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 This research investigates the influence of track insulation conductivity on 

stray current in direct current (DC) traction systems, which is a significant 

issue in railway operations due to its potential to cause electrochemical 

corrosion. Utilizing the finite element method (FEM), a simplified geometric 

model of a DC tram traction system was analyzed under varying conditions 

of track insulation conductivity. The study examined three levels of 

insulation conductivity, represented by fastener resistances of 1,000 Ω, 

3,000 Ω, and 6,000 Ω, to understand their impact on stray current density. 

Results revealed that increased insulation resistance leads to reduced stray 

current density, demonstrating the critical role of track insulation in 

mitigating stray currents. The study further highlights that the depth of soil 

beneath the track also significantly affects stray current distribution. These 

findings provide insights into improving track design and maintenance for 

better protection against the negative effects of stray current in DC traction 

systems. 
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1. INTRODUCTION 

In light railways, metros, and rapid transit (MRT) systems, which use direct current (DC) traction, 

power is supplied to trains through an overhead catenary system (OCS), third rail, or power rail. The return 

path for the current is provided by the running rails, which direct it back to the supply source [1]. However, 

as rail-to-ground insulation degrades, some current leaks into the ground and flows back to the DC traction 

substation as shown in Figure 1 [2]. This leakage current, known as stray current [3], causes electrochemical 

corrosion, which affects buried metals such as gas pipelines [4]. This occurs when cations and electrons 

separate in the metal due to contact with the electrolyte. Therefore, track insulation is essential for both 

interference current protection and preventing such corrosion. 

In addition to traction currents, four key factors play a critical role in influencing the amount of stray 

current. The first factor is the conductance per unit length of the tracks and other parts of the return circuit. 

The second is the distance between substations. The third factor includes the longitudinal resistance of the 

running rails and the rail-to-earth conductance of a track section, which is influenced by factors like the type 

of fasteners, sleepers, and soil characteristics under different environmental conditions. Finally, the fourth 

factor is the spacing of cross bonds [5]. Another important element that affects stray current levels is the 

conductivity of both the surrounding soil and the track insulation. 
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Figure 1. Stray current is generated in the traction system 

 

 

To study the distribution characteristics of stray current, many researchers have developed various 

models for its estimation [6], [7]. For example, stray current can be estimated based on an impedance model [8]. 

Researchers categorize stray current simulations using different methods, including simplified theoretical 

models [9]. Several approaches exist for simulating stray current, such as the finite element method (FEM) 

(FEM) [10], [11], MATLAB-based simulations [12], [13], and current distribution, electromagnetic field, 

grounding, and soil structure analysis (CDEGS) simulations [14], [15]. In railway stations, partial differential 

equations derived from Maxwell’s equations have been used to estimate stray current on platforms, applying 

FEM and simulation tools like COMSOL software [16], [17]. FEM is favored by many researchers due to its 

efficiency and flexibility in providing accurate solutions [18]-[20]. 

This research focuses on analyzing the distribution of stray current influenced by track insulation 

conductivity using the FEM approach, supported by computer-aided simulation tools, to provide a detailed 

understanding of how insulation conductivity affects current leakage into the ground. By varying the 

conductivity values of the track insulation, the study aims to identify critical thresholds where insulation 

performance significantly impacts stray current flow. The simulations consider different operational 

scenarios, including variations in fastener resistance and soil conductivity, to assess their combined effects on 

stray current distribution. Additionally, the study evaluates the role of soil depth and its influence on current 

dissipation, providing insights into how deeper soil layers reduce stray current concentration. The findings 

from this research will contribute to the development of more effective insulation strategies and rail system 

designs that minimize stray current leakage, thereby enhancing the safety and longevity of rail infrastructure. 

