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Abstract— To develop small-scale, shallow, and high-resolution
electrical resistivity surveys (e.g., for archeological or agricultural
purposes), the available literature highlights few requirements in
terms of distance between two adjacent electrodes or electrode’s
length embedded in the soil. Nevertheless, there are no studies
about the influence of the electrode’s diameter and/or the
electrode’s diameter-to-electrode spacing ratio. Thus, this work
proposes to investigate this ratio in relatively small-scale surveys
(electrode spacing from 10 to 100 cm) to define an operational
approach. The analysis has been conducted comparing the appar-
ent resistivity data acquired by means of electrodes different in
terms of diameter and materials. The apparent resistivity was
chosen to avoid the introduction of further errors/approximations
caused by the inversion procedure. Overall, six different types of
electrodes have been employed and tested. The results of the
data analysis emphasize the necessity of taking into account
the electrode’s diameter-to-electrode spacing ratio in the case
of small-case electrical resistivity tomography (ERT) surveys.

Index Terms— Electrical impedance tomography, electrodes,
geophysical measurements, geophysics, soil measurements.

I. INTRODUCTION

NONINVASIVE geophysical techniques are indirect meth-
ods that detect the variations of the physical properties

of the ground caused by the presence of anomalies [1]. The
analysis and interpretation of these variations allow researchers
to quantify and define these anomalies, i.e., define their
sources, dimensions, and location. Among the well-known
and widely used geophysical techniques, there is electrical
resistivity tomography (ERT), a method that uses current and
voltage data acquired on the surface to reconstruct the subsoil
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resistivity variation [2], [3]. Resistivity (or its inverse called
conductivity) is the capacity of the rock/soil materials to resist
(facilitate, in the case of the conductivity) the passage of a
current and it is influenced, among the other, by the degree
of saturation and the fluid content, by temperature, lithology,
and porosity [1].

This technique is commonly applied in different fields,
e.g., hydrogeology [4], environmental investigation [5], nat-
ural hazard assessment [6], waste/residual investigation [7],
agronomy [8], oil and gas [9], civil engineering [10], dredging
engineering [11], and archeology [12]. Furthermore, ERT is
commonly used also for the reconstruction of the resistivity of
other objects instead of the soil. Few examples of these appli-
cations are two-phase flow measurements [13], [14] (where
the measurand is a fluid in a pipe), vertical flow in pipeline
measurements [15], biomedical engineering applications such
as anatomical atlas [16], and conductive measurement of
thin-film electronic devices [17].

To collect current and voltage data, four electrodes are
commonly used arranged on the surface according to different
layouts called “arrays” [18]. In the last 20 years, many authors
have proven that the electrical potential in the subsoil, and
thus, the acquired apparent resistivity data and, as a cascade
effect, the inverted model are sensitive to the positions of the
following:

1) the receivers, i.e., the voltage electrodes, which are
usually called M and N (see for more details [12]);

2) the source, i.e., the current electrodes, which are usually
called A and B (see for more details [12]).

In particular, a wrong deployment of the electrodes along
the ERT line or the finite distance of the remote pole in the
case of a pole-dipole (PD) array can generate artifact that can
be interpreted as subsoil anomalies (see for instance [19], [20],
[21], [22], [23]).

Another typology of error that can affect ERTs is the sys-
tematic one that cannot be removed by the averaging/staking
of the data. These errors, e.g., the cable leakage or the
active electrode length, in fact, are generated by the nonideal
procedures or by the measurement systems [24], [25], [26].
Thus, this category of errors includes those caused by the
electrodes themselves and in particular by the following:
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1) the length of electrode embedded in the soil and thus
considered “active” with respect to the current genera-
tion [26], [27];

