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Abstract

The water pool at Kiara Payung Campsite, one of the largest campsites in West Java, Indonesia, is an important
water storage facility that provides clean water for campers. However, this cuboid-shaped concrete structure is
susceptible to leaks due to ground motion caused by earthquakes. Therefore, this study aims to detect potential
leakage underneath the water pool using the electrical resistivity method with peak and flat base electrodes. Peak
electrodes are unsuitable for hard materials like concrete as they can cause structural damage, while flat base
electrodes can be used without compromising the integrity of the concrete. The study was performed using a single
profile, employing various electrode combinations: all peak electrodes, a combination of peak and flat base
electrodes, and all flat base electrodes. The profile length was 117.5 meters with 2.5 meters spacing between
electrodes, utilizing a total of 48 electrodes. The measured apparent resistivity was inverted using the least-square
and robust constraint inversion methods to obtain 2D true resistivity sections. An analysis of these 2D sections,
model errors, and ability to delineate the water pool geometry, reveals that the robust constraint method with flat
base electrodes provides the best result. This approach distinguishes the boundary between the water pool and
surrounding soil, exhibits a smaller error, and accurately resolves the water pool geometry. These results indicate
that no leakage is present beneath the water pool. Therefore, the electrical resistivity method using flat base
electrodes is recommended for the maintenance of the water pool and other geoelectric studies on hard surfaces.

Keywords: electrical resistivity, peak electrode, flat base electrode, least-square, robust constraint inversion

1. Introduction

Kiara Payung is a camping ground located electrodes and measuring the potential
in Jatinangor, Sumedang, West Java, difference with potential electrodes to estimate
Indonesia, equipped with a concrete cuboid- subsurface resistivity (Loke, 1999). The
shaped water pool for storing rainwater, which distribution of resistivity in the subsurface can
serves as the site's primary source of clean provide helpful information on soil saturation,
water. Given West Java's frequent tectonic indicating a potential leakage associated with
activities (Supendi et al., 2018), regular pool the crack on the pool surface.
maintenance is essential to assess potential The electrical resistivity method has been
leakage due to cracks in its concrete structure widely used for geophysical investigations,
caused by ground motion from earthquakes. such as groundwater search, archaeological
Since subsurface leakage is not visually study, and geothermal exploration (Chabaane
detectable, geophysical methods, such as et al., 2017; Karavul et al., 2016; Mohamaden
electrical resistivity, are recommended for et al., 2016; Riwayat et al., 2018). While this
maintenance. The electrical resistivity method, method has been used to detect leaks in buried
based on Ohm's Law, involves injecting water storage (Ramirez et al., 1996), it has not
electrical current into the earth using current yet been applied to the study area. Conducting
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a resistivity survey on the water pool's concrete
surface poses challenges, mainly when using
peak electrodes. Previous studies have
extensively tested the applicability of the flat
base electrodes in various cases, such as the
identification of chalky groundwater, void
detection in the subsurface, detection of water
supply tunnels, bedrock mapping, detection of
road
damage causes (Athanasiou et al.,, 2007;
Zouhri & Lutz, 2010; Putra et al.,, 2020). In

addition, flat base electrodes have also been

abandoned shafts, investigation of

used to identify subsurface anomaly models
(Kurniawan et al., 2017) and on Roman mosaic
floors (Carrara et al., 2001). These studies
demonstrate that flat base electrodes can
successfully  provide resistivity  profiles
consistent with the field geometry. However,
the applicability of the peak and flat base
electrodes in detecting potential water leakage
underneath a water pool requires further
investigation.

Therefore, this study aims to investigate a
potential water leakage underneath a water
pool using peak and flat base electrodes. This
study is performed in several steps. First, the
electrical resistivity survey was conducted
using a Wenner-Alpha configuration with three
different electrode combinations (all peak
electrodes, a combination of the peak and flat
base electrodes, and all flat base electrodes).
The Wenner-Alpha is suitable for shallow
targets and sensitive to lateral
(Reynolds, 1997; Adhe et al., 2022). Second,

the measured apparent resistivity is inverted

changes

using least-square and robust constraint
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inversion methods. Last, a comparative
analysis is performed between results obtained
with different electrode combinations and
inversion methods. This study can be used to
show further the applicability of flat base

electrodes in geophysical investigations.

