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Toward Enhancing Soil Resistivity Measurement
and Modelling for Limited Inter-electrode Spacing

O. Kherif, Member, IEEE, S. Robson, Member, IEEE, S. Mousa, N. Harid, H. Griffiths, D. Thorpe,
and A. Manu Haddad, Member, IEEE

Abstract—This paper explores the influence of the maximum
inter-electrode spacing in soil resistivity measurements on the
one-dimensional soil modelling process. Soil equivalent models
are generated based on actual measurements using a Wenner
configuration. The results indicate that soil resistivity models are
significantly impacted by the maximum inter-electrode spacing.
For short spacings, RMS errors ranging from over 19% to
approximately 26 % are observed, leading to up to a 5% reduction
in upper layer resistivity and a 45% difference in the lower layer
resistivity. To address this issue, a practical solution is proposed
to improve the measurement and modeling process for sites with
limited inter-electrode spacing. The viability and rationale behind
this solution are discussed and verified using extensive additional
measurements. The verification process yielded positive results,
confirming the potential of the proposed method for two-layer
soils, as considerable improvement in the soil model was achieved.
To cover additional scenarios and simulate measurements at
different locations, synthetic data based on theoretical expressions
is also considered. The synthetic data provided further evidence
of the effectiveness of the proposed solution, but also highlights
the need for further investigations to generalize the method for
soils with a greater number of layers.

Index Terms—Soil resistivity, modelling and  simulations,
grounding systems, Wenner measurement array, standardisation.

I. INTRODUCTION

OIL resistivity measurement and modelling are key steps

in numerous engineering applications, including lightning
protection systems and grounding designs, transmission lines
studies, electromagnetic interference studies, corrosion and
cathodic protection [1]-[4]. Indeed, effective measurements
followed by an accurate modelling process of soil electrical
resistivity are crucial to provide an optimal solution, a safe de-
sign, and/or effective analysis and studies for all of the associ-
ated applications. Usually, soil structure is determined from the
potential distribution on earth surface after injecting an electric
current into the soil. Different configurations were developed
for soil resistivity measurement, and Wenner arrangement, as
shown in [5], represents one of the widely used techniques.
Even though it is not recommended for power engineering
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applications [6], soil resistivity can still be measured in the
laboratory using different procedures (e.g., [7]).

In fact, the direct interpretation or inversion of soil re-
sistivity curves to determine thicknesses and resistivities of
soil layers has been the topic of interest of researchers and
geophysicists for many years (e.g., [8]-[12]). For multi-layer
modelling, the interpretation of vertical electrical sounding
curves is usually made by curve-fitting procedures in which a
series of theoretical curves are used in conjunction with the
measurement in order to select the best one. For instance,
authors in[8] presented an expression to approximate soil
apparent resistivity for soil with an arbitrary number of layers
horizontally stratified. In addition, authors in [10] used optimi-
sation based on Chebyshev polynomials in order to obtain the
best possible representation of the apparent resistivity equa-
tion. Moreover, soil resistivity frequency dependent is consid-
ered (e.g., [13]-[15]). In [13], it was found that thicknesses
of soil layers remain constant while resistivities showed slight
decreases with frequency. In [14], the authors experimentally
studied soil characterizations with both frequency (dispersion)
and current density, leading to the proposal of an improved
equivalent circuit in [15].

Various configurations and electrode dispositions have been
proposed in the literature for improved soil resistivity mea-
surement along with the associated impacts (e.g., [16]-
[18]). In [16], a comprehensive review emphasized the often-
overlooked impact of local soil variations around ground
electrodes. The complexity of effective grounding design and
the crucial role of soil resistivity, especially in the context of
soil heterogeneity, have been addressed in [17]. Additionally,
the work in [18] introduced the use of non-linear electrode
arrangements to overcome challenges in confined spaces, com-
bining multiple methodologies and increasing measurement
points compared to traditional configurations.

Accurate modelling of soil resistivity relies on effective
measurement results, and a single incorrect data point can
significantly alter the equivalent model, leading to a deviation
from the actual soil properties (i.e., the best representation
of soil resistivity as a multi-layer model). Soil resistivity
measurements often require reaching deeper soil layers, which
is typically achieved by increasing the inter-electrode spacing.
However, practical constraints at the testing site may limit the
ability to achieve the desired spacing distance. In addition to
these practical limitations and assuming that the measurements
are accurate, the interpretation process itself can be influenced
by the chosen technique and the underlying assumptions
(e.g., [19], [20]). For instance, the theoretical curves used
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in the interpretation are impacted by various parameters,
including the number of layers and the initial resistivities
of the upper and lower layers, among others [20]. As a
result, special attention is necessary in these areas to ensure
a clear understanding of the soil resistivity measurements and
modelling process.

