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Featured Application


Larger grounding systems are often designed using the finite element method. A finite element method model can only be made if the data of the soil structure are known in advance. A problem arises when the soil is not homogeneous and the horizontally layered soil model poorly represents the actual conditions in the soil. This paper introduces an approach that describes the use of an analytical horizontally layered soil model for inhomogeneous soil. In this approach, deeper layers of the soil are also considered, which are enabled using higher distances d in Wenner’s method, as in the case of simply dividing the area into smaller parts. Our approach is unique.




Abstract


A new approach using a horizontally layered analytical soil model for inhomogeneous soil is presented. The presented approach also considers deeper soil layers, which is not the case when simply dividing the area of interest into smaller subareas. The finite element method model was used to prepare test data because, in such a case, the soil parameters are known. Six lines simulating Wenner’s method were used, and their results were combined appropriately to determine the soil parameters of nine subareas. To determine the soil parameters in the scope of each subarea, different optimization methods were used and compared to each other. The results were analyzed, and Artificial Bee Colony was selected as the most appropriate method among those tested. Additionally, the convergence of the methods was analyzed, and Memory Assistance is presented, with the aim of shortening the calculation time. In this study, three-, four-, five-, and six-layered soil models were tested, and it is concluded that the three-layered model is most appropriate. A finite element method model based on the soil determination results was constructed to verify the results. The results of the Wenner’s method simulation in the cases of the test data and final model were compared to confirm the accuracy of the presented method.
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1. Introduction


The safety of electric devices connected to a network depends on the appropriate dimensioning of the grounding systems. In the case of a technical failure or lightning strike, it is the grounding system that ensures the safety of people and animals. This means that the step voltage and touch voltage should not increase beyond the limit permitted by the standard. Larger grounding systems are often designed using the finite element method (FEM) [1,2,3,4,5,6,7,8,9,10,11,12]. With the FEM model, the potential distribution in and on the soil’s surface can be determined, and the step voltage and touch voltage are determined based on the calculated potentials.



An FEM model can only be made if the data of the soil structure are known in advance. This information is usually obtained through measurements. Various measurement methods are used, the most common of which is the Wenner method [13,14,15,16,17]. A generalized method can also be found in the literature [14], and the Schlumberger method is also mentioned in [17]. This article focuses on the Wenner method.



Determining the parameters of the soil is a difficult task because it requires an inverse approach. Analytical horizontal multi-layer soil models [15,16,17,18,19] are of great help in this task. The soil data are obtained using the Wenner method, in which the apparent resistivity is determined for different electrode spacings. It is necessary to determine such parameters of analytical models of soil with two or more layers [15,16,17,18,19] so that the calculated resistances coincide with the measured ones. Due to the complexity of the problem, various approaches are used, such as the steepest descent method, the Levenberg–Marquardt method, the Newton method, the generalized inverse method, and the quasi-Newton method, as shown in [20]. The use of the second-order gradient technique, the use of electrostatic images, and the integrated-circuit-based fast relaxed vector fitting approach are shown in [21,22,23]. We decided to solve this problem with modern metaheuristics [18,24,25,26,27,28], because they are known for their usefulness in engineering problems.



A problem arises when the soil is not homogeneous and the horizontally layered soil model poorly represents the actual conditions in the soil. This article shows an approach that partially avoids this weakness. As testing the presented approach requires detailed soil structure information, a basic FEM model of inhomogeneous soil was created, on which Wenner’s measurements were simulated. The final FEM model was also made, which was obtained on the basis of the presented procedure. Wenner’s measurements were also simulated on this and compared with those from the basic model.



In order for the method to be successful, reliable determination of the model parameters is necessary. In order to find the most suitable one, we used different metaheuristics and compared their performance with each other. The methods used were Differential Evolution (DE) with three different strategies of DE/rand/1/exp, DE/rand/2/exp, and DE/best/1/bin; Teaching–Learning-Based Optimization (TLBO); and Artificial Bee Colony (ABC).



Our contributions in this work are as follows:




	
This article presents an approach that enables the use of an analytical horizontally layered soil model for inhomogeneous soil. In the approach, the observation area is not easily divided into smaller parts, because the deeper layers of the soil would not be considered according to the smaller distances between the electrodes when measuring with the Wenner method. The presented approach was not found in the literature.



	
Three evolutionary methods were compared, DE (using three strategies), TLBO, and ABC, with the aim of obtaining the most suitable one. The quality of the evolutionary methods was also analyzed in terms of convergence and calculation time.



	
Memory usage was tested in order to speed up the calculations. Two different approaches were tested, namely an approach where only the results of the previous iteration are stored in the memory and an approach where the results of all the previous iterations are stored in the memory.



	
Basic tests were made using the three-layered model, because it is easier to make an FEM model with a three-layer model than with a multi-layer model. Nevertheless, four-, five-, and six-layer models were also tested, which would have been used if significantly better results had been obtained. Multi-layered models are not favorable for FEM modeling.



	
Because the soil structure is usually unknown, an FEM model of inhomogeneous soil was made. The Wenner method was simulated on the model, and, in this approach, data were obtained that replaced the measurements of the unknown structure of the soil.



	
The final FEM model was also made, which was obtained on the basis of the presented procedure. Wenner’s measurements were also simulated on this and compared with those from the basic model.








In [18,24,25,26,27,28,29,30,31,32], the authors deal with similar problems to us in our work. The Genetic Algorithm is used and compared with the results of the standard optimization methods in [25,26]. Differential Evolution, used in [28], is also proven to be a suitable method. The results shown in [18,27] confirm that the Genetic Algorithm is also suitable for multi-layered soil models.



In our work, the approach of determining soil parameters was based on a larger number of measurements in the observed area, which was not the case in the related works [18,25,26,27,28,29,30,31,32]. Five evolutionary methods were also tested and compared in our work, while, in comparable works, one to two methods were usually used [18,25,26,27,28,29,30,31,32].



For the dimensioning and optimization of grounding systems, it is essential to determine the parameters of the soil. The procedure or software for determining the parameters can be a module included in the FEM software, or it can be an independent program whose output data are used as input data for any FEM software (e.g., Flux 2018.1.3).



The rest of this article is structured as follows. Section 2 provides the theoretical basis of horizontally layered soil models and Wenner’s measurements. In Section 3, a new method is shown, with the possibility for consideration of inhomogeneity when also using a horizontally layered soil model. Basic descriptions of the optimization methods used are given in Section 4. Section 5 consists of several subsections, which present the results for all subareas, the convergence of optimization methods, Memory Assistance usage, results using multi-layered soil, and results verification. The final section (Section 6) provides conclusions regarding the presented approach for determining soil parameters.




2. Wenner’s Method and Description of Horizontally Layered Soil Model


2.1. Measurements Using Wenner Method


The Standards IEEE 81-1983 and IEEE81-2012 [33,34] are the basis for implementing the Wenner method [13,14,15,16,17]. They are used to estimate the electrical resistivity of soil gradually from the surface to the deeper layers, based on soil resistivity measurements. Other methods are also used, but the Wenner four-electrode method is the most common.



The four electrodes are placed in a line. All the distances between them are the same and are marked with d, as presented in Figure 1.



The voltage difference between the inner electrodes is measured, which occurs as a result of the forced current between the outer electrodes. The distance d between the electrodes is changing, and the ratio of the measured voltage U to the forced current I is recorded and gives the resistance R = U/I in ohms. Four probes are placed into the soil, all at depth b (Figure 1). The apparent resistivity ρ is defined with (1) [33].


  ρ =    4 · π · d · R   1 +   2 · d      d 2  + 4 ·  b 2      −  d     d 2  +  b 2          



(1)







In practice, the depth of the electrodes b is less than 0.1d, and it can be assumed that b = 0 and (1) can be written as (2) [16,33].


  ρ = 2 · π · d · R =    2 · π · d · U  I    



(2)







To determine the soil parameters, it is necessary to determine the resistances, depending on the distance between the electrodes. The distance changes from smaller to larger during the measurement. At larger distances, due to the deeper penetration of the current, a deeper layer of the soil is also covered by the measurement.