 

 

2. METHOD 

2.1.  Track insulation measurement method 

In line with track protection requirements [21], the key factor influencing stray currents departing 

from the tracks is the conductivity per unit length between the track and the ground. An important factor in 

risk assessment is the corrosion rate. Rail potential provides valuable insights into parameters related to stray 

currents, such as traction currents, the longitudinal resistance of the running rails, earth resistance, and the 

length of the feeding sections. A crucial requirement for this process is to ensure that no accidental or 

intentional direct electrical connection is made to grounding installations. 

According to the EN50122-2 standard, the stray current per unit length should not exceed 2.5 mA/m 

(average stray current per length of a single-track line). If the conductance per unit length specified in 

EN50122-2, which is 0.5 S/km/track, is not exceeded, further investigations or specific measures are not 

required. The methods for measuring track conductance are outlined in the European standard EN50122-2. 

The track segment to be examined is isolated from continuous lines by insulated rail joints or rail nicks, and 

the section must not exceed 2 km in length. The conductivity per unit length of the isolated track section is 

determined using the method illustrated in Figure 2 and (1). 

 

𝐺𝑅𝐸 =
1

𝐿
×

𝐼

𝑈𝑅𝐸,𝑜𝑛−𝑈𝑅𝐸,𝑜𝑓𝑓
 (1) 

 

Researchers have simulated the rail-to-earth conductance per unit length of a single viaduct structure 

in accordance with the EN 50122-2 standard using MATLAB/Simulink [22]. The simulation aimed to 

calculate the rail-to-earth conductance per unit length based on the resistance values of the fasteners.  

The results of the simulation are shown in Table 1. The rail-to-earth conductance per unit length values 
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obtained in Table 1 will be used as parameters in simulating the stray current in the ground using the FEM. 

This simulation will help analyze the impact of varying rail-to-earth conductance per unit length. 

 

 

 
 

Figure 2. Conductance per length for track sections measurement using EN 50122-2 method 

 

 

Table 1. The rail-to-earth conductance per unit length based on the resistance values of the fasteners [22] 
No. Fasteners (Ω) G’RE (S/km) 

1 100 13.341 

2 300 7.275 

3 500 5.001 
4 700 3.81 

5 900 3.077 

6 1,000 2.807 
7 2,000 1.495 

8 3,000 1.019 

9 4,000 0.773 
10 5,000 0.623 

11 6,000 0.521 

12 7,000 0.448 
13 8,000 0.393 

14 9,000 0.35 

15 10,000 0.316 
16 100,000 0.032 

17 1,000,000 0.0032 

18 10,000,000 0.00032 

 

 

2.2.  Mathematical model for current conservation 

The mathematical model represents the current conservation problem for the current source and can 

be applied to models. The current density is determined by fundamental equations, including Ohm’s law, 

which governs current transfer density [23], [24]. 

 

𝑱 =  𝜎𝑬 (2) 

 

𝑬 =  𝑉 (3) 

 

−∇(𝜎∇𝑉 − 𝐽𝑒) = 𝑄𝑗 (4) 

 

Where J is current density (A/ m2) σ is the electrical conductivity (S/m), E is the electric field (V/m), V is an 

electric potential (V), Je is an externally generated current density (A/m2), and Qj is an external current source 

(A/m3). 

 

2.3.  Solution using the finite element method 

The FEM is a numerical technique used to obtain approximate solutions for a wide range of 

engineering problems. Among the numerous numerical methods developed over time, the finite difference 

method is one of the most widely used techniques, the finite volume method, and the FEM. In the FEM, the 

solution domain is divided into many small, interconnected sub-regions, or elements, providing a piecewise 

approximation to the governing equations. This means that the complex partial differential equations are 

reduced to either linear or nonlinear simultaneous equations. The discretization process in FEM, which 

−
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involves dividing the domain into smaller regions, converts a continuum problem with an infinite number of 

unknowns into a problem with a finite number of unknowns at specific points, known as nodes. Because the 

FEM allows for the flexible formation of these elements or sub-regions, it can closely represent the 

boundaries of complex domains. 