2. Data and Method
2.1. Data

The data was obtained from Kiara Payung
Campground, Sumedang, West Java. Data
acquisition was conducted on 20 February
2023, with one profile traversing the water pool
(Figure 1) using Ares 5A equipment and a 12V
electronic power supply. The electrode spacing
(a in equation 4) is 2.5 m, and the maximum n-
separation between the electrodes (nmax in
Figure 2) is 6. The profile length is 117.5 m. The
main object of this study is the water pool made
of concrete situated between profile lengths
62.5 m and 72.5 m. The current electrodes
inject DC current 5A into the subsurface (I in
equation 8), while the potential electrodes
measure the potential difference (AV in
equation 8) between these electrodes. The
potential difference will be used to calculate the
apparent resistivity of the subsurface (p, in
equation 8).

The topography profile in the study area
shows a downward slope from Northwest to
Southeast, with an elevation ranging from 952.5
to 960 meters above sea level (masl) (Figure 1).
The water pool has an elevation of 957 masl,
which has a rectangular shape with a width and
length of 10.8 x 17.7 m? and a thickness of 2.15

m.



Jurnal Geosains Terapan Vol. 6(2), 2023

(wpsonessy

.. G
A 2o

Water pool

soil

concrete

Water pool -
- soil

Cross section along geoelectric line

Figure 1. The survey area is at Kiara Payung, Sumedang, West Java (A). The electrical resistivity measurements were conducted
using peak and/or flat base electrodes along the same profile depicted by the black line (see also Figure 4). The topography for

this line is also shown. The location of the water pool is marked by a blue rectangular between profile lengths 62.5 m and 72.5

m. A close look at the water pool is also shown (B), which was taken from a drone. The well has a dimension of 17.7 m in length,

10.8 m in width, and 2.15 m in thickness. Sketch of water pool (C) and cross-section along survey line (D) shows the geometry

of the water pool.

Three combinations of peak and flat base
electrodes are used in this study (Figure 2).
First, only peak electrodes are used, covering
only the soil area, while no electrodes are

positioned on the concrete surface of the well

(Figure 2A). Second, peak electrodes are
applied to the soil, whereas the flat base
electrodes are on the concrete surface (Figure
2B). Third, only flat base electrodes cover the

soil and the concrete surface (Figure 2C).

NW Soil Infiltration Well Soil SE
' ' Profile L h (;
Peak Electrodes : : rofile Length(m
Om il iImlmlllluimillll
! ! | I ! | | I | I IS 1|5 1I7 IIS 1|9 2|O 2|1 2|2 2|3 2|4 2|5 26 27 28 29 30‘3|1 3233 3| 4 35 36 3|7 38 39 AIO 41 42 4|344 45 4|6 47 48
A Electrode Number (-
Peak and Flat Base Electrodes
Oom 20m 40m 60 m | | | I | | | | l | 1|17|.5m
! ! ! 4! ! ! ! ! ! 1|01|11|21|31|41I51|61|71|81|92|02|12|22|32|42|526272829 303 Il |435363|738394|O41424|340454|64748
Flat Base Electrodes
om 40m 60m 80m 110m 117.5m
lllll!lli 1J61112 1314 15J§‘1L1819202122 23242152L272829 30:!‘1315333435363738395|5414J54344 45 46 47 48

Figure 2. Peak and flat base electrodes are used in the electrical resistivity survey with three combinations: (A) all peak electrodes,

(B) a combination of peak and flat base electrodes, and (C) all flat base electrodes. Vertical dotted blue lines mark the areal

extent of the infiltration well (water pool).
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2.2. Method
2.2.1. Electrodes