2.2. Description of Horizontally Layered Soil Model


The results obtained with the Wenner method are only specific resistivities as a function of distance and do not provide information about the soil structure independently. They need to be linked to horizontally multi-layered analytical soil models developed in the past [15,16,17,18,19]. It is necessary to determine the parameters of analytical soil models so that the calculated resistivities fit the measured data best. An inverse problem is described, which can be solved successfully using optimization methods. N is the number of soil model layers, which can be two or more. In the rest of this article, a three-layered model is used, so Figure 2 shows a general N-layered and a three-layered soil model that was used.



Each soil layer has a specific soil resistance, marked from ρ1 to ρN, and a layer thickness marked from h1 to hN−1. The deepest, the Nth layer, has an infinite depth. The soil is homogeneous within a single layer. The analytic expression of apparent resistance depends on distance d (shown in Figure 1), and it is written in (3) [29].


  ρ =  ρ 1    1 + 2 d    ∫ 0 ∞   f ( λ )    J 0  ( λ d ) −  J 0  ( 2 λ d )        d λ    



(3)







ρ1 is the specific resistivity of the first layer, Jo is Bessel’s function of the first kind, and d is the distance between the electrodes. Equation (3) contains the function f(λ), which is calculated using (4).


  f ( λ ) =  α 1  (  λ ) - 1   



(4)







α1 for the N-layered model is calculated with the sequence of equations written in (5).


     K 1  ( λ ) =     ρ 2   α 2  ( λ ) −  ρ 1     ρ 2   α 2  ( λ ) +  ρ 1     ;                                α 1  ( λ ) = 1 +    2  K 1   e  − 2 λ  h 1      1 −  K 1   e  − 2 λ  h 1                                                                           ⋯      K  N − 2   ( λ ) =     ρ  N − 1    α  N − 1   ( λ ) −  ρ  N − 2      ρ  N − 1    α  N − 1   ( λ ) +  ρ  N − 2      ;        α  N − 2   ( λ ) = 1 +    2  K  N − 2    e  − 2 λ  h  N − 2       1 −  K  N − 2    e  − 2 λ  h  N − 2             K  N − 1   ( λ ) =     ρ N  −  ρ  N − 1      ρ N  +  ρ  N − 1      ;                                α  N − 1   ( λ ) = 1 +    2  K  N − 1    e  − 2 λ  h  N − 1       1 −  K  N − 1    e  − 2 λ  h  N − 1           



(5)







In the continuation of the paper, a three-layered model is used and, based on (3) for the three-layered model, α1 is calculated with the equations presented in (6).


     K 1  ( λ ) =     ρ 2   α 2  ( λ ) −  ρ 1     ρ 2   α 2  ( λ ) +  ρ 1     ;                        α 1  ( λ ) = 1 +    2  K 1   e  − 2 λ  h 1      1 −  K 1   e  − 2 λ  h 1            K 2  ( λ ) =     ρ 3  −  ρ 2     ρ 3  +  ρ 2     ;                                    α 2  ( λ ) = 1 +    2  K 2   e  − 2 λ  h 2      1 −  K 2   e  − 2 λ  h 2          



(6)







The calculation of ρ in (3) is used in the following as part of the objective function, and it is compared with the measured value. The expression f(λ) [J0(λd) − J0(2λd)] is a function of the distances d and soil properties (ρ and h). Since the accuracy of the calculation depends on the chosen values of the integration step, stopping criterion, etc., they are given briefly. Only numerical integration can be performed. The integrands oscillate, depending on λ, due to the content of the Bessel functions. The function inside the integral is negligibly small for sufficiently large λ [16]. Due to the oscillatory nature of the function, the integration is stopped when the value of the integrated function is successively 10 times smaller than 10−6. The step used for the numerical integration is 10−2.



The numerical integration time can vary from case to case. The time-consuming Bessel functions do not depend on the soil parameters; they only depend on the distances d. Therefore, the part [J0(λd) − J0(2λd)] can be calculated before starting the optimization process and stored into an array of values.





3. The Use of a Horizontally Layered Soil Model for Inhomogeneous Soil


3.1. Disadvantages of Horizontally Layered Soil Model


Using a horizontally layered soil model, it is assumed that the soil of the single soil layer is homogeneous. It is often unknown whether there is inhomogeneity in the soil. In the case of assuming inhomogeneity, measurements are required in several directions. Two possible approaches are shown in Figure 3.



The approach of using two or more directions of measurements is shown in Figure 3a. The average values of measurements are calculated for all directions and then are used in the whole area of interest. The disadvantage of this approach is that the soil resistivity is too low in some areas and, in some, too high. With that, the grounding system in the areas with excess resistivity is over-dimensioned, and in the areas with insufficient resistivity, it is dimensioned inadequately.



The approach of dividing the area into smaller parts is used in Figure 3b. In this case, the average values of measurements L3 and L4 are calculated and used in the area of crossing lines L3 and L4. The same approach is also used for the areas with lines L5 and L6, L7 and L8, and L9 and L10. The strong disadvantage of this approach is that the current does not flow deep into the soil, and, with that, the resistivity of deeper soil is not considered. We could increase the area of interest presented in Figure 3b and also extend lines L3–L10 beyond the field of interest; however, in many cases, in a real environment, it is not possible to make measurements outside the presented area of interest, due to factors such as buildings.




3.2. A New Approach with the Possibilty for Consideration of Inhomogeneity When Also Using a Horizontally Layered Model


We developed an approach in which we can consider the inhomogeneity of the soil, and, at the same time, take into account the deeper layers of the soil. It was assumed that measurements with the Wenner method can only be carried out within the area of interest due to the configuration of the environment.



The parameters’ determination process is shown in Figure 4.



The determination of the soil parameters can be explained in the following steps:



Step 1: The area of interest is divided into nine equal parts, as presented in Figure 4a.



Step 2: Measurements using Wenner’s method are made in the middle of the subareas. Measurements A, B, and C are made in one direction and measurements D, E, and F are made using the perpendicular direction, as shown in Figure 4b.



Step 3: Measurements that are crossing in the same subarea are used to determine the soil parameters. For example, measurements C and D are crossing in the lower right subarea, as can be seen in Figure 4b, and in Figure 4c, it is marked as a CD area. Based on the apparent resistivities of measurements C and D, the average apparent resistivities are calculated and marked with CD apparent resistivities, which are then used for determination of the parameters of the CD area. For each subarea, appropriate average apparent resistivities are calculated, as shown in Figure 4c.



Step 4: For each average apparent resistivity (AD, AE, AF, BD, BE, BF, CD, CE, and CF), soil parameters are determined using the analytical soil model and an appropriate optimization method.



Step 5: Based on the calculated soil parameters, a 3D FEM model is made, as presented in Figure 4d.




3.3. Test Model Using FEM


Usually, the soil structure is not known exactly, so for testing the approach described in Section 3.2, the model used was made by the FEM. We decided to use a three-layered analytical soil model because it is more accurate than a two-layered one, but, at the same time, it is easier to make an FEM model as in the case of a model with four or more layers. The three-layered model is not much less accurate than models with four or more layers.



The 3D FEM model used for tests is presented in Figure 5, and the 2D cross-section on the surface of the ground is presented in Figure 6.



In Figure 6, it can be seen that the area of interest is smaller than the model. With that, the influence of the boundary conditions on the calculation results is eliminated. The position of the electrodes is given parametrically, allowing the distance d to change and thus simulate measurements with the Wenner method.



The FEM model is made using the Altair Flux 3D commercial software. The second-order differential equation (Equation (7)) is solved by the finite element method.


  d i v    σ  g r a d  V    = 0  



(7)







[σ] is the tensor of the conductivity of the medium and V is the electric potential.





4. Selected Optimization Methods


Using an analytical soil model, we searched for the soil data that fit the measured data best and, therefore, we solved an optimization problem. The parameters’ determination procedure must be repeated for each subarea shown in Figure 4c. Therefore, it is important that the selected optimization is suitable for the presented problem.



The objective function (OF) used for the determination of the soil parameters is written in (8).


  f =   1 n     ∑  i = 1  n        ρ   c _ i    −  ρ   m _ i       ρ   m _ i          · 100       ( % ) ,  



(8)




where ρc_i are the calculated apparent resistivity values based on the analytical soil model and ρm_i are the measured apparent resistivity values based on the Wenner method measurement. n is the number of different distances d that were used for the measurements. The term 1/n is included in the objective function to achieve comparability of results for measurements with different numbers of used distances d.



