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Abstract: In this paper, analytical formulas for computation 
of the field apparent resistivity of the soil for driven-rod elec-
trodes are presented. General four driven-rod electrode array 
configuration and its special cases: general symmetric, Schlum-
berger and Wenner driven-rod electrode array configurations are 
considered. For the Wenner four driven-rod electrode array con-
figuration, the percent deviation of the field apparent resistivity 
computed using a formula valid for point electrodes was investi-
gated. 
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INTRODUCTION 

Geoelectrical resistivity sounding measurements use di-
rect current or low-frequency alternating current to pro-
duce an electrical field in the soil. In the literature, such 
measurement methods are also called direct current (DC) 
geoelectrical sounding methods [1] or vertical electrical 
sounding [2]. These geophysical methods are used for the 
investigation of soil resistivity. The interpretation of the 
measurements is based on the apparent resistivity data, 
where the soil can be approximated by a horizontally strati-
fied multilayer soil model [3, 4] or by several vertical 
zones, each of which is modelled by a set of horizontally 
stratified layers [5]. A horizontally stratified multilayer soil 
model is presented in Fig. 1.  

 
Fig. 1 – A horizontally stratified multilayer soil model. 

The usual procedure in the theoretical treatment of re-
sistivity sounding is to assume that each soil layer is elec-
trically homogeneous and isotropic. The unknown parame-
ters of the horizontally stratified multilayer soil model are 
the resistivities (ρi) and the thicknesses (hi) of the layers. 

The apparent resistivity of the soil is equal to the 
equivalent resistivity of a volume of soil with varying 
properties [6]. It is common procedure in the computation 
of the apparent resistivity from the measurement data to 
assume that current electrodes are point sources and volt-
age is measured between two other point electrodes. How-
ever, the electrodes are vertically driven rods and this has 
been considered in this paper. This is especially important 
in the case of small distances between the current and po-
tential electrodes (driven rods). 

FOUR-ELECTRODE MEASUREMENT METHODS 

Four-electrode array configurations 

The general four-electrode approach involves injecting 
current between two electrodes (current electrodes) acting 
as a point or line source and then measuring the voltage 
between two other electrodes (potential electrodes). Gen-
eral four-electrode array configuration is given in Fig. 2, 
where A and B are current electrodes, whereas M and N 
are potential electrodes. 

In the electrotechnical practice, methods with the sym-
metrical electrode configuration are mainly used, in which 
all four electrodes are in a straight line and are symmetri-
cally distributed to the sounding point O (Fig. 3). Special 
cases of the general symmetric four-electrode array config-
uration are the two most commonly used electrode array 
configurations: the Schlumberger electrode array configu-
ration for b << s (Fig. 3), and the Wenner electrode array 
configuration for b = a/2 = s/3 (Fig. 4), where s is the half-
distance between current electrodes, whereas b is the half-
distance between potential electrodes. 
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Fig. 2 – General four-point electrode array configuration. 



 

Fig. 3 – General symmetric, as well as Schlumberger four-point 

electrode array configuration. 

 

Fig. 4 – The Wenner four-point electrode array configuration. 

Apparent resistivity measurements are made at differ-
ent electrode spacings, centered around a sounding point. 
Current penetrates continuously deeper with the increasing 
distance between current electrodes. In the Schlumberger 
method, electrode spacings are prescribed in part due to the 
limitations of the analytically based procedures used for the 
interpretation of apparent resistivity data. In the Wenner 
method, the distance between the potential electrodes is 
predetermined by the distance between the current elec-
trodes. However, the new numerical approach used in pa-
pers [3-5] is quite general, so the Schlumberger and Wen-
ner methods appear only as special cases of the general 
symmetric four-electrode array configurations. 

Field apparent resistivity computation for point        

electrodes 

The apparent resistivity of the soil is equal to the true 
resistivity of a fictitious homogeneous and isotropic soil in 
which, for a given electrode arrangement and current in-
tensity I, the measured voltage U is equal to that for the 
given inhomogeneous soil [1]. 