We use two types of electrodes in this
survey: peak and flat base electrodes (Figure
3). Both electrode types have been used in
previous studies (Athanasiou et al.,, 2007;
Zouhri & Lutz, 2010; Putra et al., 2020). A peak
electrode is a conventional electrode shaped
like a long pipe with a pointed bottom end,
measuring 0.4 m in length and 0.01 m in
diameter (Figure 3A, C). The application of this
electrode requires insertion into the soil, which
leads to small contact resistance between the
peak electrode and the soil due to soil moisture.
In contrast, a flat base electrode is a new type
of electrode with the shape of a square with a
dimension of 0.1 m x 0.1 m and a thickness of
2 mm (Figure 3B, D). This electrode does not
require insertion into the soil, allowing it to be
used on a concrete surface. Both electrode
types are made of iron.

Resistivity measurement using flat base

electrodes on a concrete surface raises two

issues. First, the coupling between the flat base
electrodes and the concrete surface is low if the
surface is not smooth. Second, the contact
resistance is large because the surface is very
dry (Athanasiou et al., 2007), so it is more
difficult for current to flow into the subsurface.
This condition will lead to higher model errors
produced from the inversion of electrical
resistivity data obtained using flat base
electrodes than peak electrodes. This effect
can be minimized by applying conductive gel
between the flat base electrodes and the
concrete surface (Zouhri & Lutz, 2010; Putra et
al.,, 2020). The gel is made of an electrolyte
solution, which serves as an intermediary
medium that improves the coupling and lowers
the contact resistance. In addition, spraying
saltwater on the concrete surface before
applying the gel further decreases the contact
resistance (Athanasiou et al., 2007). As a
result, the current can flow more easily into the

subsurface and minimize errors associated with

data acquisition.

Figure 3. A peak electrode (A and C) and a flat base electrode (B and D). A peak electrode requires insertion into the soil, whereas

a flat base electrode can be placed on top of the soil and the concrete surface.
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2.2.2. Electrical Resistivity Method

The electrical resistivity method is an
active and non-destructive geophysical method
used for shallow exploration and determining
subsurface layers up to depths of 300-500 m.
This method can determine changes in
resistivity values of rock layers beneath the
surface by injecting DC current using
electrodes. Ohm's law is the basis of the
resistivity method (Loke, 1999), expressed by

Equation 1 below.

R=p= (1)
where R is electrode resistance to subsurface
materials (Q), p indicates subsurface resistivity
(Qm). The magnitude of R is also directly
proportional to the length L (m) and inversely
proportional to the electrode's cross-sectional
area A (m2). The resistivity is calculated by
rearranging Equation 1 into Equation 2, which
represents the apparent resistivity by assuming
that the subsurface medium is homogeneous

isotropic.
Pa = kR (2)

where p, subsurface apparent resistivity and k
represents the geometric factor of the electrode
configuration. The apparent resistivity can be
converted to the true resistivity of the
subsurface using the inversion method. The
resistance of peak and flat-base electrodes is
influenced by their geometry (Dwight, 1936;
Yuliadi et al., 2021). Therefore, Equation 2 can
be modified to Equations 3 and 4 for peak and

flat base electrodes.

3)

29

Pa = kRn(§+l)_1 4)

0.5Ww+t.

Where | indicates the length of peak and flat
base electrodes (m), d is the diameter of peak
electrodes (m), w represents the width of flat
base electrodes (m), and t is the thickness of

flat base electrodes (m).

2.2.3. Wenner-Alpha Configuration

The electrode configuration during the
survey follows the Wenner-Alpha configuration,
with the electrode spacing arranged in a
specific pattern. The potential electrodes are
situated between the current electrodes, where
the distance between them is constant (P1C1 =
P2C2 = a and P1C2 = P2C1 = 2a) (Telford et
al., 1990), as shown in Figure 2. Wenner-Alpha
configuration is sensitive to lateral changes and
has reasonable vertical resolution (Reynolds,
1997). However, the penetration depth of the
Wenner configuration is limited, making it
suitable for shallow targets, such as identifying
potential water leakage from a shallow water
pool. In addition, this configuration has been
shown to perform better against noisy data than
the Wenner-Beta and Wenner-Gamma
configurations (Oyeyemi et al., 2022).

