
ELECTRICAL ENGINEERING 

Modeling multi-layered soil by equivalent uniform and  
two-layer soil models in grounding applications 

Marinko Barukčić, Nenad N. Cvetković, Željko Hederić, Toni Varga 

 
The soil models are crucial for calculating the performances of the grounding systems in electri-

cal engineering. Usually, some approximations and simplified calculation procedures are used in en-
gineering practice. These procedures are based on the assumption of the uniform soil model. Howev-
er, real soil consists of more layers with different resistivities/conductances and thickness. The proce-
dure of obtaining equivalent uniform and two-layer soil models using an optimization approach and 
numerical simulation is presented here. The grounding system used in the simulations is the single 
grounding rod as one of the simplest grounding structures. The proposed procedure does not require 
approximations and neglecting during calculation of the grounding system performances due to using 
the simulation tool based on numerical method. The equivalent soil model determination through the 
optimization is performed by using the co-simulation setup between the metaheuristic optimization and 
numerical simulation tools.  
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Introduction 
In practice, calculation of the grounding system 

performances such are grounding resistance, touch 
and step voltages, are usually done according to some 
standardized procedure. These procedures are given in 
some standards such as IEEE Std 80 [1]. Two main 
things have an impact on the grounding system per-
formances the system geometry and soil properties. 
The standardized procedures assume uniform soil due 
to simplification of the grounding system calculations 
in everyday engineering practice. Such approximation 
makes easier to perform calculations but decreases 
accuracy in real applications. Decreasing accuracy is 
due to the fact that the real soil is nonhomogeneous 
regarding resistivity/conductivity. The real soil can be 
modeled as multi-layered soil. The calculation proce-
dures based on uniform (one-layer) soil give inaccu-
rate results in this case. In the case of nonhomogene-
ous soil, some more complex calculation needs to be 
employed [2]. However, to make a usable standard-
ized calculation procedure applicable for uniform and 
two-layered soil models in case of multi-layered soil 
the equivalent homogenous and two-layered soil mod-
els are proposed in the literature. The different tech-
niques to obtain parameters of the equivalent uniform 
and two-layered soil based on measurement data are 
used in [1], [3]. 

In this research, the method for obtaining parame-

ters of uniform and two-layer soil models is investi-
gated. The method is based on using a numerical cal-
culation of the grounding system by using the simula-
tion tool and metaheuristic optimization method. 

Description of the method 
Thanks to the development of the computer tech-

niques the simulation tools based on numerical math-
ematics methods (Finite Element Method – FEM, 
Finite Difference Method – FDM, Boundary Element 
method - BEM …) are available today for application 
in complex electromagnetic field calculations. These 
simulation tools have satisfactory accuracy in calcula-
tions of the real systems due to fewer approximations 
and neglecting during the model building process. 
Based on such features these methods are more and 
more used in the area of simulation grounding systems 
also. Thanks to such numerical methods the simula-
tion tools for numerical simulation of the electromag-
netic fields are used to analyze the grounding systems 
in presence of the multi-layered soil. Such an applica-
tion of the numerical simulation tools can be found in 
[4]–[6]. 

Based on the above given it can be concluded that 
the numerical simulation tools give appropriate results 
and can be used for modeling multi-layer soil as it is 
stated in [4]. 

The parameters of multi-layer soil can be obtained 
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from the measurement as can be seen in [7]. Also, 
there is the application of the metaheuristic optimiza-
tion for determining parameters of the equivalent two-
layer and multi-layer soil [6], [7]. 

The proposed procedure is based on the co-
simulation approach of using FEM simulation and 
metaheuristic optimization tools as is presented in 
Fig.1.The difference from the existing application of 
the metaheuristic application in literature is using the 
numerical simulation tool in the optimization process 
in the co-simulation setup (Fig. 1) in this research. 

 
Fig.1. Used co-simulation setup. 

