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● Abstract 

Touch voltage hazards are more likely to occur along long-distance pipelines within shared 

corridors with transmission lines. These hazards pose risks during routine pipeline maintenance 

when earthing must be temporarily disconnected. Existing probabilistic risk assessments tend to 

be simplistic and may overestimate risk. This research proposes an advanced probabilistic risk 

assessment method that integrates a year-long dataset of soil resistivity measurements. By 

developing soil resistivity models and generating touch voltage hazard profiles over time, a 

probability reduction factor is introduced to enhance risk assessment accuracy. This factor 

provides pipeline operators with a data-driven approach to determine the necessity of risk 

mitigation measures. A case study conducted in a shared gas pipeline and transmission line 

corridor validates the effectiveness of this approach. The findings demonstrate how modifying 

factors such as the number of workdays per year and temporary protection settings can help 

achieve acceptable risk levels. 
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Chapter 1 -  Introduction 

The earthing system of a power grid plays a critical role in ensuring electrical safety by providing 

a controlled path for fault currents and mitigating touch and step voltage hazards. Soil resistivity, 

a key factor influencing earthing system performance, varies seasonally due to environmental 

conditions such as moisture and temperature fluctuations. Conventional earthing system design 

relies on conservative assumptions that do not fully account for these variations, potentially 

leading to inaccurate risk assessments. While probabilistic risk assessment methods offer a 

statistical approach to evaluating the acceptance criteria of electrical shock hazards, existing 

models do not sufficiently address the seasonal effects on touch voltage hazards, particularly 

during maintenance activities on gas pipelines. 

This research investigates the impact of seasonal soil resistivity variations on touch voltage 

hazards encountered by maintenance workers on gas pipelines. A novel probabilistic risk 

assessment framework is introduced to quantify the influence of these seasonal changes, 

improving the understanding of risks during maintenance activities. The study contributes new 

knowledge by refining risk assessment methodologies, leading to a more accurate evaluation of 

touch voltage hazards specific to gas pipeline maintenance. 

This chapter presents the background of earthing system design, the development of a 

probabilistic risk assessment approach, the research purpose, key research questions, 

contributions to knowledge, and the overall structure of the study, concluding with an outline of 

the thesis. 

1.1 Earthing System of the Power Grid 

The earthing system is one of the essential parts of the power grid. The components of an earthing 

system consist of an earth grid, earth electrodes, earth conductors such as overhead earth wires, 

cable sheaths and the soil [1]. The primary purpose of an earthing system is to provide a safe 

environment during power system earth faults by allowing the fault current to discharge into the 

earth before the protective relay system operates to interrupt the delivery of electrical energy [2]. 

Most countries use earthed neutral for power transmission and distribution systems. The neutral 
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can be directly connected to the earth or connected to the earth through a Neutral Earthing Resistor 

or Reactor to limit the maximum fault current. The benefits of an earthed neutral include during 

a single phase to earth fault, the risk of system over-voltages can be minimised, thus reducing the 

chance of insulation failure, ensuring sufficient earth fault current to reliably operate the 

protective relaying systems and simplifying the insulation requirements for primary equipment. 

Hence, soil is often used to conduct the neutral and fault currents. To distinguish between these 

two types of currents, the neutral current typically flows between the grounding systems of the 

power source and the load, whereas the fault current flows from the point of fault to the grounding 

system of the circuit's source. Nevertheless, as current flows through the earth, it spreads to remote 

earth locations and converges back to the circuit’s source, forming a complete circuit. During a 

single line-to-earth fault condition, a substantial amount of current flows through the fault 

location, significantly elevating the earth’s electrical potential on the ground surface along the 

path of conduction and in the vicinity of the earthing system [2].   

Therefore, despite its cost effectiveness and availability, the drawback of using the earth for 

conduction is that a potential difference between two points on the earth’s surface can reach a 

level capable of causing an electric shock to animals or humans when two extremities 

simultaneously come into contact with two different earth potentials.   

Depending on magnitude of the potential difference across the ground, the electric shock can be 

hazardous because the current that passes through a living object, known as body current [3], 

could cause damage to the living tissue or interrupt vital biological functioning, such as the 

heartbeat [4]. For example, suppose a power system earth fault occurs while a person is touching 

an earthed metallic structure. In this case, fault current may flow from the structure through the 

body to the ground, causing an electric shock. The potential difference between the hand and feet 

is called touch voltage. Similarly, the electric shock caused by the potential difference between 

two feet is called step voltage [2, 5]. The primary hazard from touch and step voltages is 

ventricular fibrillation, often leading to fatality if the victim is left untreated at once [4, 6].  



 
3 
 

The earth potential rise hazards are not limited to the power system installation. These hazards 

can be transferred outside the power system installation because the nearby metallic structure can 

become an alternative path for the earth current. The current that splits into the metallic structure 

can also create an electric shock that harms the living being. Therefore, a thorough consideration 

of earth potential rise hazards is essential in the design of any non-power system structures located 

near power system components. 

1.2 Design of Earthing System 

In the design phase of  power system installations, computer simulations help predict the influence 

of earth potential rise associated with power system installations and nearby structures such as 

pipelines, railways, lamp posts, or fences. Computer simulation software is commonly used for 

this purpose, and it simulates the effects of various electrical phenomena on earthing systems, 

soil, and metallic structures such as fences. In addition, the touch and step voltages can be 

analysed under different scenarios, to evaluate the effectiveness of the different hazard mitigation 

methods. 

To design a safe earthing system using computer software, representative soil resistivity data is 

of paramount importance during the design stage for determining tolerable human limits of touch 

and step voltages. However, soil resistivity varies due to multiple factors, such as moisture 

content, temperature, and soil composition, making it challenging to obtain accurate 

measurements that precisely represent the soil. 

To overcome this challenge, designers typically apply conservative assumptions when selecting 

soil resistivity values for earthing system designs. For example, a horizontally layered soil 

resistivity model with higher resistivity values in each layer can represent a worst-case scenario 

where the earthing system must handle a significant prospective fault current. In this scenario, the 

design anticipates higher earthing resistance due to the high resistivity assumptions. However, 

after the earth grid is installed, the actual earthing system resistance is often measured to be lower 

than predicted by the simulation. This occurs because the conservative model includes an 

additional margin to account for soil resistivity uncertainty. The reduced as-built resistance allows 
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sufficient fault current to flow, ensuring that the high-speed protection system detects faults and 

activates the circuit breaker, meeting performance specifications. 

Similarly, designers may also assume a low soil resistivity value to obtain lower tolerable voltage 

limits for assessing human safety against touch and step voltages during a fault condition. By 

combining these two conservative assumptions, designers can confidently ensure that the actual 

touch and step voltages will be significantly lower than its design, and humans can sustain that 

touch and step voltages well below the heart fibrillation threshold during a fault condition of the 

associated power system. 

While soil resistivity varies geographically and over time due to changes in soil properties, the 

conservative approach applied in the earthing system design, which typically assumes a worst-

case scenario of high soil resistivity, may not be appropriate for evaluating the safety of non-

power system infrastructure in the vicinity from the fault site or the source of the fault because 

their earthing system is not necessarily connected to the power system earth grid. Therefore, 

periodic review of soil resistivity is necessary to ensure that the assumed conservative soil 

resistivity value does not mislead the hazard identification process. 

1.3 Probabilistic Risk Assessment Method 

Risk is recognised as a natural part of our daily lives. Risk refers to the possibility of experiencing 

harm, loss, or undesired outcomes in various situations [7]. Risk assessment is a systematic 

process that involves identifying, analysing, and evaluating potential hazards or risks associated 

with a particular activity [8]. The objective of risk assessment is to understand the nature and 

extent of the risks involved and to provide information that can be used to make informed 

decisions regarding the identified risks. 

The risk assessment for earthing system safety typically involves several key steps, including 

hazard identification, risk analysis, and risk evaluation. First, potential hazards are identified and 

documented in the hazard identification step. Next, in the risk analysis step, the likelihood and 

consequences of each identified hazard are assessed, and the level of risk associated with each 
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hazard is determined. Finally, the risk analysis results are evaluated in the risk evaluation step, 

and decisions are made about mitigating or managing the identified hazards.  

Quantitative and qualitative risk analysis are commonly used methodologies for assessing and 

analysing risk. Qualitative risk analysis involves identifying and assessing risks based on 

subjective judgments, reoccurrences and expert opinions [9, 10, 11]. This method does not use 

numerical values to measure risk but instead evaluates risk based on severity, frequency, and 

impact. Therefore, using qualitative risk analysis makes it difficult to define a clear guideline on 

how the risk can be accepted or rejected. 

On the other hand, quantitative risk analysis involves using numerical values to measure the 

likelihood and consequences of a specific risk [12]. This method utilises statistical data, 

mathematical models, and simulations to evaluate the risk and determine the probability of 

specific outcomes. Therefore, the quantitative risk analysis provides a more precise and accurate 

representation of the hazards.  The other benefit of quantitative risk analysis is that the stakeholder 

can prioritise allocating resources and efforts to address the identified risk. 

Probabilistic risk analysis is a commonly used quantitative method for analysing risk [11]. The 

assessment involves using mathematical models and simulations to determine the probability and 

consequences of specific fault scenarios. The probabilistic risk analysis in this thesis is the 

probability of heart fibrillation due to electric shock. The goal is to provide the basis for risk 

evaluation and decisions about the identified hazards.  

1.4 Purpose of Research 

Under normal operation, the underground pipelines may be electrically isolated from the earthing 

system. During electrical fault conditions or lightning events, the pipelines must be electrically 

connected to the earthing system through a surge arrester to reduce the risk of insulation 

breakdown of the pipeline gaskets and the protective coatings. However, for the pipelines 

undergoing routine maintenance, the electrical coupling mechanisms, such as the surge arrester 

to the earthing system, must temporarily be disabled to allow specific pipeline tests to be 

undertaken correctly [12, 13]. During an electrical fault associated with nearby transmission lines, 
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the absence of the surge arrester can cause the potential difference between the pipeline and the 

immediate earth to be high enough to create a harmful electric shock to the workers [2, 13]. 

The touch voltage hazards can be eliminated by taking mitigation actions, such as installing 

gradient control conductors or earth mats [2]. However, these can incur high costs for existing 

long-distance transmission-class pipelines [8]. On the other hand, some test procedures may 

involve temporary disconnection of the pipeline earth system; therefore, the test is carried out 

under the exposure of electrical shock risk. To encounter this unavoidable risk, if the mitigation 

cost is disproportionated to the benefit obtained or the exposure to the risk is a part of the work 

procedure, the risk can be accepted by comparing the quantified probabilistic risk level with the 

pre-defined probability threshold under the principle of ‘As Low As Reasonably Practicable’ [5, 

7, 8, 14] . 

The current probabilistic risk analysis using the Poisson distribution [1] to model the risk assumes 

that hazardous earth fault events can occur randomly every day within an observation period. 

However, this calculation does not take into account the effects of soil resistivity variations [5, 

12].  When soil resistivity variations are considered, it introduces the possibility that hazardous 

events may not occur daily. The sensitivity of body current to earth current is affected by the 

properties of the soil resistivity. For example, on a hot and dry day, the earth's surface with high 

contact resistance can significantly reduce the current flowing through a human body to a safe 

level in the event of an earth fault. 

By integrating soil resistivity variation into the risk assessment, it becomes possible to consider 

how different soil conditions may influence the occurrence and severity of hazardous earth fault 

incidents. A more comprehensive assessment of the risks associated with earth fault events can 

provide effective risk management or hazard mitigation to the specific conditions and properties 

of the soil in a given location. 

The effect of the seasonal soil resistivity variation is recognised and can affect hazards caused by 

the earth potential rise [5, 15, 16]; these hazards include the touch and step voltages. However, 

due to the lack of continuous historical data about the soil resistivity model for the particular soil, 
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the touch and step voltage hazards induced by the conduction of body current during the earth 

fault event cannot be accurately established. The adverse effects of inaccurate hazard 

identification due to variations in soil resistivity are often masked by excessive conservative 

considerations in design and routine safety assessment.  

Excessive conservatism in design can serve as a double-edged blade. On one hand, it ensures 

safety by assuming worst-case conditions, such as persistently high soil resistivity, which aligns 

with the threshold for human fatality in hazards like touch voltage. On the other hand, it can lead 

to overly restrictive risk assessments and the false identification of hazards. Conservative 

assumptions may overestimate risk, preventing the acceptance of certain risks that could be 

considered tolerable under a more realistic assessment of soil resistivity dynamics. 

While the worst-case approach guarantees safety by accounting for conditions where human 

fatality thresholds might be reached, it often disregards the natural variability of soil resistivity 

due to seasonal and environmental factors. This static, highly resistive model, while protective, 

does not reflect actual temporal and spatial variations in soil conditions. Consequently, hazards 

may be over-predicted, leading to unnecessarily rigid designs and inefficient resource allocation. 

To address these limitations, this thesis proposes a novel risk assessment approach that integrates 

real-world soil resistivity variations into touch voltage evaluations. A year-long dataset of 

periodic Wenner test measurements is used to develop soil resistivity models that capture seasonal 

changes. These models enable the estimation of body current exposure under varying soil 

conditions, ensuring that the calculated risk aligns with critical human safety thresholds. By 

incorporating dynamic soil resistivity into the assessment, this method improves the accuracy of 

risk quantification. 

To further refine the risk assessment, statistical distributions are applied to calculate a probability 

reduction factor, quantifying the proportion of days within the observation period when touch 

voltage risks are present. This factor is then incorporated into the probabilistic risk calculation, 

which traditionally considers only the frequencies and durations of human contact and earth faults 

[12]. The result is a more precise and realistic risk assessment that maintains safety margins while 
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allowing greater flexibility in risk management. This approach aligns with the ALARP principle 

by balancing safety and efficiency, reducing the inefficiencies of overly conservative designs 

while ensuring compliance with human fatality thresholds. 

1.5 Research Questions 

In the areas of soil resistivity modelling and probabilistic risk analysis, a series of fundamental 

questions arise, each designed to address the complexities of electrical safety in the context of 

underground pipelines. Because these pipelines are critical assets in energy transportation and 

infrastructure, it is critical to understand the basic principles that govern safe operation to 

introduce improvement to the existing methods in hazard identification and risk assessment.  

These questions are listed below: 

1. What are the essential requirements for soil data collection to meet the criteria for soil 

resistivity modelling?  

2. What is the minimum sample size needed for a robust statistical analysis? 

3. How does the variation of soil resistivity impact the occurrence of touch voltage hazards? 

4. How can the varying soil resistivity be effectively integrated into the current probabilistic 

residual risk assessment?  

5. How can pipeline asset operators implement safety management utilizing the proposed 

risk calculation method to ensure compliance with the As Low As Reasonably Practicable 

principle? 

1.6 Contributions to Knowledge 

This research introduces several significant contributions to the understanding and management 

of earth potential rise hazards, particularly in the context of gas pipeline maintenance. The key 

contributions are outlined below: 
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Consideration of Seasonal Soil Resistivity Variations 

● Gas pipeline operators often face challenges due to limited knowledge and resources 

for addressing earth potential rise hazards. Existing information, such as updated 

prospective fault levels, is often not readily available. 

● The first major contribution of this research is the consideration of seasonal variation 

in soil resistivity over an extended period. This addresses the limitations of current 

methods and enhances the accuracy of hazard identification for earth potential rise. 

The research outcome provides a better understanding of how seasonal changes in 

soil resistivity impact touch voltage hazards, improving the overall risk assessment. 

1. Introduction of the Probability Reduction Factor (PRF) 

● Current probabilistic risk assessment methods primarily focus on the coincidence of 

contact and fault scenarios but do not fully incorporate the critical probability of 

ventricular fibrillation in the context of touch voltage hazards. 

● The second contribution is the introduction of a PRF that accounts for the probability 

of ventricular fibrillation, based on soil resistivity monitoring. This novel variable 

refines the existing probabilistic residual risk calculations, making them more 

representative of realistic touch voltage hazards. The PRF enables the development 

of a dynamic risk model that provides an acceptance boundary of risk, considering 

both prospective fault levels and the duration of maintenance personnel exposure. 

Furthermore, soil resistivity monitoring leads to a better understanding of the 

variation in touch voltage hazards. 

2. Enhanced Risk Representation for Maintenance Personnel 

● In situations where planned outages or reductions in fault protection settings are not 

feasible, the third contribution is the introduction of an improved risk assessment 

approach that enables pipeline asset operators to make better-informed decisions, 

consistent with the As Low As Reasonably Practicable (ALARP) principle. 

● By integrating the proposed PRF, this approach allows for a more comprehensive 

and realistic representation of the risks faced by maintenance personnel. It provides 
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a basis for identifying potential earth potential rise hazards and helps operators 

implement targeted safety measures, ensuring adequate protection for workers. This 

new methodology is a significant advancement in safety and risk assessment 

practices, contributing to both personnel safety and pipeline integrity. 

1.7 Thesis Outline 

This thesis is organised as follows: 

Chapter 2 presents the background material related to the earth system, underground pipelines, 

the existing risk assessment methods outlined in industrial standards, and the statistical methods 

used in this research. 

Chapter 3 provides a literature review of the research. The identified research topics include 

seasonal soil resistivity variation, modelling and simulation, system model simulation, and 

probabilistic modelling and applications. The scientific knowledge gaps identified from the 

literature review are summarized in this chapter. 

Chapter 4 describes the procedure and results of a 12-month soil resistivity monitoring study. 

Chapter 5 details the development of a touch voltage profile using a hypothetical pipeline model. 

Chapter 6 introduces a novel statistical framework derived from the touch voltage profile. The 

key innovation, the Probability Reduction Factor (PRF), is demonstrated using a real-life 

transmission setting. This also illustrates the feasibility of applying this novel risk assessment 

method for maintenance planning. 

Chapter 7 extends the application of the touch voltage profile beyond risk assessment by 

transforming it into a touch voltage equation with carefully selected predictors. This provides a 

tool for detecting hazardous touch voltages during emergency maintenance. 

Chapter 8 discusses the research contributions and potential future research opportunities. 

Chapter 9 concludes the research. 
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Chapter 2 -  Background 

This chapter provides the necessary background to support the development of the research. A 

fundamental understanding of earthing systems is essential, as they play a critical role in ensuring 

electrical safety in pipeline and transmission line environments. Since earth potential rise during 

electrical faults directly influences touch and step voltage hazards, an explanation of this 

phenomenon is included. The assessment of these hazards requires well-defined safety thresholds, 

so the background also covers the calculations of tolerable touch and step voltages based on 

established standards [1, 2, 5, 12]. 

To address the hazards associated with earth potential rise, common hazard mitigation methods 

are reviewed. The effectiveness of these mitigation strategies depends on accurate soil resistivity 

data, as soil characteristics influence fault current dissipation. Therefore, various data collection 

methods for soil resistivity are discussed, highlighting their importance in modelling earthing 

system performance. Since this research adopts a probabilistic approach to risk assessment, an 

overview of probabilistic methods and acceptance criteria is also provided. These foundational 

topics collectively establish the theoretical and practical context for the study’s methodology and 

analysis. 

2.1 Earthing Systems 

An earthing system provides a pathway for the current to return to the source via the mass earth. 

The earth current can be a return current of a fault condition, a zero-sequence current of an 

unbalanced load condition, and a leakage current from the power system components. Power 

system earthing requires that the earth fault current associated with the power system is detectable 

so that the protection devices, such as circuit breakers, can effectively be operated to the 

designated settings. On the other hand, when the fault current flows to the earth, the metallic parts 

in contact with the earth can be livened to a dangerous level. If a person contacts these livened 

objects, the person may receive an electric shock as the person’s body may provide an alternative 

conduction path for the fault current due to the potential difference between the two contact points 

[2, 5]. The severity of the electric shock depends on various factors, such as the duration of 
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exposure, the path and magnitude of the current through the body, and the person’s overall health 

status and medical condition [18]. For personal safety, the hazards related to earth potential rise 

can be identified through three contact scenarios that can result in electric shocks. When the 

conduction path is between one hand and two feet, it is referred to as touch voltage. When the 

conduction path is between two hands, it is referred to as reached touch voltage. Finally, when 

the conduction path is between two feet, it is referred to as step voltage [2, 5].  

On the other hand, a significant amount of earth current can also be transferred outside the power 

system facility in a fault condition. Metallic fences, pipelines, and metallic cable sheaths can 

provide low-resistive paths to split some part of the earth current towards the electrical earthed 

third-party structures [12, 19]. As a result, the current density around the affected structure may 

increase during an electrical fault.  Depending on the soil conditions and the fault level, the 

electrical potential gradient on the earth’s surface may also become hazardous to humans as the 

current density increases. By considering these factors and taking appropriate measures, engineers 

can design an effective earthing system that can limit the potential gradient on the earth’s surface 

to minimise the risks associated with the earth current interference and ensure the safety of the 

power system facility and neighbouring structures.  

Furthermore, understanding soil resistivity is crucial in the design of effective earthing systems 

for power facilities. Since soil resistivity directly influences the dissipation of the electrical 

charges from the fault currents into the earth, low-resistivity soil allows for more efficient 

dispersion of fault currents. In contrast, high-resistivity soil can impede the electrical charges 

dissipation [2, 5], causing a high potential gradient on the earth surface and diverting the earth 

current to other metallic structures. The other factors that also affected earthing performance are 

the choice of electrode material and placement orientation. Therefore, when designing an earthing 

system, local soil resistivity, along with these other factors, is essential to be taken into account 

as the effectiveness of the earthing system relies significantly on these elements and quantities. 

These considerations collectively contribute to ensuring a well-functioning and reliable earthing 

system. Thus, engineers must conduct sufficient soil resistivity measurements and surveys to 

determine the appropriate earthing design and ensure the safety of power system facilities and 
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nearby structures at all times [5]. Eventually, understanding soil resistivity is a critical element of 

managing electrical hazards associated with fault conditions and ensures the safety and reliability 

of electrical systems. 

2.2 Soil Resistivity Measurement Methods 

Measuring soil resistivity is a process of determining the resistance of a soil sample to the flow 

of electrical current. Various methods have been developed to measure soil resistivity under 

different environmental conditions and depths accurately. Two commonly used, non-destructive, 

and cost-effective methods for earthing system analysis are the Wenner and Schlumberger tests, 

also known as the 4-pin test methods, which do not require drilling or excavation. Another non-

destructive approach involves using electromagnetic methods, such as ground-penetrating radar 

(GPR). The 4-pin test methods and electromagnetic techniques are commonly used in geophysical 

prospecting to determine the subsurface electrical resistivity of soils and rocks. The strengths and 

weaknesses of these methods will be discussed in the following sections. 

2.2.1 Electromagnetic Method 

When it comes to soil resistivity measurement, the electromagnetic method, explicitly using GPR, 

shown in Figure 2-1, offers significant advantages in terms of both speed and accuracy. GPR is 

highly sensitive to changes in soil properties, including resistivity, and its penetration depth can 

be adjusted by varying the radar signal frequency, allowing for the assessment of deeper layers 

of earth materials and electrical properties [20].   

This capability provides the accuracy and precision of soil resistivity measurements and produces 

the soil model on-site, so post-processing of the soil resistivity data is not required. GPR is 

commonly used to produce 3D soil models and underground infrastructure identification. 
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Figure 2-1 Ground-penetrating radar was used to identify the subterranean earth connection 
within a power station. The photos were taken by the author in 2017. 

 

2.2.2 Schlumberger Test 

The Schlumberger array, named after Conrad Schlumberger, the founder of the modern SLB 

company, has a rich history dating back to the early 1900s. Conard introduced the revolutionary 

concept of using electrical measurements to map subsurface rock bodies for metal ore mining 

[21].  

In the Schlumberger test, the electrode configuration is arranged symmetrically about a centre 

point. The potential electrodes are stationed at a fixed distance about the centre of the test traverse, 

as illustrated in Figure 2-2. Unlike the later development of the Wenner method, where all 

electrodes are relocated for each measurement, in the Schlumberger array, however, only the 

current electrodes are moved away from the centre point to adjust the probe spacing for the 

subsequent measurement.  The other characteristic is that the length of each Schlumberger test 

traverse does not have a fixed length, and the measurements of the apparent soil resistance 

continue until the potential difference between the two potentials becomes too small to measure 
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accurately. As a result, the current electrodes are often extended to considerable distances from 

the centre point of the traverse. This characteristic makes the Schlumberger array particularly 

well-suited for deeper subsurface investigations [22].  

In terms of mathematical interpretation of using the Schlumberger array, it utilizes the inverse 

square law in its calculations to evaluate apparent soil resistivity. The mathematical expression 

used to calculate the apparent resistivity 𝜌𝜌 commonly used in the industry expressed in (1) is as 

follows [22]: 

𝜌𝜌 =
𝜋𝜋 �𝑠𝑠2 − 𝑎𝑎2

4 �

𝑎𝑎
𝑅𝑅  [Ω. 𝑚𝑚] 

(1) 

where, 
 s is the distance between the current electrode and the nearest potential probe (m), 
 a is the distance between two potential probes (m),  
 R is the measured apparent soil resistance (Ω). 

 

Figure 2-2 The Schlumberger array has four electrodes placed on a line around a common 
midpoint with two outer current electrodes and two inner fixed potential electrodes.   

 

The Schlumberger method is preferred for geophysical surveys over extensive areas like mining 

sites. It offers high resolution when probing deep resistivity layer profiles, which makes it 

especially suitable for tasks involving deep subsurface exploration.  
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However, the Schlumberger method does come with some drawbacks that make it less suitable 

for electrical earth potential studies. One of the main limitations is the need for substantial probe 

spacing when conducting Schlumberger measurements. 

In electrical studies, the focus is mainly on understanding the electrical potential in the immediate 

vicinity of earthing systems, such as power stations or substations, during fault conditions. These 

studies only required measurements at relatively shallow depths, as the main concern is human 

safety and the potential for electric shock. The extensive probe spacing characteristic of the 

Schlumberger array, which is advantageous for deep subsurface exploration, becomes a drawback 

in this context. It makes it challenging for soil resistivity measurement to obtain reasonable quality 

at the shallower depths relevant to electrical safety analysis. 

Additionally, the mathematical interpretation of Schlumberger measurements involves complex 

procedures and equations. This complexity made quality control to ensure the reliability of the 

data collection process difficult.   