Various optimization methods can be used for determining soil parameters. In [20,22,29], standard optimization methods were used, and in [18,25,26,27,28], metaheuristics were used, as in the presented work. Metaheuristics are based on natural selection and the survival of the fittest, which makes them robust and not prone to becoming stuck in the local minima. Different optimization methods have different success rates for different optimization problems. In the past, a genetic algorithm [18,25,26,27] or differential evolution [28] was used for determining soil parameters, but different methods were not compared with each other. In the presented work, different metaheuristics are compared with each other using a three-layered soil model. The goal is to determine the most suitable among the selected ones for the presented problem.



We tested Differential Evolution [28,35,36,37,38,39,40,41,42,43,44,45,46] using three different strategies, namely DE/rand/1/exp, DE/rand/2/exp, and DE/best/1/bin. DE has two internal parameters, which are step size and the crossover probability constant. Based on our experiences using optimization methods, for all calculations, the step size (F) was set to 0.6 and the crossover probability (CR) was set to 0.8. The same step size and crossover probability were used in [43,44], where, similarly, the inverse problem was solved by finding the appropriate parameters of the magnetization curve in [43] and the DC engine parameters in [44], and the selected DE parameters were proven to be appropriate.



Teaching–Learning-Based Optimization (TLBO) [47,48,49,50,51,52,53,54,55,56,57] was also tested. The number of Objective Function Evaluations (OFEs) performed was determined as OFEs = (2 × population size × iterations). This approach of calculating OFEs was possible because the implementation was used with no duplication elimination phase. TLBO has no internal parameters.



Artificial Bee Colony (ABC) was also used, based on good previous experience [58,59,60,61,62]. It has three phases: foragers, onlookers, and scout. In the implementation, we used [61], and the number of OFEs was determined dynamically, as the scout phase is not proceeded for every iteration. Many practical problems were solved using the ABC method [63,64,65,66,67]. The internal parameter limit was set to 100, because such a setting of this parameter had achieved good results on similar problems.



For the sake of clarity, the basic equations of the optimization methods used are written down [68]. For different DE strategies, the variation is first determined by (9) for DE/rand/1/exp, by (10) for DE/rand/2/exp, and by (11) for DE/best/1/bin.


   v i  ( g )   =  x   r 1    ( g )   + F ·    x   r 2    ( g )   −  x   r 3    ( g )      



(9)






   v i  ( g )   =  x   r 1    ( g )   + F ·    x   r 2    ( g )   −  x   r 3    ( g )     + F ·    x   r 4    ( g )   −  x   r 5    ( g )      



(10)






   v i  ( g )   =  x  b e s t   ( g )   + F ·    x   r 2    ( g )   −  x   r 3    ( g )      



(11)







After that, crossover is performed according to (12).


   u i  ( g )   =        v  i , j   ( g )       if    r j  ≤   C R   or   j =  j  r a n d          x  i , j   ( g )                   otherwise                                            



(12)







The new population is obtained using the selection written by (13), which is made after crossover.


   x i  ( g + 1 )   =        u i  ( g )       if   f    u i  ( g )     ≤ f    x i  ( g )            x i  ( g )                   otherwise                                            



(13)







For the ABC method, a new candidate is generated by (14) (foragers phase).


   v  i j   =  x  i j   +  ϕ  i j   ·    x  i j   −  x  k j      



(14)







Φij is a random number between −1 and 1 and k ≠ i. The foragers phase is followed by the onlooker phase, which represents the probability of selecting a solution, expressed by (15).


   P i  =     f i      ∑  j = 1  n    f j        



(15)







If a solution does not improve after a predefined number of iterations (limit), it is abandoned and replaced (abandonment and scout phase).



The TLBO method starts with the teacher phase, expressed by (16).


   X  n e w   =  X  c u r r e n t   + r ·    X  t e a c h e r   −  T F  ·  X ¯     



(16)







TF is the teaching factor, which is commonly 1 or 2, and r is a random number. The teaching phase is followed by the learning phase, expressed by (17).


   X  n e w   =        X i  + r ·    X j  −  X i        if   f    X j    < f    X i           X i  + r ·    X i  −  X j                    otherwise                                



(17)







The lowercase letters x, v, and u represent the individual members of the population, while the uppercase X represents a population vector.



The analysis in the remainder of this article is based on the use of the three-layered model, whose parameters are shown in Figure 2b. The limits of specific resistivity of the soil are set between the lowest resistivity of wet, well-conducting soil (5 Ωm) and the highest specific resistivity of stony ground (3500 Ωm). In the Wenner method, the current only penetrates to a certain depth, so it makes sense to define layers only to a certain depth. The parameters’ limits are shown in Table 1.



All five metaheuristics, DE/rand/1/exp, DE/rand/2/exp, DE/best/1/bin, ABC, and TLBO, were tested under the same conditions, and the tests were performed following the guidelines presented in [69]. We used 18,000 OFEs as the stopping criteria. In the case of ABC, we also counted scouts, and in the case of TLBO, we considered both phases of the algorithm, the Teaching and Learning phases. Six times the number of the parameters was used for the population number (NP). The parameters for different optimization methods are presented in Table 2.



The algorithm of the calculation procedure considering the presented problem is shown in Figure 7.



Numerical integration is the most time-consuming part of the algorithm presented in Figure 7. As it is necessary to repeat the soil parameters’ determination procedure for nine subareas, it would be advantageous if the calculation time were as short as possible.




5. Results Using Test Data Obtained with FEM Model


Using the FEM model presented in Section 3.3, Wenner’s measuring method was simulated for lines A, B, C, D, E, and F, as presented in Figure 4b. The values of the apparent resistivity are shown in Table 3 (the measurement simulation was performed according to Step 2 in Section 3.2).



According to Step 3 in Section 3.2., the average apparent resistivity was calculated for measurements which were crossing in some subarea. The average values for the nine subareas presented in Figure 4c are shown in Table 4.



Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13 present the calculation results for each subarea (AD, AE, AF, BD, BE, BF, CD, CE, and CF) separately. Each table contains the OF’s best value (B), worst value (W), mean value (M), and Standard Deviation (SD) for all five optimization methods used. The calculated parameters of the best solution are also presented in the tables for each optimization method used.



For easier conclusions, the mean OF values for all five optimization methods and all nine subareas are shown in Figure 8.



Based on Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13 and Figure 8, the following can be seen:




	
ABC was better than other methods in the case of seven subareas (AD, AE, AF, BD, CD, CE, and CF).



	
In the case of BE, DE/rand/2/exp and TLBO were slightly better than ABC.



	
In the case of BF, DE/rand/1/exp and DE/rand/2/exp were slightly better than ABC.



	
In the case of the CD subarea, ABC was 19% better than the next best.



	
In the case of the CE subarea, ABC was 23% better than the next best.



	
In the case of the CF subarea, ABC was 25% better than the next best.








Taking into account the given findings, we can claim that the ABC method is the best among the tested methods for the problem considered.



When comparing evolutionary methods, the convergence of each method is also important. Due to the use of the random generator, each calculation flow is different. Therefore, the average convergence speed of each method was determined. The results are shown in Figure 9, where the average FEs required to achieve OF < 10%, OF < 9%, etc., with the OF values shown.



Based on Figure 8, it can be seen that the convergence of DE/best/1/bin was fastest. The convergences of DE/rand/1/exp, DE/rand/2/exp, and TLBO were similar. The convergence of ABC was fastest in the case of CD and slowest for all the other cases. It is interesting that ABC gave the best results despite the slowest convergence.



As mentioned, the calculation time is also an important calculation parameter, due to the nine subareas. The mean calculation times for 50 independent runs for the five optimization methods and all nine subareas are presented in Table 14.



Based on Table 14, it can be seen that the calculation times of the ABC method are longer than those of the other methods. The different calculation times are due to the different search spaces in the cases of different methods. The time of numerical integration of expression (3) depends on the soil parameters during the optimization, which leads to the searched soil parameters.



5.1. The Use of Memory Assistance


Although ABC was the best among the tested methods, the calculation times using ABC were longer than the calculation times using other methods. Although the pre-calculation of time-consuming Bessel functions was used (Section 2.2), it will be useful to shorten the calculation time. We used Memory Assistance [70].



We used two different Memory Assistances:




	
Short-Term Memory Assistance (STMA): After each iteration, the whole population is saved into memory, and, in each iteration, the population members are compared with members from only one previous iteration. In this approach, only memory is used for one population set. In the presented case, this is ((5 parameters + OF) × 30 population members) memory locations.