The proposed procedure is performed through the 
next steps: 

• Obtain simulation results for single grounding 
rod in multi-layered soil model using FEM simu-
lation tool (this can be replaced with measured 
data obtained some of the method (for example 
Wenner approach)) 

• Find parameters of equivalent one and two-layer 
soil models by optimization using co-simulation 
of the FEM tool and optimization method 

• Compare results for more complex grounding 
system for “real” soil and its uniform and two-
layer models. 

Definition of the optimization problem and 
optimization method 

The general formulation of the optimization prob-
lem is in the form: 

(1)        𝑓 �⃗� → min    𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 𝑐𝑜𝑛𝑠𝑡𝑟𝑎𝑖𝑛𝑡𝑠, 
where f is the problem objective function and �⃗� is the 
solution vector (decision variables vector). 

Objective function 

The single grounding rod is used in the simula-
tions. The objective function is formulated as a square 
of value differences of simulations for multi-layer and 
one/two-layer soil models: 

(2)      𝑓 �⃗� = 𝑅 − 𝑅 �⃗� + 𝑉 , − 𝑉 , �⃗� , 

where Rm and Re are grounding resistances for multi-
layer model and for the equivalent one/two-layer 
model respectively, Vm,i and Ve,i are potential value on 
i-th distance from the rod for multi-layer and one/two-
layer models respectively, n is a number of the point 
where potential is calculated. 

The decision variables are conductances of the soil 
layers and thickness of the upper layer in case of the 
two-layer model or just conductance in case of the 
one-layer model: 

(3)         �⃗� = 𝜎 𝜎 ℎ𝜎 → 𝑡𝑤𝑜 − 𝑙𝑎𝑦𝑒𝑟 𝑠𝑜𝑖𝑙𝑜𝑛𝑒 − 𝑙𝑎𝑦𝑒𝑟 𝑠𝑜𝑖𝑙 , 
This means that it is a one-dimension and three-

dimension optimization problem in case of the one-
layer and two-layer models respectively 

Constraints 
Because the optimization problem has no any re-

quired constraints, the bound constraints of decision 
variables are only used here. The ranges (between 
lower and upper bounds – lb and ub) of each decision 
variable are defined by the bound constraint: 

(4)                               𝑥 , ≤ 𝑥 ≤ 𝑥 ,  , 
Optimization method 
Because the objective function is calculated by us-

ing the simulation tools, the metaheuristic optimiza-
tion is used to solve the problem (1)-(3). The Differ-
ential Evolution (DE) as one of the very efficient me-
taheuristics is used here. The details of the used opti-
mization algorithm can be found in [8]. The simula-
tion tool used Finite Element Method (FEM) for cal-
culation of the electromagnetic field is the Finite Ele-
ment Method Magnetics (FEMM) [9]. 

Numerical examples 
The three different designs of experiments are used 

to research the proposed procedure. All cases are for 
four-layer example of the soil. The first example has 
decreasing conductivity and increasing thickness of 
the layers depending on the depth. The second exam-
ple has increasing conductivity and increasing thick-
ness of the layers depending on the depth. The third 
example has random conductivity and thickness of the 
layers. The numerical data for these designs of the 
experiments are given in Table 1. The radius of the 
rod is 0.05 m, the rod length rL is 2.2 m and the cur-
rent value is 10 A. All above given numerical data are 
arbitrary that is any value can be used in the simula-
tions. The voltage values used in (2) are obtained for 
the eighth distances from the rod on the ground sur-
face: on the rod, 0.5, 1, 1.5, 2, 3, 4 and 5 meters. The 
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bound constraints (3) used in the simulations are: 

(5)         0 ≤ 𝜎, 𝜎 , 𝜎 ≤ 1       0 ≤ ℎ ≤ 2 ⋅ 𝑟 . 
Table 1 

Overview of the design of experiments (DoE) used in the 
simulations 

DoE Layer Conductivity 
[S/m] 

Thickness 
[m] 

1 1-2-3-4 0.05-0.04-0.02-
0.01 

0.2-0.5-0.8-
∞ 

2 1-2-3-4 0.01-0.02-0.04-
0.05 

0.2-0.5-0.8-
∞ 

3 1-2-3-4 0.01-0.02-0.06-
0.02 

0.8-1.0-0.5-
∞ 

 
The obtained optimal values of the one and two-

layer soil models, as well as the objective function 
values (OFv) and the grounding resistances for multi-
layer soil and one/two-layer models are given in  
Table 2. 