2.2.3 Wenner Test 

The Wenner method was developed based on the particular case of the Schlumberger array, where 

all electrodes are equally spaced. The Wenner and Schlumberger tests are well-documented in 

standards and guidelines [1, 5, 22]. The main difference between the two methods is the 

arrangement of the electrodes used to measure soil electrical resistivity [22]. In the Wenner test, 

four electrodes are placed evenly in a straight line, as shown in Figure 2-3. Therefore, all four 

electrodes must be repositioned for every test spacing. The objective of this arrangement is to 

leverage the symmetrical properties in electrical potential calculations, making the conversion 

from apparent soil resistance to resistivity more straightforward compared to the calculations 

required for the Schlumberger method. 

Assuming the homogeneous soil resistivity is 𝜌𝜌, the current injection at the two outer probes can 

be imagined as creating a different path in the earth, as shown in Figure 2-4. Therefore, if a virtual 

line is drawn to link the points in the ground will form an equipotential plane which is orthogonal 

to the current paths.  Those current paths influence the electrical potential difference between two 
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voltage probes.  Since the soil is homogeneous and the probe arrangement is symmetrically and 

evenly distributed, the volume of soil measured can be approximated to a truncated cone shape 

with the tip cut off, as shown in Figure 2-4. 
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Figure 2-3 The setup of the Wenner Test. The off-frequency constant current signal is injected 
into the ground through the hemispherical electrodes. 

 

 

 

Figure 2-4 The soil volume measured with the Wenner test is bounded within the dotted yellow 
lines. The current paths and equipotential surfaces are indicative only. 
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Suppose all probes are in semi-spherical shape or the depth of the probe is less than ten times the 

probe spacing [22]. V1 is the voltage measured between Probes C1 and P1 in Figure 2-3, according 

to V1 can be written in (2) as follows: 

𝑉𝑉1 = 𝜌𝜌 𝐼𝐼 �
1

2𝜋𝜋𝜋𝜋
−

1
2𝜋𝜋(𝐷𝐷 − 𝑎𝑎)� [𝑉𝑉] (2) 

where, 
  D is the distance between Probes C1 and C2 (m), 

I is the current injected (A), 
𝜌𝜌 is the apparent soil resistivity (Ω-m).  

 
The equation is rewritten in terms of a, given:  
 

𝑉𝑉1 = 𝜌𝜌 𝐼𝐼 �
1

2𝜋𝜋𝜋𝜋
−

1
4𝜋𝜋𝜋𝜋

�  
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Similarly, for V2, 

𝑉𝑉1 = 𝜌𝜌 𝐼𝐼 �
1

2𝜋𝜋(2𝑎𝑎)
−

1
2𝜋𝜋(3𝑎𝑎 − 2𝑎𝑎)

�  

𝑉𝑉2 = 𝜌𝜌 𝐼𝐼 �−
1

4𝜋𝜋𝜋𝜋
�  [𝑉𝑉]  

Therefore, the potential difference between two Probes, P1 and P2, is calculated to be expressed 

in (3): 

𝑉𝑉12 = 𝜌𝜌 𝐼𝐼 �
1

2𝜋𝜋𝜋𝜋
�  [𝑉𝑉] (3) 

Since V12/I is the apparent soil resistance, the equation for calculating soil resistivity using the 

Wenner test is expressed in (4) as follows: 

𝜌𝜌 = 2𝜋𝜋𝜋𝜋𝜋𝜋 [Ω. 𝑚𝑚] (4) 

where, 

ρ is the apparent soil resistivity in ohm-metre (Ω-m) 

ɑ is the spacing between current electrodes (m) 

R is the apparent soil resistance (Ω) 

Due to the symmetric property of the test array, the Wenner test generally can obtain more 

accurate resistivity values than the Schlumberger test for shallow soil measurements [2, 23].   

The soil resistivity is a main component to define the electrical performance and safety of earthing 

systems. The reliable measurement of soil resistivity is of paramount importance since it directly 
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impacts the magnitude of the earth potential rise on the earth's surface in the event of a fault 

condition. The safety and integrity of electrical systems are complexly linked to the property of 

earth potential rise, making it a critical factor in electrical engineering. The following section will 

describe the concept of earth potential rise and its implications for safety and system performance. 

2.3 Earth Potential Rise 

An earth potential rise (EPR) is defined as a measure of the voltage between the distant soil 

surface and remote earth potential (0 V), where remote earth is used to describe the resistance 

between a point in earth and a distant earth test point, beyond which measurement of the earth 

resistance will not decrease [22]. When a fault current enters the earth, the earth potential is the 

highest at the fault location.  The magnitude of the earth potential is the highest during the fault.  

This highest EPR condition is applied to all the related studies as the worst case can maintain the 

conservatism of the hazardous voltage predictions. 

 

Figure 2-5 Earth Grid Voltage Rise (EGVR) caused by an earth fault at Station 2. Earth 
Potential Rise (EPR) appeared immediately outside the earth grids. 

 

The fault location can be within the power system facility or a remote location such as a 

transmission tower. Nonetheless, EPR will not manifest outside the earthing system if the fault 

occurs within the earthing system of the source because the fault current remains confined within 
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the earthing system, circulating between the fault and the earthed star-point of the source. Thus, 

it does not extend beyond these boundaries. The EPR is measured in reference to a remote earth 

potential during an earth fault; as shown in Figure 2-5, the electrical potential is observed to have 

the highest magnitude at the earth grid of the fault location, Station 2. As the observation moves 

away from the earth grid of Station 2, the earth potential falls until the observer measures a zero 

potential. Beyond this zero potential point, the EPR increases again as the observation approaches 

the source, Station 1. This pattern illustrates how the EPR varies with distance from the fault 

location to the source. Since the appearance of this EPR curve only lasts until the circuit breaker 

is tripped, it is impossible to measure the actual fall-of-potential [2] during a fault. The declining 

potential gradient can be measured by injecting a continuous constant current to simulate a 

miniature earth fault.   

The fall-of-potential measuring result for an undisclosed substation is shown in Figure 2-6 for 

reference. A constant 2 A, 58 Hz test signal current was injected between the substation earth grid 

and a remote location according to the test method of IEEE Std 81 [22]. The earthing system 

impedance was calculated to be 0.75 Ω based on the potential difference between the current 

probe and the current injected. Therefore, the calculated earth grid voltage rise for the worst-case 

fault current of 2 kA is 1,500 V. The potential gradient on the fall-of-potential curve indicates the 

EPR measured at 1 m from the edge of the substation’s earth grid was 1,341 V.  If the perimeter 

fence of the switchyard was bonded to the earth grid of the substation, the potential difference in 

this contact scenario is 159 V. To determine whether this electric shock scenario can be sustained 

safely by a human being, the hazard identification is needed, and it is discussed later in this 

section.  

Additionally, Figure 2-6 shows that the 430 V EPR contour was located at 75 m from the edge of 

the earthing system. This 430 V is a typical value, was recommended by the International 

Telecommunication Union (ITU) Standard, formerly CCITT directive, that set the limiting value 

to define hot zone limits for human safety related to coupling into telecommunications systems 

from AC electric power and AC electrified railway installations in fault conditions [24, 25]. The 

value of 430 V is defined based on experience that 430 V with 0.1 s duration and 300 V for a 
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duration up to 1.0 s could result in severe situations for humans. Therefore, if a metallic lamp post 

were installed on the 430 EPR contour, a maximum of 430 V could appear on the lamp post during 

a fault condition. 

 

 Figure 2-6 The plot of a scaled-up fall-of-potential measurement and EPR contour of an 
undisclosed substation during an injection test with a continuous test signal of 2 A @ 58 Hz. 

(Scaling factor = 1,000 to simulate a 2 kA earth fault) 

 

2.3.1 Human Safety during Fault Conditions 

There are two main safety requirements for an earthing system: the conduction of earth current 

will not exceed the designed thermal limits to any physical structure of the earthing system, and 

the earth current will not create any danger to humans or animals along the conduction path [5].  

The earthing system must be designed to manage fault currents without exceeding the thermal 

limits of any physical structure in the system. When a fault occurs, a significant amount of current 

flows through the earth, and this fault current must be safely dissipated without causing 

overheating or damage to any metallic components, conductors, or grounding electrodes. 

Therefore, adequately sized and designed conductors, grounding electrodes, and connections are 
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essential to ensure the earthing system can handle the current conditions during the fault 

conditions. 

The earthing system must also prevent the creation of any danger to humans or animals in the 

vicinity along the conduction path of the earth current. The steep potential gradient on the earth’s 

surface means the potential difference between two points a person might come into contact with 

is high. By Ohm’s law, the current that can flow through the person’s body can be high enough 

to cause damage to the living tissue. Therefore, electrical standards and codes [5, 26] provide 

guidelines and requirements to ensure that the earthing system meets these safety criteria.  Regular 

inspection, testing, and maintenance of the earthing system are required to verify its effectiveness 

against the safety standards. 

A significant amount of current flows into the earth when a fault occurs within an electrical 

installation. This current flow can have a range of negative consequences, affecting equipment 

and human safety. One of the concerns during a fault is the potential damage to electrical 

equipment, including components like the rectifier circuit of cathodic protection systems for high-

pressure metallic pipelines or penstocks for hydroelectric power stations, which are connected 

directly to the soil and serve a critical role in preventing metal corrosion. High fault currents can 

disrupt or damage these components, rendering them ineffective in safeguarding the infrastructure 

from corrosion. 

Other than equipment damage, the consequences of a fault can extend to create hazards to living 

beings near the fault site or in the earth return path. Dangerous arcs and sparks can be generated 

when the fault potential is sufficiently high to ionize the air along the path of the fault current. 

These can have severe implications, potentially igniting flammable materials in the vicinity and 

leading to fires or explosions, especially if combustible materials or gases are present. 

While high fault currents and voltages pose risks to equipment and can cause catastrophic events, 

even relatively lower levels of current and voltage can be hazardous to human safety under 

specific hazardous exposure conditions. An example is when a person inadvertently becomes a 

part of the electrical circuit during a fault. The hazardous scenario is when someone touches two 
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objects with different electrical potentials, such as the surface of the ground and a conductive 

object, and the fault current can pass through the person's body, resulting in an electric shock. 

This dangerous scenario can lead to severe injury or even death.  To address these concerns and 

ensure the safety of personnel in the vicinity of electrical systems, standards and guidelines have 

been developed to mitigate the hazards. One widely adopted standard is the IEEE Std 80 [2], 

which offers comprehensive guidance on the design of earthing systems for AC power systems. 

It provides methods for evaluating and managing the hazards associated with electric shocks to 

humans during fault conditions. 

The following sections will describe two commonly used methods for calculating the limits of 

touch and step voltages to which a person can be exposed without the risk of harmful electric 

shock. These calculations are critical for designing effective and safe earthing systems in 

electrical installations. 

2.3.2 Dalziel Equation 

Charles Dalziel, who invented the miniature differential current breaker [27], significantly 

contributed to electrical safety and protection against electric shock. Later, his invention was 

modified by various groups and marketed as the ground circuit fault interrupter (GFCI) in the 

USA and the residual current device (RCD) in Europe and Australasia today.  Dalziel’s other 

research performed and documented the quantitative effects of electric current on men, women, 

and other animals of similar size to average humans [28]. The human participants, 134 men and 

29 women, were volunteers to determine the let-go currents. Since determining non-lethal electric 

shock could still potentially be dangerous to human lives, Dalziel continued the electric shock 

test on animals, including sheep, dogs, pigs, and calves, in determining the safety limit for 

ventricular fibrillation or heart fibrillation.  Dalziel concluded that moderately small currents 

caused ventricular fibrillation that could produce overstimulation to the heart’s muscles rather 

than damage to the heart. His research discovered that the hearts of some smaller animals could 

recover from ventricular fibrillation more likely than larger animals. However, prompt application 

of cardiopulmonary resuscitation or an automated external defibrillator could significantly 

increase the chances of survival in cases where ventricular fibrillation occurred [6]. The Dalziel 
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equation in IEEE Std 80 [2] is adopted to determine the permissible fault current limits as a 

function of human body mass and protection time for a high-speed fault-clearing power system. 

The tolerable body current, 𝑙𝑙𝑏𝑏, in (5) below is calculated based on the constant, k, in (6) and the 

duration, t, of shock and is given by [2, 29]: 

𝑙𝑙𝑏𝑏 =
𝑘𝑘

√𝑡𝑡
   [𝐴𝐴] (5) 

where, 

𝑘𝑘 = �(𝑆𝑆𝑏𝑏 )   [𝐴𝐴 ∙ 𝑠𝑠
1
2] 

(6) 

and Sb is the empirical constant related to the electric shock energy that can cause ventricular 

fibrillation in a given weight group of the human population. In the 2013 revision of IEEE Std 80 

[2], Sb = 0.0135 for the shock energy that can be survived by 99.5% of persons weighing 

approximately 50 kg is used for public access areas assessment.  For the controlled or restricted 

access area, such as within a substation boundary, the average body weights of the workers are 

assumed to be 70 kg with Sb = 0.0247. This value means that workers can tolerate higher shock 

energy without risking ventricular fibrillation. Therefore, there are different threshold body 

current limits for public and restricted areas, with the (7) and (8) given by [25]: 

for a 50 kg body weight 

𝐼𝐼𝑏𝑏 =
0.116

√𝑡𝑡
   [𝐴𝐴] (7) 

for a 70 kg body weight 

𝐼𝐼𝑏𝑏 =
0.157

√𝑡𝑡
   [𝐴𝐴] (8) 

2.3.3 Biegelmeier Z-Curves 

IEEE Std 80 has also introduced the Biegelmeier Z-curve to provide an alternative method for 

determining tolerable body currents. In addition, other standards and guidelines also refer to the 

Biegelmeier Z-curve to identify tolerable body current limits [1, 5, 18].  Biegelmeier experiments 

were conducted in the 1960s to expose pigs of various sizes to different electric current levels to 

study the effects on their bodies.  The plot of the body current against the shock duration where 

ventricular fibrillation occurred to the test subjects formed a Z-shaped distribution, as shown in 
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Figure 2-7. In recent years, there has been a growing recognition of the importance of ethical 

considerations in animal research, and many countries have implemented regulations to ensure 

that only animals are used when necessary and that animal welfare is protected. Conducting 

experiments on live animals can cause suffering and pain, and therefore, both the experiments of 

Dalziel and Biegelmeier are unlikely to be repeated due to ethical concerns.  

 

Figure 2-7 Biegelmeier Z curve of ventricular fibrillation for pigs 

(Extracted from Figure 12 [4]) 

2.3.4 The Comparison of Dalziel Equations and Biegelmeier Z Curve 

Both the Biegelmeier Z-curves and the Dalziel equations, as presented in [2], have limitations in 

their applicability. Specifically, they are valid for faults with clearing times falling within the 

range of 0.03 to 3.0 seconds [5]. 

Since the Biegelmeier Z-curve has three distinct zones, the body currents are constant if the shock 

time is less than 0.3 s and more than 2 s. Within 0.3 and 2 s, the tolerable body current curve is 

similar to the Dalziel equation but with a steeper slope. The choice between the Dalziel equation 

and the Biegelmeier Z-curve depends on the specific safety requirements and the level of 

conservatism needed for a given power system. The Biegelmeier Z-curve is more detailed and 

offers a steeper slope within the 0.3 to 2 s range. However, the Dalziel equation provides a widely 

accepted conservative estimate for broader applications. Engineers and safety experts should 

carefully consider these factors when selecting the appropriate safety measure for a particular 

electrical system. 
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Figure 2-8  provides a visual comparison, displaying that the Dalziel equations tend to be more 

conservative in terms of tolerable body current for protection times ranging from 0.05 seconds to 

0.8 seconds in public access areas and from 0.1 seconds to 0.4 seconds in restricted access areas. 

To illustrate this with an example, if the primary protection time setting for a transmission class 

system is 0.2 seconds, employing the Dalziel equations would result in a lower permissible body 

current for the transmission system.   

 

Figure 2-8  The plot of body current versus time (Dalziel equation and Biegelmeier Z curve) 
[25] 

The distribution networks are designed to serve a wide range of consumers, including residential, 

commercial, and industrial. These consumers are more sensitive to fluctuations in load demand 

[30]. Rapid tripping or protection settings in a distribution system can lead to frequent and 

unnecessary power interruptions to the consumers. Therefore, protection settings are often set to 

be more tolerant of momentary disturbances and are slower than transmission systems.  In 

scenarios where a substation comprises transmission and distribution equipment, each with 

distinct protection time settings, the selection of tolerable body current must be made judiciously 

and subject to the specific application requirements and the regulations in the particular country 

or region. In essence, the choice between Dalziel equations and Biegelmeier Z-curves must align 

with the system's protective standards and operational demands. 



 
28 
 

In the context of this research, the focus is on EPR hazards affecting the pipeline within the 

transmission corridor. Therefore, the utilisation of the Dalziel equation represents a rational and 

conservative approach, particularly when assessing safety in connection to the transmission 

system. This decision ensures that the research upholds a high degree of realism and remains in 

accordance with the specific requirements of the transmission line operation and protection 

standards. 

2.4 Tolerable Touch and Step Voltages 

The tolerable body currents were determined for the 50 and 75 kg population groups in 

Subsection 2.3.2. According to Ohm's law, calculating tolerable touch and step voltages required 

understanding the impedance within the accidental shock circuit. This circuit incorporates various 

components, such as the resistance of the human body, the resistance introduced by boots, and 

the earth contact resistance. 

The resistance of the human body is subject to variability, contingent on several factors, including 

the moisture level of the skin, the contact area, and the specific path taken by the electrical current 

through the body. Dry human skin typically exhibits poor conductivity, yielding a resistance of 

approximately 100,000 Ω. However, when the skin is wet or damaged, this resistance can 

decrease significantly, reaching approximately 1,000 Ω [3]. Hence, to determine the voltage limit 

for ventricular fibrillation, a conservative estimate of 1,000 Ω is utilised to account for the worst-

case scenario regarding human body resistance. 

2.4.1 Touch Voltage Limit 

When a person comes into contact with an energised object, a potential earth gradient is created 

between the point of contact and the ground. The left hand is considered the worst case of touch 

voltage because the conduction path is closest to the heart, the critical organ in the body and can 

be interfered with by external electrical energy from the fault. In severe cases, the fault current 

flowing through the body and into the heart can result in cardiac arrhythmias or life-threatening 

ventricular fibrillation.  
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Therefore, the worst case of human body resistance of 1,000 Ω is commonly used to represent the 

total body resistance and the total resistance of the accidental circuit for touch voltage is given as 

in (9) [2]:  

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ =  1000 + 𝑅𝑅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 0.5 𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 1.5𝐶𝐶𝑠𝑠𝜌𝜌𝑠𝑠 [Ω] (9) 

 

where 𝐶𝐶𝑠𝑠  in (9) is obtained from the empirical equation given by (1) 

 

𝐶𝐶𝑠𝑠 = 1 − �
0.09(1 − 𝜌𝜌

𝜌𝜌𝑠𝑠
)

2ℎ𝑠𝑠 + 0.09 � (10) 

 

where, 
𝐶𝐶𝑆𝑆 is the surface layer derating factor, 
𝜌𝜌𝑠𝑠 is the surface material resistivity in [Ω-m], 
𝜌𝜌 is the resistivity of the earth beneath the surface (second layer soil) material in [Ω-m], 
ℎ𝑠𝑠 is the thickness of the surface material in [m] 

 

The insulation breakdown potential of a shoe is the ability of the shoe to provide electrical 

insulation between the wearer’s foot and the ground. The shoes are classified into six different 

classes.  Each class should pass its corresponding voltage tests. The insulation can be 

compromised if the voltage between the human foot and the ground exceeds the shoe's maximum 

AC-proof test voltage [31]. Therefore, if the calculated touch voltage limit is higher than the AC-

proof test voltage, the touch and step voltage limits are calculated using the AC-proof test voltage.  

Since AC-proof test voltage is not the insulation breakdown voltage, there is a 10 kV conservative 

margin for class 1 to 4 shoes according to the expected to withstand test limits. Also, the insulation 

can degrade and become less effective due to aging. In the controlled and restricted areas of 

electrical installation, management can control this variable to ensure that personal protective 

equipment (PPE) is in place and is updated as planned. However, it is difficult to accurately 

predict personal exposure voltage limits in publicly accessible areas, as personal protective 

equipment may be substandard or unused. Therefore, it is essential to consider a conservative 
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estimate of the touch voltage limit that considers possible changes in the breakdown potential of 

shoes and gloves to ensure the safety of individuals working in electrical shock-hazard 

environments. However, controlling all the uncontrollable factors to meet the designed situation 

is difficult and complex. Therefore, the calculation of touch voltage limits is usually based on the 

assumption that the individual is not wearing shoes and gloves throughout the electrical 

installation and the derating factor 𝐶𝐶𝑆𝑆 in (10) is conservatively assumed to be 1. 

The tolerable touch voltages for the body weights of 50 and 70 kg can be calculated using Ohm’s 

law with the resistance of touch voltage circuit (9) and the body current (7) and (8), respectively, 

and expressed in  (11) and (12) as below:  

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ50 =
(1000 + 1.5𝐶𝐶𝑆𝑆𝜌𝜌𝑠𝑠) × 0.116

�𝑡𝑡𝑠𝑠
   [𝑉𝑉] (11) 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ70 =
(1000 + 1.5𝐶𝐶𝑆𝑆𝜌𝜌𝑠𝑠) × 0.157

�𝑡𝑡𝑠𝑠
  [𝑉𝑉] (12) 

where, 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ50 and 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ70 are the touch voltage limits for the body weight of 50 and 70 kg, 

respectively. 

2.4.2 Step Voltage Limit 

The other hazardous contact scenario is the potential difference between one foot and the other, 

known as the step voltage. Usually, a hazardous step voltage only appears immediately outside 

the earth grid or at the corner of the earth-bonded perimeter fence of a substation, where the earth 

current density may be the highest during an earth fault. A step voltage is a person standing two 

feet 1 m apart simultaneously on two different earth potentials [25]. Usually, the barefoot step 

voltages will be applied for safety assessment. The resistance of the step voltage resistance is 

shown in (23) [25]: 

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  1000 +  𝑅𝑅𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 + 6𝐶𝐶𝑠𝑠𝜌𝜌𝑠𝑠 [Ω] (13) 

Therefore, the step voltage limits for body weights of 50 and 70 kg can be evaluated using (13) 

and the body current (7) and (8), respectively and can be written as (14) [25]: 
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𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠50 =
(1000 + 6𝐶𝐶𝑆𝑆𝜌𝜌𝑠𝑠) × 0.116

�𝑡𝑡𝑠𝑠
   [𝑉𝑉] 

 

(14) 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠70 =
(1000 + 6𝐶𝐶𝑆𝑆𝜌𝜌𝑠𝑠) × 0.157

�𝑡𝑡𝑠𝑠
   [𝑉𝑉] (15) 

where, 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠50 and 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠70 are the step voltage limits for the body weight of 50 and 70 kg, respectively. 

2.4.3 Metal-to-Metal Touch Voltage Limit 

Metal-to-metal touch voltage is also known as reach touch voltage. It can occur when a person 

simultaneously touches two surfaces with different electrical potentials. This touch scenario can 

create a conduction path through the person’s body, leading to electrical shock hazards. Metal-to-

metal touch voltage is unrelated to soil resistivity because the victim does not need to contact the 

ground or earth. Therefore, the metal-to-metal touch voltage limits are not related to the soil 

resistivity and are calculated by assuming the body resistance is 1,000 Ω as expressed in (16) and 

(17) as follows: 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ50 =
1000 × 0.116

�𝑡𝑡𝑠𝑠
   [𝑉𝑉] 

 

(16) 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚−𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ70 =
1000 × 0.157

�𝑡𝑡𝑠𝑠
   [𝑉𝑉] (17) 

2.5 EPR Hazard Identification and Mitigation Methods 

Periodic inspection and testing of the earthing system are essential to ensure the earthing system 

is in good working order and meets the required safety standards. The interval between the 

inspections will depend on the applicable regulations or standards [26]. The method to test the 

integrity of the earthing system includes injecting a constant off-frequency current (48 Hz for 50 

Hz system and 58 Hz for 60 Hz system) between the main earth of the electrical installation and 

a remote earth location to create a miniature earth fault [22]. The off-frequency current allows the 

frequency-tuned voltmeter to differentiate the test signal from the nominal frequency of the power 

system. Sometimes, the miniature earth fault can be created by injecting a test current through a 

power line between two substations under a planned outage. When one end of the de-energised 

power line is connected to the earthing system of a substation, the off-frequency current can be 
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injected through the other substation’s power line and the earthing system. During the miniature 

earth fault is created, the touch and step voltages and EPR contours can be measured with a 

frequency-tuned voltmeter with the methods specified in IEEE Std 81 [22].  

In Figure 2-9, an engineer was taking touch voltage measurement (left) and step voltage 

measurement (right) according to the recommendation of IEEE Std 80 [2]. At the same time, a 

constant current was injected from the substation earthing system to a remote location. 

 

Figure 2-9 Measuring the touch voltage on wet concrete ground (left) and step voltage on 
crushed rocks (right) in a transmission class substation using the IEEE Std 80 recommended 

current injection method. The photos were taken by the author in 2014. 

 

As the impedance of the earth is predominantly resistive [2, 5], determining the actual touch and 

step voltages involves multiplying them by a scaling factor. This scaling factor is the ratio of the 

worst-case fault current to the constant test current injected. Any hazard can be realised by 

comparing the measured voltages to their corresponding voltage limits calculated based on the 

contact scenarios and soil resistivity. The notable change in touch or step voltage from the 

previous inspection can signal potential defects or deficiencies in the earthing system. 

Consequently, when EPR hazards are identified, mitigation measures must be considered. These 

mitigation options include various methods to reduce body current to a safe level during a fault, 

with the choice of technique depending on the specific circumstances. The subsequent section 

provides descriptions of commonly used techniques. 
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2.5.1 Crushed Rocks 

Crushed rocks with irregular shapes are a low-cost, effective way to reduce touch and step 

voltages. The clean crushed rocks with an average resistivity value of 5,000 Ω-m can provide 

sufficient insulation properties to reduce the body current to flow during a fault [5, 32].  However, 

the irregular shape of crushed rocks can create voids and air pockets that trap moisture, soil and 

organic substances that can promote vegetation growth, reducing the insulation properties of the 

layer. Therefore, the industrial standards [2, 5], have defined that if using the crushed rocks to 

replace the surface soil layer, the crushed rock layer must have a minimum thickness and the 

average size of each crushed rock [1, 32]. Additionally, all installed crushed rock material must 

be screened to periodically remove dust, soil, and vegetation. The new crushed rock is isolated 

from river-run gravel or quarried aggregate and free from friable stone, wood, clay, or other 

material [2]. Although the drawback of using crushed rocks is that periodical maintenance is 

required to avoid vegetation growth, crushed rocks are still a low-cost EPR hazard mitigation 

method commonly used as a standard design feature of outdoor substations. 

