
Advanced computation of the field apparent resistivity of the soil 
for driven-rod electrodes 

Slavko Vujević, Tonći Modrić, Ivan Krolo 

In this paper, analytical formulas for the computation of the field apparent resistivity of the soil 
for driven-rod electrodes are presented. General four driven-rod electrode array configuration and its 
special cases: general symmetric, Schlumberger and Wenner driven-rod electrode array 
configurations are considered. For the Wenner four driven-rod electrode array configuration, the 
percent deviation of the field apparent resistivity computed by a formula valid for point electrodes was 
investigated. The exact values of the measuring instrument reading are computed by software package 
UZEM for chosen homogeneous soil as well as radii and burial depths of the four driven-rod 
electrodes. On the basis of computed discrete values of correction functions for the Wenner four 
driven-rod array configurations, correction functions are obtained. These correction functions are 
valid only for chosen radii and burial depths of driven-rod electrodes. 

Keywords – correction function, driven-rod electrode, field apparent resistivity, geoelectrical 
resistivity sounding, point electrode. 

Introduction 
Geoelectrical resistivity sounding measurements 

use direct current or low-frequency alternating current 
to produce 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 stratified 
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 
resistivity sounding is to assume that each soil layer is 
electrically homogeneous and isotropic. The unknown 
parameters 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 a common procedure in the 
computation of the apparent resistivity from the 
measurement data to assume 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 considered 
in this paper. This is especially important in the case 
of small distances between the current and potential 
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). General four-electrode array 
configuration is given in Fig.2, where A and B are 
current electrodes, whereas M and N are potential 
electrodes. 
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In the electrotechnical practice, methods with the 
symmetrical electrode configuration are mainly used, 
in which all four electrodes are in a straight line and 
are symmetrically distributed to the sounding point O 
(Fig.3). Special cases of the general symmetric four-
electrode array configuration are the two most 
commonly used electrode array configurations: the 
Schlumberger electrode array configuration 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 
different 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 electrodes. However, the new numerical 
approach used in papers [3], [4], [5] is quite general, 
so the Schlumberger and Wenner 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 intensity 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: 

(1) 







+−−⋅

π⋅
⋅ρ=

 r 
  

r 
  

r 
  

 r 
IU a

4321

1111
2

, 

where I is direct current intensity, whereas ri are 
distances between electrodes according to Fig.2. 

It follows from (1) that the field apparent soil 
resistivity (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 

symmetric four-electrode array configuration the 
following equations are valid: 

(3) bsrrbsrr +==−== 3241 ; .

According to (3), the equation for the field 
apparent resistivity computation in the case of a 
general symmetric four-point electrode configuration 
can be written as: 
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which is also the final equation for the field apparent 
resistivity for the Schlumberger electrode 
configuration (ρaS). The final formula for the field 
apparent resistivity computation for the Wenner point 
electrode configuration after the inclusion of 
substitutions (Fig.4): 

(5) absrrbabsrr ⋅=+==⋅==−== 2;2 3241 , 

can be written as: 

(6) aRbRaW ⋅π⋅⋅=⋅π⋅⋅=ρ 24 .

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

The cylindrical shape of the current and potential 
electrodes can be taken into account using the average 
potential method [7], where each of the driven-rod 
electrodes and its image in relation to the soil surface 
can be represented as a unified thin-wire conductor in 
the homogeneous and unbounded soil (Fig.6). In the 
average potential method (APM), 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 constant 
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 coordinate 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 
unbounded 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 APM, the constant potential of the driven-rod is 
approximated by the average potential along its axis 
[7]: 
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where φ(u,r) is described by equation (9), whereas the 
auxiliary 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 (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 electrodes (c = d), the auxiliary function F(r) 
takes a new form: 
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From (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 APM, 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 configuration, obtained by APM, is 
described by the following equation: 

(15) 
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where R = U/I is the measuring instrument reading. 
According to (2), (3) and (15), the final formula for 

the field apparent resistivity computation in the case 
of a general symmetric four driven-rod electrode array 
configuration and Schlumberger four driven-rod 
electrode array configuration, obtained by APM, can 
be written as: 

(16) ( ) ( )bsFbsF
dcRaSa +−−

⋅⋅π⋅⋅=ρ=ρ 2 . 

