may be the triggering factors for future
occurrences of landslide in the study site.

Lastly, the low-resistivity materials in Figures 9D-F, which
were indicated by a white line is the zone of instability and
interpreted as a slip surface for landslide. The dashed black line
(Figures 9E,F) is interpreted as the drainage path for the
underground water flow. Drainage path is a region where
failure is initiated in slope because the water flowing through
this path can initiate soil internal erosion referred to as soil pipe.
Internal erosion such as piping has been responsible for most
landslides occurring in the world as reported by several
researchers (Carrazza et al, 2016; Okeke and Wang, 2016;
Bernatek-Jakiel and Poesen, 2018). Resistivity values >
5,000 om were interpreted as basement rock without cracks or
openings.

Geotechnical Interpretation
High moisture content of 38.3% was recorded from the

sample taken at a distance of 10.5 m and 0.1-0.3 m depth
(Table 4) with gray color and resistivity value of 1,000 om in
Figure 9E on January 24, 2020, whereas the same material
sampled at the same point on March 2, 2020, recorded lower
percentage value of 28.8%, thus indicating decrease in rainfall
and rapid infiltration. Rapid infiltration is an indication of
the presence of loose unconsolidated material. The result of
geotechnical tests (Table 4) revealed that the highest
moisture content of 30.1% was obtained for soil samples
collected on March 2, 2020, at a distance of 7m and
0.8-1 m depth in Figure 9D, and the lowest experimental
estimated density and hydraulic conductivity were also
obtained as 1,176 kg/m’ and 2.02 x 107> m/s, respectively,
with the highest proportion of 31% fine-grained particles of
silt and clay that was interpreted as low permeable fine-grained
compressible soil (Elhakim, 2016; Kozlowski and Ludynia,
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TABLE 6 | Classification of ERT-inverted models on the scale of resistivity values into zones.

Class No Nature Zones
of the subsurface
1 Weathered granite Saturated zones
Weak zones
2 Unweather granite Basement rock

2019; Zhang et al., 2020) that helps to validate the saturated
zones identified on the ERT model as low-resistivity values of
<600 am. These properties are similar to cohesive materials of
high proportion of fine-grained particles because electrical
resistivity has the advantage of detecting clay content
(cohesive soil) as a very low-resistivity zones (Suzuki et al.,
2000), which are usually unstable weak zones of failure.
Saturated zones (Figures 9A,B) occurring in the 0-5m
depth will slide downslope when fully saturated during
prolong heavy rainfall because the soil water will cause the
soil to lose its cohesion which will induce movement (Carrazza
et al, 2016; Ghazali et al, 2013). However, the lowest
percentage of 11.4% was also obtained for soil sample
collected at 41 m in Figure 9F with the highest estimated
density and hydraulic conductivity obtained as 1,458 kg/m3
and 1.34 x 10~ m/s, respectively, with the lowest percentage of
5% silt and clay. It also validates the weak zones identified on
the ERT model as yellow color and interpreted as sand and
gravel with a resistivity value of 3,000 om that suggests a
permeable loose unconsolidated coarse grain material with a
small amount of fine-grained particles (Shelton, 2005) that may
be susceptible to soil liquefaction and piping (Carrazza et al.,
2016). The particle-size distribution reveals two major types
of soils which are coarse sand and sandy loam based

Geology/composition Resistivity values (Qm)

Wet clay and silt 1-300
Dry clay and silt 300-600
Fractures/faults 600-1700
Sand and gravel 1700-3,000
Unfissured rock >5,000

on Wentworth (1922) classification. The experimental
determined dry densities for samples collected on March 2,
2020, in Table 4 which shows an increasing order of density
values for the ERT model resistivity values from the less dense (blue
color) to the most dense (yellow color), and hydraulic conductivity
values for dense and less dense materials are 1.34 x 10> m/s and
2.02 x 107° m/s, respectively, suggesting that the ERT model is
correct which was calibrated by the geotechnical parameters. Table 5
shows the results of density values determined corresponding to the
model values at a given depth as shown in Table 4. There is a strong
correlation of R = 0.94 between the two variables as shown in
Figure 8, suggesting that one variable can be used to predict the
other. It can be concluded based on this study that low-resistivity
saturated zones are composed of less-dense low-permeable
materials, whereas high-resistivity weak zones are composed of
more-dense high-permeable materials.