	
Long-Term Memory Assistance (LTMA): Each population member is compared with all the members written into memory, obtained from all the previous iterations. If the calculated member is not found in the memory, it is added to the memory. The search in the memory starts from the last added to the first added. When the same population member is found, the search is finished. Theoretically, ((5 parameters + OF) × 30 population members × 600 iterations) locations of memory can be used.








The STMA algorithm is presented in Figure 10 and the LTMA algorithm is shown in Figure 11.



The expression “record” used in Figure 10 and Figure 11 means one set of parameters + OF’s values (ρ1, h1, ρ2, h2, ρ3, OF). An appropriate precision must be set, as these are differences in the parameters for which duplication may be identified. These values depend on the physical background of the problem, and they determine the decimal accuracy of the calculated parameters. The precisions used for the identification of duplications are presented in Table 15.



The results presenting the calculation times for ABC, ABC + STMA, ABC + LTMA, deviations of calculation times, and number of duplications for 50 independent runs for each subarea are presented in Table 16.



From Table 16, it can be seen that with the use of Memory Assistance, the calculation time was shortened by 21% in both cases, using STMA and LTMS. Although the mean number of duplications in the case of LTMA was 2643, which is higher than 1682 in the case of STMA, the memory handling time was longer in the case of LTMA compared to STMA. The advantage of STMA is its much lower use of memory space, and, accordingly, it can be concluded that STMA is a better choice for the presented problem.



It is important to emphasize that the use of Memory Assistance is not required; it is just a suggestion if we want to reduce the time of soil parameters’ determination.




5.2. Test of Four-, Five-, and Six-Layered Soil Models


Although the three-layered model is easier for FEM modeling, we also conducted tests with four-, five-, and six-layered models to determine whether these models were better. For all nine subareas, four-, five-, and six-layered models were used for determining soil parameters. The calculated best OF (B), worst OF (W), mean OF (M), and Standard Deviation (SD) are presented in Table 17, where the results of the three-layered model copied from Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13 are also presented, which offers an easier comparison of the results.



For easier evaluation of the differences between the soil models, the mean OF values for all subareas and all soil models are presented in Figure 12.



Based on Figure 12, it can be seen that there were no significant differences between mean OF values using models with different layers. In the case of AD and CD, the lowest mean OF was obtained using the three-layered model. Based on this, it can be concluded that the three-layered model is appropriate, especially if we consider that FEM modeling is easier using a lower number of soil layers.




5.3. Verification of Results


For verification of the results, an FEM model was made, based on the soil determination procedure presented in Section 3.2.



The basic model, together with the determined model, is presented in Figure 13.



The basic model (Figure 13a) is presented in detail in Figure 5. The determined FEM model presented in Figure 13b was obtained after the soil-determined procedure. The soil parameters in each subarea were calculated using the ABC method and are presented in Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13. In both FEM models, the Wenner measurement was simulated at the lines marked Meas. A to Meas. F, which are presented in Figure 13a,b. The differences were determined using the expression for OF written in (8). The obtained differences were as follows: 16.1% for Meas. A, 18.9% for Meas. B, 13.1% for Meas. C, 19.1% for Meas. D, 8.5% for Meas. E, and 6.2% for Meas. F. Although the differences were up to 19%, it should be noted that the mean OF calculated for different subareas (Table 5, Table 6, Table 7, Table 8, Table 9, Table 10, Table 11, Table 12 and Table 13) was also over 6%. To show that the presented differences are acceptable, the apparent resistivity for the Basic and Determined models at lines Meas. A to Meas. F is presented in Figure 14.



From Figure 14, the comparability between the apparent resistivity obtained from the basic model and apparent resistivity obtained from the determined model can be seen. Based on this, the accuracy of the suggested method for soil modeling can be confirmed in the case of inhomogeneities.



The test calculations were made with a cube, but, in reality, strange forms of geological anomalies can occur in the ground, as shown in Figure 15a.



The geological anomaly influences the Wenner measurement, which is performed on the lines above it, as shown in Figure 15a. Based on the Wenner measurements, an FEM model of the soil was created consisting of nine regions, each of which is defined by a different three-layer soil model, as shown in Figure 15b. In this approach, any anomaly that affects the Wenner measurement is captured.





6. Conclusions


This paper introduces an approach that describes the use of an analytical horizontally layered soil model for inhomogeneous soil. In this approach, deeper layers of the soil were also considered, which was enabled using higher distances d in the Wenner method, as in case of simple division of the area into smaller parts. The presented approach is unique and was not found in the literature. Since the soil structure is usually unknown, FEM models were used for presentation and verification of the presented approach. In Section 5.3, the validation of the approach is presented, which confirms its accuracy.



As described in Section 3.2, the soil determination procedure using an optimization method should be performed for nine subareas. Due to this fact, it is important to select an appropriate optimization method that works well for the presented problem. Among the tested methods, which were DE/rand/1/exp, DE/rand/2/exp, DE/best/1/bin, TLBO, and ABC, ABC was best, reaching the lowest mean OF value for seven out of the nine subareas. Although the convergence of ABC was not the fastest, it was able to achieve the best results. Therefore, ABC can be suggested as the best method for the presented problem.



As mentioned in Section 5, the different calculation times were due to the different search space in the case of different methods. The time of the integration of (3) depended on the soil parameters. The disadvantage of ABC was the longer calculation time, but the problem with the faster methods was that they were not as successful as ABC. Although the pre-calculation of time-consuming Bessel functions was used (Section 2.2), the calculation times were still long. The STMA and LTMA approaches are presented in this paper. With both of them, the calculation time using a precision of 0.1 mΩm for apparent resistivity and 0.1 mm for soil layer depth (Section 5.1) could be shortened by 21%. The STMA approach, which uses much less memory space than LTMA, can be suggested as the better choice.



The selected soil model was a three-layered model because it is easier to make an FEM model using a three-layered model than to use a four-, five-, or six-layered model. Although the three-layered model was selected, in Section 5.2, four-, five-, and six-layered models were also tested to confirm the correct selection. It was confirmed that no other model was significantly better than the three-layered one. In two of the nine subareas, the lowest mean OF was obtained using the three-layered model.



Finally, we could conclude that all the elements needed for determining soil parameters are described in the presented work, which is a new approach using a horizontally layered analytical soil model for inhomogeneous soil. The appropriate evolutionary optimization method and the appropriate soil model were selected, and Memory Assistance was also used. It should also be mentioned that the approach using FEM models for simulation of Wenner’s method measurements, which was not found in the literature, offers good possibilities for analyses, due to the fact that the soil used in the FEM model is known, which is not the case for real ground.



The FEM approach is the most universal, but it involves complex modeling. It allows the definition of different layers in different areas of the problem, defining inhomogeneities, etc. Dimensioning is significantly faster with programs that are intended for dimensioning grounding systems, and they usually already have a library of grounding elements. For example, XGSLab is based on the partial element equivalent method (PEEM) and only allows multi-layer horizontal soil models, so inhomogeneities in the soil cannot be captured. Alternatively, WinIGS allows the electrical power system to be connected with the grounding system but only allows a two-layer horizontal soil model.



In the future, the findings about the soil models and the evolutionary methods presented in this paper will be used to solve optimization problems in electromagnetics.
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Figure 1. Placement of electrodes for the Wenner method. 
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Figure 2. (a) N- and (b) three-layered soil model. 
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Figure 3. (a) Approach of using two directions of measurement and (b) approach by dividing the area into smaller parts. 
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Figure 4. (a) First step—division of the area; (b) second step—Wenner’s method measurements; (c) third step—measurements used for subareas; and (d) fourth step—soil parameters for the subareas of the FEM model. 
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Figure 5. Three-dimensional FEM model used for the tests. 
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Figure 6. Two-dimensional cross-section of the FEM test model at the ground surface with marked dimensions. 
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Figure 7. Algorithm of the soil parameters’ calculation procedure. 
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Figure 8. Mean OF values for all five optimization methods and all nine subareas. 
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Figure 9. Convergence of the evolutionary methods for (a) AD subarea, (b) AE subarea, (c) AF subarea, (d) BD subarea, (e) BE subarea, (f) BF subarea, (g) CD subarea, (h) CE subarea and (i) CF subarea. 
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Figure 10. Algorithm presenting Short-Term Memory Assistance (STMA). 
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Figure 11. Algorithm presenting Long-Term Memory Assistance (LTMA). 
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Figure 12. Mean OFs for different soil models in different subareas. 
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Figure 13. (a) Basic and (b) determined FEM model. 
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Figure 14. Apparent resistivity at lines (a) Meas. A, (b) Meas. B, (c) Meas. C, (d) Meas. D, (e) Meas. E and (f) Meas. F. 
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Figure 15. (a) Geological anomaly and (b) determined FEM model using three-layered soil for each subarea. 
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Table 1. Parameters’ limits for the three-layered soil model.