In this paper, the key aspects of soil resistivity measure-
ments and modeling are presented to discuss the issue of
limited maximum inter-electrode spacing. The problem and
the proposed solution are outlined in Section II. In Section
III, the impact of inter-electrode spacing is quantified using
measurement results. The verification process is covered in
Sections IV and V, focusing on additional experimental data
and synthetic data, respectively. Finally, the main conclusions
and future perspectives are presented at the end.

II. PROBLEM AND PROPOSED SOLUTION

Soil resistivity is affected by many factors, such as temper-
ature, soil grain size and distribution, and the concentration
of dissolved salts in the contained water [6]. In practice, 1-
D soil resistivity measurements for a given test configuration
are influenced by the position of the test electrodes, the
inter electrode spacing and the surface measurement profile,
in addition to the instrument’s accuracy. Therefore, the best
representation of the soil is obtained by considering a variation
of soil resistivity in all directions (p = p(x,y, zgm)). This
representation is impractical, and it is common in engineering
applications to approximate the soil with an equivalent model
to represent the soil conditions, where 1D models (known
as multi-layer models), 2D models, and 3D models, can be
considered [21]. This paper discusses only the 1D model of
soil, which covers uniform and multi-layer soil structures.

A. Soil Resistivity Measurement and Modelling

As per the relevant international standards (e.g.,
IEEE Std 81 [6], BS 7430 [2]), apparent electrical resistivity
of soil can be measured using different techniques. In
this paper, a four-point' method Wenner configuration is
considered. In this method, four probes are driven, all at
depth ’b”, into the soil in a straight line at intervals ~a” as
represented in Fig. 1.

@
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Fig. 1. Wenner configuration for soil resistivity measurements

An electrical current is injected across the outer probes and
the potential difference between the inner probes is measured
to calculate soil resistivity from the voltage/current ratio and
in accordance with the geometrical configuration of the test.

From a series of soundings at the same survey central point,
one can obtain either soil apparent resistance or apparent
resistivity as a function of the distance between the test
electrodes. Considering electrode spacing distances greater
than the burial depth of the probes (a >> b), soil resistance is
measured and converted to apparent resistivity as follows [5]

Po = 2maR @))

The same apparent resistivity can also be expressed for a
known soil structure as follows [8]

pe = 1 {1 = 5O (M) — Jo(27a)] dA} )

in which, Jy(z) is the zero order Bessel’s function of the first
kind, and f()\) is a function of soil resistivity and depth of
each layer.

Starting from a preliminary 1D soil model, soil apparent
resistivity at any given electrode spacing distance is calcu-
lated according to Equation (2). The calculated results are
then compared to the measurements, and the model can be
considered as an equivalent representation of the soil resistivity
if a good agreement is found between the calculation and
measurement. If not, the parameters of the preliminary model
should be adjusted, and the process should be repeated until a
successful comparison is achieved. A detailed description of
this process can be found in several research works (e.g., [18]).
In addition, a few works (e.g., [22], [23]) refer to certain
practical aspects of model formulation such as interactive
model parameter selection and model constraints. However,
these aspects are not fully investigated because there is no
clear recommendation for the maximum electrode spacing, the
impact of short inter-electrode spacing and the requirements
to improve measurement techniques and modelling process.

B. Limited Inter-electrode Spacing

A uniform model is the simplest method for representing
soil resistivity, assigning a single value across the entire site.
While this model may be accurate in rare cases of truly
homogeneous soil, it is generally an oversimplification. In such
ideal conditions, a single measurement might suffice, but as
shown in [24], this uniformity is uncommon, even in water.
A more accurate approach is a multi-layer model, where soil
resistivity is represented by horizontal layers with isotropic
resistivities. In this model, ’n” layers are defined by resistivi-
ties p1, P2, 03, .- ., pn and thicknesses hi, ha, h3, ..., h(p_1).
The i-th layer has resistivity p; and thickness h;, while the
deepest layer extends infinitely. According to IEEE Std 81 [6],
a set of readings taken with various probe spacings yields
resistivities that, when plotted against spacing, can indicate
distinct layers of different soil or rock, providing insight into
their respective resistivities and depths. Larger spacings are
needed for better representation, particularly for deeper soil
layers as represented in the example of Fig. 2.