 

2.4.  Finite element method for stray current analysis 

2.4.1. Define the geometry of the model 

Figure 3 presents a simplified geometry of the DC tram traction system, with the parameters used in 

the simulation listed in Table 2. These parameters were carefully selected to ensure the accuracy and reliability 

of the solution, providing a realistic representation of the system’s operational conditions. 

 

 

 
 

Figure 3. The geometric of the DC tram traction system 

 

 

Table 2. Geometric parameter of the DC tram traction system 
Geometric Value (m) 

Depth of soil 0.5 

Length of soil 100 

Position of train to station 60 
Height of rail 0.2 

Length of rail 100 

 

 

The simulation domain for the FEM, utilizing linear tetrahedron elements, was generated using 

COMSOL software to create a structured mesh. The mesh comprises a total of 17,058 elements, as illustrated 

in Figure 4. This high-resolution mesh was carefully selected to ensure an accurate representation of the 

geometry while maintaining computational efficiency. The size and density of the mesh elements were 

refined in critical areas, especially around the boundaries where the potential for stray current concentration 

is higher. This refinement is crucial to accurately capture the complex electromagnetic behavior in the DC 

traction system. Mesh convergence analysis was performed to verify that the selected element count produces 

reliable results without excessively increasing the computational load. Furthermore, the boundaries were 

assigned appropriate conditions to simulate real-world interactions, such as conductivity values and 

insulation properties, providing a more comprehensive and realistic simulation environment. 

 

 

 
 

Figure 4. Generated mesh to DC tram traction system 

 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 40, No. 3, December 2025: 1212-1220 

1216 

2.4.2. Definition of the material property 

For the model simulation using COMSOL software, material properties were specified for each 

component, including the DC tram, DC traction substation, rail track with fastening system, and surrounding 

soil. The key parameter for all components in this current conservation problem is the electrical conductivity 

(σ), which directly influences the stray current behavior and its distribution across the system. The values of 

electrical conductivity for each material are provided in Table 3, ensuring accurate representation of the 

electromagnetic properties within the simulation. 

 

 

Table 3. Material properties [25] 
Material Conductivity(S/m) 

rail track 5 

DC tram 1 

station 0.01 
clayey wet soil 1 × 10-1 

Track insulation at Fastener resistance 1,000 Ω 2.8 × 10-3 

Track insulation at Fastener resistance 3,000 Ω 1.0 × 10-3 
Track insulation at Fastener resistance 6,000 Ω 0.5 × 10-3 

 

 

2.4.3. Boundary conditions 

The boundary conditions must be carefully defined to ensure the accuracy of the simulation model. 

First, a zero electric potential is applied at the DC traction substation, serving as the reference point for current 

return. This establishes a baseline for the flow of electrical current throughout the system. Next, the current 

source data from a simple single-train simulation is applied as the boundary condition to represent the 

vehicle’s peak current at the DC tram, as illustrated in Figure 5. To account for regions outside the modeled 

domain, electric insulation is applied at the outer boundaries to prevent current flow beyond the simulation 

area. Finally, the initial conditions are set by assigning a zero electric potential across the domain, allowing the 

simulation to start from a neutral state and accurately capture the dynamic behavior of the system. 

 

 

 
 

Figure 5. Current consumption results from a simple single train simulation 

 

 

3. RESULTS AND DISCUSSION 

The simulation results, derived from current conservation using the FEM in COMSOL software, 

display the current density across the model. These results clearly illustrate the distribution of stray current 

and electrical potential under various operational conditions, providing valuable insights into how current 

flows through different components of the DC tram traction system. The analysis highlights areas where stray 

current is concentrated, as well as regions with higher electrical potential, which are critical for assessing 

potential risks and optimizing system design for improved insulation and current return efficiency. 

 

3.1.  Stray current and rail potential under different track insulation 

The simulation results were compared across three samples of track insulation conductivity, which 

depend on fastener resistance values of 1,000 Ω (2.8×10⁻³ S/m), 3,000 Ω (1.0×10⁻³ S/m), and 6,000 Ω 

(0.5×10⁻³ S/m), all based on a constant soil conductivity of 1×10⁻¹ S/m. This comparison allows for an 
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assessment of how varying the fastener resistance affects the stray current distribution and overall system 

performance under identical soil conditions. 