Table 1. Parameters’ limits for the three-layered soil model.





	Parameter
	Lower Limit
	Upper Limit





	Resistance of the first soil layer ρ1 (Ωm)
	3
	3500



	Thickness of the first soil layer h1 (m)
	0.1
	60



	Resistance of the second soil layer ρ2 (Ωm)
	3
	3500



	Thickness of the first soil layer h2 (m)
	0.1
	60



	Resistance of the third soil layer ρ3 (Ωm)
	3
	3500










 





Table 2. Calculation parameters using different methods.






Table 2. Calculation parameters using different methods.





	Method
	Soil Model
	Number of Parameters (P)
	Population Number (NP)
	Number of Iterations
	Objective Function Evaluations





	DE/rand/1/exp, DE/rand/2/exp, DE/best/1/bin
	Three-layered
	P

5
	NP = 6 × P

30
	ITER

600
	OFEs = NP × ITER

18,000



	TLBO
	Three-layered
	P

5
	NP = 6 × P

30
	ITER

300
	OFEs = NP × 2 × ITER

18,000



	ABC
	Three-layered
	5
	NP = 6 × P

30
	ITER

≤600
	OFEs = NP × ITER + scouts

Max. 18,000










 





Table 3. Calculated apparent resistivity for lines A, B, C, D, E, and F are shown in Figure 4b.






Table 3. Calculated apparent resistivity for lines A, B, C, D, E, and F are shown in Figure 4b.





	d (m)
	Line A

ρ (Ωm)
	Line B

ρ (Ωm)
	Line C

ρ (Ωm)
	Line D

ρ (Ωm)
	Line E

ρ (Ωm)
	Line F

ρ (Ωm)





	1
	183.22
	183.55
	184.13
	183.72
	184.22
	183.97



	2
	210.06
	209.85
	215.69
	210.29
	211.15
	210.85



	3
	208.67
	208.75
	232.01
	209.06
	209.62
	209.27



	4
	205.59
	205.72
	258.97
	206.05
	205.88
	205.68



	5
	203.32
	203.09
	257.80
	203.86
	204.15
	203.55



	10
	199.53
	200.65
	227.38
	210.76
	202.30
	199.95



	15
	199.32
	201.59
	366.08
	249.97
	207.96
	199.82



	20
	199.25
	203.11
	342.29
	220.49
	211.24
	199.71



	25
	198.70
	204.64
	292.28
	196.82
	209.60
	199.34



	30
	198.13
	205.35
	255.03
	180.20
	207.68
	198.37



	35
	197.13
	205.68
	231.60
	168.14
	205.57
	197.39



	40
	195.79
	204.92
	216.43
	158.44
	203.47
	196.03



	45
	191.95
	203.68
	206.72
	165.72
	202.14
	194.33



	50
	194.04
	201.78
	199.47
	174.25
	200.22
	192.11



	55
	189.15
	199.29
	193.47
	176.86
	198.49
	189.30



	60
	186.08
	196.08
	187.89
	176.48
	195.08
	186.32



	65
	182.25
	192.31
	182.19
	173.90
	191.16
	182.49



	70
	177.93
	187.65
	175.79
	169.26
	186.10
	178.19



	75
	172.78
	182.120
	167.63
	160.95
	179.60
	173.16



	80
	166.92
	175.71
	155.97
	146.07
	171.77
	167.25










 





Table 4. Average apparent resistivity for the nine subareas presented in Figure 4c.
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	d (m)
	Area AD

ρ (Ωm)
	Area AE

ρ (Ωm)
	Area AF

ρ (Ωm)
	Area BD

ρ (Ωm)
	Area BE

ρ (Ωm)
	Area BF

ρ (Ωm)
	Area CD

ρ (Ωm)
	Area CE

ρ (Ωm)
	Area CF

ρ (Ωm)





	1
	183.47
	183.72
	183.60
	183.64
	183.88
	183.76
	183.93
	184.17
	184.05



	2
	210.17
	210.61
	210.45
	210.07
	210.50
	210.35
	212.99
	213.32
	213.27



	3
	208.86
	209.14
	208.97
	208.90
	209.18
	209.01
	220.53
	220.81
	220.64



	4
	205.82
	205.74
	205.64
	205.88
	205.80
	205.70
	232.51
	232.43
	232.33



	5
	203.59
	203.73
	203.44
	203.48
	203.62
	203.32
	230.83
	230.97
	230.68



	10
	205.14
	200.91
	199.74
	205.70
	201.47
	200.30
	219.07
	214.84
	213.67



	15
	224.65
	203.63
	199.57
	225.78
	204.78
	200.70
	308.02
	287.02
	282.95



	20
	209.87
	205.24
	199.48
	211.80
	207.17
	201.41
	281.39
	276.77
	271.00



	25
	197.76
	204.15
	199.02
	200.73
	207.12
	201.99
	244.55
	250.94
	245.81



	30
	189.16
	202.91
	198.25
	192.77
	206.52
	201.86
	217.61
	231.36
	226.70



	35
	182.63
	201.34
	197.26
	186.91
	205.62
	201.53
	199.87
	218.58
	214.49



	40
	177.12
	199.63
	195.91
	181.68
	204.19
	200.48
	187.44
	209.995
	206.23



	45
	179.88
	198.09
	194.19
	184.70
	202.91
	199.01
	186.22
	204.43
	200.52



	50
	183.10
	196.09
	192.03
	188.01
	201.00
	196.94
	186.86
	199.85
	195.79



	55
	183.00
	193.77
	189.22
	188.07
	198.84
	194.29
	185.16
	195.92
	191.38



	60
	181.28
	190.58
	186.20
	186.28
	195.58
	191.20
	182.19
	191.49
	187.11



	65
	178.07
	186.70
	182.37
	183.11
	191.74
	187.40
	178.04
	186.67
	182.34



	70
	173.59
	182.01
	178.06
	178.45
	186.87
	182.92
	172.52
	180.95
	176.99



	75
	166.87
	176.19
	172.97
	171.57
	180.90
	177.68
	164.29
	173.62
	170.40



	80
	156.50
	169.35
	167.08
	160.89
	173.74
	171.48
	151.02
	163.87
	161.61










 





Table 5. OF and best value of the calculated parameters for 50 independent runs for the AD subarea.






Table 5. OF and best value of the calculated parameters for 50 independent runs for the AD subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
3.0896

	
3.0896

	
3.0896

	
2.8582

	
2.8489




	
OF (%)

	
W

	
3.7510

	
3.4542

	
3.8653

	
3.5035

	
3.3519




	

	
M

	
3.2400

	
3.1872

	
3.3834

	
3.1785

	
3.0170




	

	
SD

	
2.0186 × 10−1

	
1.0763 × 10−1

	
2.5406 × 10−1

	
1.4714 × 10−1

	
1.4260 × 10−1




	
ρ1 (Ωm)

	
B

	
206.54

	
206.54

	
206.54

	
59.01

	
57.51




	
h1 (m)

	
B

	
16.85

	
16.86

	
16.85

	
0.10

	
0.10




	
ρ2 (Ωm)

	
B

	
184.92

	
184.92

	
184.92

	
208.40

	
209.08




	
h2 (m)

	
B

	
99.82

	
99.82

	
99.82

	
21.68

	
17.14




	
ρ3 (Ωm)

	
B

	
5.00

	
5.00

	
5.00

	
163.14

	
167.26











 





Table 6. OF and best value of the calculated parameters for 50 independent runs for the AE subarea.






