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ABSTRACT 

This article details a methodology to calculate an expected 

corrosion rate of grounding equipment in electrical 

earthing systems. It is carried out from a utility 

perspective, taking into account a potential lack of 

information, as well as the necessity to do a 

straightforward implementation. 

A tool STRIGES is developed to implement the proposed 

methodology. It provides two simulation possibilities 

according to the complexity of earth resistivity description. 

INTRODUCTION 

The notion of “stray voltage” is used to qualify the 
occurrence of an unwanted electrical potential on 
conductive surfaces. The official definition provided by 
the IEEE Stray and Contact Voltage Working Group also 
makes the distinction between normal and abnormal 
conditions (faults for example), the latter not being 
considered as stray current. 
When dealing with DC railway applications, the main 
phenomenon to be considered is the corrosion caused by 
the circulation of leakage current through paths outside of 
the return circuit.  Thus, related standards (CEI 62128-1) 
limit the definition of “stray current” as leakage current 
caused by DC traction systems. 
 
Stray current, as well as soil content, can threaten the 
integrity of underground metallic structures like pipelines, 
transmission and electrical lines, metal reinforced 
concrete, etc. To limit as much as possible these effects, 
these structures are usually isolated from the earth and may 
require additional cathodic protections. For practical and 
cost reasons, this question shall be raised at an early 
planning stage (CEI 62128-2). 
 
Protecting earthing systems of transmission or distribution 
system operators (TSO/DSO) is rather challenging. In fact, 
for protection purpose, it is mandatory to limit the 
impedance between grounding devices and earth. This 
provides an excellent expanded return path for possible 
stray currents and raises the threat of a possible gradual 
and invisible deterioration of some earthing devices. 
 
While the need for protection has to be anticipated, the 
complexity of the whole system, the lack of critical inputs 
and the specificity of grounding devices against insulated 
structure can lead to a lot of uncertainties in the process.  
 
This paper discusses a practical way of modeling the 
system with limited information to decide whether or not 
it is likely that some part of the earthing system may 
require more complex protection studies. A demonstration 
tool STRIGES (STRay current Impact on Global Earthing 
Systems) has been developed to fulfill this purpose. 

STRAY CURRENT MODELLING 

Concept 

Stray current modelling is a widely discussed topic in the 

past and current literature. From a general perspective, we 

can make a distinction between the railway electrical 

infrastructure, and the outside environment.  Depending on 

the scope and objective of the study, either one or both are 

modelled accurately. 

Railway electrification 

The modelling of the circuit itself is rather straightforward, 

and commonly accepted. Figure 1 shows a simple example 

given in [1], that is very similar to [2, 3, 4, 5], as well as to 

Std CEI 62128-2, the main difference being how much the 

circuit is lumped/distributed. 

 

 
Figure 1 - Railway circuit representation 

When the scope of the study is the railway circuit itself, for 

example, for optimization of grounding schemes [4] [6] 

according to rail corrosion or safety constraints, there is 

usually no need for a more detailed representation of the 

outside environment. 

Outside environment 

For the outside environment, most articles use a more 

explicit model of the ground than a perfect 0V reference.  

Their objective is either to make a sensitivity analysis on 

an external parameter, like insulation or soil resistivity [7, 

8], to calculate the impact of a stray current collector on 

the system [9], or to estimate the stray voltage on an 

external device [10]as it will be done in this paper. 

In the most common representations, electrical 

interactions are modelled as resistive connections between 

elements, like in Figure 2. But, neither the way to calculate 

the resistance value nor the possible error are specified. In 

[8], the CDEGS software is used to represent complex 

environment with heterogeneous soil and buried structures 

but the built-in models are not detailed. 

In [10], the model construction is explicitly described but 

relies upon specific inputs and may not be adapted to 

external devices that are far from the rails. 



 25th International Conference on Electricity Distribution Madrid, 3-6 June 2019 
 

Paper n° 1700 

 
 

CIRED 2019  2/5 

 
Figure 2 - Linear representation of the external part of the 

railway [10] 

[2] uses a spherical electrode model which avoids the 

approximations induced by a lattice representation, but 

does not take into account the impact of buried devices on 

the earth potential. 

[11] sums an in-depth description of the problem through 

Finite Elements Methods (FEM) and Boundary Elements 

Methods (BEM), which avoids a discretization of the soil 

itself. It has been developed in the professional software 

Elsyca. These models have mainly been optimized [12] 

and tested for pipe corrosion studies [13].  

Practical issues around modeling 

While various modeling possibilities already exists, a 

DSO/TSO willing to determine the risk of grounding 

devices corrosion will face practical issues such as : 

- lack of inputs 

- inability to build a model, possible computational 

complexity 

- unquantified error propagated through the 

simulation process 

The latter is relevant as this problem shows a large 

sensitivity to the outside environment characteristics. 

