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Abstract—Current practice for grounding system design is 

mainly guided by IEEE 80-2000 standard. This practice is an 

iterative process of changing design variables until safety 

requirements for step and touch voltages and maximum ground 

grid resistance are met. It uses rectangular or square shape 

mesh arrangements. However, most of earthing systems in 

buildings, telecom towers are very complicated and not pure 

square or rectangular. Furthermore, IEEE process only allows 

to design grounding systems under uniform soil 

approximations. Since there are significant variations in the soil 

resistivity present at actual sites, multilayer soil model approach 

has been found to be much more accurate than the uniform soil 

model. This paper presents a mathematical model to analyze 

both simple and complicated grounding systems under uniform 

or non-uniform (multi-layered) soil structures. A grounding 

design software package was developed using MATLAB App 

Designer, and its core algorithm and the key features are 

introduced. In order to check the validity of the results, they 

have been compared with the results taken from ETAP – Power 

system analysis software. 

Keywords—Grounding System, Complex, Non-uniform Soil, 
           Software 

I. INTRODUCTION  

      A safe grounding grid design has two primary objectives: 
dissipate electric current into the earth without exceeding the 
operating limits of the equipment and ensure the safety of the 
personnel in the vicinity from hazardous potential differences 
under faulty conditions. The performance analysis of a 
grounding grid essentially consists of determination of its 
ground resistance and surface potential distribution during an 
earth fault. IEEE 80-2000: IEEE Guide for Safety in AC 
Substation Grounding [1] is the widely adopted standard for 
grounding system designing. The standard reviews the 
substation grounding practices with special reference to 
safety and provides a detailed procedure for the design of 
practical grounding systems. However, it has number of 
limitations and only deals with square or rectangular shape 
mesh arrangements placed in homogeneous soil [2]. 

 

      Practically, most of the grounding systems are 
complicated, and the real ground has a complex structure. 
Very often, the soil composition is in layers [3] A horizontal 

two-layer soil model is generally considered as an adequate 
representation of non-homogenous soil for grounding system 
design [5]. Data taken from the Wenner four probe test, which 
is the most commonly used method to measure the soil 
resistivity [7] at the proposed site of the grounding system, 
can be used to obtain the parameters of the two-layer soil 
model [5-6]. Furthermore, vertically-layered soil structures 
might be considered to model more practical site situations 
[8-11].  
      This paper presents a mathematical model to analyze both 
simple and complicated grounding systems under non-
homogeneous soil models. In the present work, a GUI 
earthing design software named “GroundMat 1.0” was 
developed using MATLAB App Designer to analyze 
complex grounding grids under uniform or horizontally two-
layered soil models.  The software is equipped with a module 
to determine the soil model using the field soil resistivity 
measurements. Both the methodology and the computer 
program have been validated with a commercially available 
software named “ETAP” [17] which is very costly. The 
method which is discussed in this paper gives more accurate 
results compared to the referenced papers. The presented 
algorithm is much simpler but can be used to fully analyze a 
grounding grid. 

II. METHODOLOGY 

A. Procedure of Designing a Grounding Grid 

 
The research project is mainly guided by the design 

procedure provided in IEEE80-2000 standard but has some 
changes since the software application “GroundMat 1.0” 
deals with complicated scenarios unlike the standard. Once 
the grounding grid design, and the design parameters are 
given, the software calculates the grid resistance, plots the 
surface potential distribution inside the site boundary, and 
analyses the grid with respect to the IEEE 80 safety criteria 
as the design procedure mentioned in Fig. 1. The user can 
adjust the design parameters to suite the design requirements. 
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Fig. 1. Grounding grid design procedure 

B. Determination of the Soil Model using Field Soil    

 Resistivity Measurements 

An efficient soil model of the proposed site can be 
determined from Wenner four probe test data taken at the site 
[6]. The user can select either a uniform or horizontal two-
layer soil model to proceed with the calculation. For uniform 
soil model selection, the uniform soil resistivity is simply the 
average of the soil resistivity measurements. To determine the 
horizontal two-layer soil model, following steps need to be 
followed. Initial guesses for soil resistivity of the upper layer 

( �� ) and lower layer ( �� ) are considered as measured 
resistivity with shortest electrode spacing and largest 
electrode spacing respectively. 
 