Table 6. OF and best value of the calculated parameters for 50 independent runs for the AE subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
1.2165

	
1.2167

	
1.0296

	
1.0304

	
1.0326




	
OF (%)

	
W

	
1.3779

	
1.3593

	
1.3660

	
1.3535

	
1.3074




	

	
M

	
1.2898

	
1.2384

	
1.3162

	
1.3024

	
1.1256




	

	
SD

	
6.0563 × 10−2

	
4.7049 × 10−2

	
7.4706 × 10−2

	
6.1949 × 10−2

	
8.1256 × 10−2




	
ρ1 (Ωm)

	
B

	
203.73

	
203.73

	
61.82

	
61.81

	
84.33




	
h1 (m)

	
B

	
55.93

	
54.54

	
0.10

	
0.10

	
0.14




	
ρ2 (Ωm)

	
B

	
3457.34

	
655.78

	
205.77

	
205.77

	
205.82




	
h2 (m)

	
B

	
2.50

	
13.60

	
100.00

	
100.00

	
100.00











 





Table 7. OF and best value of the calculated parameters for 50 independent runs for the AF subarea.






Table 7. OF and best value of the calculated parameters for 50 independent runs for the AF subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
1.2560

	
1.1947

	
1.1947

	
1.2560

	
1.1974




	
OF (%)

	
W

	
1.4450

	
1.4408

	
1.4332

	
1.4211

	
1.3651




	

	
M

	
1.3788

	
1.2972

	
1.3826

	
1.3769

	
1.2462




	

	
SD

	
6.6917 × 10−2

	
7.2750 × 10−2

	
6.7640 × 10−2

	
5.6695 × 10−2

	
4.0584 × 10−2




	
ρ1 (Ωm)

	
B

	
199.77

	
67.62

	
67.62

	
199.77

	
67.76




	
h1 (m)

	
B

	
60.17

	
0.10

	
0.10

	
60.17

	
0.10




	
ρ2 (Ωm)

	
B

	
2940.90

	
201.76

	
201.76

	
3494.85

	
201.86




	
h2 (m)

	
B

	
2.76

	
100.00

	
100.00

	
2.32

	
100.00




	
ρ3 (Ωm)

	
B

	
5.00

	
23.21

	
23.21

	
5.00

	
22.84











 





Table 8. OF and best value of the calculated parameters for 50 independent runs for the BD subarea.






Table 8. OF and best value of the calculated parameters for 50 independent runs for the BD subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
3.0402

	
2.8071

	
2.8071

	
3.0402

	
2.8106




	
OF (%)

	
W

	
3.3473

	
3.3472

	
3.3474

	
3.3474

	
3.1828




	

	
M

	
3.2035

	
3.2148

	
3.2698

	
3.2673

	
2.9380




	

	
SD

	
1.4430 × 10−1

	
1.5686 × 10−1

	
1.3305 × 10−1

	
1.1933 × 10−1

	
9.7723 × 10−2




	
ρ1 (Ωm)

	
B

	
206.62

	
58.33

	
58.33

	
206.61

	
58.55




	
h1 (m)

	
B

	
17.03

	
0.10

	
0.10

	
17.09

	
0.10




	
ρ2 (Ωm)

	
B

	
192.41

	
208.53

	
208.53

	
192.37

	
208.57




	
h2 (m)

	
B

	
97.27

	
18.69

	
18.69

	
97.24

	
19.24




	
ρ3 (Ωm)

	
B

	
5.00

	
171.81

	
171.81

	
5.00

	
171.38











 





Table 9. OF and best value of the calculated parameters for 50 independent runs for the BE subarea.






Table 9. OF and best value of the calculated parameters for 50 independent runs for the BE subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
1.1966

	
1.1969

	
1.1966

	
1.1967

	
1.1973




	
OF (%)

	
W

	
1.7280

	
1.6738

	
1.7409

	
1.6744

	
1.4790




	

	
M

	
1.2570

	
1.2166

	
1.5157

	
1.3912

	
1.2340




	

	
SD

	
1.6158 × 10−1

	
9.3316 × 10−2

	
2.3814 × 10−1

	
2.2395 × 10−1

	
4.5144 × 10−2




	
ρ1 (Ωm)

	
B

	
204.30

	
204.42

	
204.30

	
204.30

	
204.42




	
h1 (m)

	
B

	
48.62

	
48.26

	
48.62

	
48.63

	
48.81




	
ρ2 (Ωm)

	
B

	
3347.50

	
1124.28

	
3495.95

	
3499.37

	
3353.95




	
h2 (m)

	
B

	
3.01

	
9.03

	
2.88

	
2.88

	
3.00




	
ρ3 (Ωm)

	
B

	
5.00

	
5.00

	
5.00

	
5.00

	
5.00











 





Table 10. OF and best value of the calculated parameters for 50 independent runs for the BF subarea.






Table 10. OF and best value of the calculated parameters for 50 independent runs for the BF subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
1.1544

	
1.1544

	
1.1544

	
1.1544

	
1.1658




	
OF (%)

	
W

	
1.6153

	
1.5850

	
3.8752

	
1.5699

	
1.4157




	

	
M

	
1.1997

	
1.1797

	
1.5044

	
1.4256

	
1.2230




	

	
SD

	
1.3042 × 10−1

	
9.7386 × 10−2

	
3.8659 × 10−1

	
1.7582 × 10−1

	
5.1185 × 10−2




	
ρ1 (Ωm)

	
B

	
201.39

	
201.44

	
201.38

	
201.39

	
201.70




	
h1 (m)

	
B

	
52.29

	
52.33

	
52.29

	
52.30

	
52.52




	
ρ2 (Ωm)

	
B

	
3473.14

	
2659.33

	
3500.00

	
3499.54

	
1011.04




	
h2 (m)

	
B

	
2.74

	
3.57

	
2.71

	
2.71

	
9.30




	
ρ3 (Ωm)

	
B

	
5.00

	
5.00

	
5.00

	
5.00

	
6.64











 





Table 11. OF and best value of the calculated parameters for 50 independent runs for the CD subarea.






Table 11. OF and best value of the calculated parameters for 50 independent runs for the CD subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
6.4248

	
6.4248

	
4.9210

	
6.4250

	
4.9306




	
OF (%)

	
W

	
6.7675

	
6.5447

	
8.4954

	
6.6956

	
6.1153




	

	
M

	
6.5136

	
6.5094

	
6.6039

	
6.5218

	
5.2753




	

	
SD

	
5.4329 × 10−2

	
4.6391 × 10−2

	
4.6255 × 10−1

	
3.9922 × 10−2

	
2.9209 × 10−1




	
ρ1 (Ωm)

	
B

	
220.56

	
220.56

	
40.99

	
220.56

	
78.72




	
h1 (m)

	
B

	
24.22

	
24.22

	
0.10

	
24.31

	
0.20




	
ρ2 (Ωm)

	
B

	
187.95

	
187.96

	
235.73

	
187.76

	
235.96




	
h2 (m)

	
B

	
76.60

	
76.60

	
35.63

	
17.62

	
30.35




	
ρ3 (Ωm)

	
B

	
5.00

	
5.00

	
122.64

	
5.02

	
134.77











 





Table 12. OF and best value of the calculated parameters for 50 independent runs for the CE subarea.






Table 12. OF and best value of the calculated parameters for 50 independent runs for the CE subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
5.3682

	
3.9605

	
3.5159

	
4.5717

	
3.5846




	
OF (%)

	
W

	
5.3735

	
5.3735

	
6.4205

	
5.3700

	
5.3712




	

	
M

	
5.3692

	
5.3410

	
5.3106

	
5.3532

	
4.0532




	

	
SD

	
6.5976 × 10−4

	
1.9721 × 10−1

	
4.6429 × 10−1

	
1.1165 × 10−1

	
4.1656 × 10−1




	
ρ1 (Ωm)

	
B

	
220.82

	
42.52

	
135.81

	
213.61

	
41.59




	
h1 (m)

	
B

	
83.57

	
0.10

	
0.45

	
5.58

	
0.10




	
ρ2 (Ωm)

	
B

	
31.52

	
232.40

	
238.61

	
266.98

	
235.19




	
h2 (m)

	
B

	
47.32

	
80.00

	
43.73

	
22.54

	
46.70




	
ρ3 (Ωm)

	
B

	
5.00

	
5.00

	
113.84

	
146.29

	
109.72











 





Table 13. OF and best value of the calculated parameters for 50 independent runs for the CF subarea.






Table 13. OF and best value of the calculated parameters for 50 independent runs for the CF subarea.