This example demonstrates the portion of soil assessed
using large and small electrode spacings. The larger spacing
penetrates deeper soil layers, allowing the third soil layer,
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representation of the area
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Fig. 2. Representation of large and short spacing in measurements

which is undetected with the short spacing, to become ob-
servable.

IEEE Std 81 and similar standards recommend repeating
measurements at the same location but rotated 90° from the
initial test to ensure consistency in the results. For each
test, soil resistivity measurements should be ideally conducted
within the area covered by the proposed grounding system,
following a profile that closely aligns with the system and
avoiding potential sources of error like fences or buried
objects (conductive objects). However, practical constraints,
such as limited maximum inter-electrode spacing, may prevent
obtaining an ideal profile. In such cases, the information
about the soil may be incomplete, impacting the accuracy of
the equivalent soil resistivity model. Investigating the effects
of these limitations and addressing this issue are essential
for improving the understanding of soil resistivity modeling,
which remains an area needing further clarification.

C. Proposed Solution for Limited Inter-Electrode Spacing

In order to overcome the challenge of restricted maximum
inter-electrode spacing, particularly pertinent in urban areas
where new substation grounding is needed, a practical solution
is proposed. Illustrated in Fig. 3, this approach involves a
systematic process.

Conduct soil resistivity measurement
in the site in question

v

NO Electrode spacing YES
constraint?

v v

v
Maximise the electrode
spacing as per the relevant
standards

electrode spacing as maximum
as possible

Testing in the vicinity of the
site in question

)
Maximise the electrode
spacing as per the relevant
standards

)
Enhancement using extra
points from the testing in the [«
vicinity

y

Generate soil resistivity
models

Fig. 3. Proposed methodology

Firstly, data collection is initiated for the site under scrutiny,
prioritizing the maximization of inter-electrode spacing. Ide-
ally, the inter-electrode spacing should exceed 50m to ensure

accurate measurements and soil structure representation [25].
However, if space constraints are identified, necessitating a
reduction in spacing, the proposed solution entails augmenting
the collected data. This augmentation is achieved by incorpo-
rating additional data points to the measured soil resistivity
dataset. It is important to note that these additional data
serve to improve the accuracy of the analysis, mitigating
the constraints imposed by limited inter-electrode spacing.
Therefore, all supplementary data should pertain to the lower
part exclusively as the upper part corresponds to the actual
soil conditions. Figure 4 provides an example of a site with
restricted space, showcasing its surrounding environment.

existing substation
(potential source of data)

conducting soil resistivity tests

A nearby park suitable for
(potential source of data)

not suitable for testing

. a site with limited space

Fig. 4. A typical site with space constraints and potential sources of data

This figure illustrates two prevalent strategies aimed at
augmenting data collection in scenarios where space con-
straints limit the maximum inter-electrode spacing. One strat-
egy involves the incorporation of predetermined soil resistivity
values gleaned from nearby substations or comparable projects
with conducive soil penetration conditions. Notably, power
utilities often possess such pertinent data and can readily
provide it, as is the case in the United Kingdom and many
other countries. Alternatively, the proposed solution advocates
for conducting supplementary testing in proximal areas char-
acterized by larger inter-electrode spacings, such as parks or
playing grounds. By strategically sitting test points in these
locales, where spatial limitations are less stringent, a more
exhaustive dataset can be amassed. This approach enables
a more comprehensive analysis of soil resistivity, although
its applicability may vary. To ensure its validity, multiple
successive measurements should be conducted, and the results
should demonstrate stability in the lower part.

It should be noted that the proposed methodology can offer a
pragmatic means of addressing the challenges associated with
restricted inter-electrode spacing, especially when considering
a variety of sources in combination. For instance, additional
measurements can be taken in the vicinity and at different sites
surrounding the area with space limitations, combining them
with those obtained from substations as described previously.
In this scenario, one can gain insights into soil heterogeneity
(lower layers of soil), and involving an interpreter is recom-
mended. For instance, the interpreter may assess the results
based on other factors such as site altitude and subsurface
content if known. Figure 5 provides a representation of soil
with two layers and two scenarios of measurements. In this
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figure, the proposed test locations A and B may yield different
soil models as the depth of the layer varies from a location to
another. For this reason, among others, the interpreter should
carefully select the survey location and gather site data while
or prior to conducting the test.

test location B

ar I

test location A

e

-
|

lower layer of soil

Fig. 5. A typical representation of two site location with different upper
layers and sharing the same lower layers

As per the proposed method, it is advised to start measure-
ments on-site despite space limitations. This ensures that soil
resistivity measurements accurately represent the actual soil
conditions, typically below a depth of a few meters, where
the grounding system will be installed. For this testing, it is
recommended to follow the guidance of the relevant standards.
Integrating measurements from deeper layers enhances the
representation of the soil structure at the lower parts and
facilitates the development of effective designs, particularly
in densely populated urban areas where space is limited.
Projects in such areas often require driving long rods to reduce
grounding resistance. To validate this assertion, the following
sections analyze the stability of both upper and lower soil
layers and show the validity of the proposed solution.