Table 2 
Optimization results 

DoE 
One layer: 
σ [S/m] - 

OFv 

Two-layer: 
σ1-σ2 

[S/m] – h1 
[m] - OFv 

Multi-
layer Rg 

[Ω] 

One-
layer 

Rg [Ω] 

Two-layer 
Rg [Ω] 

1 0.01866-
525.724 

0.26181 
0.01038- 

0.125-
1.385 

14.275 15.377 14.188 

2 0.0404-
13.145 

0.02839- 
0.05178- 

1.546-
0.067 

7.274 7.261 7.268 

3 0.02417-
14.761 

0.03502-
0.02178-
0.592-
0.236 

11.655 11.871 11.654 

 
After the parameters of the equivalent one/two-

layer soil models are obtained through the optimiza-
tion these values are used to calculate quantities for 
the length of the rod different than used in the optimi-
zation. Such a simulation can give information about 
the applicability of the soil models in a more general 
case. The lengths of the rod of 1.2 and 3.2 m are used 
for the difference of the rod length of 2.2 m (basic 
length) used in the optimization. The results of these 
simulations are presented in Fig.3 and 4 for the rod 
length lower and higher than basic length respectively. 
The grounding resistances for these simulations are 
given in Table 3. As can be seen from these results 
(Fig.3 and 4 and Table 3) the parameters of the soil 
models (one and two-layer) cannot be used in general 

form (for any length of the grounding rod) in case of 
the one-layer model.  

 

 

 
Fig.2. Comparison of the potential distribution on the 

ground surface for multi-layer soil and equivalent one/two-
layer models for all used DoE – basic rod length. 

In the case of the two-layer model the obtained 
model parameters give very good results for the case 
in which the rod length is higher than one used in the 
optimization process. 
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Fig.3. Comparison of the potential distribution on the 

ground surface for multi-layer soil and equivalent one/two-
layer models for all used DoE – the rod length lower than 

one used in the optimization. 

This indicates the need to take care of the rod 
length in possible practical measurement set to meas-
ure the grounding resistance and the voltage profile. 
This can be explained by the fact that the simulation 
results highly depend on the rod length. 

 

 

 
Fig.4. Comparison of the potential distribution on the 

ground surface for multi-layer soil and equivalent one/two-
layer models for all used DoE – the rod length higher than 

one used in the optimization. 

The results presented in Table 3 indicate that one 
needs to be careful about the length of the rod in pos-
sible practical implementation of the presented proce-
dure. This impact of the rod length on the simulation 
result is worth further research. 
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Table 3 
The resistance of the grounding rod which length is 

different than the one used in the optimization 

Rod 
lengt
h [m] 

DoE 
Multi-

layer Rg 
[Ω] 

One-
layer 

Rg [Ω] 

Error-
one 

layer 
[%] 

Two-
layer 

Rg [Ω] 

Error-
two 
layer 
[%] 

1.2 
1 16.925 23.862 41.0 16.705 -1.30
2 14.227 11.021 -22.5 14.624 2.79
3 28.489 18.422 -35.3 16.682 -41.44

3.2 
1 12.541 11.538 -8.00 12.233 -2.46
2 5.077 5.329 4.96 4.978 -1.95
3 9.349 8.907 -4.73 9.000 -3.73

Conclusion 
The proposed method uses a simulation approach 

to find the parameters of the equivalent one and two-
layer models of non-homogenous soil. The model 
parameters obtained through the proposed procedure 
can be used to apply in the method for calculating the 
grounding systems. Further research will be focused 
on applying the proposed method on more different 
non-homogenous soil examples to confirm using the 
proposed procedure in general, independent of the 
type of soil non-homogeneities. 
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