	
OF and

	

	

	
Method

	

	

	




	
Parameters

	

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	

	
B

	
5.1305

	
5.1306

	
3.3073

	
4.1409

	
3.3198




	
OF (%)

	
W

	
5.2162

	
5.1440

	
6.6967

	
5.2162

	
5.1539




	

	
M

	
5.1434

	
5.1415

	
5.0912

	
5.1183

	
3.7941




	

	
SD

	
1.0909 × 10−2

	
3.91066 × 10−3

	
4.2136 × 10−1

	
1.5246 × 10−1

	
4.0815 × 10−1




	
ρ1 (Ωm)

	
B

	
220.65

	
220.66

	
120.04

	
45.60

	
122.10




	
h1 (m)

	
B

	
46.37

	
46.61

	
0.36

	
0.10

	
0.37




	
ρ2 (Ωm)

	
B

	
160.29

	
159.27

	
236.32

	
229.55

	
236.72




	
h2 (m)

	
B

	
64.99

	
65.23

	
40.03

	
79.58

	
38.78




	
ρ3 (Ωm)

	
B

	
5.00

	
5.00

	
120.03

	
5.46

	
123.51











 





Table 14. Mean calculation times for 50 independent runs.






Table 14. Mean calculation times for 50 independent runs.





	
Calculation

	

	
Method

	

	

	




	
Times/Subarea

	
DE/rand/1/exp

	
DE/rand/2/exp

	
DE/best/1/bin

	
TLBO

	
ABC






	
t (s)/AD

	
4.22

	
4.88

	
16.67

	
7.25

	
33.25




	
t (s)/AE

	
4.83

	
5.34

	
17.90

	
5.45

	
39.12




	
t (s)/AF

	
14.60

	
14.95

	
14.27

	
4.01

	
41.07




	
t (s)/BD

	
5.11

	
15.20

	
30.87

	
5.79

	
35.66




	
t (s)/BE

	
5.18

	
5.96

	
11.22

	
9.20

	
33.40




	
t (s)/BF

	
4.50

	
5.05

	
29.05

	
3.73

	
36.35




	
t (s)/CD

	
4.31

	
5.86

	
15.92

	
3.80

	
32.99




	
t (s)/CE

	
5.00

	
13.84

	
26.81

	
5.19

	
31.43




	
t (s)/CF

	
4.70

	
5.32

	
35.77

	
6.00

	
34.34











 





Table 15. Precisions of the parameters that determine the identification of duplications.






Table 15. Precisions of the parameters that determine the identification of duplications.





	Parameter
	Maximum Difference





	ρ1, ρ2, ρ3
	0.1 mΩm



	h1, h2
	0.1 mm










 





Table 16. Mean calculation times, deviations of calculation times, and duplications for 50 independent runs.






Table 16. Mean calculation times, deviations of calculation times, and duplications for 50 independent runs.





	Subarea
	ABC

t(s)
	ABC + STMA

t(s)
	Deviation of t

Using STMA (%)
	Duplications STMA
	ABC + LTMA

t(s)
	Deviation of t

Using LTMA (%)
	Duplications LTMA





	AD
	33.25
	28.01
	84.2
	1557
	30.39
	91.4
	2655



	AE
	39.12
	27.33
	69.9
	1707
	25.92
	66.3
	2551



	AF
	41.07
	28.77
	70.1
	1641
	29.80
	72.6
	2615



	BD
	35.66
	31.18
	87.4
	1670
	30.68
	86.0
	2738



	BE
	33.40
	26.84
	80.4
	1677
	25.93
	77.6
	2484



	BF
	36.35
	28.74
	79.1
	1549
	26.82
	73.8
	2454



	CD
	32.99
	27.55
	83.5
	1930
	29.31
	88.8
	2852



	CE
	31.43
	28.33
	90.1
	1736
	27.36
	87.1
	2650



	CF
	34.34
	23.13
	67.4
	1675
	23.33
	67.9
	2784



	Mean
	35.29
	27.76
	79.1%
	1682
	27.73
	79.0%
	2643










 





Table 17. Test of three-, four-, five-, and six-layered models using 50 independent runs for each model and for each area.






Table 17. Test of three-, four-, five-, and six-layered models using 50 independent runs for each model and for each area.





	
Subarea

	

	

	
Soil Model

	

	




	

	

	
Three Layers

	
Four Layers

	
Five Layers

	
Six Layers






	

	
B

	
2.8489

	
2.8021

	
2.6606

	
2.3731




	
AD

	
W

	
3.3519

	
3.2576

	
3.2597

	
3.4385




	

	
M

	
3.0170

	
3.0324

	
3.0298

	
3.0313




	

	
SD

	
1.4260 × 10−1

	
1.0472 × 10−1

	
1.1070 × 10−1

	
1.8770 × 10−1




	

	
B

	
1.0326

	
1.0229

	
0.9435

	
0.7258




	
AE

	
W

	
1.3074

	
1.3441

	
1.3186

	
1.4264




	

	
M

	
1.1256

	
1.1919

	
1.1502

	
1.2290




	

	
SD

	
8.1256 × 10−2

	
7.3115 × 10−2

	
1.0621 × 10−1

	
1.2140 × 10−1




	

	
B

	
1.1974

	
1.0378

	
0.8037

	
0.8057




	
AF

	
W

	
1.3651

	
1.3703

	
1.4633

	
1.5694




	

	
M

	
1.2462

	
1.1984

	
1.2058

	
1.2461




	

	
SD

	
4.0584 × 10−2

	
8.2700 × 10−2

	
1.1100 × 10−1

	
1.6308 × 10−1




	

	
B

	
2.8106

	
2.7237

	
2.5355

	
2.4723




	
BD

	
W

	
3.1828

	
3.2663

	
3.2140

	
3.2300




	

	
M

	
2.9380

	
2.9697

	
2.9199

	
2.8683




	

	
SD

	
9.7723 × 10−2

	
9.6893 × 10−2

	
1.6189 × 10−1

	
1.8302 × 10−1




	

	
B

	
1.1973

	
0.9274

	
0.8895

	
0.8382




	
BE

	
W

	
1.4790

	
1.2444

	
1.2860

	
1.3274




	

	
M

	
1.2340

	
1.1509

	
1.0734

	
1.1341




	

	
SD

	
4.5144 × 10−2

	
9.8441 × 10−2

	
1.2563 × 10−1

	
1.2988 × 10−1




	

	
B

	
1.1658

	
0.9808

	
0.63834

	
0.8348




	
BF

	
W

	
1.4157

	
1.2943

	
1.2521

	
1.4245




	

	
M

	
1.2230

	
1.1359

	
1.0909

	
1.1736




	

	
SD

	
5.1185 × 10−2

	
5.9807 × 10−2

	
1.0602 × 10−1

	
1.1372 × 10−1




	

	
B

	
4.9306

	
4.5902

	
4.8376

	
4.9021




	
CD

	
W

	
6.1153

	
6.4191

	
6.5768

	
6.5309




	

	
M

	
5.2753

	
5.4091

	
5.4652

	
5.4593




	

	
SD

	
2.9209 × 10−1

	
4.2134 × 10−1

	
4.5797 × 10−1

	
4.4843 × 10−1




	

	
B

	
3.5846

	
3.2722

	
3.2329

	
3.4347




	
CE

	
W

	
5.3712

	
5.2403

	
4.9603

	
5.4556




	

	
M

	
4.0532

	
3.9115

	
3.9175

	
4.0276




	

	
SD

	
4.1656 × 10−1

	
3.8760 × 10−1

	
3.1435 × 10−1

	
4.0025 × 10−1




	

	
B

	
3.3198

	
2.9987

	
3.3901

	
2.7103




	
CF

	
W

	
5.1539

	
5.1060

	
5.0355

	
5.2276




	

	
M

	
3.7941

	
3.8153

	
3.7752

	
3.9706




	

	
SD

	
4.0815 × 10−1

	
4.5375 × 10−1

	
3.9664 × 10−1

	
5.4033 × 10−1

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2025 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
Input data — measured apparent resistivity for different distances (py(ds) . pyldy))_|

Initial population N

Numerical Integration using
3-layered analytial sl modell

‘Objective Function calculation

New
population

Tntegrated function s 10 imes successvely
sk onmof Mol smallr that 10°¢
selcted
evolutionary Yes
methods SN SR TANE S-RIB Y. |






media/file4.png
P1

P>

Pn-1

Pn

(a)

h, P1

h, %)