Therefore, identified low-resistivity zones on the ERT models
are unstable areas which are inimical to failure because they are
composed of weak and compressible incompetent earth materials
which tend to yield to failure under stress (Fell et al., 2000), and these
zones of instability are where landslide or slope failure can be
initiated. Early identification of these zones of instability during
slope monitoring may help to predict and provide early warning for
future occurrence of landslide or slope failure.
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FIGURE 9 | Electrical resistivity tomography model interpretation of the acquired data at different dates using Wenner-Schlumberger array: (A,B) profiles in
east-west direction on November 13, 2019; (C,D) profiles in east-west direction on January 22, 2020, and (E,F) profiles in north-south direction on January 23, 2020.

CONCLUSIONS

ERT surveys and geotechnical tests have been conducted on the
slope of weathered basement of fine-medium-grained granitic rocks
in Sungai Ara area of Penang Island hills. Six ERT profiles were
acquired between November 2019 and January 2020 at different
elevations along the slope site. Two ERT profiles were acquired in
November 2019, while the remaining four ERT profiles were acquired
in January 2020. The ERT data were inverted using RES2DINV to
ERT models. Geotechnical tests and analysis were also carried out on
soil samples in the laboratory to obtain soil moisture content, particle-
size distribution, density, and hydraulic conductivity.

Analyzed ERT-inverted models were classified on the scale
of resistivity values into saturated zones, weak zones, and
basement rock. The saturated zones are low-resistivity areas
with values < 600 am, which constitute a material of high-
water retention having its pores filled with water that may
become unstable areas during heavy and prolong rainfall
which may cause the soil to lose its fabric, thereby yielding
failure. Two zones of instabilities were identified and
delineated on the ERT model within 0-5m depth and 6-11 m
depth for near surface and subsurface, respectively. The slope
instability identified at the surface or near surface occurs within
0-5m depth from the surface and is prominent in the uphill in the
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southern part of the study site, while the subsurface ones occur below
5m depth in the downslope at the northern part. Weak zones are
fracture planes which are usually unstable areas that can be subjected
to instability. The near surface instabilities have slip surfaces through
which materials can slide, whereas the subsurface instabilities are
prone to subsidence. Also, features such as floaters and boulders
overlying saturated zones were identified on the ERT model as areas
prone to instability which can induce movement during heavy and
continuous rainfall as a result of reduction in the cohesive forces
within the soil particles resulting in low cohesion and shear strength
of the soil materials within the saturated zones. Drainage path was
identified as a region where failure can be initiated in slope because
the water flowing through this path can initiate soil internal erosion
referred to as soil pipe. These features act as triggering factors of
landslide, and they were identified on the ERT model as factors
responsible for slope instability in weathered basement rock of
Penang Island hills.

The geotechnical test revealed that low-resistivity areas with
resistivity values < 600 m on the ERT model comprise of high
proportion of fine-grained low-permeable compressible cohesive
soils, whereas high-resistivity areas with resistivity values ranging
from 1,350 to 3,000 m have low proportion of fine-grained high-
permeable coarse soils. The identified compressible cohesive
soils are prone to slope instability because it can induce
displacement or movement when fully saturated during prolong
heavy rainfall because the soil water will cause the soil to lose its
fabric (cohesive force). The geotechnical test result also revealed a
direct relationship between density and resistivity with a strong
correlation of R = 0.94 existing between the two variables in the
study location. The geotechnical result was able to calibrate the ERT
model correctly because low-resistivity materials are less dense and
show low hydraulic conductivity, whereas high-resistivity materials
are denser with higher hydraulic conductivity based on this study.
Therefore, identified low-resistivity areas in the ERT models are
unstable zones which are inimical to failure because they are the
zones of instability where landslides can be initiated. Early
identification of these zones of instability during slope
monitoring may help to predict and provide early warning for
future occurrence of landslides.
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