According to (5) and (18), the final formula for the 
field apparent resistivity computation in the case of 
the Wenner four driven-rod electrode array 
configuration, obtained by APM, can be written as: 

(17) 
 aFaF 

dcRaW )2()(
2

−
⋅⋅π⋅⋅=ρ . 

Numerical analysis for the Wenner array 
configuration 
For the Wenner four driven-rod electrode array 

configuration, the percent deviation of the field 
apparent resistivity results computed by a formula (6), 
which is valid for point electrodes, in relation to the 
field apparent resistivity results computed by APM 
formula (17), which is valid for driven-rod electrodes, 
was investigated.  

According to (6), the formula for the field apparent 
resistivity computation for the Wenner four-point 
electrode array configuration can be written as: 

(18) affR pspsaWps ⋅π⋅=⋅=ρ 2; .

Table 1 
Percent deviation due to neglection of the cylindrical shape 

of the electrodes 

a [m] fps [m] fdr [m] D [%] 
0.1 0.62832 1.28666 -51.16653 

0.22 1.38230 1.85365 -25.42804 
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 (17), the APM formula 
for the field apparent resistivity computation for 
Wenner four driven-rod electrode array configuration 
can be written as: 

(19) 
 aFaF 

dcffR drdraWdr )2()(
2;

−
⋅⋅π⋅=⋅=ρ . 

Percent deviation of the field apparent resistivity 
described by (18) in relation to the field apparent 
resistivity described by (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 1. 

The high-accurate values, which can be considered 
as exact, for the measuring instrument reading R can 
be computed using software package UZEM for 
numerical analysis of earthing grids buried in 
horizontally stratified multilayer soil [7]. The software 
package UZEM uses the average potential method and 
each driven-rod electrode can be subdivided into an 
arbitrary number of thin-wire segments. The exact 
values of the measuring instrument reading R are 
computed by software package UZEM for the Wenner 
driven-rod array configuration, where distances 
between current electrodes a are given in Table 1. The 
soil is homogeneous with resistivity ρ = 100 Ωm; the 
radii of all driven-rod electrodes are equal to 5 mm, 
whereas the burial depth of the current and potential 
electrodes c = d = 0.2 m, as in previous numerical 
analysis. This means that the exact value of the 
apparent resistivity is equal to the resistivity of the 
considered homogeneous soil. It is important to point 
out that the computation of the field apparent 
resistivity using approximate formulas (18) and (19) 
does not depend on the radii of the driven-rod 
electrodes. 

Table 2 
Field apparent resistivity computed by the formula (18) and 

percent error for the Wenner four driven-rod electrode 
array configuration 

a [m] ρps [Ωm] Dps [%] 
0.1 46.75045 -53.24955 

0.22 72.40892 -27.59108 
0.5 91.23019 -8.76981 

0.75 95.67376 -4.32624 
1 97.46466 -2.53534 

1.5 98.83764 -1.16236 
2 99.33877 -0.66123 
3 99.70371 -0.29629 

4.5 99.86783 -0.13217 
6 99.92556 -0.07444 
9 99.96688 -0.03312 

13.5 99.98527 -0.01473 
20 99.99329 -0.00671 
30 99.99701 -0.00299 
45 99.99867 -0.00133 
60 99.99925 -0.00075 
90 99.99967 -0.00033 

135 99.99985 -0.00015 
200 99.99993 -0.00007 

The field apparent resistivity results computed by a 
formula (18), which is valid for the Wenner four-point 
electrode array configuration, as well as percent error 
in relation to the exact value (100 Ωm) are given in 
Table 2.  

Analogously, the field apparent resistivity for the 
Wenner four driven-rod electrode array configuration, 
computed by APM formula (19), and percent error in 
relation to the exact value (100 Ωm) are given in 
Table 3. Of course, the measuring instrument reading 
R is computed by software package UZEM. 