2) the electrode material [2], [24];
3) the soil-electrode contact [25], [28].
The image reconstruction processes (also known as inver-

sion algorithms) usually assume that the size of the electrodes
is negligible compared to the distance “a” between two adja-
cent electrodes or the geometrical parameters of the employed
model (i.e., electrodes are usually assumed to be ideal points).
However, this assumption is not true, and artifacts can be gen-
erated if the part of the electrode embedded in the ground, i.e.,
the active electrode length, is too long compared to the “a” dis-
tance. In the case of long active electrodes, in fact, the model
resolution decreases, and the signal-to-noise ratio increases
with depth. When ERTs are applied to small-sized targets
such as civil engineering and/or cultural heritage artifacts (e.g.,
diagnostic, management, and restoration or conservation of
ancient handworks such as columns, walls, statues, pottery,
and so on [2], [29]), or agricultural applications (e.g., under-
stand the root–soil interactions or the temporal soil moisture
variation in the first 30–40 cm of soil [8]), they are called
small-scale ERT because of the miniaturized dimension of
the targets [29]. In these applications, a high resolution at
shallow depth is needed and it can be achieved thanks to a
miniaturization of the instrumentation, which means electrodes
with a diameter of few millimeters (e.g., steel nails) and
the interelectrode distance “a” of few centimeters. In these
applications, where the investigated volume is very small,
the nonpunctiform shape of the electrode (i.e., its dimensions
compared to the investigated volume itself), if not correctly
considered, can generate artifacts [26], [30]. In literature,
studies can be found, which suggests that if the ratio of
active electrode length to “a” spacing is higher than 0.2
[27], a 3-D modeling of the electrodes is needed (e.g., the
shunt-electrode model (SEM) or the complete electrode model
(CEM) or the conductive cell model (CCM) as in [26] and [31]
and references therein). Nevertheless, in [26], this has been
demonstrated that, in micro-ERT profiles characterized by a
high ratio of the active electrode length to electrode spacing
“a,” the 3-D modeling of the electrode can be avoided in
favor of the approximation of the active electrode shape with
an equivalent electrode point (EEP) located at 73% of the
depth of the total electrode length. They also demonstrated that
“a” should be higher than twice the active length and lower
than the characteristic dimension of the shallow heterogeneity
divided by 0.75 [26]. Ronczka et al. [31] investigate the use of
boreholes as long electrodes and, thus, the influence of both
different borehole’s diameters. They proved that for electrodes
with a high length-to-diameter ratio, the diameter to “a”
spacing ratio should be lower than 1% to have numerical error
less than 1%. Moreover, they demonstrated that combining
electrodes of different lengths (e.g., boreholes and surface
electrodes), it is possible to increase the reliability of results.

As it is well known, electrodes can be metal stakes or
plates, and these last employed when/where it is difficult or
not recommended (e.g., on archeological sites) to insert stakes
in the soil/structure. Usually, they are made of stainless steel

and rarely other metals or graphite [32], [33]. In the past, non-
polarizable electrodes were widely used to carry out induced
polarization (IP) surveys to reduce the electric noise generated
by the subsoils’ self-potentials, but nowadays, they are com-
monly replaced by metal stakes that are more user-friendly
with multielectrode tomography acquisitions [34]. Neverthe-
less, according to recent literature [24], [25], the research
questions still open in ERT measurements that regard the
relationship between systematic errors and the electrode type
material, the history of use, and the voltage/current applied.

This work takes its cue from some needs that can be encoun-
tered in a geophysical measurement campaign that is not fully
addressed in the available literature: first, the necessity to
develop a parallel setup, but because of technical issues, there
is not the possibility to use the same electrodes in terms of
dimensions and materials, and on the other hand, to develop
a shallow and high-resolution survey (e.g., for archeological
or agricultural purposes) using available material. The latter
means that electrodes specifically developed for the purposes
of the small-scale survey (i.e., with a very small diameter [27]
or gels or sponges) cannot be employed, while those with a
diameter of some millimeters have to be used and placed at a
relatively small distance (less than 50 cm) to each other.

Thus, the purpose of this work is to investigate the ratio
between the interelectrode distance “a” and the electrode’s
diameter ϕ (the a/ϕ ratio) in a relatively small-scale survey
to define an operational approach. The major contributions
brought by this research are the following.

1) The introduction of an operational approach to estimate
the impact of the electrode’s diameter in small-scale
ERT surveys.

2) The definition of a range of applicability of electrodes
as a function of the electrode spacing to electrode’s
diameter a/ϕ ratio to avoid possible artifacts in the
presence of resistive targets.

3) The proof that the materials used (different types of
stainless-steel and carbon electrodes) have no particular
effect in the measured resistivity.

4) The analysis also pointed out the major impact of
inadequate a/ϕ that can be seen in the case of subsoil
anomalies characterized by high resistivity.