2.5.2 Gradient Control Conductors 

The design incorporating a gradient control conductor typically involves using a sufficient-sized 

continuous copper strip placed around and bonded to the affected structure. The primary purpose 

of the gradient control conductor is to establish a gradual voltage gradient between the structure 

and the adjacent soil. By burying this conductor, the contact surface area with the soil is 

significantly increased. This increase, in turn, leads to a reduction in the current density 

surrounding the affected structure. Consequently, the potential difference between the surface that 

a person may touch and the immediate ground where they stand can be lowered to a safer level. 

Industrial practices recommend that a gradient control conductor be securely connected to the 

earth point of the affected structure and buried to a depth of 0.5 m while extending 1 m around 

the structure, as detailed in [2]. Gradient control conductors are included as standard design 

components for all structures constructed within or close to high-voltage installations [2, 5, 

17][2][5][18]. The gradient control conductor can physically reduce the electrical potential that 

appears on the earth's surface; therefore, it is the most effective and reliable method for reducing 
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body currents and exhibiting resilience to disturbances in specific uncontrolled environments, 

such as those prone to vegetation growth. 

2.5.3 Non-Conductive Coating 

Applying a non-conductive coating layer on concrete posts, metallic posts, and pipelines can help 

to create an insulating layer between the person and the structure, thereby minimising exposure 

to touch voltage hazards during an earth fault [2]. However, it is important to note that non-

conductive coatings should not be used if the touch voltage on the affected structure is greater 

than the specified breakdown voltage of the coating. In such cases, the coating may not be able 

to provide adequate insulation, which could result in touch voltage hazards.  

When non-conductive coating is used to mitigate touch voltages, only certain product brands and 

models can be selected for the task. In addition, non-conductive coating applications must follow 

the manufacturer’s recommended procedure, industrial standards, and guidelines to ensure that 

the coating provides adequate insulation and protection against voltage hazards. 

On the other hand, the non-conductive coatings can be degraded over time, are subject to common 

wear and tear, and are unsuitable for mitigating touch voltage hazards in a populated area where 

contact frequency is high. 

In the context of high-pressure metallic pipelines, holidays are small gaps or voids that develop 

in pipeline insulation coatings due to various factors, such as improper application or damage to 

the coating during handling, transportation, or installation. These holidays can compromise the 

integrity of the insulation coating; besides the touch voltage hazards, holidays allow corrosive 

agents to penetrate the surface and attack the metal substrate, leading to corrosion and other 

damage.  Therefore, the insulation coating is one of the items of pipeline periodical inspection 

[12]. 

2.6 Probabilistic Risk Analysis 

Certain touch voltages resulting from electrical earth faults can be difficult or expensive to 

eliminate, particularly on long-distance infrastructure where these hazardous touch voltages can 
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extend over several to tens of kilometres. As mentioned in Section 1.4, some countries accept the 

application of statistical analysis to demonstrate that the residual risk, which refers to the level of 

risk that remains after risk mitigation measures have been applied, can be deemed acceptable 

under specific, well-documented criteria, such as the “As Low As Reasonably Practicable” 

(ALARP) principle [5, 7, 12]. The current risk assessment guidelines [1, 5] propose that touch 

voltage risk arises from the collision of two events: the occurrence of an earth fault and human 

contact with the hazardous spot identified through the current injection test. 

2.6.1 Calculating Touch Voltage Risk with Poisson Distribution 

For the collision of two independent events, two separate scenarios can contribute to a touch 

voltage risk. The first scenario, XA, is human contact on a hazardous part while an earth fault event 

is already in progress, and the second scenario, XB, is human contact on an accessible and 

hazardous part before and during an earth fault event. These two scenarios can be approximated 

as the Poisson processes, assuming that earth faults and human contacts are equally likely to 

occur, are independent of season or time of day, and that the average time between events within 

a fixed period is known. However, the exact timings of events are random. Therefore, the 

probability of the Poisson process P(X = ζ) can be evaluated using the probability density function 

equation [13] and is expressed in (18). 

𝑃𝑃(𝑋𝑋 = 𝜁𝜁) =
(𝜆𝜆𝜆𝜆)𝜁𝜁𝑒𝑒−𝜆𝜆𝜆𝜆

𝜁𝜁!
 

 

(18) 

where, 𝜆𝜆 is the arrival rate of Scenario X, and P(X = ζ) is the probability of Scenario X within the 

observation period, T (year), with zeta-ζ occurrence counts. If the occurrence of Scenario X is 0 

within the observation period T, then using (19), the zero-probability equation is given by (19) as 

follows: 

𝑃𝑃(𝑋𝑋 = 0) = 𝑒𝑒−𝜆𝜆𝜆𝜆 
 

(19) 

where, 
 λ is the arrival rate of the occurrence of Scenario X.  
 

The λ of each process is calculated based on whether XA or XB applies.  For XA, λA is given by (20) 

as follows: 
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𝜆𝜆𝐴𝐴 = 𝑢𝑢𝐴𝐴 � 𝑡𝑡𝑖𝑖𝑢𝑢𝐵𝐵

𝑛𝑛

𝑖𝑖=1

= 𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐵𝐵 

 

(20) 

 where, 
within T, uA is the occurrence of a fault (count/year), 
 uB is the number of human contacts (count/year), and  
tB is the mean duration of each human contact (year). 
 

Similarly, for the arrival rate of the occurrence of XB, λB can be written as (21). 

𝜆𝜆𝐵𝐵 = 𝑢𝑢𝐵𝐵 � 𝑡𝑡𝑖𝑖𝑢𝑢𝐴𝐴

𝑛𝑛

𝑖𝑖=1

= 𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐴𝐴 

 

(21) 

 where, 
tA is the mean duration of each fault (year) within the T. 

Therefore, by substituting  (20) and (21) into (19) for each scenario, the zero probability equations 

of both scenarios can be written as  (22) and (23): 

 𝑃𝑃(𝑋𝑋𝐴𝐴 = 0) = 𝑒𝑒−𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐵𝐵𝑇𝑇 (22) 

𝑃𝑃(𝑋𝑋𝐵𝐵 = 0) = 𝑒𝑒−𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐴𝐴𝑇𝑇 (23) 

The coincidence probability 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 of scenarios 𝑋𝑋𝐴𝐴 and 𝑋𝑋𝐵𝐵 within T can be written in terms of  (22) 

and (23) as (24) as follows: 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1 − (𝑒𝑒−𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐵𝐵𝑇𝑇)(𝑒𝑒−𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐴𝐴𝑇𝑇) (24) 

The coincidence probability in (24) can further be simplified by applying the approximation as 

expressed in (25): 

(𝑒𝑒−𝑛𝑛) ≈ 1 − 𝑛𝑛  (25) 

For n < 0.287, the estimation error is less than +5%. Since both processes’ duration and arrival 

rate are small compared to an observation period, T, of one year, only a tiny amount of 

conservative error will be added using the approximation (25). The coincidence probability 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

in (24) can be simplified as (26) as follows: 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐵𝐵𝑇𝑇 +  𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵𝑡𝑡𝐴𝐴𝑇𝑇 (26) 

To evaluate the annualised coincidence probability [2]. In this case, and because T = 1 year, the 

equation can be written as (27). 
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𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑢𝑢𝐴𝐴𝑢𝑢𝐵𝐵(𝑡𝑡𝐴𝐴 +  𝑡𝑡𝐵𝐵) (27) 

where, 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the annualised occurrence probability of fatality of an individual from a touch 

voltage. (27) does not consider that touch voltage hazards that result in ventricular fibrillation 

may not occur daily with the observation period T due to the soil resistivity variations. 

2.6.2 As Low As Reasonably Practicable 

“As Low As Reasonably Practicable” (ALARP) is a risk management principle that aims to 

provide a guideline to reduce the risks to a level that is as low as possible while still being 

practicable to achieve [1, 5, 8, 12]. It is often used in high-risk industries such as aviation, 

chemical manufacturing, and energy storage and delivery. In practice, the ALARP principle 

involves a risk assessment process to evaluate the likelihood of the hazards based on the set 

consequence, such as the probability of fatalities, serious injuries, direct economic loss, 

environmental pollution, or other irreversible events. 

The consideration of the ALARP principle requires organisations to take all reasonable steps to 

identify and reduce risks to the lowest possible level. This practice means that risks should be 

reduced as far as practicable, taking into account factors such as cost and the availability of 

resources. Some of the risks may not be eliminated and are called residual risks [12]. However, 

risk mitigation is practical, or its cost is grossly disproportionate to the improvement gained; 

therefore, the organisation can implement safety procedures into the tasks related to the identified 

hazards, introduce additional personal protective equipment, and provide periodic competent 

training and assessment for the staff to make the risks acceptable. The risk acceptance criteria can 

vary with time and geography but are mainly dependent on culture, government policy and the 

weighting of the cost of risk mitigation in proportion to the benefits.   

For instance, in New Zealand, the ALARP limit for a societal risk of 10 fatalities is defined as an 

acceptable risk range between 10-6 and 10-4 per year [5]. Therefore, any probability of fatality 

calculated below the upper limit of 10-4 is considered acceptable. If the calculated risk falls below 

the lower limit of ALARP, it may be omitted due to its insignificance. However, the decision to 
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omit a risk should be made following a comprehensive risk assessment while considering 

potential consequences. 

Adhering to the ALARP principle does not imply that all risks can be entirely mitigated to a safety 

level. There will always be some residual risk that must be managed. However, the ALARP 

represents the point at which the risk is reduced to the lowest possible and cannot be reduced 

further, or the cost for further risk reduction is disproportionate to the benefit gain. The following 

example is not an electrical engineering case. However, it is a good example of how overachieving 

risk mitigation and disregarding the ALARP principle could produce more adverse effects than 

benefits.  

Two independent cases were considered for the ALARP example. The first one was that the New 

Zealand Government decided to reduce the fatality on the road to zero by rolling out a speed limit 

reduction throughout the country.  However, the campaign failed as the road toll increased by 

6.8% compared to 350 in 2019 and 374 in 2022 [33], which is one year after the reduction of the 

speed limit was introduced. Disregard the incurred economic loss due to unnecessary traffic 

congestion from higher traffic density and the cost of changing the road signs. A thirty-million-

dollar budget will be allocated to reverse this failed risk mitigation attempt by the next elected 

Government [34]. 

The second case was a fire that broke out in Wellington, the capital city of New Zealand, on 16 

May 2023.  Firefighters arrived at the scene with a smaller ladder firefighting appliance that could 

not directly reach the top floor. The firefighters improvised tactical approaches to transport 

equipment to the top floor manually. Where multiple rooms were already on fire, making the 

situation appear un-survivable. Meanwhile, the firefighting appliance outside experienced 

difficulties with water pumping. As a result, ten people lost their lives in the fire. A senior officer 

of the fire department informed the media after this tragedy that the firefighter union had been 

raising concerns for years about the urgent need for the additional 32 m ladder trucks and 

maintenance or replacement of the existing aging equipment that would enable firefighters to 
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access multi storey buildings more safely and efficiently [35].  Regrettably, none of these requests 

had been addressed. 

According to the road safety and traffic data provided by the International Transport Forum Road 

safety data- New Zealand, the number of deaths due to traffic accidents per billion vehicle 

kilometres was 7.2 in 2019 [36]. Assume the average range of a vehicle was 8000 km in 2019 

[33]. The calculated risk was 1.1 × 10−6 and this result indicated that the risk was nearly 

negligible according to the societal risk range of  10−6 to 10−4under ALARP [12]. Furthermore, 

the International Transport Forum only recommended that the risk mitigation was to reduce the 

speed limit on the highest-risk roads where there are high numbers of active users, such as around 

schools. However, the government disregarded the recommendation and rolled out a risk 

mitigation campaign to reduce the overall speed limits throughout the country. More than 30 

million dollars was spent on this overdone campaign.  If a part of this budget had been allocated 

for the upgrade and maintenance of firefighting equipment, ten lives could have been saved in the 

Wellington fire incident. This example highlights the importance of minimising risk to an as low 

as reasonably practicable extent without imposing grossly disproportionate costs, resources, and 

sacrifices. 

2.7  Summary 

The current injection method is a common and effective technique to determine the actual touch 

and step voltage hazards during the prospective earth fault condition. Engineers can calculate the 

actual touch and step voltages during an earth fault condition by analysing the test data obtained 

from the current injection test. However, the engineers usually summarise a conservative soil 

resistivity model based on conducting multiple soil resistivity tests in different locations around 

the test site to cover the effect of the variability of soil resistivity. The conservatism added to the 

touch and step voltages assessment allows the engineers to pinpoint the hazardous touch and step 

voltages confidently. If the touch voltage is overestimated due to conservative assumptions or 

inaccurate measurements, the resulting risk assessment may be overly pessimistic and lead to 

unnecessary or ineffective hazards mitigation measures. 



 
40 
 

 

For gas pipeline systems, however, the situation differs. Unlike high-voltage installations, 

pipelines typically span long distances, often across varied terrains and environments. Applying 

a gradient control conductor along the entire length of the pipeline is not feasible due to the long 

stretches of pipeline and the varied soil resistivity. Furthermore, gas pipeline maintenance often 

involves workers being exposed to touch voltage hazards at multiple points along the pipeline 

during activities like Cathodic Protection (CP) maintenance. During these maintenance activities, 

the pipeline’s decouplers are temporarily disconnected from the earth [12], and temporary 

earthing cannot be used for accurate CP measurements. Workers are therefore required to work 

under the threat of touch voltage hazards during such measurements. While these hazards are 

present, the associated risks can still be managed through appropriate safety measures and 

practices designed for the specific maintenance activities, even though the worker remains 

exposed to potential danger throughout the operation. 

 

Moreover, the drawback of being overly conservative in probabilistic risk analysis can lead to 

unrealistic results and may not help meet the ALARP criteria. Therefore, soil resistivity 

monitoring near the hazardous site can help accurately identify the touch and step voltage hazards. 

Eventually, an improved version of probabilistic risk analysis can be developed.  
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Chapter 3 -  Literature Review 

3.1 Introduction 

In the previous Chapter, the background knowledge of how soil resistivity can affect touch and 

step voltages and mitigation techniques to overcome issues related to hazards incurred from touch 

and step voltages were also described. Since the soil resistivity can vary in different seasons 

subjected to weather conditions, the hazards can also vary. The present industrial practices, 

however, consider soil resistivity a constant quantity. Sometimes, the single conservative soil 

resistivity model can falsely indicate non-existent hazards and incur unnecessary expenses in 

hazard mitigations. Therefore, it is necessary to use statistical data to improve the accuracy and 

appropriateness of the parameters of soil resistivity with the season or specific periods within a 

year. Accordingly, a literature review on the soil resistivity variations was undertaken. This 

Chapter reviews the literature on probabilistic risk analysis, soil resistivity data collection, 

characterisation, modelling, and simulation.  

3.2 Review Methodology 

Primarily, the knowledge gaps in probabilistic risk analysis are explored through pinpointing 

areas where present methods might be lacking. In this way, a clear understanding of the limitations 

and gaps in the present risk analysis method in electrical and non-electrical installations such as 

pipelines must be established through a thorough review of the previous research and the existing 

standards. 

The secondary objective of this literature review is to support the originality and innovation of 

the proposed method in addressing the improvement in probabilistic risk analysis. Through a 

comprehensive review of existing literature, this survey seeks to establish that no previous 

research has proposed or implemented any similar method that lines up with the novel approach 

this thesis is proposing. By identifying the absence of comparable methodologies and techniques 

in the reviewed literature, the goal is to emphasize the uniqueness of the proposed method, which 

can contribute to the advancement in accuracy and practicality of the EPR hazard probabilistic 
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risk analysis for pipelines. The absence of prior implementations will further reinforce the 

significance of this research and highlight the need for its consideration. 

Since the research intents to develop a statistical model of touch voltage profile deduced from the 

seasonal soil resistivity data, the third objective is to assess the quality and methodologies of 

previous research for soil resistivity data collection and selecting a suitable method in terms of 

site selection, data size, post-processing of the soil resistivity data, electrical system modelling 

and simulation. This systematic approach allows the contribution to advancing risk analysis 

methodologies and their broader applicability across various fields. 

3.3 Inclusion and Exclusion Criteria 

In the 1990s, significant advancements in earthing system technology were facilitated by 

breakthroughs in computer technology. The exponential increase in computational power had a 

great impact on the development and application of simulation software used in electrical 

engineering. One key example is MALT (Module for the Analysis of Lightning Transients), a 

component of the CDEGS (Current Distribution, Electromagnetic Fields, Grounding and Soil 

Structure) [17] software suite. Although MALT was established in 1972, its practical utility was 

initially constrained by the limited computational resources available at that time. Early 

computers were not powerful enough to handle the complex calculations required for accurate 

simulations of grounding systems, which involved numerous variables and intricate 

electromagnetic interactions. With the technological advancements of the 1990s, including the 

development of faster processors and more sophisticated algorithms, the limitations imposed by 

computational power were significantly reduced. This allowed simulation tools like MALT to 

fully realize their potential. Engineers could now perform more detailed and accurate simulations, 

leading to improved design and analysis of grounding systems. This enhancement in software 

capabilities contributed to better safety and performance in electrical systems, marking a 

substantial advancement in earthing technology. 
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Thus, IEEE Std 80 [25] underwent a significant revision in the year 2000, incorporating 

simulation results into its guidelines. Since then, it has been widely used and referenced 

internationally, incorporating all the important research on earthing systems. IEEE Std 80 was 

revised in 2013 [2] with minor wording corrections from the previous revision. This review 

considers previous research in soil resistivity variations related to power systems, and therefore 

the article search time frame was set from 1990, ten years before the release year of [25]. The 

article search was undertaken using the IEEE Xplore® database and Google Scholar with the 

search terms “soil resistivity”, “seasonal soil resistivity variation”, and “probabilistic risk analysis 

for touch voltages”.  The exclusion criteria are based on the research focus's justification and the 

available data collection budget.   

The review explicitly identified electrical safety concerns related to earth return currents. As such, 

the focus is on low-frequency studies involving frequencies up to 200 Hz. This frequency range 

is optimal for investigating phenomena relevant to earth return currents. This review particularly 

omits high-frequency considerations, as these are more relevant to lightning protection 

investigations, and the human safety risk due to lightning events can easily be eliminated by the 

rain radar weather forecast [37]. 

The research focuses on long-term soil resistivity monitoring. Therefore, the data collection 

equipment should meet the available budget and security against theft on site. For the soil 

resistivity measurement, equipment selection is guided by the need for effectiveness and 

feasibility. While electrical resistivity tomography (ERT) methods using GPR, as described in 

Section 2.2.1, particularly in 2D or 3D configurations, hold promise for obtaining comprehensive 

data, their adoption was restricted by spatial requirements and the considerable financial 

investment required for procuring specialized equipment. Consequently, due to practical 

considerations, studies employing these sophisticated techniques are purposefully excluded from 

the current research. 
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3.4 Review Discussions 

On July 19, 2023, a search yielded 320 articles. This result comprised 153 articles from IEEE 

Xplore® and 167 from Google Scholar. Subsequent evaluation of the full-text articles led to 

identifying 276 articles that were either redundant or unrelated to seasonal variations in soil 

resistivity. After this filtering process, 44 articles remained and underwent thorough examination 

for inclusion in the study. 

As a result, 32 articles met the criteria and were deemed eligible for inclusion in the literature 

review. These selected articles are summarized in Table 3-1. The research materials containing 

pertinent information concerning the impact of seasonal effects on EPR safety and pipelines were 

categorized into various topics for further analysis. 
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Table 3-1: A summary of the eligible articles for the literature review 

Year Research Group Measurement Software # 
Site 

Test 
Period/month Sample/site Wenner 

Spacing/m Ref 

2013 A. Amin N/A CDEGS N/A Unspecified Unspecified Unspecified [38] 
2022 A. Madikizela Wenner CDEGS 1 12 12 50 [39] 
2014 C. Prabhakar Wenner N/A 2 12 2 2 [40] 
2020 C. Wang N/A CDEGS N/A Unspecified Unspecified Unspecified [41] 
2017 Christy Thomas Wenner CDEGS 2 24 24 50 [42] 
2010 F. E. Asimakopoulou Wenner ANN 1 12 365 10 [43] 
2011 F. E. Asimakopoulou Wenner ANN 1 12 365 10 [44] 
2011 F. E. Asimakopoulou Wenner ANN 1 12 365 10 [45] 
2013 F. E. Asimakopoulou Wenner ANN 1 12 365 10 [46] 
2015 F. E. Asimakopoulou Wenner ANN 1 12 365 10 [47] 
2011 Fraser King Wenner N/A 1 10 1 3 [48] 
2003 Jinliang He Wenner CDEGS 1 Unspecified 2 Unspecified [49] 
2005 Jinliang He Wenner CDEGS 1 Unspecified 1 1.2 [50] 
2005 Jinliang He Wenner CDEGS 1 Unspecified 2 1 [51] 

2005 Jinliang He Resistance 
measurement N/A 1 Unspecified 1 N/A [52] 

2010 JT Afa Wenner N/A 18 10 5 1.2 [53] 

2017 K. K. M. Rezende Resistance 
measurement N/A 4 11 1 N/A [54] 

2000 Lin Li Resistance 
measurement  CDEGS 1 Unspecified 1 N/A [55] 

2013 M.G. Unde Step and Touch 
voltages  Autogrid 3 12 12 N/A [56] 

2006 P. J. Lagace Resistance 
measurement N/A 1 Unspecified 1 N/A [57] 

2017 Q. Louw Wenner  DIgSilen
t 10 Unspecified 1 3 [58] 

1990 R.J. Gustafon Wenner N/A 3 15 15 48 [59] 
2001 Seiichi Sakamoto Wenner N/A 7 12 12 0.1 [60] 
2001 Seiichi Sakamoto Wenner N/A 1 Unspecified Unspecified 2 [61] 
2018 T. A. Papadopoulos Wenner N/A 3 12 12 10 [62] 
2014 V. P. Androvitsaneas Wenner ANN 1 12 365 10 [63] 
2014 V. P. Androvitsaneas Fall-of-potential ANN 1 48 365 N/A [64] 

2015 V. P. Androvitsaneas Wenner 
 Fall-of-potential N/A 1 48 1460 8 [65] 

2018 V. P. Androvitsaneas Fall-of-potential ANN 5 Unspecified 2 N/A [66] 

2018 Wolfgang Fieltsch Resistance 
measurement N/A 1 Unspecified 1 N/A [67] 

2012 Xun Long Step and Touch 
voltages N/A 1 Unspecified 1 N/A [68] 

2011 Noradlina Abdullah Wenner 
Fall-of-potential CDEGS 1 18 18 18 [15] 

In Table 3-1, 32 references are included, some exceeding 10 years in age. While recent studies 

offer valuable insights, older references remain highly relevant for several reasons. Foundational 

research from the 1990s and early 2000s continues to provide the theoretical and methodological 

basis for modern studies, with key principles and models established during this period still 

influencing current research on soil resistivity and earthing systems. For example, in 1990, 

R.J. Gustafson [59] used the Wenner test to address seasonal variations in grounding resistance, 

laying the foundation for understanding the temporal behaviour of soil resistivity. Additionally, 

in 2000, Lin Li [55] demonstrated the use of software to analyse the influence of earthing system 

resistance, a key contribution that still shapes current simulation approaches. Many of these older 

references were published in high-impact journals and frequently cited at the time, playing a 

pivotal role in the development of earthing system standards, such as IEEE publications. 
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Moreover, older studies offer long-term perspectives on issues like soil resistivity variation, 

providing a valuable basis for comparing newer data. Some of these older works have also been 

revisited and validated by more recent research, further confirming their ongoing relevance. Thus, 

retaining these references adds depth to the review, illustrating the evolution of knowledge in the 

field of soil resistivity and earthing systems. 

 

3.4.1 Horizontal Multi Layer Soil Resistivity Model 

A horizontal multilayer soil resistivity model represents the subsurface soil structure that assumes 

the soil can be divided into distinct horizontal layers; each layer is assumed to have uniform 

resistivity throughout its thickness [57]. This soil resistivity representation is commonly used in 

electrical engineering, particularly for analysing earthing systems [22]. The literature review has 

identified seven publications that have used CDEGS [17] for earthing system analysis. 

Additionally, one early article utilized AutoGrid [17], an early software product developed by the 

same company of CDEGS, specifically for processing soil resistivity data. Furthermore, seven 

other publications have focused on using artificial neural networks (ANNs) in the context of 

earthing system-related studies, particularly in methodologies for resistivity data collection. 

ANNs are a machine learning technique commonly applied to model complex systems, including 

earthing systems, although they are not a primary focus within this literature review. 

The accuracy of the model is based on the quality and quantity of data used and the sophistication 

of the data inversion algorithms utilized [57]. Widely recognized computer software such as 

RESAP within the CDEGS suite has been utilised in seven different research groups and has 

found extensive application in converting apparent soil resistivity data from methods like the 

Wenner test or Schlumberger method into comprehensive multilayer soil resistivity models. 

Moreover, the benchmark cases in the annexe of IEEE Std 80 [2] showed that other software like 

ETAP [69], SGW [70], and SDWorkstation [71] could only handle the soil resistivity model up 

to two layers.   Hence, the use of reputable industrial software CDEGS can ensure the accuracy 

and excellence of research outcomes. 



 
47 
 

For instance, rough estimations of soil resistivity, such as assuming a homogeneous soil structure 

during the earthing system's design phase, often yield undesirable results in the performance of 

power systems. This undesirable outcome arises due to the seasonal variations in soil resistivity, 

which can introduce substantial errors in earthing system parameters [12]. Particularly, errors in 

estimating earth grid resistance constitute the primary source of inaccuracy in defining step and 

touch voltage limits because the prospective fault current used to evaluate these limits is 

contingent upon the earth grid resistance [67]. Thus, overly simplified soil resistivity models or 

inaccurate representations of the soil can give rise to deficiencies and challenges in earthing 

system design. Simplified soil resistivity models may not realistically reflect the actual soil 

conditions, leading to design outcomes that significantly diverge from real-world performance. 

Furthermore, these models may fail to capture the details that influence system performance, 

ultimately resulting in suboptimal designs that fall short of established safety and performance 

standards. 

3.4.2 Seasonal Soil Resistivity Variation 

The survey's key findings have substantiated the presence of seasonal variations in soil resistivity, 

which directly impact touch voltages and the acceptable safety thresholds for humans. These 

variations in soil resistivity affect the parameters within the multilayer soil resistivity model that 

may involve alterations in layer resistivity, thickness, or both. 