III. SoIL RESISTIVITY UNDER SPACE CONSTRAINT
A. Soil Resistivity Dataset

To investigate the impact of limited maximum inter-
electrode spacing, soil resistivity measurements were con-
ducted at a testing field in Cardiff. The ABEM Terrameter SAS
1000 ground tester coupled with the Lund Imaging System
(LIS) was used for the measurements, as illustrated in the
experimental set-up shown in Fig. 6.

Hiestelectrode .
Survey
central point

Lund Imaging System
ABEM SAS 1000 (Tester) |

12 V Battery

Fig. 6. Experimental setup of a typical soil resistivity test

The system uses an automatic process where the inter-
electrode spacing is varied and current is injected between
two electrodes and the potential measured between two other
electrodes having the same spacing. The measurements taken

at a given spacing are averaged to give an apparent resistivity
value at that spacing. Additional details about the instruments
and test procedure can be found in [26] and [27]. The
measured apparent resistivity as a function of inter-electrode
spacing is shown in Fig. 7.

250

150 7

100 - T

Apparent resistivity (Q2-m)
*

*
*
*****

50 :
10° 10' 10
Inter-electrode spacing (m)

Fig. 7. Soil apparent resistivity measured at different inter-electrode spacings

RESAP module of CDEGS computer tool [28] was utilized
for interpreting the results, leading to the derivation of a two-
layer soil model. To ensure accuracy, an automatic run of
the software was executed, minimizing any potential biases
introduced by manual interpretation. This automated process
involves RESAP comparing field data with apparent resistivi-
ties generated by various soil models, ultimately determining
the soil structure that closely matches the observed electric
surface response. Table I gives the parameters of the calculated
model where an RMS error of 3.37% is obtained.

TABLE I
TWO-LAYER MODEL USING RESAP MODULE OF CDEGS

LAYER Resistivity Thickness
Air infinite infinite
Top (upper) 145.08 Q- m 8.64 m
Bottom (lower) 61.59 Q-m infinite

The measurements, along with the calculated model, are
utilized in the subsequent sections. It is assumed that the soil
model presented in Table I represents the actual soil condi-
tions, and the accuracy of the measurements is confirmed.

B. Impact of Maximum Electrode Spacing

To investigate the influence of the maximum inter-electrode
spacing on the calculated soil model, the same dataset is
employed, and various scenarios are explored by adjusting
the maximum inter-electrode spacings. Table II presents the
parameters of the resulting soil model, including the associated
RMS error. It is important to emphasize that a two-layer model
is specifically considered in this section.

The table clearly illustrates the significant impact of the
maximum inter-electrode spacing on the soil resistivity equiv-
alent model. An RMS error below 3.67% is achieved when
the inter-electrode spacing is equal to or greater than 42 m.
Within this range, the same equivalent model closely aligns
with the actual model of the soil. However, for distances below
42 m, the RMS errors range from over 19% to approximately
26% compared to the actual model. In this case, the upper
layer resistivity exhibits a maximum reduction of about 5%,
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TABLE II
TWO-LAYER MODEL USING RESAP MODULE OF CDEGS FOR DIFFERENT MAXIMUM ELECTRODE SPACINGS

RMS SOIL MODEL CONSIDERED DATASET (m)

Error (%) Top (2 - m) Depth (m) Bottom (€2 - m) ‘ 3 6 9 12 18 24 30 36 42 48 54 60 66 72
3.366 145.08 8.64 61.59 X X X X X X X X X X X X X X
3.177 146.64 8.28 62.60 X X X X X X X X X X X X X
3.131 146.00 8.33 62.88 X X X X X X X X X X X X
3.254 146.25 8.26 63.08 X X X X X X X X X X X
3.412 146.27 8.26 63.12 X X X X X X X X X X
3.596 146.39 8.24 63.16 X X X X X X X X X
25.77 138.34 0.20 89.09 X X X X X X X X
24.85 138.98 0.20 94.60 X X X X X X X
23.28 139.27 0.20 101.61 X X X X X X
19.69 143.66 0.21 111.71 X X X X X

while the lower layer of the soil experiences a difference of

IV. PROPOSED SOLUTION EXAMINATION

approximately 45%. The relationship between RMS error and 4 Verification Stage

inter-electrode spacing is depicted in Fig. 8.
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Fig. 8. RMS error evolution as a function of maximum inter-electrode spacing