Table 3 
Field apparent resistivity computed by the APM formula 
(19) and percent error for the Wenner four driven-rod 

electrode array configuration 

a [m] ρdr [Ωm] Ddr [%] 
0.1 95.73445 -4.26555 

0.22 97.09939 -2.90061 
0.5 98.92976 -1.07024 

0.75 99.45344 -0.54656 
1 99.67513 -0.32487 

1.5 99.84942 -0.15058 
2 99.91400 -0.08600 
3 99.96135 -0.03865 

4.5 99.98273 -0.01727 
6 99.99027 -0.00973 
9 99.99567 -0.00433 

13.5 99.99807 -0.00193 
20 99.99912 -0.00088 
30 99.99961 -0.00039 
45 99.99982 -0.00018 
60 99.99990 -0.00010 
90 99.99995 -0.00005 

135 99.99998 -0.00002 
200 99.99999 -0.00001 

Correction functions for the Wenner array 
configuration and for chosen driven-rod 
electrodes 
On the basis of data given in Table 2 and Table 3, 

for the formula (18), which is valid for the Wenner 
four-point electrode array configuration, and for the 
APM formula (19), which is originally developed for 
the Wenner four driven-rod electrode array 
configuration, correction functions can be obtained. 
These correction functions are valid only for chosen 
radii and burial depths of driven-rod electrodes. 
Discrete values of the correction functions for the 
Wenner four-point formula (18) and four driven-rod 
APM formula (19) are given in Table 4.  

Using these discrete values, the correction 
functions can be approximated by rational 
approximation with second-degree polynomial in both 
numerator and denominator, which can be written as: 
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Table 4 
Discrete values of the correction functions for the point 

electrodes formula (18) and the driven-rod electrodes APM 
formula (19) 

a [m] kps kdr 
0.1 2.1390169502 1.0445561136 

0.22 1.3810453656 1.0298725366 
0.5 1.0961283249 1.0108181946 

0.75 1.0452186411 1.0054956803 
1 1.0260129487 1.0032592591 

1.5 1.0117603113 1.0015080440 
2 1.0066563230 1.0008607806 
3 1.0029717382 1.0003866717 

4.5 1.0013234631 1.0001726918 
6 1.0007449898 1.0000973144 
9 1.0003312907 1.0000433183 

13.5 1.0001472891 1.0000192783 
20 1.0000671303 1.0000088008 
30 1.0000298523 1.0000039272 
45 1.0000132832 1.0000017607 
60 1.0000074843 1.0000010029 
90 1.0000033434 1.0000004627 

135 1.0000015011 1.0000002209 
200 1.0000006954 1.0000001121 

Table 5 
Coefficients of the correction functions for the point 

electrodes formula (18) and the driven-rod electrodes APM 
formula (19) 

Point electrodes Driven-rod electrodes 
p1 1 1 
p2 0.1343 -0.01272 
p3 0.03619 0.06844 
q1 0.1365 -0.01286 
q2 0.004228 0.06516 

(21) [ ]2000.1
32

2
32

2
1 ,a;

qaqa
papap

kk drps ∈
+⋅+

+⋅+⋅
== , 

where associated coefficients for both formulas are 
given in Table 5. Obtained correction functions are 
graphically presented in Fig.7 and Fig.8.  

According to (18), (19) and (21), the field apparent 
resistivity for the Wenner four driven-rod array 
configurations can be highly accurate computed using 
one of the following two formulas:  

(22) pspsaWpspsaW fRkk ⋅⋅=⋅= ρρ , 

(23) drdraWdrdraW fRkk ⋅⋅=⋅= ρρ . 

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 
formula valid for point electrodes can be used. 

The cylindrical shape of the driven-rod electrode 
was taken into account using the APM. APM 
formulas are originally developed for general four 
driven-rod electrode array configuration and its 
special cases: general symmetric, Schlumberger and 
Wenner driven-rod electrode array configurations. 

For the Wenner four driven-rod electrode array 
configuration, the percent deviation of the field 

Fig.7. Correction function and its discrete values for the formula (18). 
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apparent resistivity results computed by a formula 
valid for point electrodes in relation to results 
computed by the APM formula was investigated. 

The exact values of the measuring instrument 
reading are computed by software package UZEM for 
chosen homogeneous soil as well as radii and burial 
depths of the four driven-rod electrodes. On the basis 
of computed discrete values of correction functions 
for the formula which is valid for the Wenner four-
point electrode array configuration, and for the APM 
formula which is valid for the Wenner four driven-rod 
electrode array configuration, correction functions are 
obtained. These correction functions are valid only for 
chosen radii and burial depths of driven-rod 
electrodes. However, these functions can also be used 
for the other radii of driven-rod electrodes, but not for 
other burial depths of driven-rod electrodes. 
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Determination of correction functions for the 
Schlumberger four driven-rod array configuration 
would be quite complex because the mutual distances 
of the electrodes are not as regular as in the Wenner 
method.  
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