The survey's results have identified 29 distinct studies investigating various issues arising from 

seasonal changes in soil resistivity. These issues comprise concerns related to touch voltage 

hazards, AC corrosion, and the resistance of earthing systems. Among these studies, twenty-one 

have reported using the Wenner test method for collecting soil resistivity data.  Four studies [15, 

63, 64, 65] have directly measured the earthing system resistance using the fall-of-potential 

method [22], and five studies [52, 54, 55, 57, 67] did not specify the measurement method. 

An eighteen-month substation safety study [15] in Malaysia demonstrated that soil resistivity 

variation could yield a 100 V difference in touch voltage limits across seasons, with hazardous 

touch and step voltages only occurring during particular months. The study was based on a 
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twelve-month data collection interval of approximately 30 days [16]. The three-layered soil 

resistivity model demonstrated that the middle and bottom soil resistivity layers were stable 

throughout the data collection period.  The research pointed out that the top resistivity layer could 

not be predicted by simply referring to the particular season or month but was closely related to 

the variation of soil moisture level.   In other similar research based on monthly soil data, the 

computer simulation results have shown that soil resistivity changes with the season could lead 

to variation in transmission tower footing impedance, affecting the correct operation of high-

speed protection equipment of the transmission system [41]. 

The seasonal change of the top layer soil resistivity is mainly due to temperature and water content 

changes in most soil types [63, 64, 65, 66]. In raining and freezing seasons, the top layer soil 

resistivity can change to very low and very high, respectively and in both cases, the touch voltages 

can rise significantly [50]. Therefore, the time and weather conditions under which soil resistivity 

tests are taken can substantially influence the performance of the earthing system if the seasonal 

effects on soil resistivity are not taken into account. The industrial standards recommend that the 

earthing system designers adjust the soil resistivity model according to the seasonal effects [2, 5]. 

However, the absence of a systematic method for making these adjustments can present 

challenges for earthing system designers. Different designers may adjust in varying ways without 

clear guidelines, leading to inconsistent approaches in earthing system designs. Designers may 

lack confidence in their adjustments, potentially resulting in either over-design (leading to 

unnecessary costs) or under-design (posing safety risks). Effective risk management relies on 

accurate and consistent adjustments to account for seasonal variations in soil resistivity. Without 

a systematic approach, risk assessment and mitigation may be compromised.  

3.4.3 Data Collection and Sample Size 

In reference to Table 3-1, most past research was based on one-year soil monitoring. Some studies 

have focused on the short-term effects of soil resistivity variation. In contrast, others may require 

long-term monitoring to capture seasonal soil resistivity variations to address the earthing system-

related problems. The quality of research depends on the appropriate alignment of data collection 

methods and data size with the research objectives and questions. 
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The Greece research group F.E. Asimakopoulou et al. conducted a year-long daily fall-of-

potential measurement on estimating earthing resistance using artificial neural networks [43, 44, 

45, 46, 47]. Factors such as rainfall, soil moisture level and soil resistivity are the predictors for 

the prediction of earthing system resistance. 

The most extensive scale study was conducted by V.P. Androvitsaneas et al. in Greek. The pilot 

studies [63] and [64] were published in 2014 using the Wenner test for daily soil resistivity and 

driven rod resistance measurements. The experiment was extended to four years, involving the 

collection of 1,460 sets [65] of daily soil resistivity data with Wenner spacing of up to 8 m and 

earthing resistance of three vertical driven rods.  This collected data was used for estimating and 

validating earthing system resistance using inductive machine learning. The researchers have used 

the collected data, developed similar models, and fine-tuned the proposed methods for estimating 

grounding system performance [66].  

Jinliang He et al.'s work addressed the challenge of earthing system resistance variation [50]  in 

China. Jinliang He et al. pointed out that with the electricity demand's rapid expansion, the 

prospective fault current setting needed to be increased to cope with the safe operation of the 

power system. The group reported that the seasonal variations of earthing system resistance that 

increase the EPR to a high level could create a risk of preventing the normal operation of the 

protection system. The damage to the control equipment of the power system incurred by high 

EPR is quite common in small-scale substations or substations built on high-resistivity soil in 

China. The vast economic loss has also been reported. To encounter this challenge, the research 

group proposed installing the bonded vertical electrodes in a deep well to reach the underground 

water to lower the earthing system resistance could eliminate the seasonal influence created by 

the soil resistivity change in different seasons. In Jinliang He’s other deep-driven earthing 

electrode research emphasised the importance of low earthing system resistance design can 

eliminate the hazards created by seasonal soil resistivity variations and also pointed out that 

applying the overly simplified seasonal factor to the measured soil resistivity could not satisfy the 

actual condition of the surface soil layer which could be highly sensitivity to the environment in 

China [49].  
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Christy Thomas et al. conducted the soil measurement with the most extended Wenner spacing 

of 50 m to study the soil in the Gauteng area of South Africa.  The data collection was carried out 

with a monthly interval over twenty-four months in 2015 [42].  The result was used to evaluate 

the soil resistivity correction factors for the earth grid design.  The goal of the correction factor is 

to ensure the design is up to the worst case.  A recent conference paper was written based on 

Christy Thomas et al.’s study [42] for optimal substation earth grid design in the Eastern Cape 

region, South Africa [39]. The group concluded that the developed soil resistivity correction factor 

was a suitable guideline for all grid designs within the Eastern Cape region.  

Nonetheless, soil resistivity is subject to substantial variability driven by diverse factors involving 

soil composition, moisture levels, temperature fluctuations, and geological attributes. 

Furthermore, regional distinctions can exert a significant influence on soil behaviour. The 

differences observed in the outcomes of various studies underscore the complicated nature of soil 

resistivity and its complexity interplay with the design of earthing systems. 

Hence, it is reasonable to establish that the findings of Christy Thomas et al. and Jinliang He et 

al. remain valid within the context of their specific investigations. Scientific research frequently 

involves ongoing exploration and inquiry, and it is not uncommon for different studies to yield 

divergent results. This diversity of findings contributes to an enhanced comprehension of soil 

resistivity variations. Importantly, it emphasizes the importance of considering a multitude of 

factors, including the methods used for soil resistivity measurement, data processing techniques, 

and interpretation practices in real-world applications. 

3.4.4 Soil Resistivity Variation on the Earthing System  

The deeper soil resistivity layers can significantly affect the earth resistance of an earth grid [59]; 

however, they exhibit less sensitivity to seasonal effects [49, 50, 53, 58]. A study by R. J. 

Gustafson et al. found in a simulated case study that a +30 % error in earth grid resistance incurred 

by an inaccurate soil resistivity model could yield a +110 % error in step and touch voltages 

calculations [59]. Deep vertical earth electrodes, or multiple vertical electrodes that are driven in 
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the deeper low resistivity layers, could reduce the seasonal influence on the large-scale earthing 

system resistance [47, 50, 51, 60, 61]. 

However, the seasonal water table level fluctuation affects the performance of smaller-scale 

earthing systems, such as those for pylons or power poles [62]. Further, a recent study [72] on 

evaluating microgrid earth grid design under different soil conditions showed that the touch 

voltage, step voltage and tolerable limits are sensitive to the resistivity and thickness of each layer 

of the soil resistivity model. The magnitudes of the touch and step voltages are affected by the 

parameters of the middle and the bottom layers depending on the earth grid’s burial depth. 

Therefore, it is apparent that accurate soil resistivity models are required to correctly determine 

touch and step voltages and, thus, risk levels. Moreover, reliably monitoring soil resistivity and 

exposure under extreme seasonal conditions is necessary for the earthing system [50, 63, 65]. The 

above publications indicated that the monitoring of such seasonal effects was carried out 

manually.  

Since the pipeline's earthing system is also considered small-scale and is highly susceptible to 

electrical hazards, the seasonal variation in the soil resistivity around the pipeline route could 

significantly affect the determination of electrical safety.  

3.4.5 Effect of soil resistivity variation on underground pipelines 

Three underground pipeline studies in the literature review have considered the seasonal variation 

of soil resistivity effect, and two are related to corrosion protection. K. B. Adedeji et al. assumed 

in the study that the apparent soil resistivity could vary seasonally from 10 to 200 Ω-m [73]. Using 

these resistivity values and for a fault with a duration of 0.5 s sourced from a nearby transmission 

system, the tolerable touch voltages could vary from 167 to 213 V. Therefore, the maximum error 

in calculated touch voltage could be significant without considering the seasonal influence. In 

2018, W. Fieltsch et al. [67] pointed out that although it is standard practice in the electrical 

industry to consider seasonal variations in soil resistivity when modelling earthing facilities for 

substations and generating stations, this is often not considered in AC interference studies related 

to pipelines. 
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Research on seasonal soil variations concerning pipelines has been undertaken [48], with results 

from Canada showing that soil resistivity affecting the pipeline understudy in the winter could be 

nine times higher than measurements in the spring and summer. Although the research focused 

on the performance of the pipeline cathodic protection (CP) system, this significant change in soil 

resistivity indicates the extent to which seasonal variations in touch voltage are possible. In [41], 

a comparison between the induced voltages due to inductive coupling between a parallel pipeline 

and a transmission line showed that a 2% difference could exist, depending on whether two-layer 

or homogeneous soil resistivity models are used. A pipeline corrosion case study [74] summarised 

the soil resistivity model in a two-layer soil resistivity model for evaluating the induced current 

and voltages using HIFREQ of CDEGS [17]. The study highlighted how modern simulation 

approaches could be used to analyse a wide range of practical pipeline scenarios.  

3.4.6 Probabilistic Risk Analysis 

In the designated literature search period, the search results yielded only one article related to 

probabilistic risk analysis. Subsequently, the search period was extended by another ten years, 

covering the period from 1980 to the present. An additional article published in 1983 was 

discovered during this expanded search. This article proposed using probabilistic risk analysis to 

determine the risk of step and touch potentials near transmission line structures [75]. The overall 

evaluation of risks was based on the exposure to step and touch voltages, and when the applied 

voltage exceeded the tolerable threshold, it indicated a potentially fatal accident. The introduction 

of this concept was subsequently developed and incorporated into standards and guidelines [1, 5, 

12], as discussed in Section 2.5. 

Moreover, another conference paper was published in 2013, focusing on safety in transmission 

substations. A. Amin et al. [38] used CDEGS to simulate EPR in various substation areas. The 

substation was then divided into risk zones based on the levels of EPR. The risk acceptance 

criteria adhered to the ALARP principle. 
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3.5 Review Summary 

In this comprehensive review of soil resistivity and its effects on various aspects of electrical 

systems, the choice of soil resistivity model significantly influences the performance and safety 

of power systems. The multilayer soil resistivity model, commonly used in electrical engineering 

for earthing system analysis, divides the soil into horizontal layers with uniform resistivity. The 

accuracy of the multilayer soil resistivity model depends on data quality, quantity, and 

sophisticated data inversion algorithms. Particularly, computer software like RESAP of the 

CDEGS has industrial reputations in converting apparent soil resistivity data into multilayer soil 

resistivity models, ensuring research accuracy.  

Seasonal variations in soil resistivity have been identified as a critical factor affecting human 

touch voltages and safety thresholds. Numerous studies have investigated the impact of seasonal 

changes, with the Wenner test being a popular choice for collecting soil resistivity data. However, 

the complexity of soil resistivity and its sensitivity to various factors, including temperature, 

moisture, and geological attributes, underscores the challenges in accurately modelling and 

designing earthing systems. These seasonal variations significantly affect earthing system 

resistance, particularly in smaller-scale systems like pylons or power poles. Accurate soil 

resistivity models are essential for determining touch and step voltages and their tolerable limits. 

However, the drawback of employing the Wenner test is that all probes in the Wenner array are 

required to be repositioned for the subsequent Wenner spacing measurement. This labouring 

effort required additional persons to assist with the measurement.  Since the human safety related 

to the earthing system is greatly affected by the shallow layers in EPR hazard identification [23], 

the superior accuracy for shallow layer measurement made the Wenner test a commonly chosen 

method used in soil resistivity data collection.    

Two different research groups demonstrated disagreement in the use of seasonal factors for soil 

resistivity studies. The diverse findings from their studies underscore the complexity of soil 

resistivity and its complicated relationship with various aspects of electrical systems. It is clear 

that the accurate measurement and modelling of soil resistivity are vital for designing safe and 
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reliable electrical systems, with a need for more research and systematic approaches to address 

the seasonal variability of soil resistivity. 

Since soil resistivity is not a fixed quantity, it can vary in time and geographical location. By 

understanding the seasonal variations in soil resistivity, engineers can improve the design of the 

pipeline infrastructure and implement mitigation measures according to the worst case of EPR 

hazards. However, not all identified hazardous spots can be easily or practically mitigated, and 

some hazards have appeared after the power system was upgraded to the increasing demand. In 

order to address these challenges, the utility industries allow the use of probabilistic risk 

assessment methods based on specific well-documented criteria [1, 5, 12]. This approach involves 

quantifying the probability of an EPR event and evaluating its potential consequences. 

Stakeholders can understand the risks involved by considering both the probability and potential 

impact of an EPR event. 

Despite the importance of the use of probabilistic risk analysis in evaluating step and touch 

potentials near transmission line structures, only a limited number of publications have explored 

this topic. One early article [75] laid the foundation for using probabilistic risk analysis to assess 

the risk associated with step and touch potentials, eventually influencing the development of 

standards and guidelines that incorporate this approach. For over 40 years, only a conference 

paper [38] applied computer simulation [17] to simulate electric potential risk during a fault 

condition in substations, emphasizing adherence to the ALARP principle for risk management.  

The extended gap between these two publications suggests that the method of probabilistic risk 

analysis had been somewhat overlooked for an extended period. 

Recently, government and engineers have increasingly emphasized the concepts of safety by 

design and safety in design [76, 77, 78]. Nevertheless, accepting residual risk may carry potential 

legal liabilities. These factors have contributed to the reduced favourability of research on 

probabilistic risk analysis. However, fault levels of the transmission circuits have increased 

significantly with the rapid surge in electricity demands, driven by the electrification of 

transportation and the growth of renewable energy. This situation, in turn, has made the mitigation 
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of touch voltage hazards more challenging, particularly in certain industrial sectors like gas 

pipelines. 

3.6 Identification of Research Gaps 

Over 40 years, only two articles addressing probabilistic risk analysis in the context of touch 

voltages have been identified. The probabilistic risk analysis, along with the ALARP principle, 

has been integrated into both the gas pipeline [12] and power infrastructure sectors [1]. The 

literature review draws attention to substantial unexplored research opportunities in the field of 

probabilistic risk, emphasising a significant knowledge gap related to enhancing the existing 

probabilistic risk methodologies. 

Several deficiencies need to be acknowledged to address this knowledge gap. The literature 

review has confirmed the presence of seasonal variations in soil resistivity and their impact on 

touch voltage hazards in previous research. However, a critical gap exists concerning how this 

impact can be observed and predicted through actual soil data. This gap is particularly significant 

for smaller-scale earthing systems, such as underground pipelines, which exhibit high sensitivity 

to soil resistivity variations. The pipelines occasionally require temporary isolation from the 

earthing system for essential testing procedures. In order to gain a comprehensive understanding 

of the impact of soil resistivity variations on earthing system safety, there is a critical necessity 

for statistical data about the variability in soil resistivity. 

On the other hand, earthing system design commonly relies on a representative soil resistivity 

model that incorporates a conservative margin to accommodate variations in soil resistivity model 

parameters. The literature revealed that the variation in soil resistivity affects touch voltage levels 

and tolerable touch voltage limits. Consequently, touch voltages may not remain uniform under 

power system fault conditions. Leveraging this touch voltage variability as an innovative 

probability reduction factor provides an opportunity to enhance the accuracy of the existing 

probabilistic risk analysis approach outlined in [12], aligning it more closely with the risks 

encountered in real-world applications. 
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3.7 Research Scope 

In pursuing a comprehensive understanding of the 40-year gap in probabilistic risk analysis for 

electricity and long-distance pipeline infrastructures, it is essential to delineate the specific focus 

areas to answer the research questions and rationale for this research gap. The scope of this 

research was defined and focused on the following key aspects: 

3.7.1 Test Site Selection and Data Collection Method 

The area for data collection was confined to the Great Auckland region, with a preference for 

locations within or near the corridor of the transmission class gas pipeline and power line system. 

This geographical limitation established the boundaries for data collection. The literature review 

found that the Wenner test was the preferred data collection method due to its reliability in 

gathering shallow data, aligning with the requirements of the gas pipeline study. Consequently, 

the decision was to employ manual Wenner tests for data collection. 

3.7.2 Transmission System Fault Analysis 

Given the primary focus on power system earth faults, the root mean square (rms) value of zero-

sequence current was under different load conditions. The worst-case fault condition was assumed 

to be a scenario where the rms symmetrical fault current would be three times the zero-sequence 

current, remaining relatively constant for approximately 0.25 seconds [2]. DIgSILENT 

PowerFactory [79] calculated the prospective fault current at the nearest substation affecting the 

pipeline. 

3.7.3 Soil Resistivity Analysis 

The collected soil resistivity data would be mathematically inverted into multi-layer soil 

resistivity models using RESAP of CDEGS [17]. The research drew upon existing literature [15], 

which used soil temperature and cumulative rainfall data to investigate the effects of soil 

resistivity variation. Monitoring these variables facilitated an examination of the correlation 

between soil temperature, rainfall patterns, and changes in soil resistivity over time. 

Consequently, soil temperature and rainfall data were recorded for further numerical analysis. 
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3.7.4 Pipeline and Transmission Line System Model 

The characterization of the pipeline and transmission line system model relied on information 

from the transmission system operator and an undisclosed source. Additionally, the software 

HiFreq of CDEGS [17] was used to simulate the system model. The simulation results were the 

touch voltages.  It was expected to see the variation of the touch voltages as the soil resistivity 

varied. 

3.7.5 Developing an Improved Statistical Model for Probabilistic Risk Analysis 

The touch voltage profile was used in determining the probability reduction factor through 

statistical methods. This factor enhanced the accuracy of the existing probabilistic risk analysis 

and provided the hazard control points for risk management. 

3.8 Research Plan 

The research plan outlines the approach and methodology used in this study to investigate soil 

resistivity characteristics and their implications for risk assessment, particularly regarding touch 

voltage hazards. The Wenner test method is preferred for data collection because it can provide 

higher accuracy in estimating the resistivity of shallow soil layers. Parameters for the pipeline and 

transmission line system model, used to identify touch voltage hazards, are determined based on 

factors such as the transmission system's target protection time, prospective fault levels in the 

transmission line, and hypothetical cathodic protection systems for the pipeline. The specialist 

computer software RESAP of CDEGS is utilised to convert collected apparent soil resistivity data 

obtained through the Wenner test into multilayer soil resistivity models. These models construct 

a soil resistivity profile for the pipeline and transmission line system. This profile aids in 

identifying potential occurrences of touch and step voltage hazards. By analysing the soil 

resistivity profile, the research determines the number of hazardous days, contributing to 

calculating the adjusted probability of heart fibrillation. This step aims to enhance risk assessment 

practices. The research methodology follows a quantitative approach supported by mathematical 

statistics. The research adopts a practical action research framework to statistically address soil 
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resistivity variation and improve risk assessment, recognising the challenges in generalising and 

maintaining accuracy in soil resistivity variation. 

In summary, the research was organized into five distinct stages, each serving a specific purpose. 

These stages included: 

1. In the first stage, the careful selection of test sites was carried out, with a preference for 

locations within or near the corridor of the transmission class gas pipeline and power line 

system. Land with a flat platform, undeveloped, and free from non-uniform soil structures 

such as vertical fault lines was considered ideal for soil monitoring. 

2. A twelve-month data collection using the Wenner test was conducted. The collected data 

was then inverted to a multilayered soil resistivity model using RESAP of CDEGS to 

investigate seasonal soil resistivity variations further. 

3. The worst-case scenario of the earth return current associated with the nearby 

transmission line was determined using the DIgSILENT Power Factory model 

downloaded from the Electricity Authority of New Zealand Government's public domain 

[64]. 

4. The pipeline and transmission line shared corridor were modelled based on the 

information above in the Hi-Freq of CDEGS. The model was rerun with different soil 

resistivity models derived from the twelve-month data collection. The system model's 

outcome provided the magnitude of touch voltages and the corresponding touch voltage 

limits. 

5. Statistical calculations apply the system modelling results to develop a probability 

reduction factor that improves the accuracy of the current probabilistic risk analysis. 
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Chapter 4 -  Soil Resistivity data collection and modelling 

4.1 Site Selection 

The selected test site is at the fringe of a major city, Auckland, New Zealand. The location used 

for this case study was chosen based on information available to the public [80, 81]. Aerial 

photographs [82] show the undeveloped test site for soil resistivity data collection. Records show 

that no building or underground infrastructure has existed since record-keeping in 1939. The site 

is underlain by the Colville Formation of the Waitemata Volcanic region, comprising alternating 

lithic volcanic sandstone, limestone, and mudstone [83]. The lithic volcanic sandstone is rich in 

calcium carbonate, which reacts with rainwater to form a conductive calcium bicarbonate solution 

[84]. The mudstones of fine-grained quartz, mica and feldspar can create a barrier to slow down 

moisture diffusion to deeper ground. An image of the site is shown in Figure 4-1. The transmission 

line shown is approximately 190 km long, operates at 220 kV AC and terminates at a transmission 

class substation approximately 8 km from the test site. The section of the transmission line 

entering the populated area converts to an underground cable approximately 0.5 km from the test 

site. According to public information [80], a transmission-class high-pressure gas pipeline 

converges near the test site and is close to the transmission line for a length of approximately 

500 m. The average distance between the two transmission system paths is about 20 m along this 

length, forming a transmission corridor-sharing situation. These conditions make it a suitable test 

site; however, since the pipeline system model is a hypothetical case study, they may or may not 

influence the experiment's outcome. While the earth current converges to the earthing system of 

the cable transition station, and nearby transmission towers and underground infrastructure are 

susceptible to most of EPR events along the transmission line, the simulation model for this 

research did not explicitly include the 0.5 km underground cable. The primary focus of the 

research was to evaluate the impact of seasonal variations in soil resistivity on touch voltages, 

using a hypothetical pipeline model for risk assessment. The presence of the underground cable, 

while acknowledged, was not included in the simulation model, as the focus was on assessing the 

impact of soil resistivity variations rather than the full infrastructure of the transmission system. 
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Figure 4-1 The proposed test site and the transmission corridor in Google Earth image. The 
selected test site (orange dotted lines), 220kV transmission lines (yellow), and transmission 

class high-pressure gas pipeline (blue dotted lines). Information from Transpower (NZ) Limited 
[85] and FirstGas [80]. 

4.2 Initial Test Site Assessment 

The primary objectives of the initial test site assessment were to identify a representative Wenner 

test traverse for local soil resistivity. Hence, multiple Wenner test traverses were measured for 

comparison, and one representative test traverse was selected from the initial analysis, as shown 

in Figure 4 2. Any potential future difficulties would be discovered and resolved before the 

twelve-month soil resistivity monitoring commenced.  

Additionally, two low-cost earth testers were selected during the initial assessment to determine 

which provided the most reliable results compared to the sponsor’s calibrated earth tester. The 

selected candidate would be used for the 12-month data collection. 
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Figure 4-2 Wenner test traverse for initial soil resistivity assessment before the twelve-month 
data collection 

The test setup commenced with driving a plastic rod or marker into the ground at the centre of the 

test traverse, marking the midpoint between the current and potential electrodes. Two fibreglass 

measuring tapes were then extended from this central point to each end of the test traverse, 

ensuring they were kept taut and aligned with the measurement line. These measuring tapes were 

utilized as guides for the placement of the electrodes. 

Next, the earth resistance tester was positioned at the marked centre point. One end of each 

connecting wire with a banana jack was securely plugged into the corresponding tester port. In 

contrast, the other end of each connecting wire was clamped to the electrode to establish secure 

connections. 

The location of each electrode for the initial analysis was determined according to a table showing 

the locations of the current and potential electrodes from the centre point of the traverse. Ideally, 

two individuals were designated to carry out the electrode placement. Each individual handles the 

potential electrodes P1 and P2, then proceeds to the positions for driving the current electrodes 

C1 and C2 into the ground. The depth to which these electrodes were driven does not exceed a/10 

for the Wenner spacing is small. 
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The Wenner spacings for the initial soil assessment were 0.5, 1, 2, 3, 4, 5, 10, 20, 30, 40.  The 

locations of electrodes for each Wenner spacing measured from the mid-point are shown in Table 

4-1 below.  The setup of the Wenner array during the initial site assessment for Traverse-5 is 

shown in Figure 4-3. 

 

 

 

Figure 4-3 The setup for Traverse-5 measurement during the initial site survey. Taking readings 
using AEMC 6471 (top-right); current probe location (top-left); voltage probe location (bottom) 
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Table 4-1 Electrode locations showing on the fibreglass tape measures for each Wenner 
spacing for initial site assessment. 

Wenner Spacing Probe location from the mid-point (m) 
ɑ (m) Potential Current 
0.5 0.25 0.75 
1 0.5 1.5 
2 1 3 
3 1.5 4.5 
4 2 6 
5 2.5 7.5 
10 5 15 
20 10 30 
30 15 45 
40 20 60 

 

4.2.1 Selection of the test traverse for the twelve-month soil resistivity monitoring 

Six test traverses were measured using the Wenner test method. Each traverse underwent 

measurements with three different earth resistance testers: two were the candidates for the twelve-

month soil resistivity monitoring, while the third was a calibrated instrument-grade earth 

resistance tester. The measurement results from each test traverse with these various earth 

resistance testers are summarized in Table 4-2. 

To identify the most suitable Wenner test traverse for the twelve-month soil resistivity 

monitoring, a Two-Way Mixed-Effects Analysis was conducted to evaluate its reliability. The 

analysis showed a statistically significant difference in soil resistivity measurements among the 

Wenner test traverses at the p < 0.05 level, with F(5,45) = 2.595 and p = 0.038. Consequently, the 

null hypothesis, positing that the mean of each Wenner spacing measurement is equal, was 

rejected. 
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Table 4-2 The Wenner test measurement for six traverses with different earth resistance testers. 
 (The errors of measurement are shown in red). 