As can be seen in this figure, a sharp increase in RMS
error characterise short inter-electrode spacings, and a stability
is observed for larger spacing. A substantial variation is also
observed in the other parameters obtained models, and Fig. 9
shows the variation in the model parameters (i.e., upper layer
resistivity and depth and lower layer resistivity) for different
maximum electrode spacing distances.
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Fig. 9. Model parameters as a function of maximum inter-electrode spacing

The depicted figure clearly shows that the upper layer
resistivity remains relatively constant, while the other two
parameters exhibit significant variations across different elec-
trode spacing distances. The upper layer depth and lower layer
resistivity are highly sensitive to the maximum distance in the
Wenner configuration. These variations can have implications
for the accuracy of calculated soil resistivity models and,
consequently, impact various engineering designs such as
grounding systems and transmission line parameters.

As verification of the proposed technique, a limited maxi-
mum electrode spacing of 18 m is considered. The resulting
model obtained from the same data exhibits an RMS error of
approximately 20%. In such cases, the proposed technique of
using extra points can be employed. Two types of tests are
conducted as follows: (1) only one single point is considered
to enhance the measurements and improve calculated model,
and (2) more than one extra point are employed. The results
of this approach are summarized in Table III.

As evident from the table, the proposed technique exhibits
a significant improvement in the calculated equivalent models
of the soil compared to the actual model. For instance, adding
only -one single point, which is the apparent resistivity of
the inter-electrode spacing 72 m, helps reducing the RMS
error from 19.69% to 3.99%. Compared to the actual model
of 3.37% RMS error, the results are significantly beneficial.
Consequently, employing extra points of measured soil resis-
tivity obtained using larger electrode-spacing distances enables
a closer approximation to the actual soil model and helps
overcome the limitations of a limited maximum electrode
spacing. Based on the utilized dataset, enhancement points are
often sufficient to improve the equivalent soil model.

B. Stability of Soil in Upper and Lower Layers

It is imperative to acknowledge that the efficacy of the
proposed technique hinges upon the consistency of the un-
derlying soil layers, particularly in the lower layers of soil
up to 100m [25]. Instances characterized by pronounced
heterogeneity in these lower layers may diminish the effec-
tiveness of this technique. Hence, to further elucidate the
stability of the site, additional soil resistivity measurements
were conducted at the Llanrumney field test site, positioned
approximately 50m distant from the initial profile location. In
this supplementary investigation, soil resistivity was gauged
across fourteen distinct profiles, employing an arbitrary fixed
separation of Sm between profile lines (resulting in a total
span of 65m between Profiles 1 and 14). Measurements were
systematically undertaken along orthogonal lines, as delineated
in Fig. 10a. Each profile featured a maximum inter-electrode
spacing of 72m. The collective results from these fourteen
profiles are graphically depicted in Fig. 10b.
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TABLE III
TWO-LAYER MODEL FOR VARIOUS SCENARIOS, WITH AND WITHOUT ENHANCEMENT

RMS SOIL MODEL CONSIDERED DATASET (m)

Error (%) Top (€2 - m) Depth (m) Bottom (2 - m) | 3 6 9 12 18 24 30 36 42 48 54 60 66 72
3.366 145.08 8.64 61.59 X X X X X X X X X X X X X X
19.69 143.66 0.21 111.71 X X X X X
3.985 145.58 8.76 58.15 X X X X X X
4.088 146.42 8.53 59.80 X X X X X X
4.224 146.63 8.32 61.58 X X X X X X
4.281 146.54 8.30 62.13 X X X X X X
4.287 146.72 8.24 62.31 X X X X X X
4.264 146.35 8.36 61.78 X X X X X X
3.952 146.53 8.30 62.15 X X X X X X X
3.987 146.12 8.50 60.80 X X X X X X X X
3.946 145.82 8.47 61.76 X X X X X X X X

250
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Fig. 10. Proposed fourteen profiles for soil resistivity measurements
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(b) test results

It is clear that the results reveal significant lateral variations
(between 134 and 2352.m) in soil resistivity depending on the
electrode spacing, particularly for distances below 12m. As the
electrode spacing increases, the differences in soil resistivity
measurements decrease to around 10€2.m as the resistivity
varies in the range between 56 and 67(2.m. These variations
can be attributed to the relative stability of the lower layers
compared to the upper layers. As a function of inter-electrode

spacing, Fig. 11 presents a statistical representation of the soil
resistivity variation in the vicinity of the site.