Function to be minimized, 
 

           
Expression for apparent resistivity of horizontal two-layer 
model [5], 

        
Where, 

     k = Reflection factor given by (��- ��) /��� � ��)    

     h = Depth of the upper layer 
     a = Electrode spacing 

     ��= Soil resistivity of the upper layer 

     ��= Soil resistivity of the lower layer 
     n = No.of measurements 
 

C. Grid Resistance and Ground Potential Rise Calculation 

The grid conductors, and rods are conceptually divided 
into rectilinear segments as Fig. 2. It is assumed that within 
each segment, leakage current density is constant, but can be 
different from segment to segment [13]. Modelling of the grid 
becomes more precise with greater number of segments. 
Followed up by the segmentation process, the software 
determines the coordinates of each segment with respect to a 
reference point.  

 
Fig. 2. Segmentation process of a grounding system 

In addition to the self-resistance of each segment (���  = 
Self-resistance of the ith segment), there is a mutual resistance 

between each pair of segments ( ���  = Mutual resistance 

between ith segment and jth segment where i ≠ j). If the self 
and mutual resistances of the segments are known, with earth 

fault current (��) as an input, it is possible to calculate leakage 

current in each segment (��, ��,….,��), ground potential rise 

(GPR), and grid resistance (�) as follows [12-13]. 

 

Resistance matrix for a grounding grid with n number of 
segments, 

 = ���� ��� … ������ … … ⋮⋮ �� ��� ⋮��� ��� … ���
! 

 
Two input matrices named A and B are defined as follows.
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Output matrix X, which contains the leakage current in each 

segment (��, ��,….,��), and ground potential rise (GPR) can be 
calculated by solving AX = B. 
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Grid resistance, 

                                           � = BCDEF   
      In resistance matrix, the values of self-resistance can be 
obtained by using empirical formulae [15], and mutual-
resistance by using complex images method [13-14]. 
 

D. Surface Potential Calculations 

     Once the leakage current in each segment is found, surface 
potential at any point is calculated by the superposition of the 
voltages contributed by each segment to the particular point. 
When modelling the ground grid, the user needs to specify 
the boundary of the proposed site (or the software identifies 
a site boundary automatically using the grid design). Then, 
the software determines the points of the indicated region to 
calculate surface potential (Points with specified spacing in 
both X & Y directions relative to a reference point). With 
these discrete surface potential values, the surface potential 
distribution inside the site boundary is plotted.  
 
     Voltage contribution of a round conductor segment 
located in the upper soil layer is calculated by equation (5) 
and of a segment located in the bottom layer is calculated by 
equation (6) [13]. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
     
     Following modified equations are introduced to calculate 
the voltage contributed by a vertical rod segment located in 
the upper soil layer (7) or the lower soil layer (8). 
 
 
  
 
 
 
 
Where,  
     i = Leakage current of the segment 
     L = Length of the conductor / rod 
     z = Grid depth 
     D = Distance between the point lies on the surface above    
            the rod and the desired surface point 
     x,y = Coordinates of the desired surface point with   

              respect to the coordinate system mentioned in [13] 
     With the surface potentials, hazardous potential 
differences in the vicinity under a faulty condition can be 
calculated. These potential differences are compared with the 
tolerable touch and step potentials in accordance with IEEE 
80 safety criteria [1]. Grounding system design must ensure 
that the maximum touch (Mesh voltage) and step voltages do 
not exceed the safe limits which would endanger a person in 
the area. 
 

Step voltage = =�GHGI)� � �GHGJ)�                                          (9) 

Where, 

      
GHGI = Voltage difference between neighbouring points 1 m  

 apart in the x direction 

      
GHGJ = Voltage difference between neighbouring points 1 m 

 apart in the y direction 
 
Mesh Voltage = GPR – min(Surface Voltage)                 (10) 
 

E. Vertically Layered Soil Structures 

      Huang Ying et al. has represented the relationship between 
soil resistivities of vertical layered soil and resistance values 
of grounding systems by using a hyperbolic function as a 
fitting function with the help of least square curve fitting 
methods [9-10].  
 