Wenner 
Spacing(m) 

Soil resistance(Ω) 
Traverse 

DY4300B 1 2 3 4 5 6 
0.5 22.58 21.32 24.16 21.22 19.22 23.18 
1 12.27 11.11 12.42 11.43 11.78 11.82 
2 7.73 6.87 7.69 7.19 6.64 7.31 
3 6.13 5.29 6.09 5.76 5.35 5.95 
4 5.10 4.49 5.11 4.85 4.53 5.05 
5 4.35 3.51 4.38 4.24 3.95 3.89 
10 2.28 2.18 1.32 2.28 2.02 2.29 
20 1.06 1.13 1.13 1.11 1.08 1.01 
30 0.72 0.73 0.74 0.72 0.72 0.73 
40 0.53 0.52 0.55 0.54 0.55 0.54 

AEMC 6471       
0.5 23.18 21.26 24.53 21.28 19.5 22.52 
1 12.33 11.54 12.36 11.37 10.59 11.22 
2 8.99 4.61 7.56 8.07 6.51 6.05 
3 5.98 5.10 6.09 6.14 5.54 5.76 
4 4.35 4.49 4.28 5.10 5.11 5.30 
5 3.97 4.14 3.88 3.93 4.18 4.20 
10 1.97 2.18 2.01 2.20 1.40 2.35 
20 1.01 1.00 1.05 1.10 1.10 1.09 
30 0.74 0.71 0.77 0.78 0.69 0.66 
40 0.53 0.52 0.61 0.50 0.57 0.54 

ST4106       
0.5 21.76 21.01 20.04 20.84 23.85 22.99 
1 10.39 12.99 11.28 9.67 12.29 12.45 
2 7.54 6.68 5.51 6.25 6.94 7.12 
3 6.13 4.28 4.85 4.75 5.84 4.94 
4 4.47 3.55 4.22 4.54 4.48 4.74 
5 3.6 2.94 3.2 3.93 4.32 3.01 
10 1.84 2.15 1.28 1.98 0.69 2.98 
20 1.03 1.93 0 1.53 0 1.54 
30 0.87 0.12 0.89 0.33 0.13 0.13 
40 0 0.1 0.1 0 0 0 

 

Despite achieving statistical significance, the observed mean differences between the Wenner test 

traverses were relatively small, with an effect size of 0.022. As previous research indicates, this 

effect size suggests a gradual change between the test traverses [35]. 
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Furthermore, the 95% confidence interval of the resulting Intraclass Correlation Coefficient (ICC) 

value of 0.99 suggested that any of the Wenner test traverses could reliably represent the soil 

resistivity of the test site. Therefore, Traverse-5 was selected for the twelve-month soil resistivity 

monitoring, aligning with an agreement reached with the landowners. 

Before the twelve-month soil resistivity data collection, deciding the sample size according to the 

available budget for travelling to the site and minimum data sets for the statistical analysis was 

essential. Multiple regression with three predictors was planned to be included in the research to 

find the equation to estimate the touch voltage on site. Therefore, a minimum sample size of 90 

was required to detect the alpha level at 0.05 for three predictors and the F statistic effect size of 

0.39 with a precision of 6 digits. The calculated test power of 0.87 for 90 samples would be 

acceptable because if there was a relation in the population for multiple regression, the 

conventional threshold of 0.80 for random samples from the same population would be significant 

[90]. In other words, the data should be collected twice a week with a fixed interval to ensure the 

data meets the minimum statistical analysis requirement. 

4.2.2 Selection of Earth resistance tester 

The research sponsor, BECA (NZ) Limited, generously loaned the calibrated AEMC 6471 earth 

tester  [86], as shown in Figure 4-4, for a short period. Due to the high demand for the AEMC 

6471, its long-term use was impractical. As an alternative, two affordable earth resistance testers 

were compared to the AEMC 6471 to evaluate their suitability for the twelve-month data 

collection. The Wenner test data collected during the initial site assessment were used to assess 

the reliability and accuracy of the low-cost testers, as precise earth resistance measurements were 

crucial for the quality of the soil resistivity model. 

The objective of this analysis was to determine whether there was a statistically significant 

difference between the measurements obtained from the two earth resistance testers. An alpha 

level of 0.05 was set to determine statistical significance [88]. 

The remaining tester, the DY4300B, successfully completed all measurements. As shown in 

Table 4-2, the ST4106 earth resistance tester consistently failed to produce valid readings when 
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the Wenner spacing was increased to 20 m. Consequently, the ST4106 tester was deemed 

unsuitable for further statistical analysis and was excluded from consideration. 

 

 (a)  (b) 

 

(c) 

Figure 4-4 The earth resistance testers for Wenner Test. (a) Unbranded ST4106, (b) DUOYI 
DY4300B [87], and (c) AEMC 6471 

The normality test for the paired data of the DY4300B and AEMC 6471 was conducted through 

a visual inspection of the histogram illustrating the differences between the measurements of the 

two testers. The distribution of these differences was centred around zero, indicating a good level 

of normality, as shown in Figure 4-5. 
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Figure 4-5 The normality test for the paired data of AEMC6471 and DY4300B earth resistance 
tester. The y-axis is the number of paired samples. The unit for the difference between 

AEMC6471 and DY4300B is in (Ω). 

A paired-sample t-test was performed between the DY4300B and AEMC 6471 using data from 

six Wenner test traverses, consisting of 60 paired measurements. Table 4-3 summarizes the 

dataset characteristics used for the t-test. 

Table 4-3 The characteristics of the dataset of DY4300B and AEMC 6471  

 Earth resistance tester 

 
DY4300
B AEMC6471 

Mean (Ω) 5.99 5.95 
Standard deviation (Ω) 6.35 6.36 

Standard error mean (Ω) 0.82 0.82 
Number of samples 60 60 

 

The analysis yielded a t-value of 0.61 and a two-tailed p-value of 0.54. This p-value exceeds the 

significance threshold of 0.05, which means the Null Hypothesis (H0)—stating no significant 

difference between the two testers—could not be rejected. Typically, failing to reject H0 suggests 

insufficient evidence to claim a statistical difference, often attributed to a Type II error (false 

negative). However, given the substantial sample size of 60 and the normal distribution of the 

mean difference, as shown in Figure 4-5, the risk of a Type II error affecting the conclusion is 

minimal.  The mean difference (DY4300B – AEMC 6471) was 0.04 Ω, with a 95% confidence 

interval ranging from -0.088 to 0.166 Ω. The t-value of 0.61 indicated a relatively small observed 

difference between the measurements. 
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In summary, the analysis showed that the measurements obtained from both testers were 

statistically comparable. The absence of significant statistical differences suggests that the 

DY4300B provided measurements consistent with the more precise AEMC 6471 tester. Both 

testers, equipped with the FFT DSP technique, demonstrated that the FFT method improved 

measurement capability, particularly when the signal-to-noise ratio was high due to increased 

Wenner spacing. Therefore, the DY4300B was deemed suitable for use in the twelve-month soil 

resistivity data collection. 

4.2.3 Determination of Wenner Test Traverse 

With the testing equipment validated, the next challenge was to determine the most representative 

Wenner test traverse for the twelve-month monitoring period. Statistical analysis played a key 

role in identifying the best traverse in Table 4-2 by assessing the alignment between multiple test 

traverses and selecting the one that best represented the overall soil conditions at the site. 

The statistical analysis of a two-way mixed-effect analysis resulted in an F(5, 45) value of 2.60 

and a p-value of 0.038. Additionally, an effect size of 0.022 was calculated. These results indicate 

statistically significant differences between all six test traverses. However, the small effect size 

suggests that these differences are practically insignificant, implying that the observed variation 

among the traverses was relatively minor. 

The two-way mixed-effect analysis discovered the statistically significant differences between 

the traverses. However, the soil structure can exhibit gradual geographical variations [22], and 

the small effect size indicated that the variations across traverses were relatively minor, which 

allowed for the selection of Traverse-5 in Figure 4-2 as the most suitable test traverse. This 

decision, backed by statistical analysis and landowner preference, ensured that the data collected 

over the monitoring period was representative and consistent. 

4.2.4 Inverting Soil Resistivity into a Multi-layer Soil Resistivity Model 

The collected apparent soil resistivity data set is input into RESAP to obtain the multilayer soil 

structure. An example of that detailed setup for RESAP is shown in Error! Reference source 

not found.. Since the electrode depth is controlled to be less than ɑ /10 [22], the electrode depth 
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is considered negligible. The plot of the apparent soil resistivity values against the corresponding 

Wenner spacing is often plotted on a logarithmic scale, with soil resistivity values on the y-axis 

and Wenner spacing on the x-axis.  The best-fit curve on the plot is known as a Wenner curve and 

is shown in Figure 4-6.  

The mathematical data inversion performs based on the best fit of the Wenner curve obtained 

from the actual earth testing, aiming to identify the number of soil layers, the resistivity value, 

and the thickness of each layer. The bottom layer of the soil resistivity model has an infinite depth.  

The shape of the curve, including any turning point or change in slope, indicates the location of 

boundaries between layers. The multi-layer soil resistivity model in Figure 4-6 demonstrates a 

three-layer soil resistivity model, with the surface soil layer with a resistivity of 31.22 Ω-m and a 

thickness of 0.41 m. Beneath it lies a middle layer with a resistivity of 7.57 Ω-m and a thickness 

of 3.36 m. Finally, as mentioned earlier, the bottom layer demonstrates a resistivity of 0.66 Ω-m 

with infinite depth. 

For ease of reference and convenience, this soil resistivity model can be concisely represented 

as follows: (31.22 Ω -m, 0.41 m; 7.57 Ω -m, 3.36 m; 0.66 Ω -m, ∞). 
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Figure 4-6 The soil resistivity inversion result shows a three-layer model. 

4.2.5 Additional Wenner Spacings for Shallow Resistivity Layer Estimation. 

During the initial assessment of the collected data, the Wenner test traverse initially began with a 

0.5 m spacing. However, a data entry mistake occurred while using the RESAP software to model 

Traverse-1, and this error had a significant impact on the accuracy of the surface layer estimation. 

The additional Wenner spacings of 0.1 and 0.2 m for each traverse were measured on the same 

day to ensure the accuracy of determining tolerable touch voltages. By introducing these 

additional Wenner spacings, a comprehensive analysis of the differences in all six test traverses 

was conducted, which is summarized in Table 4-4. The most substantial difference was observed 

in Traverse-6, with a significant 16.1% variance between the Wenner spacing starting at 0.1 and 

0.5 m. In contrast, the least difference was found in Traverse-5, where only a minor 1.1% 

difference in surface soil resistivity estimation was recorded.  The soil resistivity modelling results 

for both cases of Traverse-5 are shown in Figure 4-7 and Figure 4-8. 

 

 

Table 4-4 The surface soil estimation affected by the initial Wenner spacing. 

 Test Traverse 

  1 2 3 4 5 6 
Initial Wenner 

spacing (m) 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5 

Estimated surface 
soil resistivity 

(Ω-m) 
61.3 69.4 60.0 65.6 61.5 74.8 62.0 64.1 53.0 53.6 62.

1 
72.
1 

Difference (%) 13.1% 9.3% 21.7% 3.4% 1.1% 16.1% 
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Figure 4-7 The soil resistivity modelling for Traverse-5 with the initial Wenner spacing of 
0.5 m. 
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Figure 4-8 The soil resistivity modelling for Traverse-5 with the initial Wenner spacing of 
0.1 m. 

4.2.6 Wenner Spacing Reduction Strategy 

The determination of the Wenner test traverse for the twelve-month soil resistivity monitoring 

was primarily based on the quality of the results obtained during the initial site assessment. 

Recognising that the manual Wenner test is a labour-intensive task, especially when conducted 

over an extended period and under challenging weather conditions, efforts were made to enhance 

the efficiency of the task. 

For example, assuming the Wenner test in the initial test site assessment was carried out by only 

one person, measuring a test traverse with maximum Wenner spacing of 40 m would require 

walking 767 m. Given the task's laborious nature, for a person to measure soil resistivity down to 

a depth of 40 meters alone, this measurement process can be physically demanding to a substantial 

distance on foot. Therefore, the shortest test traverse is crucial in optimising the efficiency of data 

collection and minimising the physical demands on the personnel conducting the measurements. 

This efficiency becomes especially important when the Wenner test is conducted over an extended 

period or in challenging environmental conditions.  
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In order to reduce the length of the Wenner test traverse for the data collection process, soil 

resistivity modelling was revisited with a focus on eliminating the large Wenner spacings while 

preserving the quality of the soil resistivity model. The complete Wenner array results were 

converted using the mathematical data inversion software to generate a baseline soil resistivity 

model. The test soil resistivity model was obtained from a reduced Wenner spacing configuration. 

Subsequent test soil resistivity models were iteratively generated with shorter Wenner spacing 

until the best-fit curve deviated from the baseline soil resistivity model. The optimal final Wenner 

spacing for soil monitoring was determined as the maximum one that maintained an undistorted 

model before the deviation occurred. This reduction strategy aimed to determine the shortest 

possible array that would not compromise the quality of the soil resistivity modelling. 

The data collected for Traverse-6 in Figure 4-2 was used to illustrate the W enner spacing 

reduction strategy. The initial data collection involved using the complete W enner array 

with a maximum W enner spacing of 40 m. This initial data resulted in a baseline soil 

resistivity model with three soil layers characterized by resistivity values of (73.05 Ω -m, 1.31 

m; 180.49 Ω -m, 2.69 m; 136.74 Ω -m, ∞). Subsequent iterations and refinements of the soil 

resistivity model are shown in Appendix A and summarised in Table 4-5. 

Table 4-5 The Wenner spacing reduction for Traverse-6. The figures shown in red indicate a 
significant soil structure change.  

 Layer 1 Layer 2 Bottom Layer 
Max 
a(m) 

Resistivit
y (Ω-m) 

Dept
h (m) 

Resistivit
y (Ω-m) 

Dept
h (m) 

Resistivit
y (Ω-m) 

Dept
h (m) 

40.00 73.05 1.31 180.49 2.69 136.74 ∞ 
30.00 72.93 1.31 183.32 2.45 136.71 ∞ 
20.00 72.65 1.28 182.42 2.39 135.79 ∞ 
10.00 74.83 1.44 258.22 0.85 136.26 ∞ 

 

This case study determined that the optimal Wenner spacing that reached a balance between 

reducing the number of measurements and maintaining an accurate soil resistivity model is 20 m. 

The relatively small differences between the baseline resistivity values of each soil layer made 
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this spacing choice effective. This 20-m spacing allowed for a substantial reduction in data 

collection efforts without significantly compromising the quality of the soil resistivity modelling. 

The deviation from the baseline model with a maximum spacing of 40 m remained within 

acceptable limits, ensuring that the resulting soil resistivity model was efficient and accurate.  

Furthermore, the Wenner spacings of 0.1 and 0.2 m were added in the test traverse for the twelve-

month soil resistivity monitoring. These additional Wenner spacings are intended to assist the 

mathematical data inversion in accurately modelling the resistivities of the surface soil layer. This 

finer granularity in measurements can provide more detailed information about soil resistivity 

variations, especially in areas where substantial resistivity variations are expected.  

4.3 Twelve-Month Soil Resistivity Monitoring 

In expectation of the twelve-month soil resistivity monitoring, detailed preparations were 

undertaken to establish a robust foundation for accurate and reliable soil data collection. The 

selection of a test traverse is positioned as the foundation of soil resistivity monitoring and is a 

critical element in the research. Therefore, the accuracy of the collected data can directly impact 

the quality and reliability of the research. Every aspect of the preparations, from traverse selection 

to data collection methodologies, is designed to achieve the highest data accuracy and 

dependability standards.   

4.3.1 Sample Size Calculation 

The research investigated the complex relationship between data collection, accuracy, and 

reliability, with the aim of explaining the reliability's design and its link to statistical 

methodologies. Reliability is an essential concern. Achieving a high level of reliability in the 

research design required a systematic and methodical approach. To establish the reliability of the 

proposed methods in this research, pair-t-tests and statistical power calculations were carefully 

utilised. These tools allowed for a thorough statistical examination of the consistency and 

dependability of the data and contributed to the determination of the quantity of data required to 

maintain the overall robustness of the research. 
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Within the research scope, the prediction of touch voltage is one of the focused topics. To realize 

this objective effectively, a key factor was the determination of an adequate sample size with 

fixed intervals. This step was of paramount importance, involving the knowledge which was not 

present during the research planning.  Therefore, conservative assumptions on standard deviation 

number predictors were used to calculate the statistical power prior to the minimum sample size 

being calculated.  

With three predictors and considering a medium effect size of 0.39 [88], a precision of 6 digits, 

and a minimum sample size of 90, the calculated test power was determined to be 0.87 using 

IBM SPSS [89]. This level of test power is considered acceptable, as it exceeds the conventional 

threshold of 80% for statistical power in multiple regression. This threshold is often used as a 

minimum acceptable level of power, ensuring that if there is a true relationship in the population, 

80% of random samples from the same population would find significance [90]. 

A substantial dataset comprising 90 continuous data sets was specially allocated for the 

development of the regression equations. Subsequently, the remaining 14 data sets were reserved 

for the equation validation, assuring that the touch voltage equations not only provided accurate 

predictions but also demonstrated a high degree of consistency and reliability. 

In preparation for the twelve-month soil resistivity study, it was crucial to determine the 

appropriate sample size based on budget constraints and the minimum data required for statistical 

analysis. The research sought to integrate a multiple regression model featuring three predictors 

to formulate an equation for estimating on-site touch voltage. A significance level of 0.05 was 

established to ensure the statistical validity of the outcomes. 

In practical terms, data collection needed to be carried out twice a week, at fixed intervals, to 

ensure that the dataset met the minimum requirements for robust statistical analysis. 

4.4 Soil Resistivity Modelling 

At the end of the twelve-month soil monitoring period, the Wenner measurements were inverted 

into the soil resistivity models using RESAP using the method described in the previous chapter, 
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as shown in Figure 4-13. The initial identified that the local soil possessed a three-layer structure 

at the measurement time. Preliminary observation discovered that the top layer demonstrated a 

property sensitivity to the moisture level and soil temperature, as shown in Figure 4-13 (b). 

4.4.1 Soil Resistivity in Rainy Seasons 

The soil resistivity model exhibited a significant degree of stability during the rainy season from 

early June to late September 2020, with sufficient moisture content maintaining consistent soil 

resistivity models throughout the winter months.  The mean resistivity values for the top, middle, 

and bottom layers were as follows: 64.99 Ω⋅m (σ = 2.93 Ω⋅m), 174.56 Ω⋅m (σ = 28.80 Ω⋅m), and 

105.41 Ω⋅m (σ = 8.09 Ω⋅m), respectively. Hence, the resistivity variations observed in the top and 

bottom layers were minimal, suggesting that soil resistivity did not undergo significant changes 

during the rainy seasons. 

4.4.2 Mitigating False System Changes in Soil Resistivity Modelling Using Warm-

Starting 

In late October 2020, low precipitation was experienced at the test site. This dry condition led to 

inaccuracies in the three-layer soil resistivity model, making it impossible to interpret soil 

resistivity variations correctly. The soil resistivity modelling results of 24/10/2023, shown in 

Figure 4-9 and detailed in Table 4-6, showed a significant increase in the resistivity of the top 

layer, which reached 262.50 Ω⋅m with a thickness of 0.23 m. In comparison, the previous surface 

soil resistivity on 21/10/2023 was 69.92 Ω⋅m. Moreover, the lower resistivity layers were 

indicated to commence at a depth of 0.60 m. These variations significantly differed from the 

average depth of the lower layer observed in the preceding 30 days, which started at a depth of 

2.12 m (σ = 0.48 m). This inconsistency suggested a potentially misleading representation of 

changes in the soil system compared to the previous soil resistivity models. 
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Table 4-6 The comparison of soil resistivity models for the presence of the surface high 
resistivity layer (measured on 25/10/2020).  

  Layer-1  
Layer-2 

resistivity 
Layer-3 

resistivity 
Bottom 

layer 
Bottom 

layer 

 
resistivity(Ω⋅m)

/ resistivity(Ω⋅m)/ resistivity(Ω⋅m)/ resistivity  depth 

Soil resistivity model thickness (m) thickness (m) thickness (m) (Ω⋅m)  (m) 

3-layer  262.50/0.23 42.48/0.37  NA/NA 115.74 0 60 to ∞ 
4-layer w/o initial values  262.50/0.24 33.25/0.39 288.07/0.31 111.91 0 94 to ∞ 
4-layer with initial values  300.02/0.21  49.98/0.71 186.37/1.41  104.90 2 33 to ∞ 

Initial values: 21/10/2020  69.92/0.80  193.23/1.38  NA/NA  100.51 2 18 to ∞ 
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Figure 4-9: The 3-layer model led to a false system change in soil (25/10/2020). 

An additional high-resistivity layer was added at the surface to reflect the soil conditions during 

the low precipitation period to address the false system change in soil resistivity modelling. 

However, the 4-layer soil resistivity model showed that the bottom layer's depth had shifted by 

approximately 1 m closer to the surface, as shown in Figure 4-10. Increasing the number of layers 

in the soil resistivity model introduced more degrees of freedom for data inversion. The increase 

in the degree of freedom could make the mathematical inversion sensitive to initial conditions for 

soil resistivity model estimation and result in an unrealistic soil resistivity model from one of 

many possible solutions. Therefore, a warm-starting approach was implemented to improve the 

stability of the soil resistivity model estimation. Instead of allowing the inversion algorithm to 

begin from arbitrary initial conditions, the solution from a previous well-converged model was 

used as a starting point for subsequent estimations. This method helped constrain the degrees of 

freedom introduced by the additional soil layers, reducing sensitivity to variations in initial 

conditions. By guiding the inversion process toward physically meaningful solutions, warm-

starting mitigated erratic behaviour and improved the reliability of the soil resistivity model. 
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Figure 4-10 RESAP inverted the 4-layer model without defining the initial values (25/10/2020). 

 

The previous soil resistivity model for 21/10/2020 was used as the initial condition for the data 

inversion to maintain a rational continuity soil resistivity variation and avoid reaching local 

minima on the misfit curve of the mathematical inversion process [91]. This approach provided a 

“warm starting” was utilised to guide the iterative data inversion away from the misfit curve but 

towards a path that could yield a soil resistivity model inheriting the characteristics of the previous 

one, so the soil resistivity model could accurately represent the soil resistivity of the site under 

study on the day the soil resistivity data was collected.  

The parameters of the three-layer soil resistivity model on 21/10/2020 were as the followings: 

(69.92 Ω⋅m, 0.80 m; 193.23 Ω⋅m, 1.38 m; 100.51 Ω⋅m, ∞). These values were used as the 

initial values for Layer 2 to the Bottom layer, as shown in Figure 4-12. This warm starting 

approach narrowed the mathematical data inversion to converge on a soil resistivity model, 

with the bottom layer beginning at a depth of 2.33 m compared to the 30-day average depth 

of the bottom layer of 2.12 m. 
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The differences between the two distinct four-layer soil resistivity models are presented in Table 

4-6. The soil resistivity modelling results in Figure 4-11 show that the best-fit RMS error was 

2.5%, which was the lowest among the three-layer model with a 6.9% RMS error and the four-

layer model without initial value setup, which had a lower RMS error of 5.4%. This low RMS 

error indicated that the estimated model was closer to the possible soil conditions, demonstrating 

the effectiveness of the warm starting approach in improving the accuracy of the soil resistivity 

model. 

 

 

Figure 4-11 The 4-layer soil resistivity model (25/10/2020) carried the characteristics of the 
previous soil resistivity model (21/10/2020). 
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Figure 4-12 The setup of the initial condition for data inversion.  The initial values are a three-
layer soil resistivity model on 21/10/2020. 

 

 

Figure 4-13 The Twelve-month soil resistivity model (a) and the 3-day cumulative rainfall and 
soil temperature measured at 10 cm below ground level(b). 
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4.4.3 Adjusted Soil Resistivity Model 

The warm-starting soil resistivity modelling method has shown to be superior in enhancing the 

accuracy and representativeness of the models, as demonstrated in the previous section. 

Therefore, the soil resistivity model profile was reconfigured with controlled initial values to 

ensure reliable acquisition of touch voltages and their corresponding limits from the system 

modelling in Chapter 5. 

The adjusted soil resistivity profile showed that the average depth of the bottom layer began at 

2.07 m (σ = 0.46 m, a maximum depth of 3.20 m, and a minimum depth of 1.61 m). This result 

contrasted with the soil resistivity model in the initial run, which had an average depth of 2.07 m 

(σ = 0.83 m, a maximum depth of 6.32 m, and a minimum depth of 0.95 m). The reduced standard 

deviation and the narrower range of depths in the improved soil resistivity profile suggested that 

a more consistent and reliable representation of the soil's characteristics could be obtained using 

the warm-starting soil resistivity modelling method. 

Furthermore, the data inversion's root mean square (RMS) errors also demonstrated that the 

modelling accuracy could be enhanced through the warm-starting soil resistivity modelling 

method. The average RMS errors were 4.68% (with σ = 3.0%, a maximum error of 13.5%, and a 

minimum error of 1.4%) for the uncontrolled method and 3.16% (with σ = 1.0%, a maximum 

error of 7.1%, and a minimum error of 0.5%) for the warm-starting method. This improvement in 

accuracy is crucial for ensuring the reliability of touch voltage assessments and safety 

considerations in the subsequent stages of the study. 

4.4.4 High Resistivity Surface Layer 

The twelve-month soil resistivity model profile showed that a part of the top resistivity layer of 

the soil resistivity model in the middle of October 2020 turned into a high resistivity layer with a 

maximum value of 606.77/0.38 Ω⋅m/m, as shown in Figure 4-13 (a). Additionally, Figure 4-13 

(b) indicates that this high resistivity surface layer exhibited a high sensitivity to rainfall, 

particularly when the ambient temperature exceeded 18°C. 
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The Wenner measurement conducted on 31/10/2020, taken before the onset of rain, confirmed 

the presence of the high-resistivity surface layer. However, the subsequent measurement on 

3/11/2020 found that the high-resistivity layer had diminished after a 7.2-mm rainfall event in 24 

hours on 31/10/2020. This phenomenon recurred between January and February 2021. 

The sudden change in the unstable high-resistivity top layer could significantly impact the safety 

of touch voltages, as the tolerable touch voltage decreased critically when the high-resistivity 

layer diminished. The following chapter will further investigate this safety concern using system 

model simulation. 

4.5 Summary of the Twelve-month Soil Resistivity Monitoring 

The successful identification of the test traverse laid the foundation for the creation of the soil 

resistivity model. However, the dynamic nature of soil resistivity over time presented challenges 

in constructing an accurate model. To address this, a warm-starting technique was applied to 

improve the data inversion process, ensuring that the soil resistivity model could maintain 

continuity and reflected realistic changes over the year.   