 

This article details a way to reach a simplified description 

of the model, through static load flow calculations while 

taking into account the possible lack or inaccuracy of 

important inputs, in order to assess a corrosion risk of grid 

assets. 

The aggregated model to be detailed in “model 

implementation” section, is designed with a superposition 

method, already used and validated for current fault 

calculation [14]. But to our knowledge, the methodology 

used to reach a linear problem has not been presented yet 

in this kind of application. 

CALCULATION METHODOLOGY 

Objective 

The objective is to calculate the annual corrosion rate by 

solving a generalized load flow in multiple simulations 

including the whole environment. The current flowing out 

a sensitive device is then used to determine the corrosion 

rate.  

The following section will describe the new models 

developed in STRIGES tool. In addition to the main 

objective, this allows to make a sensitivity analysis 

regarding some uncertain parameters.  

System description 

The model relies upon linearized interactions between its 

elements. The outside environment is the superposition of 

the empty earth and the earthing system (and other external 

elements if any). The empty earth is discretized, as 

explained below, and a distinction is made between zones 

with direct earth/railway or grounding devices exchange 

(red points) and inner earth (blue points). 

 

 
Figure 3 – System representation 

Current exchange between a metallic element (rail or 

grounding element) and the soil is usually represented 

through polarization curve in BEM/FEM methods [13], 

which is a nonlinear interaction and requires very specific 

inputs. It is thus not easily available to a utility. 

Hereafter the notion of element-to-earth conductance is 

used for rails and buried elements.  

Model implementation 

Railway electrification 

The railway electrical infrastructure is described as a linear 

circuit; voltage, current sources and resistive elements are 

used to model substations, trains, power conductors 

(catenary, 3rd rail, feeders…) and rails. Leakage current is 

represented through a track-to-earth conductance per 

length GRE. According to the CEI 62128-2 Annex A, this 

value is measured to get the resistance between a rail and 

its remote earth, which is the earth outside the voltage 

gradient. A typical distance of 50m is given between the 

rail and the measurement location in the standard, and for 

the rest of the article, the furthest possible earth location 

described by the model will be used, possibly at infinite 

distance. 

Current exchange between systems and earth 

For each section of rails or equipment, a conductance is 

given to describe how the current is likely to leak through 

the soil. 

For utilities, the ground impedance value can directly be 

used. It avoids any complex geometrical representation or 

use of polarization curve, but it introduces an error due to 

linearization. 
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Earthing system 

Earthing system elements can be described as resistive 

connections between elements. Neutral or grounding 

conductors are modelled by their resistance, and grounding 

elements by their ground impedance. 

Empty earth: meshed model 

A mesh model is often used in the literature, it has been 

implemented here in a straightforward and explicit way, 

but is usually done with some aggregation or 

simplification [10]. 

The empty earth requires a resistivity input ρ, which can 

be uniform or dependent on dimensions. 

 
Figure 4 –Meshed empty earth model 

In a general representation where a meshed model is used, 

the earth is divided into squared elements, as illustrated in 

Figure 4, on a 8x1x3 representation. Outer squares, 

marked as “B” are directly grounded to perfect earth, at 

reference potential 0V. 

For each square, the voltage at the center is considered, and 

a resistive connection is made with each direct neighbor (2 

on each dimension). For example, on x axis, the resistance 

r is: 

 
zy

x
zyxr




 ,,  (1) 

The value of G’RE should be adjusted so that the equivalent 

resistance to the remote earth is GRE. Currently, it is done 

by calculating the equivalent resistance between the 

central upper case of the lattice, marked as “C” in Figure 

4, and the outer squares of the lattice, but this is 

unsatisfying for heterogeneous earth and will require a 

slow iterative process. This model has been implemented 

to be used if no analytical expression is known for the 

voltage gradient problem in the soil.  

 

Empty earth: aggregated model 

If the soil structure allows an analytical solution of the 

voltage gradient problem, an aggregated model can be 

used. Those expressions are known for ground with simple 

geometries: homogeneous earth, layers, etc. The steps 

detailed below are for a homogeneous earth. 

Each piece of rail, and grounding equipment is described 

as a spherical electrode with a B radius. 

A current ‘I’ injected by a spherical electrode into an 

empty earth of conductivity ρ gives the following voltage 

at a distance d > B from the electrode’s center [2]: 

d

I
dV








4
)(  (2) 

From there, an analytical expression of the voltage induced 

in a half-space is straightforward.  

Rails and grounding devices give a set of points with 

known ground conductance, and position. An impedance 

matrix Z is created where Zij is equal to the potential of the 

ith electrode when injecting 1A in the jth electrode. 

The spherical electrode model is likely not to be accurate 

in the close vicinity of the connection. However, typical 

distances between grounding elements will be at least 

100 m, and a precise voltage profile is not necessary. In 

fact, the latter would be difficult to calculate even with a 

more complex representation given the uncertainties on 

the input data [15]. 