Expression for equivalent grid resistance,  
  

                    KL = DMDNOPOQ�DN'DM)ROPDM                         (11) 

Where, 

     �S = Soil resistivity of the reference layer 

     �T = Soil resistivity of the other vertical layer 

      = Equivalent grid resistance 

     �= Grid resistance in uniform �S soil 

     U= Grid resistance in �S with �T is infinity 
 
     To calculate the equivalent grid resistance of the 
grounding grids located in vertical layered soil, equation (11) 

can be used. Note that, it is possible to use either �S or �T as 
the reference soil layer in this calculation. With the ground 
electrode segmentation approach used in our mathematical 
model, it is possible to determine mutual resistances between 
each segment located in separate vertical layers. Fig.3 shows 
the electrode segmentation process of a grounding system 
located in vertical layered soil. 

 
Fig. 3. Plan view of the segmented grounding system located in vertical 

layered soil 
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                         KL = DnDo'DpqrqQsdDnRDo'�DpqrqQs                     (12) 

 
     Rest of the process can be continued as discussed earlier 
in section C & D with suitable assumptions. Vertical soil 
models can also be determined from Wenner four probe test 
data [11]. 
 

III. ILLUSTRATIVE EXAMPLE 

The soil resistivity measurements taken by using 
Wenner’s four probe method at a site are listed in Table 1. 
  

TABLE 1. WENNER FOUR PROBE TEST DATA 

Electrode Spacing (m) Measured Soil Resistivity (Ωm) 

0.5 58 

1.0 87 

2.0 96 

4.5 110 

6.0 119 

9.0 142 

15.0 179 

22.0 210 

27.5 222 

33.0 240 

39.0 253 

46.0 260 

 

According to the theories discussed under the section B 

of the Methodology, the software gave out the horizontal two-
layer soil parameters as Shown in Fig. 4. This result can be 
verified using Sunde’s graphical method [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Resulting horizontal two-layer soil parameters 

Suppose that we are going to design a square shaped 
grounding system in that particular site. For the purpose of 
this example, following parameters will be assumed.  
 
Fault Current = 2 kA 

 
 
 
 
 
 
 

Fig. 5. Grounding grid design: Example 

Segmentation of the grounding grid, 
 

 
 
 
 
 
 
 
 
 

Fig. 6. Segmented grounding grid: Example 

According to the section C under the methodology, it is 
required to calculate self-resistance of each segment and 
mutual resistance between each pair of segments. Self-
resistance of segment 1 (���), and mutual resistance between 
segment 1 & 2 (���) can be calculated as follows.  
 

• Self-resistance calculation for a round conductor 

electrode [15], 

  

 

 

• Mutual resistance calculation; Since both 1 & 2 

segments are located in the upper soil layer [14], 

        

The output matrix according to (3), 
 
 
 
 
 
 
 
 
 
 
 
 
 
Grid resistance, 
 
 
 
Since, all the conductor segments are located in the upper soil 
layer, surface voltage contribution to the center of the grid by 
each of the segments is found using (5).  
 

V1 915.06  V9 915.06 

V2 962.80 V10 962.80 

V3 962.80 V11 962.80 

V4 915.06 V12 915.06 

V5 915.06 V13 915.06 

V6 962.80 V14 962.80 

V7 962.80 V15 962.80 

V8 915.06 V16 915.06 

 
By superposition, the total voltage at the center can be 
calculated. 
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(a)  Top view                                    (b)  Side view 



In Table 2, the obtained results are compared with the ETAP 
simulation results. 
 