The electrodes employed and tested are those available
at the Laboratory of Engineering Geology, University of
Florence. To try to answer the research questions above
mentioned, the study has been carried out in terms of analysis
of the apparent resistivity (ρa) data to avoid introducing fur-
ther errors/approximations caused by the inversion procedure
applied to reconstruct the real subsoil resistivity.

Section II illustrates the tested electrodes and the mea-
surement campaign, while Section III describes the obtained
results. The discussion of the results and the conclusions of
the work are provided in Sections IV and V, respectively.

II. MATERIALS AND METHODS

The goal of ERT method is to assess the subsurface resis-
tivity of the soil through measurements taken on the ground
surface. The acquired resistivity values provided by the instru-
ment do not yet represent the true resistivity of the subsurface.
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Fig. 1. Measured resistance values for the five electrodes type #. The extension of the bars stands for the expanded uncertainty with 95% confidence level
calculated by (1)–(5). (a) Electrode Type #1. (b) Electrode Type #2. (c) Electrode Type #3. (d) Electrode Type #4. (e) Electrode Type #5. (f) Electrode Type #6.

Instead, resistivity data are “apparent” values representing
the “global” complex mean resistivity of the ground. The
acquired measurements depend on the electrode configuration
during the measurement campaign. The “apparent” resistiv-
ity should then be postprocessed by adequate “inversion”
algorithms to reconstruct a 2-D or 3-D model of the subsur-
face resistivity. The “inversion” procedure involves complex
algorithms (including, for instance, convolutional neural net-
work [35], U-Net deep neural network [36], Gauss–Newton
method [37], and algebraic reconstruction technique [38]) and
several approximations. For this reason, the following analysis
deals only with the acquired values of the apparent resistivity
in order to avoid the introduction of further uncertainties,
dealing only with those caused by the different a/ϕ ratio
tested.

Six distinct types of electrodes were tested having diameters
(ϕ) from 4 to 16 mm (see specific data in Table I). Five of
them were made of stainless steel and one of graphite. The
electrical resistance (Rel) of each one was measured by using a
calibrated 6(1/2) -Digit Bench Multimeter by Keithley (model
DMM6500). Because of the extremely low resistance value
of the electrodes, a four-wire resistance measurement method
was implemented, with an instrument resolution of 1 µ� and
a measurement range of 1 �.

For every type of electrode under test, five samples have
been randomly selected to measure their electrical resistance,
with 100 consecutive readings acquired for every sample under
repeatability conditions. Considering the random electrode j
of type #k, the instrument provides Rk_ j and σk_ j , which
represent the mean value and the standard deviation of the
electrical resistance, respectively. The average of the mean
and standard deviation values for each electrode type is
summarized in Table I, while all the measured resistances with
associated expanded uncertainty uk_ j are reported in Fig. 1

in the case of 95% confidence level. More specifically, the
expanded uncertainty has been evaluated in compliance with
the ISO Guide to the Expression of Uncertainty in Measure-
ment (GUM) [39] procedure according to the following steps:

sAk_ j =
σk_ j
√

N
=

σk_ j
√

100
(1)

sBk_ j =
acck_ j
√

3
(2)

ucombk_ j =

√
s2

Ak_ j
+ s2

Bk_ j
(3)

where ucombk_ j is the combined uncertainty in the resistance
measurement in the case of random electrode j of type #k,
which depends on sAk_ j , Type A uncertainty arises from
multiple measurements, and sBk_ j , Type B uncertainty due to
systematic errors such as calibration errors and instrument
inaccuracy. The latter is calculated based on the multimeter
accuracy, which, according to the manufacturer and under the
specified operating conditions, and it is given by

acck_ j = ±(0.0085%Reading + 0.02%range). (4)

Then, the expanded uncertainty uk_ j has been calculated
considering a coverage factor k = 1.96 due to the assumptions
of standardized normal distribution and 95% confidence level
as the best tradeoff between precision and width of the
confidence interval

uk_ j = k · ucombk_ j . (5)