The geometric factor for the Wenner-alpha
configuration is k = 2ma, where a is the inter-
electrode spacing (Figure 4). The geometric
factor k is inserted into equations 3 and 4.
Therefore, the equation for the apparent
resistivity can be expressed by Equations 5 and

6 below for peak and flat-base electrodes,

respectively.
2ml
Pa = 2maR W (5)
po=2maR——m~—  (6)
1n(0.5w+t)_
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We assume that the electrical current 2.3% and no systematic bias). As a result,
emitted by a peak and flat base electrode can Equations 5 and 6 can be simplified into
travel far in the subsurface before reaching Equations 7 and 8.
other electrodes. Therefore, the geometry Pq = 2maR (7)

factor in Equations 5 and 6 has a minimum

contribution to the measured apparent pa=2naA7V (8)

resistivity (p,), which can be neglected
(Mukmin et al., 2014). Athanasiou et al. (2007)

shows that the model error from using peak or

where AV is the potential difference between

the potential electrodes (V) and | represent the

flat base electrodes with the same electrode current injected by the current electrodes (A).

configuration is comparable (the difference is
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Figure 4. Wenner-Alpha configuration with a constant inter-electrode spacing (a) (Loke & Lane, 2004). The spacing increases for
the following sequence of measurements by multiplying a with constant n to acquire the resistivity from a deeper subsurface to
build a pseudosection. The maximum n-separation between electrodes is nmax.

2.2.4. Inversion Method

Inversion is a mathematical and statistical true resistivity of the subsurface from apparent
technique used to obtain information about a resistivity using the least-square and robust
phenomenon based on observations of the constraint.
system. The inversion is conducted to obtain a The least-square method is based on the
model perturbed for several iterations to get a smoothness-constrained least-square method
close match between the model and field embedded in Res2dinv software version 4.8.10
measurement data (Loke, 2022). In this study, (deGroot-Hedlin & Constable, 1990; Loke et al.,
the inversion method is performed to obtain the 2003; Sasaki, 1992), as shown by equation 9
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and 10. This method adjusts the model by
reducing the square difference between
calculated and measured apparent resistivity
values while also applying smoothness. A
measure of the difference between data and the
model (model error) is represented by the RMS
error, updated over iterations until the RMS
error does not change significantly as the
iteration increases (equation 11). This method
is preferentially used to invert the subsurface
with gradual material boundaries or without

sharp contacts (Grandis, 2009).

U"WiWq] + AF)Aqy = J"Wi Wag 9)
F=a.ClC, +a,CIC, (10)
Qr+1 = G +Aqy (11)

where J is a Jacobian matrix of partial
derivatives, A represents a damping factor, Ag«
indicates model resistivity change at k
iteration, g« is a model resistivity vector at k'
iteration, g is data misfit vector, Wy is a diagonal
weighting metric that incorporates the effect of
the data errors where data points with a smaller
error are given larger weight in the inversion
process, a represents a weight factor, Cx
indicates horizontal roughness filters, and C; is
a vertical roughness vector.

The model obtained from the least-square
method tends to have a smooth transition
between resistivity values (Loke et al., 2003).
The sharp boundary between the water pool
and the soil will result in a transition in resistivity
values from the well to the soil. Therefore, the
robust constraint inversion method is also used.
This method reduces the model error by
decreasing the absolute difference between the
measured and calculated apparent resistivity
values (Abs. error), which works reasonably

well for the data with outliers from non-random
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sources, such as operator mistakes or
equipment problems. In this method, there is a
that

difference between the measurement data and

cut-off factor limits or controls the

the calculated data, leading to a sharper
interface between different resistivity values. A
detailed explanation of the inversion methods
can be seen in the Res2Dinv manual, which is

available for free.