TABLE 2. VALIDATION OF THE CALCULATION 

Parameter This Paper ETAP Software 

Grid Resistance (Ω) 9.421 9.757 

Ground Potential Rise (V) 18138.19 19575.4 

Voltage at the Centre (V) 15022.88 15100 

 
To identify the significance of the two horizontally layered 
soil model, the same grounding grid design can be analyzed 
assuming a uniform soil model with a resistivity equal to the 
top layer resistivity (�� = 70.5036 Ωm) as all electrodes are 
located only in the top layer.  
 

TABLE 3. ANALYSIS UNDER A UNIFORM SOIL MODEL 

Parameter This Paper ETAP Software 

Grid Resistance (Ω) 6.827 6.998 

Ground Potential Rise (V) 13654.12 13996.98 

Voltage at the Centre (V) 9029.75 9125 

 

According to the results shown in Table 2 and Table 3, a 
significant difference can be seen between the considered soil 
models. There is a significant affect from the lower layer even 
if the grounding grid is totally located in the upper layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

V. RESULTS 

      In order to validate the accuracy of the methodology and 
the computer program presented in this paper, six cases 
shown below was evaluated in comparison with the results 

IV. DEVELOPMENT OF GROUNDING DESIGN SOFTWARE 

Using MATLAB App Designer, a GUI earthing design 
software named “GroundMat 1.0” was implemented 
according to the mathematical model discussed in this 
research paper. A simple view of the software interface and 
the results of the illustrative example in section III are shown 
in Figure 7.  The software is comprised with the following 
features.  

• Capability of conducting normal and complicated 
ground grid designs. 

• Design Grounding systems under uniform or 
horizontal two-layer soil models (with or without a 
surface layer) 

• Analyse the grid with respect to IEEE80-2000 safety 
criteria. 

• Determine the soil model using field soil resistivity 
measurements. 

• Conductor library, and automatic selection of the most 
appropriate standard conductor size available in the 
market; Manual selection is also possible.  

• Surface potential distribution inside the site boundary 
supports the user to modify the grounding grid design. 

• Generation of a detailed design report, and the 
save/load feature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       
from ETAP. In all six cases, the cross-sectional area of a grid 
conductor is 150mm2, the diameter of a rod is 1.4 cm, and the 
length of a rod is 4m. Other parameters are mentioned under 
the relevant case. 

Fig. 7.   Main GUI of the grounding design software 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Case 
Grid Resistance 

This Paper (Ω) ETAP (Ω) Difference  

Case 1 143.17 143.20 -0.02% 

Case 2 90.27 93.74 -3.70% 

Case 3 22.03 23.55 -6.45% 

Case 4 3.86 4.15 -6.99% 

Case 5 7.36 7.94 -7.30% 

Case 6 10.13 10.77 -5.94% 

 

Case 
Minimum Surface Voltage  

This Paper (V) ETAP (V) Difference  

Case 1 7333 7510 -2.36% 

Case 2 13936 13851 0.61% 

Case 3 14696 13779 6.65% 

Case 4 706.8 706.3 0.08% 

Case 5 1312 1403 -6.49% 

Case 6 1393 1538.1 -9.43% 

 
      From Table 3 & 4, it can be seen that the difference of the 
results between the methodology presented in this paper and 
ETAP is less than 10%. Since the strategies used in these two 
methods are different, the deviations shown in the above 
tables are quite reasonable. 

V. CONCLUSION 

This study was carried out to overcome some limitations 
in IEEE80-2000 Guide for Safety in AC Substation 
Grounding. At the beginning of this paper, the significance of 
designing complex grounding systems in non-uniform soil 
structures was discussed. The design procedure used here is 
similar to the procedure provided in IEEE80 but has some 

changes since we are dealing with complicated scenarios. The 
mathematical model stated in the paper starts from 
determining the soil models using field soil resistivity 
measurements, and proceeds with calculating grid resistance, 
plotting the surface potential distribution inside the site 
boundary, and comparing step & mesh potentials with their 
tolerable limits. A grounding design software named 
“GroundMat 1.0” was developed by the authors to accompany 
the mathematical model. Finally, the newly developed 
software was evaluated by running some test cases, and 
comparing the results with those given by ETAP. GroundMat 
1.0 was found to be an effective tool for designing grounding 
systems at least at the preliminary designing stage considering 
only the power frequency performance parameters. 