All the evaluated uncertainties are reported in Fig. 1 as
the length of the vertical error bar for each of the five
random electrodes and for each type. Furthermore, the average
uncertainty on all the electrodes is reported in Table I for each
type. As can be noted in Fig. 1, all the stainless-steel electrodes
show compatible resistance values, while the variability of the
graphite electrodes is much higher.
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TABLE I
TESTED ELECTRODES: THEIR DIAMETER (ϕ), MATERIAL, MEAN RESISTANCE VALUE, AND RESISTANCE STANDARD DEVIATION

Fig. 2. (a) Photograph of the experimental setup with the acquisition system, the ERT line, and the different electrodes tested. (b) Schematic representation
of the subsoil investigated by the PD-ERT with an “a” = 10 cm (blue), 30 cm (orange), and 50 cm (dark yellow). The area investigated using “a” = 1 m
was not shown to avoid losing figure resolution in the first meters of the ERT. (c) Real distribution of the acquired apparent resistivity data for the DD-ERT
with “a” = 10 cm: each line of dots is placed at the so-called pseudo-depth (see the text for more details).

The acquisitions were carried out on 30 March 2023 in
the garden outside the Engineering Geology Laboratory of the
University of Florence [see Fig. 2(a)], an almost homogeneous
site. The weather was sunny with a mean temperature of 19 ◦C,
a variation of 2 ◦C between the first and last acquisition,
and a relative humidity of 58%. Data of temperature and
humidity were recorded by a Davis weather station perma-
nently installed near the Engineering Geology Laboratory of
the University of Florence and located few meters north from
the ERT test. The apparent resistivity (ρa) was acquired using
a ten-channel receiver SyscalPro by Iris [visible in Fig. 2(a)],
equipped with 24 electrodes. Given the different lengths of
the tested electrodes (see Table I), to avoid a too long active
electrode [26] possibly generating artifacts as discussed in
Section I, each electrode was inserted in the soil for few
centimeters (2–3 cm) so that the active length was the same
in all the ERT acquisitions.

Two different array topologies [the PD and the
dipole–dipole (DD)] and four different interelectrode distances
“a” (10, 30, 50, and 100 cm) were tested for each electrode

type for a total of 48 ERT surveys. For more information about
DD and PD arrays, see [12]. Each PD-ERT and DD-ERT
allowed to measure 986 and 806 values of apparent resistivity
(ρa), respectively. The spatial distribution in the subsoil of the
PD-ERT acquired measurements for an “a” distance of 10,
30, and 50 cm is shown in Fig. 2(b). The area investigated
using an “a” distance of 1 m was not shown to avoid losing
resolution in the figure. The subsoil investigated by the
DD-ERT has the same shape as the PD-ERT one, but lower
depth.

In Fig. 2(c), the 806 apparent resistivity acquisitions for the
DD-ERT with “a” = 10 cm are shown, and each line of dots
represents the so-called pseudo-depth as in [11]. It is important
to remember here, in fact, that an increase in the electrode
spacing “a” allows to reach a higher depth of investigation.
but losing resolution (i.e., the distance between two depths of
acquisition is higher).

Table II shows the electrode’s spacing-to-diameter ratio
(a/ϕ) and the electrode’s diameter-to-spacing ratio (ϕ/a) for
each electrode type and interelectrode distances “a” value.
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TABLE II
ELECTRODE’S SPACING-TO-DIAMETER RATIO AND ELECTRODE’S DIAMETER-TO-SPACING RATIO FOR EACH TESTED ELECTRODE. “a” IS THE ELEC-

TRODES’ SPACING AND ϕ IS THE DIAMETERS OF EACH ELECTRODE TYPES AS LISTED IN TABLE I

The minimum and maximum ϕ/a tested are 0.4% (for
electrode type #1 and “a” = 100 cm) and 16% (considering
electrode type #6 and “a” = 10 cm), respectively.

During field measurements, the electrode resistance (Rel)

becomes a part of the soil-electrode contact resistance (Rs−el),
i.e., the resistance that affects the input voltage and thus the
input current. Rs−el is an indicator of the goodness of the soil-
electrode coupling, i.e., lower the values better the coupling.
The instrument employed in this study acquires, at each
acquisition, the contact resistance between the two current
electrodes (A and B, so in the following, it is called RAB)

that is the sum of the two soil-electrode coupling resistances
(Rs−elA and Rs−elB) and the resistance of the soil in between
the two electrodes. Thus, according to [25], it is possible to
write the following overdetermined linear system:

X ∗ Rs−el = RAB (6)

where X is an (m, n) matrix of the form

X =


1 1 0 · · ·

0 1 1 . . .