3. Result and Discussion
3.1. Result

3.1.1.
Electrodes

Inversion Result using Peak

The inverted resistivity model from the
Wenner-Alpha array with all peak electrodes is
shown in Figure 5. The result shows a layered
resistivity trend along the soil area for least-
square and robust constraint models (Figure
5A, B). However, the model produced by the
robust constraint method has a sharper
transition of resistivity values than the least-
square method.

It can also be seen that the models are
quite different around the water pool, indicated
by low resistivity values (Figures 5A, B). The
robust constraint method results in a sharper
transition from the water pool to the surrounding
soil with a lower model error than the least-
square method (7.3% vs 12.5%) (Figures 5A,
B). A similar trend of model error is also shown
by the L1 norm data misfit between measured
and inverted apparent resistivity (Figures 5C,
D). In addition, neither inversion method can
resolve the water pool geometry, as shown by
the vertical extent of the low resistivity values,
which is larger than the pool thickness (2.15 m).
This can be misinterpreted as leakage
associated with cracks on the water pool

surface.
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Figure 5. Inverted true resistivity models using least-square and robust constraint methods (A and B). These models were

obtained from the Wenner-Alpha array using only peak electrodes applied to the soil. Cross plots of measured and calculated

apparent resistivity from both inversion methods for all data points are also depicted that show a positive correlation, and the L1

norm data misfit for these plots is also shown (C and D)
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3.1.2. Inversion Result using A Combination
of Peak and Flat Base Electrodes

The inverted resistivity model from the
Wenner-Alpha array with a combination of peak
and flat base electrodes is shown in Figure 6.
The results show a layered resistivity trend
along the soil area for both models produced by
the least-square and robust constraint methods
(Figure 6A, B). However, the latter creates a
sharper interface between the resistivity values
with a smaller model error than the former
(5.6% vs 14.4%). A similar trend of model error
is also shown by the L1 norm data misfit
(Figures 6C, D)

The location of the water pool can be
observed in both models, identified by low
resistivity values (Figure 6A, B). However, the
vertical extent of the well inferred from the
resistivity values is larger than the water pool
thickness, which can be misinterpreted as
leakage underneath the water pool. A smearing
effect is also observed, shown by the extension
of the low resistivity trend towards the peak
electrodes in the Northwest from both inverted

models (Figure 6).

3.1.3. Inversion Result using Flat Base
Electrodes

The inverted resistivity model from the Wenner-
Alpha array with all flat base electrodes is
shown in Figure 7. The results indicate that both
inversion methods produce a comparable
layered resistivity trend along the soil area.
However, the robust constraint produces a
shaper transition between resistivity values
compared to the least-square method (Figure
7A, B). The robust constraint method can also
resolve the pool geometry (width = 10 m and
thickness = 2 m), depicted by low resistivity
surrounded by value

higher resistivity
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associated with the soil (Figure 7B). In addition,
the model error generated using the robust
constraint method is lower than the least square
method (3.4% vs 10.6%). A similar trend of
model error is also shown by the L1 norm data
misfit (Figures 5C, D).

3.2. Discussion

In 2D cross-sections inverted using the robust
constraint method, the shape of the water pool
is more apparent. This is because the robust
constraint method is more sensitive to sharp
contacts between interfaces of subsurface

materials than the least-square method.
Further analysis is conducted to compare the
use of different combinations of electrode types
inverted using the robust constraint method to
determine if the geometry of the water pool is
accurately resolved. The pool's geometry
appears consistent with the field conditions in
the cross-section using all flat base electrodes
(Figure 6B). It is observed that the width and
thickness of the water pool are 10 m and 2 m,
respectively. These values are comparable with
the actual width and thickness of the pool (10.8
m and 2.15 m) (Section 3). Furthermore, the
extent of low resistivity values in the model is
content within the pool. This indicates that no
leakage occurs underneath the pool. This
inversion result is robust because the flat base
electrodes can transmit and receive electrical
currents on the concrete surface, which cannot
be achieved with peak electrodes. In the case
of the concrete surface where peak electrodes
are not inserted, some data points will be
missing and filled with dummy values during
data processing. The dummy data points are
extrapolated to the right and left sides of the
water pool where data points are present,