The warm-starting technique leveraged parameters from previous soil resistivity models as 

starting points for subsequent inversions, providing a more accurate representation of the soil’s 

electrical characteristics. This method allowed for the creation of a more reliable soil resistivity 

profile, which was critical in accurately predicting touch voltage hazards. Additionally, a four-

layer model was adopted to account for the observed variations in soil resistivity during dry 

conditions, further improving the model’s ability to simulate real-world conditions. 

By refining the soil resistivity model in this manner, the study not only addressed the first research 

question but also set the stage for more accurate touch voltage hazard predictions, which are 

detailed in the following sections. 

The comprehensive dataset, which includes soil resistivity measurements and the corresponding 

multilayer soil resistivity model, is thoroughly documented in Appendix B. These resources 
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provide a detailed explanation of soil resistivity's complex and dynamic behaviour throughout the 

year-long monitoring period. 

Industrial practices, as referenced in [2, 5], often recommend using average values of soil 

resistivity and worst-case scenarios for different situations. This approach helps mitigate the 

impact of seasonal variations in soil resistivity by creating a conservative soil resistivity model 

representing the soil's characteristics across all seasons. However, this case study has 

demonstrated that long-term soil resistivity monitoring offers valuable insights into progressive 

changes in soil resistivity during specific seasons. For instance, it highlighted the critical change 

in soil resistivity models from a 3-layer to a 4-layer model during the hot summer. 

Soil monitoring contributes to the knowledge needed to develop skills in handling continuously 

varying soil resistivity modelling. Furthermore, these findings have the potential to challenge the 

commonly recognized notion of a 'safe season' based on the assumption that surface soil resistivity 

is usually high during the summer. 

In Chapter 5, the multilayer soil resistivity profile will be integrated into a pipeline-transmission 

line model simulation to calculate the touch voltage profile over the monitoring period. The 

system simulation results will identify the touch voltage hazards, and the existence of a "safe 

season" or its absence will be explored further. 
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Chapter 5 -  Pipeline-Transmission Line System Modelling  

5.1 The components of the system model 

The system modelling used a pipeline-transmission line shared corridor situation similar to the 

data collection site to investigate the touch voltage hazards on a hypothetical cathodic protection 

(CP) system. The investigation focused on cases where pipeline maintenance and electrical fault 

events coincided within a pipeline and transmission-line corridor. While the system model was 

purely hypothetical, it was carefully designed to emulate the real-world conditions and challenges 

frequently encountered in environments where pipelines and electrical transmission lines 

intersect. 

5.1.1 The Transmission Lines Understudy 

The prospective fault current is the maximum current that could flow through a circuit in the event 

of a fault, whether it is a short circuit between phases or a single line to earth fault. This current 

level represents the highest possible magnitude under fault conditions and holds significant 

importance in designing an earth grid and the protection setting for a substation. 

On the other hand, the configuration of the fault circuit determines how a fault can impact the 

electrical safety of the surrounding structures and facilities. For instance, if a single line-to-earth 

fault occurs within a Grid Injection Point (GIP) substation, the fault current will be confined to 

circulating between the substation's earth grid and the star point of the transformer that supplies 

power to the fault circuit. However, this changes if the fault circuit is supplied by more than one 

source, and one of these sources is located outside the GIP substation's earth grid. In such a case, 

a portion of the fault current supplied by the other source will flow into the earth and return to its 

source. Therefore, when calculating the prospective fault current, all possible fault sources need 

to be accurately assessed. 

As per the information from the transmission system operator, two 220 kV circuits, OTA-WKM-

1 and OTA-WKM-2, are located in close proximity to the test site. Each of these circuits was 

designed with a capacity to deliver a minimum of 426.78 MW per circuit, as specified in the 
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Transpower Excel spreadsheet [92]. They originate from Whakamaru (WKM) Substation B, 

which functions as a Grid Injection Point (GIP) substation located near the WKM Hydroelectric 

Power Station. These circuits extend all the way to Otahuhu (OTA) Substation, a major substation 

situated in Auckland. The electricity generated at the WKM Hydroelectric Power Station 

combines with ATI-WKM-1 at the WKM Substation and is then transmitted to Auckland through 

OTA-WKM-1, as shown in Figure 5-1. The distance between these two substations is 

approximately 190 km. This configuration provides an overview of the power transmission 

infrastructure in the area and its proximity to the test site. 

 

Figure 5-1 The line asset drawing was downloaded from the transmission system operator [93], 
showing the transmission lines situated near the test site. 

 

5.1.2 The Prospective Fault Current 

A line fault is a fault on a transmission tower outside the substation. In this case, a phase conductor 

is shorted to the transmission tower structure outside the substation’s earth grid. The resulting 

fault current flows into the natural ground through the tower footings and then returns to the 
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substation where the source is.  Since the footing resistance is much higher than the full-scale 

substation’s earth system resistance, the fault location that will discharge the highest earth current 

is considered to be within the Grid Exit Point (GXP) substation’s earth grid.  

When a single line-to-earth OTA substation, the earth return current would pass through the test 

site, resulting in EPR and pose electrical safety concerns for the gas pipeline at the test site.  

The prospective fault current resulting from a single line-to-earth fault appearing at the OTA 

Substation was simulated using the DIgSILENT PowerFactory with the transmission system 

model [85] provided by the Electricity Authority [94]. The single line-to-earth fault on the circuit 

OTA-WKM-1 at the OTA Substation was simulated to be 8.68 kA, as shown in Figure 5-2.  This 

fault current represents a composite of electricity generated from both the Aratiatia (ATI) Power 

Station and the WKM Hydroelectric Power Station. 

 

 

Figure 5-2 The simulation of a line-to-earth fault condition of the OTA-WKM-1 circuit at the 
OTA substation. Simulation of a single line-to-earth fault condition using the transmission 

system model [81].  
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5.1.3 Clarification on Layout Discrepancy 

The layout shown in Figure 4-1, where the transmission line crosses over the gas pipeline, differs 

from the simulated model. This difference arises because the system model used in the study is 

hypothetical and was designed to demonstrate the effects of seasonal soil resistivity variations on 

touch voltage hazards, rather than to replicate a specific real-world site. 

The sponsor provided a pipeline model for an undisclosed location, and at the time of simulation 

development, the exact site layout was not a primary consideration. The transmission line was 

positioned almost parallel to the pipeline in the model to facilitate a clear analysis of touch voltage 

risks under changing soil resistivity conditions throughout the year. Additionally, confirmation of 

the gas pipeline’s presence at the actual site occurred late in the research, meaning the real-world 

layout could not be incorporated before simulations were conducted. 

While differences in layout may affect certain proximity-related aspects, they do not impact the 

study’s core objective: evaluating how seasonal soil resistivity variations influence touch voltage 

hazards. The hypothetical system model remains valid for illustrating these effects. 

5.1.4 The Construction of the System Model 

The system model was constructed using HiFreq of CDEGS [17] and comprised the following 

components: 

● A 10-km-long 220 kV AC transmission line, with each phase suspended at 18 m above 

the ground and a 10 m separation between phases. 

● A 500-m-long electrically insulated mild steel gas pipeline featuring an outer diameter of 

1 m and a thickness of 1.5 cm. This gas pipeline is buried at a depth of 2 m and runs 

parallel to the transmission line, with a separation distance of 20 m. 

● A hypothetical zinc anode bed has been buried at 30 m from the gas pipeline. This anode 

is connected to a cathodic protection (CP) rectifier via an insulated cable. 

The fault scenario for the Hi-Freq simulation was assumed to have occurred at a substation located 

5 km away from the CP rectifier, which is situated at the midpoint of the shared corridor.  

According to the previously calculated prospective single-phase-to-earth fault current for OTA-
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WKM-1 of approximately 9 kA is injected into the ground from one end of the transmission line 

to simulate a fault current discharged into the ground.    

5.1.5 Incorporating the Soil Resistivity Variation in the System Model 

In order to evaluate how changes in soil conditions affect the pipeline and determine the touch 

voltages, the soil resistivity parameters based on the soil resistivity model profile obtained through 

the process discussed in the previous section are entered into the HIFREQ soil type interface, as 

shown in Figure 5-3. Based on the system model, simulation under these variable soil conditions 

allowed for the generation of both a touch voltage profile and a tolerable touch voltage profile. 

Therefore, both the soil resistivity model and the touch voltage profiles will serve as the basis for 

developing a statistical method to improve the accuracy of the risk assessment. 

 

Figure 5-3 An example of soil resistivity input for HiFreq of CDEGS 

 

5.2 Developing Touch Voltage Profile 

The touch voltages could be computed and presented in a "Spot 2D" plot, which visually 

represents touch voltage distribution along the pipeline. An illustrative example of the touch 

voltage results, as shown in Figure 5-4, demonstrated that the highest touch voltage was observed 

at the location of the CP rectifier, reaching 257.06 V. On the other hand, the touch voltages at the 
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sacrificial Zinc anode bed were below 26.04 V. The touch voltages posed hazards if they exceeded 

the calculated limit using (12). In this example, a primary protection time was 0.2 s, a surface 

layer derating factor was conservatively set at 1, and a surface soil resistivity of 250 Ω-m was 

assumed. Given these parameters, the calculated tolerable touch voltage was determined to be 

152.65 V.  Therefore, the touch voltages observed at the CP rectifier as shown in Figure 5-4 are 

hazardous, with the touch voltage exceeding the limit by 104.41 V. 

The touch voltage profiles can be obtained by repeating the same process using the soil resistivity 

models acquired from the twelve-month soil resistivity monitoring. Each simulation employs one 

of the soil resistivity models in the soil resistivity model profile to generate touch voltage profiles 

for various soil conditions corresponding to different times of the soil monitoring period. The 

touch voltage profiles, along with the tolerable touch voltage levels, constitute critical data inputs 

for developing a statistical method to enhance the accuracy of hazard identification and 

probabilistic risk analysis in the next section. 

 

Figure 5-4 The simulation result of touch voltages around the pipeline and sacrificial Zinc 
anode bed 
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5.2.1 Touch Voltage Hazards Over the Monitoring Period 

The twelve-month soil resistivity monitoring has revealed fluctuations in soil resistivity, 

indicating the dynamic response of touch voltages over time. This finding suggests that touch 

voltages can vary in response to changing soil conditions throughout the year. Another significant 

finding was that the evident time-varying nature of touch voltage magnitudes could only be shown 

with higher-resolution soil resistivity data over a long period of soil resistivity monitoring. This 

observation highlighted that the electrical properties of the earth, particularly soil resistivity, 

significantly influence the conditions that allow the touch voltage to become hazardous. 

5.2.2 Touch Voltage Before and After the Decoupling of the Pipeline Earthing System 

During normal operation, the pipeline is bonded to the earthing system to ensure the cathodic 

protection (CP) system functions correctly. However, when carrying out the performance test of 

the CP system, the pipeline must be decoupled from the earthing system to allow the measurement 

to be done correctly. This decoupling was hypothesised to cause an increase in touch voltage.  

Therefore, to confirm this phenomenon, the system model simulation conducted on 2/01/2021, 

with a fault level of 9 kA, resulted in the highest touch voltage of 288.38 has been revisited. A 

2 m long copper rod was buried vertically into the ground where the pipeline was connected to 

the junction of the CP to resemble the normal pipeline operation, as shown in Figure 5-6. When 

the pipeline was bonded to the earth, the simulation showed a touch voltage of 63.04 V at the 

same location where the highest touch voltage was previously observed, as shown in Figure 5-5.  

This substantial difference in touch voltage indicated that potentially hazardous situations could 

exist depending on factors such as the fault level magnitude and the resistivity of the surface soil. 

These concerns will be explored and discussed in more detail in the next section. 
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Figure 5-5 The system model simulation for the soil resistivity on 2/01/2021. The pipeline was 
decoupled from the 2 m long copper earth rod. The maximum touch voltage of 288.38 V was 

found in the CP connection to the pipeline. 
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Figure 5-6 The system model simulation revisited for the soil resistivity on 2/01/2021. The 
pipeline was connected to the 2 m long copper earth rod. The maximum touch voltage of 

63.04 V was found in the CP connection to the pipeline. 

 
5.2.3 Simulation Results Under Different Fault Levels 

Using the transmission system settings, a 9 kA fault was initially simulated. The results indicated 

no touch voltage hazards along the pipeline. To assess the impact of potential future upgrades in 

electricity demand, the fault level was increased. This adjustment demonstrated that the pipeline 

could remain free from touch voltage hazards even if the fault level were raised to 12.5 kA, as 

shown in Figure 5-7. The detailed simulation results, including touch voltage calculations under 

these fault levels, are presented in Table E-1. 

The system model simulated the maximum touch voltages occurring on the gas pipeline. These 

touch voltages were found to exhibit correlations with both soil temperature and the resistivity of 

the bottom soil layer. The simulations indicated that touch voltage hazards were likely to occur 

during the summer when the fault level reached 13 kA. This phenomenon was primarily due to 

the high resistivity of the bottom soil layer, which resulted in more current conducted into the 

metallic pipeline, which is less resistive than the dry soil. It resulted in higher touch voltage 

magnitudes on the pipeline. 

On the other hand, summer rain effectively reduced the resistivity of the surface soil and the 

tolerable touch voltage levels. Consequently, the likelihood of touch voltage hazards occurring in 
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the summer was high. This discovery challenges the common belief that touch voltage hazards 

were unlikely to manifest during seasons with low precipitation. 

Of particular significance was the observation that once the fault level exceeded 13 kA, touch 

voltage hazards began to appear at the end of the summer season. This observation highlights that 

accommodating the increasing electricity demand required an adjustment to higher fault level 

settings, which, in turn, could introduce touch voltage hazards onto the pipeline that were not 

previously present. The conventional industrial practice of selecting a random day for soil 

resistivity measurement or conducting current injection tests, as outlined in IEEE Std 80 [2], may 

likely miss out on detecting touch voltage hazards.  

 

 
Figure 5-7 The pipeline-transmission line system model simulation in different earth fault levels 
is plotted.  The fault level below 12.5 kA would not incur any hazardous touch voltage onto the 
pipeline. Note: the touch voltage limit profile is clipped to allow other variables to be clearly 

seen. 
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Figure 5-8 Hazardous touch voltages were identified after rain in the 

summer season. 

 

The magnitude of the touch voltages between January and March 2021, as shown in the exploded 

view in Figure 5-8, demonstrated that the touch voltages were relatively stable. However, the 

hazards were closely linked to the sudden reduction in tolerable touch voltage limits due to 

rainfall. 

Given that the local soil composition contains lithic volcanic sandstone rich in calcium carbonate 

[32], which reacts with rainwater to form a conductive calcium bicarbonate solution, it becomes 

evident that the high resistivity of the dried soil in the test site was highly sensitive to rainfall. 

Rainwater could quickly infiltrate the top layer of soil, dispersing the high resistivity layer and 

causing the tolerable touch voltage to drop critically. This circumstance gives rise to a scenario 

characterised by a high magnitude of touch voltage and a low tolerable touch voltage, typically 

occurring shortly after rainfall during the dry summer season. These coincidental factors implied 

that touch voltage hazards were more likely to occur during the dry summer, contrary to 

conventional expectations. 
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On the other hand, the average magnitude of the touch voltage in the summer remained relatively 

high because the pipeline became an alternative low-resistance path to conduct fault currents. 

When significant rainfall allowed moisture to penetrate deeper into the ground, the overall soil 

became more conductive. Therefore, less fault current would split into the pipeline to ease the 

touch voltage hazards concern. Therefore, the simulation showed no hazardous touch voltages 

during the rainy season for the earth fault of 13 kA.  

The fault level for the touch voltage simulation was further increased to 14 kA to observe the 

impact of rainfall on touch voltages and its implications for electrical safety during pipeline 

maintenance. As shown in Figure 5-7, the touch voltages and the corresponding limits that 

affected the pipeline safety could be divided into two distinct periods. When the soil temperature 

was low and subjected to frequent rainfall was recorded in the winter from May to October 2020, 

the touch voltages were consistently higher than the corresponding touch voltage limit. The 

summer began from the middle of October 2020 to the end of March 2021. Both touch voltage 

and tolerable touch voltage were significantly higher in the summer than in winter. Table 6.1 

provides greater clarity, indicating that the average tolerable touch voltage of 562.45 V was lower 

than the average touch voltage of 449.37 V. This observation seemed to align with the general 

industrial practice, which recognised that touch voltage hazards were less likely to occur during 

dry seasons. The rationale behind this assumption lay in forming a high resistivity layer developed 

near the surface during the dry summer period, which could effectively elevate the tolerable touch 

voltages, creating a safety buffer. 

However, the standard deviation of the tolerable touch voltage of 417.27 V indicated a higher 

degree of variability or uncertainty in the tolerable touch voltage data. This outcome also 

suggested that relying solely on the average value can potentially lead to an underestimation of 

the hazards and may impact the interpretation and analysis of the data. 
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Table 5-1 The average touch voltage and the limit for two distinctive soil conditions of the test 
site with standard deviation σ. 

Period  

Average 
Touch voltage 

and σ 
 (V, V) 

Average 
tolerable touch 
voltage and σ 

(V, V) 
2/05/2020 - 16/12/2020 421.53, 16.21 336.42, 103.30 
17/12/2020 - 31/03/2021 449.73, 10.88 562.45, 417.27 

 

5.2.4 Identifying the Number of Hazardous Days for Statistical Analysis 

The previous sections established that touch voltage hazards arise under specific weather and fault 

conditions. To quantify the frequency of these hazards, a dataset has been generated based on 

simulated fault conditions. The number of hazardous days is identified by evaluating the touch 

voltage profile over a 12-month period while accounting for seasonal variations in soil resistivity. 

To illustrate the relationship between earth fault levels and the occurrence of hazardous days, 

Table 5-2 presents the simulated earth fault levels, and the corresponding number of hazardous 

days recorded within a year. This dataset provides essential input for refining probabilistic risk 

assessment and improving risk quantification in the following chapter, helping to improve the 

accuracy of the existing probabilistic risk assessment approach. 

Table 5-2 Simulated Earth Fault Levels and Corresponding Number of Hazardous Days per 
year. 

Simulated 
earth fault 
level (kA) 

Number of 
hazardous 

days n 
(day) 

12.5 0 
13.0 75 
13.5 136 
14.0 274 
14.5 290 
15.0 291 
15.5 298 
16.0 306 
16.5 306 

 



 
98 
 

5.3 Summary of the System Modelling  

Through the pipeline-transmission line system modelling, the twelve-month soil resistivity 

monitoring revealed the time-dependent nature of touch voltage magnitudes, highlighting the 

substantial influence of soil resistivity on touch voltage hazards. Ideally, daily data collection 

would have been conducted, but a twice-weekly data collection schedule was implemented to 

meet budget constraints. Consequently, when touch voltage hazards were identified through 

system model simulations, the days preceding the next measurement were treated as potentially 

hazardous. This level of data resolution is deemed sufficient for calculating the Probability 

Reduction Factor (PRF) in the following chapter and supports the concept of a pilot study. 

Simulation results from the hypothetical case, under varying fault levels, provided further 

insights. At a 9 kA fault level, no touch voltage hazards were observed along the pipeline. At 12.5 

kA, the pipeline remained hazard-free, while at 13 kA, touch voltage hazards were more likely to 

occur, particularly following rainfall events. 

Soil composition and physical characteristics vary by location, so the findings of this study are 

specific to the local soil conditions within the shared corridor. Nonetheless, these results highlight 

the importance of regular soil resistivity monitoring to improve hazard identification, especially 

in areas with higher risks for pipelines or electrical infrastructure. 

Additionally, this study introduced the new variable "hazardous days per year," which is sensitive 

to fault levels. This variable is critical in the next chapter, where it will be applied to develop the 

PRF.  
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Chapter 6 -   A Novel Statistical Framework for Touch Voltage 

Risk Analysis 

6.1 Introduction 

Risk assessment in electrical safety, particularly for systems involving pipelines and transmission 

lines, requires a robust methodology that accounts for both deterministic and probabilistic 

approaches. Deterministic models effectively analyse worst-case scenarios but fail to capture real-

world variability. Probabilistic risk assessment offers a more flexible approach by incorporating 

uncertainties, making it suitable for evaluating touch voltage risks during pipeline maintenance. 

Existing risk assessment methods, as outlined in Section 3.4.6, primarily consider contact 

scenarios and fault duration but overlook environmental factors such as soil resistivity variations. 

These variations can influence touch voltage levels, potentially reducing risk below hazardous 

thresholds. A more refined approach is required to account for these dynamic factors and improve 

the accuracy of risk quantification. 

To address this gap, a novel statistical framework based on the binomial distribution to model 

touch voltage hazards is introduced. A new metric, the probability reduction factor (PRF), is 

developed to incorporate the temporal distribution of hazards and refine probabilistic risk 

calculations. This approach ensures a more realistic assessment of risk, aligning with industry 

safety standards and the ALARP principle [12]. 

6.2 The Concept of Binomial Distribution 

A binomial distribution describes the probability distribution of a discrete random variable with 

binary outcomes, such as true or false, present or absence, and head or tail [95]. The binomial 

distribution of a discrete random variable takes on values between 0 and 1, maps each possible 

binary outcome to its probability of occurrence and the sum of all the probabilities must equal 1. 

For example, an experiment is to map the outcomes of flipping a coin ten times. Assuming that 

the coin is fair (i.e., the probabilities of getting heads and tails from a fair coin flip are p = 0.5 and 
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1 – 0.5, respectively), the binomial distribution can be expressed using the probability mass 

function given by (28): 

𝑓𝑓(𝑥𝑥, 𝑦𝑦) =  (𝑥𝑥 𝑦𝑦 ) ∙ 𝑝𝑝𝑦𝑦  ∙  (1 − 𝑝𝑝)(𝑥𝑥−𝑦𝑦) (28) 

where, 
x is the total number of independent coin flips, 
 
y is the number of heads observed, taking values from 0 to 𝑥𝑥, and 
 
(𝑥𝑥 𝑦𝑦 ) the binomial coefficient gives the number of ways to choose y heads from x flips.  

The binomial coefficient can be expressed in mathematical form as (29). 

(𝑥𝑥 𝑦𝑦 ) =
𝑥𝑥!

𝑦𝑦! (𝑥𝑥 − 𝑦𝑦)!
  (29) 

The binomial distribution can be computed using (29) for each possible value of y as follows: 

𝑓𝑓(10, 0) = 10!
0!(10−0)!

 ∙ 0.50  ∙  (1 − 0.5)(10−0) = 0.000977 

𝑓𝑓(10, 1) = 10!
1!(10−1)!

 ∙ 0.51  ∙  (1 − 0.5)(10−1) = 0.00977 

𝑓𝑓(10, 2) = 10!
2!(10−2)!

 ∙ 0.52  ∙  (1 − 0.5)(10−2) = 0.0439 

⋮ 

𝑓𝑓(10, 10) =  0.000977 
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Figure 6-1 The binomial distribution of getting heads in ten fair coin flips. 

 

The binomial distribution of getting head flipped in 10-coin flips is plotted in a bar chart in Figure 

6-1. The shape of the plot is a symmetrical bell-shaped or Gaussian curve. The probability of 

getting 0 or 10 heads is the lowest among the other flipped heads. 

6.3 Probability Reduction Factor 

To transform the game of head and tail to study the daily probability of touch voltage hazards, 

suppose the “head” in the previous example is replaced by the “hazardous day” where the touch 

voltage hazards can occur. In that case, the calculation can be understood as the probability that 

the worker is exposed to the touch voltage hazard on a random day on-site or the probability of 

working on a hazardous day. 

This probability represents an unfair chance of working on a hazardous day per visit and must be 

calculated before the binomial distribution is applied to the touch voltage hazard. Hence, it is 

hypothesised that touch voltage hazards may not exist daily.  The system model simulation will 

prove that this hypothesis is sustained.  Therefore, a soil resistivity field test must be conducted 

to identify when touch voltages can occur on various days of the year. Then, this historical 

information is used to compute the annualised probability Xi - 𝜉𝜉 of a hazardous day based on the 

number of days identified as hazardous n as Expressed in (30). 

𝜉𝜉 =  
𝑛𝑛

365
 (30) 
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Hence, the annualised probability 𝜉𝜉 of a hazardous day in (30) represents the probability of an 

independent random single-day trip to work on-site under the threat of a hazardous touch voltage. 

Alternatively, the probability of working on a safe day is 1 −  𝜉𝜉. 

For an annual maintenance task that requires 𝑥𝑥 days to complete, the probability of allocating the 

maintenance on all hazardous days is 𝜉𝜉𝑥𝑥. Any allocated day containing a touch voltage hazard 

contributes to the touch voltage risk in the job allocation. Therefore, the number of possible 

arrangements to observe 𝑦𝑦 hazardous days on-site out of 𝑥𝑥 days can be expressed by 𝐶𝐶(𝑥𝑥, 𝑦𝑦), 

given in (29), the probability of 𝑦𝑦 hazardous days (given by 𝜉𝜉𝑦𝑦) and the probability of 𝑥𝑥 − 𝑦𝑦 safe 

days (given by (1 −  𝜉𝜉)𝑥𝑥−𝑦𝑦) can be re-written as (31). 

𝑓𝑓(𝑥𝑥, 𝑦𝑦) = 𝐶𝐶(𝑥𝑥, 𝑦𝑦) 𝜉𝜉𝑦𝑦 (1 −  𝜉𝜉)𝑥𝑥−𝑦𝑦 (31) 

The risk of the maintenance plan is expressed in terms of the sum of the probability of each 

planned working day, which is calculated using (32). For the maintenance is required x days to 

complete, the binomial distribution function is expressed from y = 1 to y = x and is shown below:  

𝐹𝐹(𝑥𝑥, 𝑦𝑦) = 𝑓𝑓(𝑥𝑥, 𝑦𝑦) + 𝑓𝑓(𝑥𝑥, 𝑦𝑦 − 1) + 𝑓𝑓(𝑥𝑥, 𝑦𝑦 − 2) + ⋯ + 𝑓𝑓(𝑥𝑥, 1) 

𝐹𝐹(𝑥𝑥, 𝑦𝑦) = 𝐶𝐶(𝑥𝑥, 𝑦𝑦) 𝜉𝜉𝑦𝑦 + 𝐶𝐶(𝑥𝑥, 𝑦𝑦 − 1) 𝜉𝜉𝑦𝑦−1 (1 −  𝜉𝜉) + 𝐶𝐶(𝑥𝑥, 𝑦𝑦 − 2) 𝜉𝜉𝑦𝑦−2 (1 −  𝜉𝜉)2 + ⋯

+ 𝐶𝐶(𝑥𝑥, 1) 𝜉𝜉 (1 −  𝜉𝜉)𝑥𝑥−1 

𝐹𝐹(𝑥𝑥, 𝑦𝑦) =  �
𝑥𝑥

𝑦𝑦=1

𝐶𝐶(𝑥𝑥, 𝑦𝑦) 𝜉𝜉𝑦𝑦 (1 −  𝜉𝜉)𝑥𝑥−𝑦𝑦 (32) 

Instead of summing all the probabilities of all the outcomes that can yield at least one hazardous 

day, alternatively, the total probability of working regardless on a safe or hazardous day is 1. 