P3






media/file30.png
Area of interest Meas. A Meas. B Meas. C Area of interest — FEM model

| AF soil // / |CF soil

AE soil | / BE soil / i | CE soil
[:IH_’___, [ ce soil

, |AD50|I| /5 ]BDsoH[ / CDsonI

— — ..f o |,/I//

..... i ;
J3*ayer5 '// A3 layers ,éf: <3 layers /,V,/
y ¢ /‘?_ ______ ’IJ:’. _____ / L
s ek i {7¢ A
3 L.i.— _______ / 0. /

2

(a) (b)






media/file18.png
OF (%)
OND OO

OF (%)

ONPLOOO

OF (%)
ONBO0O

(d

(a)

S—

(g)

AD

2000 4000 6000
BD
2000 4000 6000

o S e

250

500
FEs

750

1000

g AF

6

4

2 a

0

(b) O 250 500 750 1000 (g O 500 1000 1500 2000 2500
12 BE 13 BF

6 6

4 4

2 2

0 0

© 0 250 500 750 1000 1250 (f O 250 500 750 1000 1250

10 10
3 CE 3 CF
6 _ 6 _
4 —3 4 —
2 2
0 0

0 2000 4000 6000 . O 2000 4000 6000 8000
(h) (i)

FEs FEs

--DE/rand/1/exp -#-DE/rand/2/exp -#-DE/best/1/bin -»-TLBO -#-ABC





media/file21.jpg
Input data: measured apparent resistivity for different distances (py(ds) . udh) |

Long-term memory assistence (LTWMA)

ital population NP=30;

| Adaing records

O] tstred

g
H

Kok (next populaton member)

I I
New
population [
using Use OF'svalue | 1
ABe ! 1

T

T record

Searching from the lat to the.
first record

[Fesomemon |

ke (All population members)?

No|






media/file31.png





media/file26.png
Area of interest ‘ Area of interest
/ Meas. FfAE.;____

Meas. E E;’—--—IB-F— T of - I,
Sy o S E—

____.IB.D_L___.I_CD '__-_

Meas A Meas B Meas—C






media/file27.jpg
300 Meas.a 300 Meas. B
200 200
- 77% . :73 ===
o o
g @o 2 4 6 80 (O 0 4 6 8
20 Mess.c 300 Meas. 0
E f‘% 2 M
2 200
H 100
£ 0 0
§ @0 20 40 6 0 @0 0 4 60 80
g
= 300 meas.e 3% Meas. £
20 e W0 e
100 100
o o
@o 0 4 60 8 MO 0 4w 60 8
d(m) d(m)

- Basic model

—+Determined model





media/file3.jpg
hi|py
hy | p,
P3

(b)





media/file22.png
Input data: measured apparent resistivity for different distances (p,(d,) ... py(dy)) |

!
| Initial population NP=30; I

New
population
using

ABC

| k=k+1 (next populaton member) |
v

1
| Search in memory !

Long-term memory assistence (LTMA)

Yes

| Use OF‘s value

No

| OF’s calculation I

l

I Add to memory :I

.
>

A 4

)

Adding records

=

Last record

2" record

15t record

ar
=
>

Searching from the last to the

first record

No [
I

k=NP (All population members)? |

1Yes

Yes
NOI Stopping criterion I—'






media/file19.jpg
[input data: measured apparent resistvity for different distances (,(dy) . puich)) |

rital population NP=30; Shorterm memary asistence (STMA)

[k=k+1 (next populaton member) : }
[
newm I * 1
. !
wsing Ui O vate | ! !
= —
[orscimaion] T

Mol i poputation members? i

[Femice mmemory th whote popTation o th previus et vt th popation from o curenterton






media/file7.jpg
JArea of interest.

Area of interest.

Mess. ¢ JRERAT

Lrmmmmmm e
pvea ofnterest

wesse LB )~

Juenofo=7=57 sy
T i e

;

, ,

]
Avea ofnterest - FEM madel

Aeares / Saes [ Coarea

4
Aowes ;) waea / cooren






media/file28.png
Apparent resistivity (QOm)

300 Meas. A

200
00 7-7—%\_\\:

0

(@) O 20 40 60 80
400 Meas. C
200 f&k%%

0

(c) O 20 40 60 80
300 Meas. E
100

0

(e) O 20 40 60 80

d (m)

—-Basic model

300 Meas. B
200
100 ;

0

(b) O 20 40 60 80
300 Meas. D
~bl FM
100

0

(d) O 20 40 60 80
300 Meas. F
200 SRR IR S ES S .
100

0

(f) O 20 40 60 80

d(m)

~-Determined model





media/file10.png
Current electrodes

/ Potential electrode\

o S

1 d - e d . 110,15 m
// p=1600 Qm7/_f

9

Inhomogeneity is placed

from ground surface into
the depth of 10,15 m






media/file14.png
Input data — measured apparent resistivity for different distances (p,(d;) ... px(dy))

i
I Initial population NP=30; I

New
population
using one of
selected
evolutionary
methods

s —— T T FS]  Numerical integration using |

Objective Function calculation

3-layered analytical soil model|

I

| Numerical integration with (3), (4) and (6) I |I
A= A+AA I |l
Integrated function is 10 times successively || I
smaller that 10°° |

I Yy
I Ij— 1]
| Next d
I
I
I
I

No 1
: d=d, |*
| Yes
I
L

No
4' All population members I

[Yes

NO! Stopping criterion |

Yes
END





media/file11.jpg





media/file6.png
Area of interest

/

/

s

\

/ /I Area of interest
L /

2
/L9 L10 ,

L6

N ~ _Currentflow _ -~ -7 / s _,Gﬁrrent fIBvL





media/file15.jpg
OF (%)
Ok N WA G oo N

AD AE AF BD BE BF () CE CF

subarea

= DE/rand/1/exp ® DE/rand/2/exp ® DE/best/1/bin = TLBO W ABC





nav.xhtml


  applsci-15-01420


  
    		
      applsci-15-01420
    


  




  





media/file16.png
OF (%)
O B N W B O O N

subarea

® DE/rand/1/exp ™ DE/rand/2/exp = DE/best/1/bin = TLBO m ABC





media/file2.png
0,

v Ground surface

d d d b

» - - .
- vI‘ I‘ L

V7 ////////////T///////////T//////////// T//////////////

»
L





media/file20.png
Input data: measured apparent resistivity for different distances (p,(d;) ... py(dy)) I

| Initial population NP=30; I Short-term memory assistence (STMA)
I NPt record
> I
I k=k+1 (next populaton member) | | |
! . : I
Xlow | Search in memory [ > | : :
population Vi | |
using | Use OF’s value | | | |
ABC No
| OF’s calculation | 2"d record
1t record
No | :
I k=NP (All population members)? |
1 Yes
Replace in memory the whole population from the previous iteration with the population from the current iteration
l Yes
NO{ Stopping criterion I—' END






media/file23.jpg
OF (%)

6
5
4
3

2
1
[

AD  AE AF BD BE BF co CE CF

subarea

W3dayered m4-layered mS5-ayered  6-layered





media/file5.jpg
Area of interest

Area ofinterest






media/file24.png
OF (%

6

5

subarea

m 3-layered m4-layered m5-layered = 6-layered





media/file29.jpg
Area ofinterest __Meas A__ Meas 8
2

Meas. C

Area of interest - FEM model

eas. ¢ R






media/file1.jpg
(i
N
Ground surface
d d b

d






media/file25.jpg
(|





media/file12.png
ol s s s mm s s s e s e s e s s
1 |






media/file9.jpg
Current electrodes

Potential electrodes
/ S

Inhomogeneity is placed
from ground surface into
the depth of 10,15 m






media/file8.png
Area of interest

Area of interest

AF area /' BF area / CF area

AE area / BE area / CE area

ADarea , BDarea // CD area
/






media/file17.jpg
OF (%) OF (%) OF (%)

& o

"

o

==

o

Wl b

0 4000 600 ()0 250 500 750 1000 (g0 500 1000 1500 2000 2500

2000

S

20

5 e e
" V==
T T A

fes " fes o s

w-DE/rand/1exp #-DE/rand/2/exp +-DE/best/1/bin +-TLBO -+-ABC

onanad

w000 6000