resulting in mismatched data points with the
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actual field geometry. In addition, the robust electrodes yields the smallest L1 norm data

constraint method applied to flat base misfit (Table 1).
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Figure 6. Inverted true resistivity model using least-square and robust constraint methods (A and B). These models were obtained
from the Wenner-Alpha array using peak and flat-base electrodes. Smearing effects are shown by white arrows. Cross plots of
measured and calculated apparent resistivity from both inversion methods are also depicted, which shows a positive correlation
(C and D). The L1 norm data misfit for these plots is also shown (C and D).
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Figure 7. Inverted true resistivity model using least-square and robust constraint methods (A and B). These models were obtained
from the Wenner-Alpha array using only flat base electrodes. Cross plots of measured and calculated apparent resistivity from
both inversion methods for all data points are also depicted, which show a positive correlation (C and D). The L1 norm data misfit

for these plots is also shown (C and D).
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Table 1. A summary of L1 norm data misfit between the measured and calculated resistivity values for three
combinations of peak and flat base electrodes, inverted using the robust and least-square methods.

Error (%)
Method
Robust Least-Square
Peak 7.32 8.53
Peak and Flat 5.63 9.22
Flat 3.45 6.94

The L1 norm data misfit obtained from the
robust constraint method using all flat base
is 3.45%,
electrodes yields 6.94 %. This contrasts a previous
study (Athanasiou et al., 2007), which shows that

all flat base electrodes give a higher misfit than all

electrodes whilst using all peak

peak electrodes. We argue that the misfit from
using all flat base electrodes is smaller due to
several reasons. (1) The environments in this study
are less complex, which is layered soil. (2) The
contact resistance between flat base electrodes
and the concrete surface that covers the well is
reduced by applying electrolyte gel. (3) Flat base
electrodes can cover both soil and concrete
surface, leading to full coverage in the survey line,
preventing missing data points.

In this study, we neglect the influence of
electrode shape (peak and flat) on the inversion
results. However, the results from a combination of
peak and flat base electrodes are very different
from all flat base electrodes. This occurs because
the inversion methods (least-square and robust
constraint) use weighting based on the error value,
where a higher weight factor is assigned to the
resistivity data that provides a lower error. In this
the
electrodes than peak electrodes due to smaller
the added

electrolyte gel. This also leads to a smearing effect

case, lower error comes from flat base

contact resistance because of
in the inversion result (Figure 6).
The water pool is buried to a depth of 2.15
meters, with its top visible at the surface. This
shallow burial depth exposes the water pool
structure to limited pressure from the surrounding
soil and negligible temperature gradients, making

leakage from these factors unlikely. However,
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Kiara Payung is situated in West Java, a
seismically active region experiencing both shallow
and deep earthquakes (Supendi et al., 2018;
Ashadi & Kaka, 2019). Seismic waves from these
earthquakes can travel through the weathered soil
surrounding the pool, generating significant ground
motion that can affect the pool's structure and
potentially cause Therefore,

leakage. we

recommend conducting additional electrical
resistivity surveys using flat base electrodes to

monitor for potential leakage effectively.

4. Conclusion

This study is conducted to detect a potential
leakage underneath a water pool located at Kiara
West the

electrical resistivity method with peak and/or flat

Payung, Sumedang, Java, using
base electrodes. There are several conclusions
from this study.

a). Flat base electrodes are suitable for use on a
hard surface, such as a concrete surface that
covers the well without causing damage to its
structure.

indicate that the

constraint method produces a sharp contact

b). Modelling results robust
between resistivity values. This leads to a more
robust model water pool geometry than the
least-square inversion method.

c). The model obtained from the robust constraint
method using all flat base electrodes yields the
best result in resolving the well geometry. It also
produces the smallest model error and L1 norm
misfit. The best modelling result using the
robust constraint method with all flat base

electrodes indicates that no leakage occurs
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underneath the water pool, as shown by the low

resistivity values inside the pool.
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