1 0 1 · · ·

...
...

...
. . .

 (7)

with m (rows) the number of acquisitions and n (columns)
the number of electrodes (equal to 24 for the DD-ERT in this
application). In each row of (7), there are only two xi j = 1, and
all the others are equal to 0, i.e., 1 is assigned to those positions
associated with the two electrodes that in that acquisition are
working as current electrodes (e.g., in the first row of the
matrix X , the elements x11 = x12 = 1 mean that electrodes
1 and 2 are working as A and B, while in the second row,
x22 = x23 = 1, so electrodes 2 and 3 are the current electrodes,
and so on).

Rs−el is the vector (1, n) of the soil-electrode contact
resistances, expressed in [k�], to be determined, of the form

Rs−el =


Rs−el,1
Rs−el,2
Rs−el,3

...

Rs−el,24

 (8)

and RAB is the vector (1, m) of the contact resistances,
expressed in [k�] and acquired by the SyscalPro instrument

at each acquisition (m = 806 in this application), of the form

RAB =


RA=1,B=2
RA=2,B=3
RA=1,B=3

...

. (9)

Being X and RAB known, it is possible to solve the system
with the last squares methods and obtain Rs−el as

Rs−el = inv
(
X ′

∗ X
)
∗ X ′

∗ RAB . (10)

Therefore, according to [25] and (10), Rs−el of the 24 elec-
trodes involved in each DD-ERT was calculated. It was not
possible to calculate Rs−el for the PD-ERTs because all the
measures have in common the electrode 25. Thus, the X ′

∗ X
matrix is a 25 × 25 matrix with a determinant equal to
0 having values along the diagonal, the last column, and the
last row.

As said in Section I, it is known that the resistivity is depen-
dent on the temperature of both the soil and the pore fluid [1],
[40]. Nevertheless, there are studies (see, for example, [41])
that show as a soil temperature variation of few degrees results
in negligible resistivity variations at shallow depth (up to
40 cm) and do not have effects at higher depth. Therefore,
in the following analyses, ERT data were not corrected for
the soil temperature variation.

III. RESULTS

Apart for electrode type #3 (the one in graphite), Rs−el of
the stainless-steel electrodes involved in each ERT was in the
range 0.1–0.6 k�, as shown in Fig. 3. Considering that Rel of
each electrode type as illustrated in Fig. 1 is approximately
five orders of magnitude lower than Rs−el, it is possible to
state that Rs−el is linked only to the local soil conditions and
the differences in the electrode materials do not influence the
coupling, and therefore, all the other considerations will be
drawn in the following. In Figs. 4 and 5, for each of the
four tested interelectrode distances “a” (the four panels) and
for each electrode type expressed as its a/ϕ value (different
colors), the acquired ρa values are shown as a function of
the pseudo-depth [11] for the DD and PD arrays, respectively.
The global legend above [Fig. 4(a)–(d)] is common to each
of the four panels and it illustrates electrode type #. A sim-
ilar meaning has the global legend located above (Fig. 5).
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Fig. 3. Rs−el of the 24 electrodes of each type involved: (a) “a” = 10 cm, (b) “a” = 30 cm, (c) “a” = 50 cm, and (d) “a” = 1 m.

Fig. 4. Apparent resistivity acquired in the case of DD-ERT as a function of depth of investigation and the electrode’s spacing-to-diameter ratio (a/ϕ). The
interelectrode distance is (a) “a” = 10 cm, (b) “a” = 30 cm, (c) “a” = 50 cm, and (d) “a” = 1 m.

Figs. 4 and 5, in agreement with [30], show that the a/ϕ

value does not influence the acquired apparent resistivity ρa

when the interelectrode distance “a” is set equal to 1 m. This
means that all the tested electrodes, apart electrode type 6, has
a/ϕ value higher than 100 (i.e., the condition of ϕ/a ≤ 1%
suggested in [30] for long electrodes is satisfied). This is
clearer in the case of PD array (see Fig. 5), but it can be
easily appreciated also in the case of DD array (see Fig. 4).
In the DD array (see Fig. 4), the influences of the a/ϕ ratio

is visible in the first four to five pseudo-depths when “a”
is set equal to 30 cm (i.e., all the a/ϕ are lower than 100)
and 50 cm (i.e., only one a/ϕ is higher than 100), and up to
the last ten pseudo depths when the interelectrode distance
is set equal to 10 cm (i.e., all the a/ϕ values are lower
than 100).