 

Complete model: superposition of empty earth with 

systems 

In the aggregated model, the inversion of the impedance 

matrix Z provides an admittance matrix that represents the 

resistive equivalent of the empty earth, with resistive 

elements between the grounding devices exchange points. 

In the meshed model, the whole admittance matrix has to 

be used. 

Admittances of the earthing and the railway systems are 

added to build the complete aggregated matrix Y. The 

equation to solve has the general form: [I] = [Y] x [V]. 

Scenarios 

It is likely that system operators will not have expanded 

information about the earth resistivity nor about 

dependency to weather variations. The strategy here is to 

rely upon a parametric approach, using realistic ranges and 

standards recommendations. 

For example, several simulations can be run with different 

values of ρ, from 10 to 1000 Ωm. If some local 

measurements have been made while creating the MV/LV 

grounding system, they can be used to narrow the range of 

resistivity variation.  

The range can also be used only for the resistivity of an 

upper layer, considering that in-depth layers are not 

affected by weather conditions. 

As the train power consumption is not necessarily known, 

arbitrary power values can be used in order to ensure that 

the requirements of CEI 62128-2 are respected: the mean 

leakage current value should not exceed 2.5 mA/m. 

CASE STUDY 

Implementation 

All the previously described models are implemented in 

STRIGES, developed in a MATLAB environment. 

Inputs 

A case study has been designed from open data provided 
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online by Enedis [16], the main French DSO. Coordinates 

of arbitrary rail tracks and MV/LV substation have been 

extracted. 

On Figure 5, a graphical representation of the inputs is 

given. Each MV/LV substation has a grounding system. 

 
Figure 5 – Graphical representation of STRIGES inputs 

Two trains are represented, with arbitrary power 

consumptions of 250 kW and 150 kW. These values has 

been calculated by trial and error adjustments, until the 

stray currents from the rail have reached values close to 

the 2.5 mA/m limit given by IEC 62128-2.  

Each grounding is considered to have a 30Ω resistance to 

the remote earth. This value is taken from the NF C11-201 

French standard, as the maximum acceptable resistance. 

Moreover, both MV/LV substations 1 and 5 are linked to 

other parts of the earthing system, represented as a 4Ω 

resistive link to the remote earth. 

The LV earthing system is not represented in this study, 

mostly due to lack of information, but could be done in a 

similar way in future work. In the French case, the LV 

earth conductor can be isolated (<15% coupling) or 

directly connected to the MV earth; all these pieces of 

information would be known by a DSO. 

Results 

The aggregated model is used here with a homogeneous 

resistivity of the soil. Meshed model is also used for 

comparison. 

In Figure 6, the average current per length is computed by 

STRIGES for each of the following resistivity values (10, 

20, 50, 100, 200, 300, 500 and 1000 Ωm); the stray current 

decreases with earth resistivity, which is coherent with 

previous sensitivity simulations [7]. 

In Figure 7, the stray current flowing in each MV/LV 

substation grounding is computed for each scenario. 

Elements 1, 2 and 3 are threatened by stray current, and the 

effect increases with soil resistivity. 

In Figure 8, both methods are used to get an estimation of 

stray current inside the grounding system. The results are 

different, and as the aggregated method is linearized from 

analytical expression, it is likely that the difference comes 

from the simplification in the meshed representation. 

 
Figure 6 - Average positive stray current from rail 

 
Figure 7 – Stray current in grounding devices for ρ = 10, 20, 

50, 100, 200, 300, 500, 1000 Ωm 

 
Figure 8 – Stray current in grounding devices for ρ = 200 Ωm 

with both methods 

Corrosion risk analysis 

EN 50162 gives requirements based on a 1mA limit for 

stray current. For a copper structure, 1mA corrodes 20 g/y 

and a 25 mm² element (minimum surface according to the 

French standard NF C 15-100) has approximately a 
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220 g/m weight per length. In Figure 7, only environments 

with very low resistivity would not lead to at least 1 mA 

current. 

STRIGES can also calculate the current flowing into 

screen cables between grounding elements to ensure that 

thermal limits are not exceeded.  

Limitations 

As every representation has its limits, the meshed model 

has to remain local to avoid an excessive computational 

cost. 

The aggregated model requires an analytical description of 

the voltage in empty earth, which is only possible for 

simple geometries. Unfortunately the only actual way to 

model complex surfaces remain the mesh method which 

improvement could be the object of future work. 

Last but not least, the inherent simplifications of 

environment representation can lead to underestimate 

some local effects. 

CONCLUSION 

In this article, we detailed a methodology able to make 

static calculations of stray currents and to assess their 

impact on close grounding systems. It took into account 

that system operators are likely to lack some key inputs in 

that kind of simulation. Simplification and parametric 

studies are thus been recommended to provide a realistic 

corrosion current estimation accordingly to soil resistance 

inputs.  

As the process comes with a lot of uncertainties and 

simplifications, some safety margin should be taken into 

account for decision. To quantify it, the methodology shall 

be tested on a real case study.  
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