The simulation reference point for stray current density is compared across three samples of track 

insulation conductivity, each determined by the fastener resistance. The y-coordinate represents the specific 

location where the rail track makes contact with the soil, as illustrated in Figure 6. This comparison 

highlights how different fastener resistance values influence the distribution of stray current at the rail-soil 

interface, providing critical insight into the impact of track insulation on current leakage behavior. 

 

 

  
 

Figure 6. The reference position of the cutting plane along the y-coordinate is used to compare the  

results of stray current density 

 

 

Figure 7 illustrates the current density results for track insulation conductivity based on a fastener 

resistance of 1,000 Ω (2.8×10⁻³ S/m). The simulation shows that the stray current density is highest at the y-

coordinate, where the rail track contacts the soil, reaching a peak value of 5 A/m². This concentration of stray 

current at the rail-soil interface highlights the critical role of fastener resistance in managing current leakage. 

 

 

  
 

Figure 7. Distribution of stray current density in the 2-D cut plane system under track insulation  

conductivity, based on a fastener resistance of 1,000 Ω 

 

 

Figure 8 presents the current density results for track insulation conductivity based on a fastener 

resistance of 3,000 Ω (1.0×10⁻³ S/m). The simulation indicates that the stray current density reaches its peak 

value of 4.5 A/m² at the y-coordinate, where the rail track contacts the soil. This reduction in stray current 

density compared to lower resistance values emphasizes the influence of increased fastener resistance on 

mitigating current leakage. 

Figure 9 illustrates the current density results for track insulation conductivity based on a fastener 

resistance of 6,000 Ω (5.0×10⁻³ S/m). The simulation shows that the stray current density peaks at 1.8 A/m² 

at the y-coordinate, where the rail track contacts the soil. This significant reduction in stray current density, 

compared to lower resistance values, underscores the effectiveness of higher fastener resistance in 

minimizing current leakage at the rail-soil interface. 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 40, No. 3, December 2025: 1212-1220 

1218 

  
 

Figure 8. Distribution of stray current density and electric potential in the 2-D cut plane system,  

based on track insulation conductivity with a fastener resistance of 3,000 Ω 

 

 

  
 

Figure 9. shows the distribution of stray current density and electric potential in the 2-D  

cut plane system, based on track insulation conductivity with a fastener resistance of 6,000 Ω 
 

 

The stray current density results are analyzed along a cutting plane parallel to the y-coordinate, at a 

soil depth ranging from 0 to 0.5m, for three different cases of track insulation conductivity. The results 

demonstrate that variations in track insulation conductivity significantly influence stray current density.  

As the soil depth increases, the stray current density decreases, indicating that the depth of track insulation 

plays a crucial role in controlling current leakage into the surrounding soil. 
 

 

4. CONCLUSION 

In conclusion, this study successfully demonstrated the significant impact of track insulation 

conductivity on stray current density and electrical potential in DC tram traction systems. The FEM was 

employed to provide a detailed analysis of the interaction between the rail track and the surrounding 

environment. The results confirmed that lower track insulation conductivity leads to higher stray current 

densities, posing a potential risk to surrounding infrastructure and safety systems. Additionally, the study 

highlighted the importance of soil depth in mitigating stray current, as greater depths resulted in lower stray 

current densities. 

These findings are valuable for optimizing track insulation and improving the design of rail systems 

to minimize stray current leakage, thus enhancing the longevity of the infrastructure and reducing safety 

risks. By accurately predicting the electrical potential of the return rail, this method offers a reliable tool for 

assessing touch voltage and informing protective measures against electrical hazards. Future research could 

expand on this work by investigating other factors influencing stray current, such as rail material properties, 

environmental conditions, and dynamic loading scenarios, to further refine protection strategies and improve 

system reliability. 
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