For the PD array (see Fig. 5), the behavior is comparable,
with a higher variation at shallow depth and when the a/ϕ

ratio is lower than 80 (that corresponds to ϕ/a ≤ 1.25%).
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Fig. 5. Apparent resistivity acquired in the case of PD-ERT as a function of depth of investigation and the electrode’s spacing-to-diameter ratio (a/ϕ). The
interelectrode distance is (a) “a” = 10 cm, (b) “a” = 30 cm, (c) “a” = 50 cm, and (d) “a” = 1 m.

IV. DISCUSSION
To understand the influence of the electrode spacing to elec-

trode diameter ratio a/ϕ on the acquired apparent resistivity
ρa , the standard deviation of all the measurements acquired
with the five different stainless-steal electrodes and for each
distance “a,” and thus for each point of the subsoil, has been
calculated. As recalled in the introduction and shown in Fig. 2,
different values of the interelectrode distance “a” allow to
obtain ERT profiles of different lengths and thus to reach
different depths, i.e., the subsoil distribution of the acquisition
is that shown in Fig. 2(c), but the distances between acquisition
increase with the increase of “a.” Thus, data acquired with
different “a” cannot be directly compared because they are not
referred to the same subsoil portion. Nevertheless, the number
of pseudo-depth levels is influenced by the integer parameter
“n” that indicates how many interelectrode spacings “a” there
are between the current electrodes and voltage electrodes (e.g.,
for a DD with A = El1, B = El2, M = El3, and N = El4,
“n” is equal to 1, i.e., the distance between B and M is equal
to “a,” while for a DD with A = El1, B = El2, M = El4,
and N = El5, “n” is equal to 2, i.e., the distance between B
and M is two times “a.” For more specific information, see
also [20], [21], and [22].

Therefore, the pseudo-depth level [i.e., each dot line in
Fig. 2(c)] can be seen as a relative depth that allows to
compare data measured with a different “a” value. Fig. 6
shows that the standard deviations as a function of the relative
depth (from 0, i.e., the surface, to 1, i.e., the maximum depth
reached by the DD and PD arrays that are about 5 and 9 m,
respectively), which means as a function of the pseudo-depth
level. In particular, chosen a value of “a” (different colors
in Fig. 6), each point of the graphs in Fig. 6 represents a

Fig. 6. Standard deviation of the ρa values, acquired by the five different
stainless-steal electrodes, shown as a function of the relative depth of
investigation for different interelectrode distances in the case of (a) DD and
(b) PD array.

specific acquisition quadripole [i.e., each of the dots shown in
Fig. 2(c)] and indicates the standard deviation of the apparent
resistivity associated with that subsoil position [shown in



4504312 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 73, 2024

Fig. 7. Probability distribution of the acquired data in the case of DD array, considering various electrode’s spacing-to-diameter ratio (a/ϕ) and different
interelectrode distances are (a) 10 cm, (b) 30 cm, (c) 50 cm, and (d) 1 m.

Fig. 2(c)] and acquired by means of the five stainless-steal
electrodes.

It is possible to observe the high variability of the standard
deviation when “a” = 10 cm (blue dots) up to a relative
depth of 0.6 for both DD and PD arrays. This means that
the a/ϕ ratio lower than 25 (that corresponds to ϕ/a ≥ 4%)

has a major influence on the measures up to a real depth
of three times the interelectrode distance. The variability in
the standard deviation is still visible when “a” = 30 cm and
“a” = 50 cm and reach its minimum (it seems to disappear)
for “a” = 1 m, i.e., when a/ϕ value is higher than 100, and
thus, the condition of ϕ/a ≤ 1% suggested in [30] for long
electrodes is satisfied. In general, for both DD and PD arrays,
the standard deviation does not seem to be influenced by the
interelectrode distance (and thus by the a/ϕ ratio) at a relative
depth higher than 0.6.