250 T

n
o
S
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%%e—iéggg;
50 S T T S S N U s

18 24 30 36 42 48 54 60 66 72
Inter-electrode spacing (m)

Fig. 11. Boxplot of the measured results from fourteen profiles

The obtained results clearly demonstrate the relative stabil-
ity of the lower layers of soil up to a distance of 65m. In
comparison to the initial measurements taken 50m away, the
lower layer results exhibit a similar trend with a relative error
of approximately 16%. Therefore, the proposed solution’s
use of enhancement points may prove effective for distances
exceeding 100m (50m + 65m in this test). Given the significant
variability in soil resistivity, it is advisable to incorporate ad-
ditional points from different directions, encompassing the site
under consideration (east, west, north, and south of the site).
Including one or multiple soil resistivity measurement points
from various locations surrounding the site can enhance the
equivalent model of soil resistivity and provide more realistic
representation of the soil where limited space is identified.
Additionally, the proposed technique offers the opportunity
to optimize the duration of soil resistivity measurements by
reducing the total number of measurements required.

C. Validity of the Proposed Solution

To validate the proposed technique, independent measure-
ments were considered from two profiles, designated as Profile
A and Profile B. These profiles were selected for soil resistivity
measurements at the Llanrumney field test site, chosen based
on the suitability of the test field for the intended tasks.
Profile A and Profile B were situated approximately 500m
apart from each other. The measured results at these locations
were collected and illustrated in Fig. 12, which also indicates
the locations of the profiles for reference.
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TABLE IV
VALIDATION STAGE USING RESULTS FROM TWO DIFFERENT PROFILES WITH 500M DISTANCE
RMS SOIL MODEL CONSIDERED DATASET (m)

Error (%) Top (2 - m) Depth (m) Bottom (€2 - m) \ 3 6 9 12 18 24 30 36 42 48 54 60 66 72
3.378 148.81 12.35 64.42 A A A A A A A A A A A A A A
19.69 142.99 0.20 131.73 A A A A A
3.461 149.01 12.29 66.52 A A A A A B
4.088 148.80 11.95 70.18 A A A A A B B B
5.140 192.30 14.81 68.41 B B B B B B B B B B B B B B
13.370 22221 0.20 171.75 B B B B B
6.010 199.58 13.16 60.71 B B B B B A
5.260 199.30 13.19 61.70 B B B B B A A A

(a) test location
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50 !
10 10" 10
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(b) test results

Fig. 12. Proposed profiles for the validation of the proposed method

From this figure, it is clear that both measurements ex-
hibit a similar trend over the inter-electrode spacing. Profile
B demonstrates relatively higher values compared to those
obtained from Profile A. The disparity between the results
is more pronounced at upper layers, decreasing as the depth
increases. These findings align with those presented in the
previous section. The measured results are utilized in RESAP
under automatic run to generate an equivalent model for each
profile. A two-layer model is derived for each profile, as
shown in Table IV, and is considered the actual model of
the soil for each Profile; A and B. A validation stage is
then initiated, which involves two scenarios: the first scenario
treats Profile A as the constrained site and supplements it with
the data obtained from Profile B, while the second scenario
reverses this approach. The corresponding models along with
the calculated RMS errors are shown in Table IV.

Compared to the actual model, space limitations may result
in an inaccurate representation of the soil structure, particularly
affecting the thickness of the upper layer and the resistivity of
the lower layer as can be seen from the calculated results
in Table IV. However, the upper layer resistivity remains

approximately within an acceptable range, with a difference
of 3.91% for Profile A and a range of 15.55% for Profile B
in comparison with their actual models.

As part of the proposed method implementation, single
and multiple points have been included from Profile B to
Profile A under space restrictions, and vice versa. For the four
considered cases (as shown in lines 3, 4, 7, and 8 of Table IV),
the calculated model is significantly enhanced compared to
the actual models. Notably, the upper layer resistivity for
each profile remains within an acceptable range of variation,
indicating that the proposed model does not substantially
impact the upper layer, which is primarily influenced by
measurements obtained from the site with space limitations.
Additionally, a notable improvement is observed in the upper
layer thickness and lower layer resistivity. Adding a single or
multiple additional points from Profile B to Profile A with
restricted spacing to 18m improves the obtained model. For
instance, adding a 72m measured resistivity from Profile B to
Profile A reduces the RMS error from 19.69 to 3.46% and
improve the lower layer resistivity from 131.73 to 66.52 Q-m,
which is closer to the actual value. The upper layer soil resis-
tivity remains in good accordance with that obtained without
space restrictions. Similar observations and conclusions are
drawn from the second scenario. Overall, model parameters are
closer to the actual model with a low RMS error, validating the
proposed method under the specified conditions and in similar
practical situations.