REFERENCES 

[1] "IEEE Guide for Safety in AC Substation Grounding," in IEEE Std 80-
2000 , vol., no., pp.1-192, 4 Aug. 2000. 

[2] Kumar, A., & Seedhar, H.R, “Grounding System for High Resistivity 
Limited Area Substations in Hilly Region of Himachal Pradesh”, 2010. 

[3] Wilkens, R.H., “Physical Properties of Rocks: Fundamentals and 
Principles of Petrophysics”. Eos, Transactions American Geophysical 
Union, 78, 600-600, 1997. 

[4] F. Dawalibi and D. Mukhedkar, "Optimum design of substation 
grounding in a two layer earth structure: Part I ߞAnalytical study," in 
IEEE Transactions on Power Apparatus and Systems, vol. 94, no. 2, 
pp. 252-261, March 1975. 

[5] H. R. Seedher and J. K. Arora, "Estimation of two layer soil parameters 
using finite Wenner resistivity expressions," in IEEE Transactions on 
Power Delivery, vol. 7, no. 3, pp. 1213-1217, July 1992. 

[6] "IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and 
Earth Surface Potentials of a Grounding System," in IEEE P81/D11, 
August 2012 , vol., no., pp.1-86, 28 Dec. 2012. 

[7] Nassereddine, M., Rizk, J., & Nasserddine, G, “Soil Resistivity Data 
Computations; Single and Two - Layer Soil Resistivity Structure and 
Its Implication on Earthing Design”. International Journal of Electrical 
and Computer Engineering, 7, 35-40, 2013. 

[8] F. Dawalibi and N. Barbeito, "Measurements and computations of the 
performance of grounding systems buried in multilayer soils," in IEEE 
Transactions on Power Delivery, vol. 6, no. 4, pp. 1483-1490. 

[9] Y. Huang, B. Tang, Z. Qu and B. Chen, "Fitting algorithm for power 
tower grounding resistance with vertical layered soil model," 2014 
International Conference on Lightning Protection (ICLP), 2014, pp. 
676-680. 

[10] Xiaobin Cao, Guangning Wu, Shenglin Li, Weiming Zhou and 
RuiFang Li, "A simple formula of grounding grid resistance in vertical 
two-Layer soil," 2008 IEEE/PES Transmission and Distribution 
Conference and Exposition, 2008, pp. 1-5. 

[11] Nayel, Mohamed, “Study Apparent Grounding Resistivity in Vertical-
layer Soil. Electric Power Components and Systems”. 42. 
10.1080/15325008.2014.896432, 2014. 

[12] Q. Zhang and X. Wu, "Software development of optimal substation 
ground grid design based on genetic algorithm and pattern search," 
2014 North American Power Symposium (NAPS), 2014, pp. 1-6. 

[13] a. J. Heppe, "Computation of Potential at Surface Above an Energized 
Grid or Other Electrode, Allowing for Non-Uniform Current 
Distribution," in IEEE Transactions on Power Apparatus and Systems, 
vol. PAS-98, no. 6, pp. 1978-1989, Nov. 1979. 

[14] Joy, E.B., Meliopoulos, A.P., & Webb, R.P., “Graphical and tabular 
results of computer simulation of faulted URD cables”. Volume 1. 
Theory and program documentation. Final report, 1978. 

[15] BS 7430:2011+A1:2015, “Code of practice for protective earthing of 
electrical installation”. 

[16] Vyas, K.A., & Jamnani, J.G.“Development of IEEE Complaint 
Software ‘Economical Substation Grounding System Designer’ Using 
MATLAB GUI Development Environment”. International Journal on 
Electrical Engineering and Informatics, 4, 335-346, 2012. 

[17] ETAP - Ground Grid Design Assessment Software, Available: 
https://etap.com/product/ground-grid-systems-software

 

                (a)  Case 1                                              (b)  Case 2 
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Fig. 8.  Tested grounding systems 