Moreover, considering “a” = 10 cm [the blue trends in
Fig. 6(a) and (b)] and fixing a relative depth, it is possible
to observe that the standard deviation has a great variability
(e.g., for the first relative depth, the standard variation ranges
from 4 to 34 �m). This means that some acquisitions at the
same depth are more subject to the a/ϕ ratio variation, and
thus, the acquired apparent resistivity values are more spread.
Checking for the acquisitions with a greater standard deviation,
it is possible to note that they are located at the beginning of
the ERT in correspondence with a shallow resistive anomaly
[higher acquired apparent resistivity values shown in green
in Fig. 2(c)]. This result, in addition to what highlighted
previously, indicates also that the a/ϕ ratio lower than 25
(that corresponds to a ϕ/a ≥ 4%) has a major influence in

those applications where the targets are resistive anomalies
(e.g., in achaeo-geophysics).

To better emphasize this concept, Table III summarizes
some of the measurements characterized by the highest and
lowest standard deviation values for a certain interelectrode
distance “a” and a specific depth of investigation. The table
includes the acquisition number, the measuring electrodes,
and the measured resistivity considering the five stainless-
steel types. The mean value and the standard deviation of the
measured apparent resistivity are also included. Looking at the
table, it is clear how the highest standard deviation values are
always linked to high measured resistivity, while the lowest
variability occurs when the measured apparent resistivity is
low. This is true regardless of the interelectrode distance “a,”
the depth of investigation, and the array type. As a matter
of fact, similar values are also obtained for all the other
acquisitions, the other depths, and the PD array. Thus, they are
not included for the sake of brevity. Table III also verifies the
concept that emerged from Fig. 6 that the greater variability
between the electrode types (and thus the greater impact of
the electrode’s diameter and a/ϕ ratio) is shown at shallow
depth, while the effect tends to decrease when the depth of
investigation increases.

Nevertheless, from Fig. 6 and Table III, the information
about the a/ϕ ratio is lost. Therefore, to better understand
the a/ϕ ratio influence, the probability distributions of the
measured apparent resistivity ρa with respect to different
interelectrode distances (each subplot), considering various
electrode’s spacing-to-diameter ratio (a/ϕ) with different col-
ors, is shown for the DD and PD arrays in Figs. 7 and 8,
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Fig. 8. Probability distribution of the acquired data in the case of PD array, considering that various electrode’s spacing-to-diameter ratio (a/ϕ) and different
interelectrode distances are (a) 10 cm, (b) 30 cm, (c) 50 cm, and (d) 1 m.

TABLE III
SUMMARY OF SOME OF THE ACQUIRED VALUES IN THE CASE OF DD-ERT CHARACTERIZED BY THE HIGHEST AND LOWEST STANDARD DEVIATION

VALUES FOR A CERTAIN DEPTH AND A CERTAIN “a”

respectively. In each subplot, the same color indicates the
same electrode type # according to the legend common to
all the subplots above (Figs. 7 and 8). Results for DD and PD
arrays are in accordance and do not seem to show significant
differences.

If the a/ϕ ratio does not influence the acquired ρa , what is
expected is that the probability distributions of data acquired
by means of different a/ϕ values are comparable, which
means that the dataset has the same median and standard
deviation. This is what is shown in Figs. 7(d) and 8(d),
i.e., for “a” = 1 m. The probability distributions of all the
tested a/ϕ are perfectly comparable. This result suggests that

the relation ϕ/a ≤ 1% suggested in [30] for long electrodes
can be increased up to ϕ/a ≤ 1.6%, which corresponds to
a/ϕ ≥ 62.5. Moreover, considering the results in Figs. 7(c)
and 8(c), it seems that the a/ϕ ratio can be reduced up to
31.5 (i.e., ϕ/a ≤ 3.2%). The probability distribution of the
measured data when “a” = 50 cm, in fact, shows negligible
differences and can be considered in agreement for the differ-
ent a/ϕ tested.

An a/ϕ = 31.5 means that in the case of electrodes with
a diameter of 4 mm, the “a” distance should be more than
12.6 cm, and in the case of electrodes with a diameter of
16 mm, it should be more than 50.4 cm. It is not unusual to
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employ these “a” distances in agro-geophysics [8] or achaeo-
geophysics [21], [29], where the target is shallow, and a
high resolution is needed [29]. Moreover, considering that
in micro-geophysics the electrode’s diameter range between
1.5 and 2.0 mm [29], an a/ϕ = 31.5 means that the inter-
electrode distance “a” should range between 4.7 and 6.3 cm,
respectively.