V. ANALYSIS WITH ARTIFICIALLY GENERATED DATA

The measurements in the previous sections primarily in-
dicate a two-layer model where the soil resistivity of the
upper layer is lower than that of the lower layer. In practice,
one may encounter different soil structures, such as an upper
layer with lower resistivity and a lower layer with higher
resistivity. Due to the difficulties in obtaining measurements
for various scenarios, artificially generated data is considered
in this section, as it was used in similar situation (e.g. [13]).
Equation 2 is used to generate results for six known soil
structures: LH15, LH10, LHOS5, HL15, HL10, and HLOS. The
term "HL” refers to an upper layer with a relatively high
resistivity of 250 €2-m and a lower layer with a lower resistivity
of 50 Q-m. Conversely, "LH” corresponds to the opposite
configuration, where the number indicates the thickness of the
upper layer. Figure 13 illustrates the proposed results.
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Fig. 13. Aurtificially generated data for soil resistivity of two-layer structure

To investigate the validity of the proposed solution for
limited inter-electrode spacing under different conditions, the
soil model is calculated based on the results shown in Fig. 13.
The calculations consider a limited space of 18 meters (marked
with a single asterisk) and a limited space with an additional
single point (marked with a double asterisk). Table V presents
the calculated model parameters, with all values rounded to
two decimal places.

TABLE V
TWO-LAYER MODEL USING RESAP MODULE OF CDEGS

CASE Upper layer Thickness Lower layer RMSE
CASE (©2-m) (m) (§2-m) (%)
LHI15 48.68 12.82 212.19 2.37
LH15* 49.03 8.13 90.97 2.49
LH15%* 50.00 13.48 210.97 2.41
LH10 47.96 8.61 226.80 2.44
LH10* 50.00 7.79 145.08 2.36
LH10** 49.01 9.03 224.50 2.27
LHO5 50.00 4.87 243.33 1.05
LHO5* 50.00 4.38 199.59 2.45
LHOS5** 50.00 5.33 254.61 2.42
HL15 250.00 15.63 48.04 1.74
HL15%* 250.00 9.16 134.03 2.48
HL15%* 250.00 26.70 48.70 2.20
HL10 250.00 9.72 50.08 1.40
HL10* 250.00 8.55 73.98 2.07
HL10** 250.02 9.58 50.06 2.17
HLO5 250.00 5.24 49.38 2.00
HLO5* 250.00 472 54.63 2.36
HLO5** 250.00 5.07 51.16 1.96

The results reveal several interesting conclusions regarding
the influencing factors and the most affected model parame-
ters. To facilitate a more thorough discussion, the results are
organized into the following sub-sections.

A. Upper-layer Resistivity

As shown in Table V, the upper layer resistivity remains
consistent regardless of whether short or large inter-electrode
spacings are used in the proposed cases for both low and high

resistivity scenarios. The values are close to the actual value
of 50 Q-m. This observation aligns closely with the results
previously presented in Tables II, III, and IV, confirming that
the upper layer resistivity is not significantly affected by the
constraints of limited spacing or by the implementation of
the proposed method. This consistency validates the proposed
method’s ability to preserve accurate information about the
upper layer. In other words, the upper layer resistivity re-
mains unaffected by whether the site is limited or not, and
measurements taken at the location of the new substation (or
grounding system) will yield acceptable readings for the upper
layer resistivity. The enhancements made using the proposed
method do not substantially alter the upper layer resistivity.

B. Upper-layer Thickness

The results concerning the upper layer thickness highlight
a significant consideration that was not evident from the
results obtained from measurements. Although the synthetic
data (artificial measurements) in this section were derived
from a theoretical model, the calculated model exhibits a
slight deviation from the known model in terms of upper
layer thickness. This deviation has important implications for
the accuracy of the extracted model and the validity of the
proposed method. Notably, soils with larger upper layer thick-
nesses are more susceptible to this deviation than those with
smaller thicknesses. For instance, when using the complete
dataset in LH15 case, the calculated upper layer thickness
is 12.82 m, compared to the 15 m thickness of the actual
model - resulting in a deviation of 2.18 m, or approximately
14.53%. Similarly, deviations of 1.39 m (13.9%) and 0.13 m
(2.6%) were observed for soils with upper layer thicknesses
of 10 m and 5 m, respectively. These findings indicate that the
calculated model tends to deviate more from the actual model
as the upper layer thickness increases.