Therefore, the complement rule can be applied to find the probability of working on multiple days 

with at least one day can surrogate the hazardous touch voltage. Firstly, the probability of working 

on all safe days is calculated and then subtracted that probability from 1 to get the probability of 

getting at least one hazardous day. In the context of assessing a maintenance work plan,  𝐹𝐹(𝑥𝑥, 𝑦𝑦) 

represents the probability of the planned maintenance that is hazardous. Since the sum of all the 

probabilities must equal 1, 𝐹𝐹(𝑥𝑥, 𝑦𝑦) can be re-written based on this property as below: 
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𝐹𝐹(𝑥𝑥, 𝑦𝑦) = 1 − 𝑓𝑓(𝑥𝑥, 0)  

𝐹𝐹(𝑥𝑥, 𝑦𝑦) = 1 −  (1 −  𝜉𝜉)𝑥𝑥  

 

Since the binomial distribution is independent of y, it can be re-written as (33). 

𝐹𝐹(𝑥𝑥) = 1 −  (1 −  𝜉𝜉)𝑥𝑥  (33) 

 

The outcome of (33) is used as a PRF, allowing for the seasonal variation of the soil resistivity.  

For a seven-day working plan at a touch voltage-affected site, the PRF can be evaluated according 

to the number of working days and the annualised probability 𝜉𝜉. By incorporating the PRF, the 

conservatism of the coincidence probabilistic assumptions in Subsection 2.5.1 can be reduced to 

levels close to reality. 

 

 

 

Figure 6-2 The plot of the probability reduction factor under the influence of the number of 
hazardous days measured per year and the risk exposure days. 
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6.4 Probabilistic Risk Calculation Using Touch Voltage Hazard Assessment 

The present probabilistic risk is calculated based on the coincidence probability of fault and 

contact. The probability of heart fibrillation caused by touch voltages can be realised by 

conducting soil measurements for each day and evaluating the touch voltage profile through 

computer simulation. The binary outcomes of “safe” and “hazardous” within the observation 

period can dynamically quantify the probability of touch voltage hazards according to the job plan 

using the binomial distribution. By considering these probabilities together, 𝐹𝐹(𝑥𝑥) contains the 

information on the touch voltage hazard and can be used as a probability reduction factor to 

improve the accuracy of the existing probabilistic risk calculation. Therefore, the specific 

multiplication rule [95] of two independent probabilistic distributions, A and B, can be applied to 

calculate the joint probability of them written as (34) as follows: 

𝑃𝑃(𝐴𝐴 & 𝐵𝐵) = 𝑃𝑃(𝐴𝐴) ∙  𝑃𝑃(𝐵𝐵) (34) 

In this case, the coincidence probability 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and the binomial distribution of the touch voltage 

hazards in the job plan occurring together and the adjusted probability of fatality, 𝑃𝑃′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is given 

by (35). 

𝑃𝑃′𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐹𝐹(𝑥𝑥) ∙  𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (35) 

Since the PRF is not a constant value and is dependent on the number of working days x and 

operational conditions, such as the fault level, the binomial distribution 𝐹𝐹(𝑥𝑥) can be considered 

as a probability reduction factor that can help to adjust for these control parameters and provide 

a more accurate and dynamical prediction of the overall probability of hazards for the ALARP 

principle.   

6.5 Validation of the Probability Reduction Factor (PRF) 

This section presents the application of the PRF using the touch voltage profile derived from the 

hypothetical case study. The validation method relies on 12-month soil resistivity monitoring, 

previously described in Chapter 5 to develop the touch voltage profile.  
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6.5.1 Probabilistic Risk-based Model 

The probabilistic risk-based model based on the Poisson distribution described in Section 2.5 was 

used to evaluate the fatality rate due to touch voltage hazards. The interaction of two contact 

scenarios contributing to the fatality risk is summarised in (27). The data required for the 

calculation are as follows:  

● Occurrence of a fault uA = 9 count/year 

● Mean duration of each fault tA = 0.2 s = 6.35 × 10-9 year 

● Number of human contacts uB = 10 count/year 

● Mean duration of each human contact tB = 60 s =1.90 × 10-6 year 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 9 × 10 (6.35 ×  10 −9 +  1.90 × 10−6) 

𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =   1.72 × 10−4 

This probability was considered valid under the assumption that all feasible hazard mitigation 

measures had been implemented, available resources were optimally utilised to minimise risk, 

and no further improvements were viable at the time of assessment. 

6.5.2 Probability Reduction Factor for Touch Voltage Hazards  

The touch voltage results from system modelling, considering fault levels exceeding 12.5 kA, 

indicated that touch voltage hazards were present under certain conditions. This observation 

suggests that the actual coincidental probability of fatality should be lower than the previously 

calculated value in the earlier section.  

The touch voltage profile enables the identification of the number of hazardous days within a 

year, which is a crucial factor in refining the risk assessment. The annualised probability ξ of 

hazardous days is calculated using (30) and presented in Table 6-1. 
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Table 6-1 Annualised Probability of a Hazardous Day Under Different Fault Levels. 

Simulated 
earth fault 
level (kA) 

Annualised 
Probability ξ  

 
12.5 0  

13 0.21  

13.5 0.37  

14 0.75  

14.5 0.79  

15 0.8  

15.5 0.82  

16 0.84  

16.5 0.84  
 

The annualised probabilities of hazardous days from Table 6.1, along with (33) were used to 

evaluate the PRF for different fault levels and exposure days. These results, presented in Table 6-

2, enhance the accuracy of probabilistic risk assessment. 

 

Table 6-2 Binomial distribution of different fault levels and number of planned working days 
within a year. 

   Fault levels (kA) 

Number of workdays 
(day) 

12.
5 

13.
0 

13.
5 

14.
0 

14.
5 

15.
0 

15.
5 

16.
0 

16.
5 

1 0.0 0.2 0.4 0.8 0.8 0.8 0.8 0.8 0.8 
2 0.0 0.4 0.6 0.9 1.0 1.0 1.0 1.0 1.0 
3 0.0 0.5 0.7 1.0 1.0 1.0 1.0 1.0 1.0 
4 0.0 0.6 0.8 1.0 1.0 1.0 1.0 1.0 1.0 
5 0.0 0.7 0.9 1.0 1.0 1.0 1.0 1.0 1.0 
6 0.0 0.8 0.9 1.0 1.0 1.0 1.0 1.0 1.0 
7 0.0 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
8 0.0 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
9 0.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
10 0.0 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

 

The PRF was organized as an array with indices representing fault levels and the number of 

workdays as shown in Table 6-2. In this case, the fault level of 12.5 kA served as the safety 
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boundary, yielding a PRF of 0.0, since system modeling indicated that the touch voltage on the 

pipeline did not reach hazardous levels. 

The 3-D plot of the PRF in Figure 6-3 allows pipeline asset operators to identify a fault level 

threshold (e.g., 12.5 kA in this case) that ensures human safety during maintenance. For fault 

levels exceeding 14.5 kA, the PRF demonstrated a 20% reduction in the coincidental probability 

of fatality, provided maintenance tasks were completed within one day. If the work plan required 

more than one day, alternative safety measures would be necessary. 

Thus, the ability to visualize risk boundaries is essential for coordinating maintenance operations 

with electricity grid operators. This coordination enables pipeline operators to request temporary 

reductions in fault current levels during maintenance, eliminating touch voltage hazards. The PRF 

provides pipeline operators with a clear understanding of safe operating boundaries, allowing 

them to take an active role in coordination meetings, make informed decisions, and negotiate risk 

mitigation strategies with power grid operators. This data-driven approach ensures that 

maintenance activities are conducted under the safest possible conditions. 

 

 

Figure 6-3 The profile of the probability reduction factor for touch voltage. 
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6.6 Adjusted Coincidental Probability of Fatality 

If the fault level cannot be reduced due to operational constraints, the ALARP criteria must be 

applied to manage worker exposure to touch voltage hazards. Adjusting the fatality risk using the 

PRF results in an improved estimation of the coincidental probability of fatality, considering two 

key factors: the number of workdays in the pipeline maintenance plan and the prospective fault 

level of the transmission circuit. 

In Figure 6-4, the blue area indicates that the individual fatality risk remains below 10-4, which is 

considered an acceptable risk level. For fault levels exceeding 12.5 kA, the risk can be controlled 

to an acceptable level by limiting the number of maintenance visits per year. For instance, if the 

fault level is 13.5 kA, pipeline maintenance workers must complete all tasks within two days to 

ensure that risk exposure does not exceed the ALARP threshold. However, in this case study, the 

PRF had a limited impact on contact scenarios involving fault levels above 13.5 kA. 

 

Figure 6-4 The adjusted coincidental probability of fatality. The blue region indicates that the 
risk level is below the ALARP upper limit of 10-4 and is considered acceptable. 
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6.6.1 Risk Management and ALARP Compliance 

In situations where multiple transmission circuits can create hazardous touch voltages on a 

pipeline, reducing the fault level of each transmission circuit is not a feasible solution, as it could 

significantly disrupt the stability of the transmission network. Therefore, it becomes necessary to 

conduct a probabilistic risk analysis to ensure that the calculated coincidental probability of 

fatality falls within acceptable limits, in line with the criteria. 

To accurately assess the adjusted coincidental probability of fatality for each transmission circuit, 

it is important to calculate these probabilities separately. Each transmission circuit possesses 

unique characteristics, such as varying fault levels, physical locations affecting pipelines, and the 

likelihood of generating hazardous touch voltages. Consequently, for each potential hazardous 

source, a dedicated probabilistic risk analysis framework must be established to compute the 

adjusted coincidental probability of fatality. This approach ensures a comprehensive and precise 

risk evaluation, taking into account the distinctive features of each potential hazardous source. 

The summation of these adjusted individual coincidental probabilities of fatality is evaluated with 

respect to the ALARP criteria. If the calculated risk level falls within the boundaries of what is 

deemed "reasonably practicable" and does not pose a grossly disproportionate burden in terms of 

costs and sacrifices, it is considered acceptable. However, if the risk exceeds these boundaries 

and does not meet the ALARP criteria, further action may be required. 

In such cases, potential actions may include implementing circuit outages or temporarily adjusting 

the protection level settings for specific transmission circuits. Subsequently, discussions with the 

transmission system operator may be necessary to identify a suitable solution that guarantees the 

safety of maintenance workers while also aligning with the ALARP principles. 

The probabilistic analyses for touch voltage-related fatalities have long been standardized in 

various countries and regions [7, 12].  However, it has also uncovered a hesitancy among 

engineers to adopt risk acceptance under the ALARP criteria, largely discouraged by concerns 

surrounding legal liabilities and the need for more comprehensive risk information. This 

hesitation often led to a preference for physical hazard mitigation solutions, such as 
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recommendations for planned outages on affected transmission circuits or costly design 

variations. 

The rationale for the preference for outage-based solutions, from the viewpoint of pipeline asset 

operators, is that circuit outages ensure zero harm from touch voltages, eliminating potential 

hazards and uncertainties related to electrical safety concerns. However, from the perspective of 

entities like transmission system operators responsible for the integrity and stability of the 

electricity network, the situation is distinct. Even though outages are carefully planned with the 

best intentions for human safety, they can introduce their own set of uncertainties and insecurities, 

posing risks to the overall reliability of the power grid. 

In the context of these challenges, the innovative concept of the PRF serves as an innovative tool 

for enhancing risk assessment and management for pipeline asset operators in shared corridor 

situations. With the aid of the PRF, pipeline asset operators can efficiently identify crucial 

information, such as the safety threshold for the protection level setting of the transmission circuit, 

enabling them to effectively coordinate with the transmission system operator to reduce risks and 

mitigate hazards without the need of total outage on any transmission circuit. 

By introducing the PRF, this research has effectively bridged the gap between traditional safety 

measures and the complex situation of legal liabilities. Serving as a structured and quantifiable 

approach, the PRF facilitates a more informed and confident understanding and management of 

risk. Beyond merely facilitating hazard mitigation, the PRF lays the foundation for future risk 

prediction, which will be instrumental in preparing for the anticipated surge in electricity demand 

resulting from the ongoing energy revolution in sustainable transportation. 

Provided with the PRF, electrical engineers and pipeline asset operators possess a powerful 

instrument to navigate the complicated relationship of risk, safety, and liability. This approach 

exceeds ordinary risk mitigation, offering a complete decision-making framework that carefully 

balances the constraint of ensuring occupational safety with the operational integrity of critical 

infrastructure. 
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This comprehensive approach allows for a thorough risk assessment that not only accounts for 

probability but also considers the financial and operational aspects of risk mitigation. 

Consequently, it ensures the implementation of appropriate safety measures while meeting the 

acceptance criteria for ALARP. 

6.6.2 Multiple Hazardous Sites in the Work Plan  

When creating a work plan that covers multiple maintenance sites, it is essential to consider and 

summarise all potential fatality risks caused by touch voltage hazards as a single comprehensive 

risk. This final risk value is obtained by adding together the adjusted coincidental probability of 

fatality for each site under the threat of touch voltage hazards. The probabilistic risk analysis 

enables the pipeline operator to aggregate the adjusted coincidental probability of fatality 

associated with individual sections of the pipeline. 

This approach to risk assessment across multiple sites holds significance in the context of ensuring 

safety throughout the entirety of a maintenance operation, particularly during the work planning 

phase. It gives a clear and full perspective on the cumulative risk posed by touch voltage hazards 

across multiple sites, thereby facilitating the efficient planning and management of safety 

measures. By adopting this comprehensive strategy, pipeline operators can enhance their ability 

to safeguard workers and mitigate risks during maintenance activities across diverse locations. 

6.7 Application of PRF Considering Variable Line Rating 

Electricity demand is growing at a high rate due to the phasing out of fossil fuels in transportation 

and the introduction of distributed renewable energy. However, this increase in demand is 

outpacing the development of transmission infrastructure [98]. Since transmission lines pose 

constraints on the operation of the electricity network, the traditional method for rating power 

lines assigns a fixed capacity based on conservative ambient temperature conditions. This 

approach often results in an underestimation of the actual capacity of transmission lines. 

In response to this challenge, the transmission system has adopted variable line rating techniques 

to maximise the demand capacities of its assets [92].  However, this variable line rating approach 

can create a challenge when calculating an accurate PRF for assessing touch voltage risks.  It 
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introduces variation in the prospective fault current instead of using a single maximum 

prospective fault current value. Nonetheless, this challenge also presents an opportunity to 

develop additional methods and strategies for applying PRF to manage touch voltage risks. 

6.7.1 OTA-WKM-1 Line Ratings 

Public information from the transmission system operator indicates that OTA WKM-1, which is 

located near the test site, operates under a variable line rating scheme [92]. As indicated by the 

table in Appendix C, the latest revision of the variable line rating for OTA-WKM-1 was made in 

2018, as plotted on a 3D graph in Figure 6-5. The plot demonstrates that the prospective fault 

current settings were at their highest between 6 pm and 6 am and lowest around 10 am every day.  

By strategically planning maintenance tasks to occur when the prospective fault current is at its 

lowest for the day, the exposure of maintenance workers to touch voltage hazards can be 

significantly reduced. This timing aligns with the period when the risk of high touch voltage is 

minimized, which can enhance safety measures for the maintenance personnel and reduce 

associated risks.  However, in real-world situations, catching up in a small window of time in a 

day may not always be feasible.  Therefore, this uncertainty could make this approach 

unfavourable to apply to pipeline hazard identification.  

Strategically scheduling maintenance tasks during periods when fault currents are expected to be 

at daily minimums can be an approach that has not yet been applied to minimizing hazards from 

maintenance personnel's exposure to voltages. This timing coincides with the lowest risk window 

against touch voltages, thereby enhancing maintenance personnel safety measures and reducing 

associated risks. 

However, in practical realities, capturing this small daily window may not always be feasible. 

Uncertainties, operational constraints, and various factors, such as traffic, can impose limitations 

on the feasibility of applying this approach to mitigate touch voltage hazards in pipelines. The 

dynamic and complex nature of real-world operations often presents challenges in consistently 

scheduling maintenance tasks to coincide with these small windows of the lowest expected fault 

current. 
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Therefore, where strict alignment of maintenance tasks with the minimum daily fault current 

cannot be achieved, a more flexible and adaptable approach may be required. Therefore, the touch 

voltage hazard identification needs to be revisited to develop a clear understanding of the actual 

hazard under these additional variable line ratings. 

 

 

Figure 6-5 The variable line rating of OTA-WKM-1 in 2018 (Month 1 indicates January). The 
daylight-saving time has been converted into standard time. 

6.7.2 Touch Voltage Hazard Identification with Variable Line Ratings 

As per the variable line ratings displayed in Appendix C, supplied by the transmission system 

operator, the resolution of these ratings occurs at three-hour intervals. This level of detail exceeds 

that which is typically required for daily considerations. The highest daily protection setting value 

for fault level is utilised to represent the setting for the fault level to maintain a reasonable level 

of conservatism in hazard identification, 

The variable protection settings are derived by min-max normalization the highest fault current 

for each month based on the highest fault current observed throughout the entire year. This 
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normalization process involves calculating the fault current ratio. This ratio is instrumental in 

assessing the impact of variable line ratings on touch voltages for different months, as shown in 

Figure 6-6. 

For instance, the maximum fault current for October is 14 kA. The expected fault level is to scale 

14 kA by a factor of 0.92, as shown in Figure 6-6, resulting in 12.88 kA for December. From 

January to June, the maximum fault current levels are significantly lower compared to the other 

months. 

 

Figure 6-6 The fault current ratio for each month in 2018. 

 

Using the maximum monthly fault current as input for the system model simulation can help in 

shaping the calculated touch voltages, as outlined in Section 5.2.3, in alignment with the actual 

potential fault scenarios. The accuracy of the touch voltage predictions can be further improved. 

This improvement is especially important in the context of risk assessment, where accurate touch 

voltage estimates are vital for evaluating the annualised probability of a hazardous day and further 

enhancing the reliability of the assessment of safety risks for the pipeline system. 
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The system model simulation results were re-calculated based on the monthly variation of 

protection level settings. If the maximum prospective fault current is 14 kA, only 16 days in a 

year can harbour the touch voltage hazardous between August to March.   

6.7.3 Incorporating Variable Line Ratings into PRF 

In the context of probabilistic risk analysis, the variable line ratings are not a random independent 

event.  Therefore, it cannot be used as a probability distribution to incorporate into the PRF 

directly. This limitation arises from the fundamental requirement for the application of the general 

product rule of probability. Therefore, the variable line ratings were used in the last section to 

improve the accuracy of the touch voltage simulation.  Using (30) and (33), the annualised 

probability of a hazardous day 𝜉𝜉  = 0.044 and the 𝑃𝑃𝑃𝑃𝑃𝑃 = 1 − (1 − 0.044)𝑥𝑥are calculated, 

respectively. For the same contact scenario as described in Section 6.5.1, the unadjusted 

probability of coincidental fatality was 1.72 × 10−4. Hence, the PRFs and the adjusted 

probability of coincidental fatality are calculated with the revised annualised probability of a 

hazardous day 𝜉𝜉 and are shown in Table 6-3. The highest adjusted probability of coincidental 

fatality with the revised PRF is calculated to be 0.62 × 10−4, which is an acceptable risk under 

the ALARP limit of 10−4.  

The number of days that were identified as hazardous was reduced from 274 to 16 days by taking 

the variable line settings into account.  This significant improvement in the accuracy of the 

determination of the probability of coincidental fatality shows a significant reduction in that 

calculated risk that can confidently meet the ALARP criteria in the probabilistic risk analysis. 
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Table 6-3 The probability reduction factor and the adjusted probability of coincidental fatality 
with the distinctions between considering variable line ratings and fixed protection setting.   

 PRF P'conc (10-4) 
Day 

Exposure Variable Fixed Variable  Fixed 
1 0.04 0.80 0.08 1.38 
2 0.09 0.90 0.15 1.55 
3 0.13 1.00 0.22 1.72 
4 0.17 1.00 0.28 1.72 
5 0.20 1.00 0.35 1.72 
6 0.24 1.00 0.41 1.72 
7 0.27 1.00 0.46 1.72 
8 0.30 1.00 0.52 1.72 
9 0.33 1.00 0.57 1.72 
10 0.36 1.00 0.62 1.72 

 

6.8 Summary 

Touch voltage risk assessment for pipelines and transmission systems traditionally does not rely 

on deterministic models but only focus on worst-case scenarios. However, these models do not 

account for real-world variability, particularly in environmental conditions such as soil resistivity 

variations. To address this limitation, a novel probabilistic approach incorporating a binomial 

distribution is introduced to assess touch voltage risks during pipeline maintenance. 

A key contribution is the development of the PRF, which refines existing probabilistic risk 

calculations by incorporating the temporal distribution of hazardous days. PRF is derived from 

annual soil resistivity monitoring and represents the likelihood of encountering hazardous touch 

voltage conditions over multiple working days. This factor improves risk estimation by reducing 

the conservatism in traditional coincidence probability models. 

The PRF is validated using a hypothetical case study, where a 12-month soil resistivity dataset is 

employed to determine the number of hazardous days per year. The probabilistic risk model 

integrates PRF into the existing Poisson-based framework to adjust the probability of fatality due 

to touch voltage exposure. The findings demonstrate that fault levels influence the annualised 

probability of hazardous days, affecting the overall risk assessment. 
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By integrating PRF into ALARP assessments, pipeline operators can make informed decisions 

about risk mitigation strategies, such as planned outages or temporary fault level reductions. This 

novel framework enhances the accuracy of touch voltage risk analysis, aligning with industry 

safety standards while improving decision-making for maintenance planning. 

The variable line rating demonstrated the further reduction of risk based on the actual fault current 

affecting the safety of the pipeline maintenance personnel has demonstrated the insufficient 

consideration of possible risk reduction in the past. The soil resistivity monitoring opened the gate 

to unleash the possibility of exploring additional opportunities for probability reduction.  As a 

result, pipeline asset operators now have more information for considering various methods of 

mitigating the risk of exposure to touch voltage hazards. They can engage in effective discussions 

with transmission system operators to coordinate the temporary reduction of fault levels. This 

shift from a reactive to a proactive stance enables stakeholders to manage and mitigate risks 

proactively, contributing to improved safety and more informed decision-making in pipeline 

system management. 
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Chapter 7 -  Touch Voltage Prediction for Emergency 

Maintenance 

The previous chapter has discussed maintenance planning using the PRF to improve the accuracy 

of probabilistic risk assessment. However, during emergency maintenance of the pipeline, this 

approach may not be directly applicable. In the context of assessing the hazards associated with 

emergency maintenance, each event must be treated as an independent occurrence. Unlike routine 

maintenance, which follows a planned and structured strategy, emergency maintenance arises 

unexpectedly and often requires immediate action. 

In such scenarios, the primary focus shifts to quickly determining whether touch voltage hazards 

could exist and ensuring the safety of workers performing the emergency repair or intervention. 

The touch voltage profile was calculated in Chapter 5 using historical soil resistivity data collected 

during the 12-month soil resistivity monitoring. The resulting touch voltage profile can be used 

to predict future touch voltage hazards with suitably chosen predictors. The soil resistivity data 

collected is used to explain past conditions and predict future variations, providing a basis for 

assessing potential touch voltage hazards. This assessment helps determine the presence of touch 

voltage hazards and informs appropriate mitigation measures during emergency maintenance. 

7.1 Touch Voltage Prediction Using Multiple Linear Regression 

A comprehensive analysis was conducted using multiple linear regression to understand and 

quantify the factors influencing the touch voltage of the case study. Touch voltage often depends 

on various environmental variables. Among these variables were soil temperatures and rainfall 

obtained from the NIWA database.  

This analysis sought to establish an equation for touch voltage prediction that considers the 

complex interplay between these environmental factors. A series of predictor candidates listed in 

Appendices B and E were tested to observe how well the selected predictors explain the variance 

of the touch voltages from the simulation result of a 9 kA fault. The soil temperature at a depth 
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of 10 cm, the 24-hour cumulative rainfall, the 3-day cumulative rainfall, and the ambient 

temperature had failed as their p-values were above the predefined alpha level of 0.05 [88] of the 

t-test, indicating no significant relationship with the touch voltages.  

The results of the multiple linear regression analysis found a robust and statistically significant 

relationship between three key variables: soil temperature at a depth of 5 cm, count of rainy days 

between data collection points, and touch voltage (F(2, 90) = 46.13, p < .001, R2 = 0.51, R2
adj = 

0.5). The soil temperature at a depth of 5 cm and the count of rainy days had the p-values 

of 2.5 x 10-13 and 0.017, respectively, considerably less than the alpha level. Therefore, the null 

hypothesis was rejected, which suggests no significant relationship between the predictor 

variables. 

Instead, the alternative hypothesis, supported by the multiple linear regression model, indicates a 

meaningful and quantifiable relationship between soil temperature, the count of rainy days, and 

touch voltage. The alternative hypothesis is mathematically represented by the touch voltage 

equation using the multiple linear regression model as expressed in (36). 

𝑌𝑌 =  245.10 +  1.45 𝑋𝑋1  − 2.32𝑋𝑋2     (𝑉𝑉) (36) 

where, 
Y is the touch voltageX1 is the soil temperature at a depth of 5cm, and  
X2 is the count of rainy days between data collection.  
 

Upon closer examination of the individual predictors, the soil temperature (t = 8.585, p < 0.01) 

and the rainy days count (t = -2.439, p = .017) represent significant predictors within the model. 

These findings indicate that soil temperature and the count of rainy days contribute significantly 

to the touch voltage equation.   

Several diagnostic plots have been used to validate the robustness of the linear regression model. 