Current electrodes are taken as two-point DC sources 
on the soil surface. On the surface of a homogeneous soil 
of resistivity ρa, the voltage between the potential point 
electrodes for the general array configuration of the four-
point electrodes (Fig. 2) can be written as: 
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where I is direct current intensity, whereas ri are distances 
between electrodes according to Fig. 2. 

It follows from Eqn. (1) that the field apparent soil re-
sistivity (ρa) for the general symmetric four-point electrode 
configuration can be described by the following equation: 
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where R = U/I is the measuring instrument reading. 

According to Fig. 2 and Fig. 3, for the general symmet-
ric four-electrode array configuration the following equa-
tions are valid: 

 bsrr 41      ;    bsrr 32   (3) 

According to Eqns. (3), the equation for the field ap-
parent resistivity computation in the case of a general 
symmetric four-point electrode configuration can be writ-
ten as: 
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which is also the final equation for the field apparent resis-
tivity for the Schlumberger electrode configuration (ρaS). 
The final equation for the field apparent resistivity compu-
tation for the Wenner point electrode configuration after 
the inclusion of substitutions (Fig. 4): 

       b2absrr 41     ;   a2bsrr 32   (5) 

can be written as: 

 a2Rb4RaW   (6) 

Field apparent resistivity computation for driven-rod  

electrodes 

In the resistivity sounding practice, all electrodes are 
driven rods as shown for a general symmetric and Sclum-
berger four electrode array configuration (Fig. 5). 

 

 
Fig. 5 – General symmetric as well as Schlumberger four driven-

rod electrode array configuration. 

 All driven-rod electrodes are straight and have circular 
cross-sections, while electrode radius is neglected in rela-
tion to its length. Therefore, driven-rod electrodes can be 
considered as thin-wire conductors. The current electrodes 
and potential electrodes can have different burial depths 
and different radii. Let the burial depth of the current elec-



trodes is c and the burial depth of the potential electrodes 
is d (Fig. 5). 

The cylindrical shape of the current and potential elec-
trodes can be taken into account using the average poten-
tial method [7], where each of the driven-rod electrodes 
and its image in relation to the soil surface can be repre-
sented as a unified thin-wire conductor in the homogene-
ous and unbounded soil (Fig. 6). In the average potential 
method, the current electrode and its image in relation to 
the soil surface can be presented as a line leakage current 
source along the axis of the current electrode and its image 
(Fig. 6). Besides, the linear leakage current density is con-
stant along the entire axis of the current electrode and its 
image. In Fig. 6, the positive current electrode, potential 
electrode and their images are represented in the local co-
ordinate system (u,v). 

 
Fig. 6 – Thin-wire positive current and potential electrodes in 

the local coordinate system (u,v) of positive current electrode. 

 The potential distribution in the homogeneous and un-
bounded soil, whose resistivity is ρa, caused by leakage 
current I of the positive current driven-rod electrode and its 
image, in the local coordinate system (u,v) can be written 
as [7]: 
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In the average potential method, the constant potential 
of the potential driven rod is approximated by the average 
potential along its axis [7]: 
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where  r,u  is described by Eqn. (9), whereas the auxilia-

ry function F(r) can be written as: 
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and after analytical integration [8]: 
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Using the following equation: 
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from Eqn. (10) it follows that [5]: 
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In the special case when the burial depth of the current 
electrodes is equal to the burial depth of the potential elec-
trodes (c = d), the same auxiliary function F(r) takes a new 
form: 

 
 

 rlnc2rrc4

c2rc4lnc2rF

22

22








 

 (13) 

From Eqns. (1) and (8) and Fig. 2, it can be very easily 
concluded that the voltage between the potential electrodes 
for the general array configuration of the four driven-rod 
electrodes, obtained by the average potential method, can 
be written as: 
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whence it follows that the field apparent soil resistivity (ρa) 
for the general four driven-rod electrode array configura-
tion, obtained by the average potential method, is described 
by the following equation: 
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where R = U/I is the measuring instrument reading. 