When considering the measurement limitations - specifi-
cally, a maximum inter-electrode spacing of 18 m - the impact
on upper layer thickness becomes more pronounced. Soils
with thicker upper layers are significantly affected by the
shorter inter-electrode spacing, whereas soils with a 5 m upper
layer thickness are only slightly affected, showing an increased
deviation of 0.62 m (12.4%) compared to the actual model. By
applying the proposed method to the LH15, LH10, and LHO5
cases, a marked improvement was observed. For LHI15, the
thickness was corrected to 13.48 m, an improvement from the
8.13 m thickness obtained under the considered measurement
limitation, representing a reduction in error by approximately
35.3%. Similar improvements were noted in all three scenarios
when compared to the actual known model.

Conversely, when the layers were reversed - where the
upper layer has higher resistivity and the lower layer has
lower resistivity - similar conclusions were drawn regarding
thickness. However, in one instance, the proposed model
yielded an incorrect thickness compared to the actual model.
In the HL15 case, the actual model’s thickness is 15 m, but
the limitation to 18 m spacing resulted in a thickness of
9.16 m, a 39% reduction, confirming the significant impact of
spacing limitation. However, the proposed method estimated
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a thickness of 26.70 m, which is 78% higher than the actual
model. Although the proposed method generally provides a
better estimation of thickness as it was the case for all the
cases, this discrepancy suggests that it may not always yield
the correct interpretation or parameters of the model in terms
of thickness. Further investigation is necessary to address this
limitation.

C. Lower-layer Resistivity

The lower layer resistivity is also impacted by the limitation
of inter-electrode spacing. Even when a maximum spacing of
72m is considered and the data is derived from the theoretical
model, the lower layer resistivity shows a slight difference
from the actual model. When considering a maximum spacing
of 18 m, the values are significantly affected in the cases
marked with an asterisk, and the difference increases with the
soil’s upper layer thickness. For instance, in the LH15 case, the
limitation caused the resistivity to decrease from 250 to 90.97
Q-m, representing a 63.6% reduction. However, the proposed
method corrected the resistivity to 210.97 Q-m, reducing
the error by 46.4%. The difference becomes smaller as the
upper layer thickness decreases, indicating that thinner upper
layers are less affected by the spacing limitation. The same
conclusions apply across the different cases, whether LH or
HL. In a specific case, HL15, where the upper layer thickness
was incorrectly estimated as shown in Section V-B, the value
of the lower layer resistivity was corrected and is close to_the
actual value of 50 ©2-m. The resistivity was 134 {2-m under
the spacing limitation, a 168% increase, but it was corrected to
48.70 ©2-m using the proposed method, reducing the error by
63.6%. This suggests that the proposed method shows positive
potential for accurately estimating lower layer resistivity, even
when upper layer thicknesses are misestimated.

D. RMS Error

The RMS error is relatively low across the three scenarios
in different soil conditions, whether for short or large spac-
ing. This is expected since the results were derived from a
mathematical expression. However, this observation highlights
that RMS error alone cannot reliably indicate how closely the
model approximates the actual soil model. The RMS error only
reflects how closely the measurements align with the proposed
model. As shown by experiments, the RMS error can exhibit
significant deviations, which may occur when the calculated
model deviates from the actual soil model or when the actual
model itself is complex.

VI. CONCLUSION

The study focused on soil resistivity measurement and mod-
eling, with both experimental and theoretical investigations
exploring the effects of maximum inter-electrode spacing on
the accuracy of computed soil models. These investigations
aimed to provide a better understanding of this critical param-
eter and its impact on soil resistivity modeling. The findings
revealed that limited spacing could result in significant errors
in the calculated soil model. In response to this challenge, the

paper proffered a practical solution where empirical findings
distinctly demonstrated a marked enhancement in the fidelity
of computed soil models upon the adoption of this proposed
technique. Central to the efficacy of this method was the
strategic utilization of supplementary points derived from mea-
sured or predetermined soil resistivity values, obtained through
larger inter-electrode spacing. The findings showed that the
proposed approach facilitated a more accurate approximation
to the actual soil model without affecting the upper layer
resistivity that characterises the site in question.

The proposed method has been tested and successfully veri-
fied for two-layer soil, but further investigation is necessary for
cases involving three or more layers. Independent verification
stage is also recommended in order to confirm these findings.
Moreover, the involvement of an experienced interpreter is
essential for effectively implementing the proposed solution
at sites with limited space.
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