These results are also confirmed by the probability distribu-
tion of the data acquired with “a” = 30 cm (i.e., Fig. 7(b)
in the case of DD array and Fig. 8(b) in the case of PD
array): the first differences in the probability distribution, i.e.,
the influence of the a/ϕ ratio, are evident for a/ϕ values
lower than 30 (i.e., the red and light blue curves). Finally, the
probability distribution of the data acquired with “a” = 10 cm
[that corresponds to ϕ/a ≥ 4% and it is shown in Figs. 7(a)
and 8(a)] shows the highest variability (different mean values
and standard deviations) and it is not possible to assess which
of them is not affected by the a/ϕ value. On the contrary, it is
possible to assess with a quite high degree of confidence that
this variability is not influenced by the active electrode length
higher than the maximum suggested by [27]. These authors,
in fact, assessed that in the inversion of micro-ERT profiles,
electrodes cannot be approximated as point electrodes but must
be considered with their real geometry if the ratio between
the active electrode and “a” is not kept well below 0.2. This
limit means 2 and 6 cm for “a” = 10 cm and “a” = 30 cm,
respectively.

Nevertheless, for operational reasons (i.e., to avoid introduc-
ing differences in the different ERTs) in this study, the active
electrode length was kept equal for all the ERTs (i.e., about
the minimum “a” tested) and the analysis was conducted in
terms of apparent resistivity and not real resistivity, assuming
that, if an effect of the active electrode was really present,
it has to be the same in all the acquisitions.

V. CONCLUSION

This study was carried out to fill a gap in the literature
about small-scale ERT and, in particular, about the influence
on the acquired data of the ratio between the interelectrode
distance “a” and the electrode’s diameter (the a/ϕ ratio).
Overall, six distinct types of electrodes were employed. The
tested electrodes were stainless-steal or graphite stakes with a
diameter ranging from 4 to 16 mm. To avoid considering the
active electrode length and the generation of possible artifacts
induced by not accounting for the real electrode shape, the
analysis was conducted in terms of apparent resistivity, and
the electrodes were inserted in the soil for few centimeters.

First, this study shows that the soil-electrode resistance
(Rs−el) is influenced only by the local soil conditions and
the differences in the electrode materials do not influence
the coupling. Thus, the differences in the acquired data are
not linked to the electrode material but to other factors.
Moreover, the analyses of the acquired data with respect to
the depth, to their standard deviations, and to their probability
distributions highlighted how the a/ϕ ratio has to be ≥31.5
(i.e., ϕ/a ≤ 3.2%) to avoid artifacts in the acquired data and,
thus, in the inverted models.

A potential bias of the work could be seen in not having
repeated the test in different environments. Acquired data
are of course site-dependent, but the purpose of the work
was not to investigate the specificities of the site, but to see
possible effects of the a/ϕ ratio used. Thus, the analysis was
conducted in terms of apparent resistivity and not in terms
of inverted resistivity model, and an almost homogeneous
site was chosen. Nevertheless, the presence of an unknown
shallow resistive anomaly has demonstrated the need to use
the correct a/ϕ ratio to avoid possible artifacts, especially in
the presence of resistive targets. This result is of particular
interest for those applications, such as the archaeo-geophysics,
which are conducted primarily to identify resistive anomalies.
To evaluate the real influence of resistivity anomalies, possible
future analyses could be conducted in a controlled (i.e.,
artificial) environment as well as numerical forward modeling.
Another potential bias could be seen in the selection of the
instrumentation, but according to the results [25], acquisition
by means of different instruments is comparable.

A limitation of the proposed method lies in having tested
only two arrays, the DD and PD ones. Further studies will
therefore have to be conducted, considering other commonly
used arrays such as the Wenner, the Wenner–Schlumberger,
and the gradient [2], [18]. Another drawback of the proposed
methodology could be linked to the tested materials: even
if stainless steel is the most employed one [2] and the
results of this study show that the differences in the electrode
materials do not influence the acquired apparent resistivity,
other materials could be investigated to better generalized the
obtained results.
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