According to Eqns. (2), (3) and (15), the equation for 
the field apparent resistivity computation in the case of a 
general symmetric four driven-rod electrode array configu-
ration and Schlumberger four driven-rod electrode array 
configuration, obtained by the average potential method, 
can be written as: 

 
   bsFbsF

dc2
RaSa 


  (16) 

According to Eqns. (5) and (18), the equation for the 
field apparent resistivity computation in the case of the 



Wenner four driven-rod electrode array configuration, ob-
tained by the average potential method, can be written as: 
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The exact result for field apparent resistivity can be ob-
tained using the software package UZEM for numerical 
analysis of earthing grids buried in horizontally stratified 
multilayer earth [7]. The UZEM software package uses the 
average potential method, but each driven-rod electrode 
can be subdivided into any number of thin-wire segments. 
However, if the driven-rod electrode is subdivided into two 
or more segments, it is necessary to know the radii of the 
driven-rod electrodes. 

NUMERICAL COMPARISON 

For the Wenner four driven-rod electrode array config-
uration, the percent deviation of the field apparent resistiv-
ity computed for driven-rod electrodes using Eqn. (6), 
which is valid for point electrodes, in relation to the field 
apparent resistivity computed by Eqn. (17), which is valid 
for driven-rod electrodes, was investigated.  

According to Eqn. (6), the equation for the field appar-
ent resistivity computation for the Wenner four-point elec-
trode array configuration can be written as: 

 a2f;fRa pspsWps   (18) 

Table I 

Percent deviation due to neglection of the cylindrical shape of 

the electrodes. 

a [m] psf  [m] drf [m] D [%] 

0.5 3.14159 3.40673 -7.78286 
0.75 4.71239 4.89856 -3.80045 

1 6.28319 6.42569 -2.21768 
1.5 9.42478 9.52126 -1.01331 
2 12.56637 12.63914 -0.57572 
3 18.84956 18.89826 -0.25774 

4.5 28.27433 28.30687 -0.11493 
6 37.69911 37.72353 -0.06472 
9 56.54867 56.56495 -0.02879 

13.5 84.82300 84.83386 -0.01280 
20 125.66371 125.67104 -0.00583 
30 188.49556 188.50045 -0.00259 
45 282.74334 282.74660 -0.00115 
60 376.99112 376.99356 -0.00065 
90 565.48668 565.48831 -0.00029 
135 848.23002 848.23110 -0.00013 
200 1256.63706 1256.63779 -0.00006 

Analogously, according to Eqn. (17), the equation for 
the field apparent resistivity computation for Wenner four 
driven-rod electrode array configuration can be written as: 
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Percent deviation of the field apparent resistivity de-
scribed by Eqn. (18) in relation to the field apparent resis-
tivity described by Eqn. (19) can be written as: 
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where the measuring instrument reading R is the same in 
both cases. Computed percent deviations for c = d = 0.2 m 
are presented in Table I.  

CONCLUSION 

In geoelectrical resistivity sounding measurements, it is 
often assumed that current electrodes are point sources and 
voltage is measured between two other point electrodes. 
However, the electrodes are vertically driven rods and this 
has been taken into account in this paper. This is especially 
important in the case of small distances between current 
and potential electrodes. However, for long distances be-
tween driven-rod electrodes, greater than 20 m, the formu-
la valid for point electrodes can be used. 

The cylindrical shape of the driven-rod electrode was 
taken into account using the average potential method. 
Formulas are derived for general four driven-rod electrode 
array configuration and its special cases: general symmet-
ric, Schlumberger and Wenner driven-rod electrode array 
configurations. 

For the Wenner four driven-rod electrode array config-
uration, the percent deviation of the field apparent resistiv-
ity computed using a formula valid for point electrodes was 
investigated. 
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