These include the quantile-to-quantile plot (Q-Q plot), residuals plot, and predicted Y plot, all 

presented in Figure 8-1, Figure 8-2, and Figure 8-3, respectively. These plots serve as crucial tools 

for assessing the model's goodness of fit and the validity of the underlying assumptions. 
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Figure 8-1 The Q-Q plot of the observed data to the quantiles of the standard distribution. The 
Standard Normal points in orange closely followed the 45-degree line; it indicated a good fit 
between the data used for multiple linear regression and the standard normal distribution. 

 

Figure 8-2 The residual versus actual data plot for the multiple linear regression analysis for 
predictors of soil temperature and rainy days count. The residual is the difference between the 

actual data and the predicted value.  The units for both axes are in (V). 
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Figure 8-3 The simulated touch voltage plot against the predicted value using (36).  The plot 
showed that the predicted value has a maximum deviation of approximately ±10 V. The units for 

both axes are in (V). 

 

Despite the potential ±10 V error associated with the touch voltage predictors; the regression 

equation can be a valuable tool for predicting worst-case touch voltages. This tool is particularly 

advantageous because the predictors can be easily obtained on-site, so pipeline maintenance 

workers can predict touch voltage using readily available data. Additionally, by averaging the 

measured resistivities from a short traverse consisting of Wenner spacings of 0.1, 0.2, and 0.5 m, 

workers can quickly determine the soil resistivity for the top layer. This information lets them 

immediately assess touch voltage hazards by comparing the predicted touch voltage with the 

tolerable touch voltage using (12). 

7.2 Using Bottom Layer Soil Resistivity to Improve Touch Voltage 

Estimation 

Using the resistivity of the bottom layer to predict the touch voltage required the use of specialised 

software. Therefore, this predictor may not be easily obtainable on-site. However, considering 

gas pipelines are often buried at depths of at least 2 m, the bottom layer of soil resistivity can 

directly relate to the touch voltage. Another multiple linear regression analysis was conducted to 

test this argument, including the bottom layer soil resistivity and the soil temperature at a depth 

of 5 cm, which was previously identified as a strong predictor.  
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Results of the multiple linear regression indicated that there was a very strong collective 

significant effect between the soil temperature, bottom layer resistivity, and touch voltage 

(F(2, 90) = 129.8, p < .001, R2 = 0.74, R2
adj = 0.74). The individual predictors were examined 

further and indicated that the soil temperature (t = 5.691, p < 0.01) and bottom layer resistivity 

(t = 9.697, p < 0.01) were significant predictors in the model. 

Overall regression with right-tailed, F(2,90) = 129.80, had a p-value much smaller than the alpha 

level of 0.05 [88]; therefore, the null hypothesis is rejected. The linear regression model is 

expressed in (37) shown below: 

𝑌𝑌 =  220.34 +  0.80 𝑋𝑋1  +  0.25 𝑋𝑋2    (𝑉𝑉) (37) 

where,  
Y is the touch voltage,  
X1 is the soil temperature at a depth of 5cm, and  
X2 is the bottom layer resistivity.  
 

The robustness of the linear regression model was validated using the Q-Q plot, residuals plot, 

and predicted Y plot, all presented in Figure 8-4, Figure 8-5, and Figure 8-6, respectively. These 

plots show positive results toward the goodness of fit. 

 

Figure 8-4 The Q-Q plot for the regression with bottom layer resistivity as a predictor:  The 
residuals are distributed along the diagonal line means a good fit between the data and the 

multiple linear regression result with the error terms are normally distributed. 
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Figure 8-5 The residual versus actual data plot for the multiple linear regression analysis for 
predictors of soil temperature and bottom layer resistivity.  

 

 

Figure 8-6 The simulated touch voltage plot against the predicted value using Equation (37). 

 

Both sets of predictors have their strengths and weaknesses. For touch voltages below 270 V, 

utilizing (37) can provide estimates closer to the actual values. However, when dealing with touch 

voltages higher than 270 V, (36) tends to yield more accurate results. Both methods can offer 

reasonable estimations, and with knowledge of the error margins, this margin can be incorporated 

into touch voltage hazard identification to create a conservative result. Therefore, it is acceptable 

to use either regression equation for estimating touch voltages based on the specific circumstances 

and desired level of accuracy. 
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Both sets of predictors have their strengths and weaknesses. According to Figure 8-7, for touch 

voltages below 270 V, utilizing (33) can provide estimates closer to the actual values. However, 

when dealing with touch voltages higher than 270 V, (32) tends to yield more accurate results. 

Both methods can offer reasonable estimations, and with knowledge of the error margins, this 

margin can be incorporated into touch voltage hazard identification to create a conservative result. 

Therefore, it is acceptable to use either regression equation for estimating touch voltages based 

on the specific circumstances and desired level of accuracy. 

 

 

Figure 8-7 The comparison of two sets of predictors for touch voltage estimation. 

 

The transformation of system model simulation outcomes into an annualized probability of 

hazardous days has shown an essential connection between fault levels and the occurrence of such 
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days in Table E-1. This relationship holds significant implications for predicting the variability 

of touch voltage hazards on the pipeline, particularly in anticipation of future upgrades in 

electricity network demand. Presently, available tools and methodologies do not empower 

pipeline asset operators to proactively manage these risks and hazards, primarily relying on 

information from the electricity network.  

Therefore, understanding the threshold fault level beyond which no hazardous days are expected 

to occur becomes a valuable asset. This knowledge enables pipeline asset operators to engage 

with the electricity network more efficiently and effectively, fostering improved safety measures 

and communication protocols in requesting a temporary lower fault level. Hence, the worker 

could work in a touch voltage hazards-free environment. 

The capability to address touch voltage concerns on-site using Equations such as (36) and (37) is 

undoubtedly valuable for enhancing pipeline maintenance safety. However, it is essential to note 

that this study represents the local soil characteristics of the test site. Soil structures and 

compositions can vary significantly in other locations, so similar equations may not always be 

applicable. Hence, pipeline asset operators still need to incorporate probabilistic risk analysis into 

their maintenance plans for some locations where touch voltages are difficult to predict. 

7.3 Linear Regression Equation Validation 

A total of 108 soil resistivity models were collected during the twelve-month soil resistivity 

monitoring period. The initial 90 datasets were utilized in Table E-1 to develop the touch voltage 

equations. The remaining 18 datasets between 16/03/2021 and 15/05/2021 were reserved for 

validating (36) and (37). 

To assess the statistical significance of the touch voltage predictions, a paired-sample t-test was 

conducted. The null hypothesis posits that there is no statistically significant difference between 

the outcomes of the simulation and estimation methods. In other words, any disparities observed 

between these two touch voltage prediction approaches are attributed to random chance or 

sampling variability, and there is no systematic distinction between them. The objective was to 
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test this null hypothesis and ascertain whether there is enough evidence to support the use of 

Equations (36) and (37) for touch voltage prediction. 

The results of the paired-sample t-tests yielded p-values of 0.9105 for (37) and 0.2231 for (36). 

In the case of (37), the t-test results indicated a very small effect size (d=0.027) and a high p-

value (0.9105), suggesting that (37) closely resembles the system model simulation, with only a 

negligible practical difference. On the other hand, the t-test results for (36) showed a larger effect 

size (d=0.3), making (37) the method that closely aligns with the system model simulation. 

 

Figure 8-8 The scatter plots show that (37) in blue is superior to  (36) in orange.  The green line 
is the system model simulation result. 

 

7.4 Emergency Maintenance Risk Considerations 

In the context of assessing the risk associated with emergency maintenance work, it is important 

to treat each emergency maintenance event as an independent occurrence. Unlike routine 
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maintenance, which is part of a planned and structured maintenance strategy, emergency 

maintenance situations can arise unexpectedly, demanding immediate attention. In such 

scenarios, the primary focus is on rapidly addressing critical issues and ensuring the safety of 

workers involved in the immediate repair or intervention. Therefore, the primary objective of 

electrical safety assessment for emergency maintenance is the elimination of touch voltage 

hazards. 

The response to an emergency maintenance situation typically involves hazard identification 

using the touch voltage equations (36) or (37) to estimate the touch voltage. This estimated value 

is then compared to the tolerable touch voltage, which is determined using Dalziel's equation (12) 

with conservative soil resistivity. An accurate soil resistivity measurement becomes irrelevant 

once excavation is undertaken to access the pipeline. 

During emergency maintenance, speed and precision are of the essence. The conservative 

approach of using soil resistivity values that are not site-specific but rather reflect a worst-case 

scenario ensures that safety is prioritized in situations where immediate action is required. This 

approach takes into account the uncertainties introduced by excavation and the removal of the 

topsoil layer, as the actual soil properties can change rapidly during such work. 

By using conservative soil resistivity values, the safety assessment remains robust, and potential 

touch voltage hazards are more likely to be identified, even in scenarios where the actual soil 

resistivity might differ from the initial measurements. This precautionary approach is aligned with 

the primary goal of emergency maintenance, which is to rapidly eliminate touch voltage hazards 

and ensure the safety of workers involved in the intervention. 

In cases where the assessment cannot confirm the safety of the site from touch voltage hazards, 

the pipeline asset operator should initiate communication with the transmission system operator. 

This communication is intended to request a temporary reduction in the fault level setting, a 

measure that, as indicated by the PRF, has the potential to eliminate the touch voltage hazard. 

The case study illustrated in Figure 6-3. serves as a practical example, demonstrating that when 

the fault level is set at 12.5 kA, no touch voltage hazards are present. 
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The ability to communicate to the transmission system operator efficiently with the known 

purpose is a valuable safety measure, especially in emergency maintenance situations where 

immediate action is required to protect the workers and maintain the integrity of the electrical 

network. This approach, based on the PRF, offers an effective and practical solution for mitigating 

touch voltage hazards, providing a safer working environment during maintenance operations. It 

underscores the adaptability of electrical safety measures in response to specific site conditions 

and requirements, ultimately enhancing the overall safety of maintenance work. 

When assessing the risk associated with emergency maintenance, the conventional probabilistic 

risk analysis may not be entirely suitable. This is because emergency maintenance situations can 

vary significantly in terms of the contact scenario and the duration of exposure to touch voltage 

hazards. These variations are often unknown and unpredictable. Therefore, an approach that is 

more immediate to the specific hazards of emergency maintenance becomes critical to address 

touch voltage risks in these serious situations effectively. 

Emergency maintenance is considered an independent event in terms of probabilistic risk analysis. 

It does not inherently increase the risk associated with any pre-existing maintenance plan that 

may have been in place. Instead, the developed voltage prediction equations and PRF in 

emergency maintenance situations becomes a useful tool for rapid hazard identification and 

elimination of touch voltage hazards, with a paramount focus on ensuring the safety of workers 

in times of crisis. This focused and immediate approach is essential to address the unique 

challenges and uncertainties presented by emergency maintenance scenarios, ultimately 

minimising risks and safeguarding the well-being of those involved. 

7.5 Summary 

To provide historical insights, a sufficient quantity of reliable touch voltage data points has been 

mathematically analysed. The equations derived from multiple linear regression clearly illustrate 

the influence of climate on the magnitude of touch voltages on the pipeline at various times. The 

capacity to explain the past lays the foundation for predicting the future. The remaining touch 

voltage data points were used to validate the equations. The capability to forecast touch voltages 
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accurately makes these equations a significant tool for conducting site safety assessments before 

maintenance procedures begin. 

The touch voltage prediction method provides a straightforward yet effective tool for quick safety 

assessments. (33), which utilizes the bottom-layer resistivity and soil temperature as predictors, 

offers enhanced accuracy compared to (36), where rainy day count and soil temperature are used. 

A predictor in (33) is the resistivity of the bottom-layer soil, which may only be accessible using 

specialized equipment such as an earth resistance tester. This reliance on additional tools can 

make (36) a more practical choice for touch voltage estimation, especially in emergency 

maintenance scenarios. Both equations, however, can validate each other, offering 

complementary methods for assessing touch voltage hazards in varying circumstances. 

Regular reviews of the touch voltage equations are essential to ensure that the updated fault level 

is incorporated into the system model simulation for obtaining touch voltages through multiple 

linear regression. These periodic evaluations also help verify that the touch voltage prediction 

deviations remain within an acceptable range and that the accuracy of touch voltage assessments 

is maintained over time. This ongoing assessment is crucial for ensuring the continued reliability 

of these equations in evaluating touch voltage hazards.  
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Chapter 8 -  Contributions and Future Research Opportunities 

8.1 Original and Significant Contribution to the knowledge 

This thesis has introduced a novel risk-based approach to characterising and modelling shared 

corridor scenarios involving gas pipelines and transmission lines. The primary objective is to 

integrate seasonal variation in soil resistivity into a pipeline–transmission-line system model, 

enhancing the existing probabilistic risk analysis for fatalities arising from touch voltages. The 

research has provided original and significant contributions to understanding soil resistivity 

fluctuations in a subtropical district, thereby improving the accuracy of touch voltage hazard 

identification and risk assessment. 

The findings provide gas pipeline asset operators with a more comprehensive framework for both 

routine and emergency maintenance planning. Furthermore, the research establishes a foundation 

for refining industry standards on touch voltage assessment, potentially encouraging regulatory 

bodies to consider incorporating this novel probabilistic risk analysis into official guidelines. By 

demonstrating the feasibility of this approach, the work presents an opportunity for industry 

practitioners, regulators, and standardisation committees to evolve current safety protocols 

beyond deterministic models towards a more robust, risk-based methodology. 

8.1.1 Obtaining Reliable Touch Voltages 

A year-long data collection effort was undertaken to measure and record soil resistivities, forming 

the basis for a series of soil resistivity models that capture continuous variations in local soil 

properties. The key contribution of this part of the research lies in the proposed method for 

improving soil resistivity modelling accuracy. A well-calibrated soil resistivity model ensures 

reliable touch voltage estimations in system simulations, which, in turn, subsequently enhances 

the accuracy of the existing risk model. By providing continuous profiles for soil resistivity 

parameters, this research advances the understanding of an essential aspect of touch voltage safety 

assessment in shared corridor scenarios. 
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A significant opportunity is the standardisation of soil resistivity modelling techniques in safety 

regulations. Current industry standards assume worst-case scenarios, but the introduction of 

seasonal soil resistivity variations provides a more accurate and dynamic risk evaluation. Future 

collaborations with regulatory bodies, such as IEEE and IEC, could enable the integration of 

probabilistic soil resistivity modelling into formal industry standards, helping infrastructure 

operators make informed decisions while maintaining compliance with safety regulations.  

8.1.2 Enhancing Predictive Hazard Identification through Touch Voltage Modelling 

This research makes a significant contribution to knowledge by introducing a linear regression-

based predictive model for touch voltage estimation, which enhances the accuracy of hazards 

identification and subsequently risk assessment in shared corridor scenarios. By systematically 

analysing year-long touch voltage data, the study establishes mathematical relationships between 

environmental factors—such as seasonal soil resistivity variations, soil temperature, and rainfall 

patterns—and their impact on touch voltage magnitudes. The derived equations provide a 

quantitative framework for predicting touch voltages under different climatic conditions, allowing 

gas pipeline operators to conduct proactive risk assessments before undertaking maintenance 

activities. Unlike conventional industry practices that depend on worst-case assumptions and 

fixed soil resistivity values, this approach dynamically incorporates real-world variations of the 

hazard into probabilistic risk analysis, improving the accuracy of safety evaluations. 

A key advancement of this research is the validation of these predictive equations using 

independent datasets, confirming their reliability for real-world applications. This validation 

process ensures that the predictive model remains robust across different seasonal conditions, 

enhancing its usability for industry professionals. Additionally, the study highlights a practical 

trade-off between equation complexity and accessibility of input parameters. While the most 

accurate equation requires bottom-layer soil resistivity measurements—obtained using 

specialised equipment such as an earth resistance tester—a more practical alternative relies on 

readily available meteorological data, making it suitable for rapid safety assessments, particularly 

in emergency maintenance situations. This adaptability allows for flexible implementation 

depending on operational constraints and available resources. 
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8.1.3 Enhancing the Accuracy of Probabilistic Risk Analysis 

This research makes a significant contribution to the knowledge by introducing the PRF, a novel 

approach to refining the probabilistic risk analysis of touch voltage-related fatalities. Existing 

probabilistic analyses for touch voltage-related fatalities have been widely adopted, with 

established case studies, risk acceptance methods, and criteria documented across various 

jurisdictions. However, a key challenge in practical applications has been the hesitation among 

engineers to propose risk acceptance under the ALARP principle, primarily due to concerns over 

potential legal liability in the event of a fatality. A major barrier to confident decision-making has 

been the lack of sufficient quantitative information regarding touch voltage variations, leading to 

a reliance on conservative assumptions. Consequently, engineers have often opted for temporary 

outages of the affected circuits during pipeline maintenance as a precautionary measure, despite 

the operational and economic impacts. 

The PRF addresses this gap by incorporating ventricular fibrillation probability from the Dalziel 

equation and eliminating unnecessary conservatism. This results in a more statistically sound 

framework that provides a realistic assessment of fatal incident likelihood. The extensive 

development and validation of the PRF, published in the IET Science, Measurement & 

Technology Journal [99], demonstrates its ability to define ALARP risk acceptance boundaries 

more clearly. This allows for a more precise, justifiable approach to risk assessment, balancing 

safety concerns with operational efficiency. An application case study further illustrates how 

integrating variable line ratings into PRF enhances the accuracy of probabilistic risk evaluation. 

8.1.4 Empowering Pipeline Operators with Risk Control Capabilities 

Another important contribution is the introduction of using PRF as a practical decision-making 

tool for pipeline operators, allowing them to move beyond a traditionally passive role in 

negotiating safe working conditions with the electricity grid operator. In the shared corridor 

environments, risk is often managed through national grid protection settings and pipeline 

operator work plans, which often leave pipeline operators reacting to externally determined safety 

measures rather than proactively identifying and mitigating hazards. The PRF provides a 

quantitative method for pipeline operators to assess the impact of different fault conditions and 
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operational scenarios, thereby enabling them to pinpoint hazard control points and advocate for 

risk mitigation strategies. 

By leveraging the PRF, pipeline operators can conduct scenario-based evaluations to determine 

the acceptable risk levels for maintenance activities, instead of relying solely on worst-case 

deterministic assumptions. This enables a more balanced risk management approach, where 

mitigation measures—such as adjusting maintenance schedules, implementing protective 

barriers, or negotiating alternative power system configurations—can be explored based on actual 

probabilistic risk insights. The PRF effectively shifts pipeline operators from a reactive to a 

proactive role in risk management, ensuring that safety measures are both practical and evidence 

based. 

The contribution of this research lies in the potential for the PRF to enhance the existing simple 

risk models with a data-driven methodology. The subsequent step is the integration of the PRF 

into industry standards. By transitioning to a probabilistic safety management approach, this 

framework will allow operators to make better-informed, risk-based decisions. The goal is for the 

PRF to be formally recognised and incorporated into regulatory frameworks, providing operators 

with a powerful tool to confidently manage touch voltage risks and ensure the safety of 

maintenance operations. 

8.1.5 Preparing for the Future Pipelines for Renewable Energy 

The development of predictive risk models for touch voltage has extensive applications, 

particularly as pipeline infrastructure evolves to meet the growing demand for renewable energy. 

One emerging area of focus is the development of high-pressure steel gas pipelines designed for 

the transport of compressed or liquid hydrogen, which presents unique safety challenges due to 

its highly reactive properties and extreme operational conditions. The research presented in this 

thesis demonstrates the potential of the PRF to adapt to future scenarios, providing a flexible and 

robust framework for managing touch voltage risks in this new energy pipeline. 
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Unlike fault current studies, long-term soil resistivity monitoring is not a mandated industry 

practice. However, this study demonstrates its critical role in hazard identification. The findings 

highlight the importance of: 

● Incorporating Long-Term Soil Resistivity Trends into Risk Assessments – Current 

standards rely on one-time or periodic soil resistivity measurements [2, 5], which may 

not capture seasonal variations. Guidelines should encourage utilities to consider soil 

resistivity variation over time, particularly in shared corridors where touch voltage 

hazards may be mis-estimated. 

● Periodic Review of Touch Voltage Thresholds – Although periodic reviews of touch 

voltage thresholds are conducted, soil resistivity measurements are typically taken during 

a single-day site visit. This limited approach may not capture worst-case conditions over 

a year. To improve accuracy, regulatory bodies should consider incorporating long-term 

soil resistivity monitoring data into the review process. 

● Adapting Risk Models for Future Grid Expansion – As electricity demand increases, fault 

levels may rise, potentially intensifying touch voltage hazards that were previously 

undetected under lower fault conditions. These higher fault levels can worsen hazards, 

especially in areas where soil resistivity and environmental conditions contribute to touch 

voltage variations. 

By addressing the unique challenges posed by future pipeline infrastructures, such as those used 

for liquid hydrogen transport, the PRF can play a vital role in ensuring the safety and reliability 

of these critical renewable energy systems. The tools developed in this research contribute to the 

sustainability of future energy networks by enabling safer, more efficient risk management 

strategies, which are key to supporting the transition to clean energy solutions. The insights 

offered by this research have the potential to influence policy development, standardisation 

efforts, and regulatory frameworks, ensuring that safety measures keep pace with technological 

advancements in the energy sector. 
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8.2 Future Research Opportunities 

This research provides a foundation for further exploration and development in the field of 

probabilistic risk analysis for touch voltage hazards in shared corridor scenarios. Several areas 

for future research can be identified, each offering opportunities to refine, expand, and adapt the 

methodologies developed in this thesis for broader applications. The following sections identify 

key opportunities for future work, focusing on improvements to existing models, addressing 

emerging challenges, and broadening the scope of touch voltage risk assessment across diverse 

infrastructure contexts. 

8.2.1 Expanding the Scope of Soil Resistivity Modelling 

While this thesis focused on seasonal variations in soil resistivity within a subtropical district, the 

approach can be expanded to other geographic regions, particularly those with varying soil types 

and climates. Future research could aim to develop a large-scale soil resistivity information 

database that accounts for geographic and climatic diversity, incorporating additional 

environmental factors such as vegetation types, underground water table levels, and seasonal 

fluctuations in temperature and humidity. Furthermore, more advanced soil resistivity modelling 

techniques, such as incorporating machine learning algorithms, could improve prediction 

accuracy by identifying complex non-linear relationships between environmental factors and soil 

resistivity variations. 

Integrating soil resistivity data from various regions could create a more comprehensive 

probabilistic model, improving touch voltage risk assessments across diverse terrains. 

Collaboration with local authorities and regulatory bodies could facilitate the collection of diverse 

soil resistivity data, enabling the development of safety standards that are more representative of 

diverse environmental scenarios. 

8.2.2 Refining the Predictive Model for Touch Voltage Estimation 

The predictive model for touch voltage estimation developed in this research represents a 

significant advancement, but there are opportunities to enhance its predictive power. Future 

research could explore the use of more sophisticated statistical and machine learning techniques, 
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such as neural networks or support vector machines, to improve the model’s ability to account for 

interactions between environmental variables and their combined impact on touch voltage. 

Additionally, the model could also incorporate other environmental variables, such as 

atmospheric pressure and moisture levels, which might influence soil resistivity and, 

consequently, touch voltages. The integration of real-time data streams from weather stations and 

remote sensing technologies could provide more dynamic, up-to-date risk assessments, enabling 

operators to take immediate action when pipeline maintainers are on site. 

8.2.3 Validation of the Probability Reduction Factor (PRF) in Real-World Scenarios 

While the PRF has shown promise in refining probabilistic risk assessments, its real-world 

application and validation at existing sites remain key areas for future research. Validation efforts 

could focus on sites where hazardous touch voltages have already been identified, allowing for 

the comparison of PRF-based risk assessments with actual parameters. This would help assess 

the accuracy and reliability of the PRF in practical, real-world settings. 

Further research could involve developing a comprehensive database of touch voltage-related 

incidents, facilitating a deeper evaluation of the PRF’s predictive ability. Long-term monitoring 

of touch voltage occurrences at these locations would provide substantial data, helping refine the 

PRF methodology and ensuring its applicability across various operational and geographical 

conditions. 

8.2.4 Integrating Advanced Touch Voltage Detection and Mitigation Techniques 

To further enhance the practical application of this research, future studies could focus on 

integrating advanced fault detection and mitigation technologies into the risk assessment process. 

For example, the use of smart sensors and real-time monitoring systems to detect and record fault 

currents, soil resistivity changes, and touch voltage levels could provide pipeline operators with 

the tools to make proactive decisions regarding risk management. 

Research could also consider the development of automated control systems that dynamically 

adjust safety measures based on real-time risk assessments. These systems could be integrated 

with existing pipeline monitoring infrastructure, offering immediate responses to changes in fault 
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conditions or environmental variables. Moreover, predictive maintenance strategies based on the 

PRF and predictive touch voltage models could be implemented to optimise resource allocation 

and reduce the likelihood of accidents during maintenance activities. 

8.2.5 Collaborative Efforts to Standardise Risk-Based Safety Protocols 

Finally, a major opportunity for future research lies in the continued collaboration with industry 

stakeholders, regulatory bodies, and standardisation committees to establish risk-based safety 

protocols as a formal industry standard. Future research could focus on conducting pilot studies 

with major pipeline operators, energy companies, and regulators to implement and test the PRF-

based risk assessment methodologies in real-world environments. 

Moreover, future research could also integrate touch voltage risk management into broader safety 

and regulatory frameworks, linking it with other aspects of touch voltage safety, environmental 

impact assessments, and operational efficiency. The goal is to support the development of 

universally accepted safety standards that incorporate probabilistic risk analysis, ensuring that 

future pipeline operations are safer, more reliable, and better equipped to handle the challenges 

posed by evolving energy infrastructure. 

 

 

 

Chapter 9 -  Conclusion 

This thesis has introduced a novel approach to risk assessment for touch voltage hazards in shared 

corridor environments involving gas pipelines and transmission lines. By integrating seasonal 

variations in soil resistivity into a probabilistic risk model, the research has significantly enhanced 

the accuracy of touch voltage hazard identification and risk evaluation. This work provides new 

insights into the role of soil resistivity fluctuations in shaping touch voltage risks and highlights 

the potential of dynamic, data-driven methodologies to improve safety practices. 
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The research highlights the importance of collaboration with regulatory bodies, standardisation 

committees, and industry stakeholders to formalise and adopt risk-based safety protocols across 

the sector. Integrating the probabilistic models developed in this study into broader safety 

frameworks will help the industry advance towards more robust and reliable safety protocols, 

better equipped to address the evolving challenges of modern energy infrastructure. 

Ultimately, the contributions of this thesis offer substantial benefits to the safety and efficiency 

of pipeline operations, particularly as the energy sector adapts to the growing demand for 

renewable energy. Future research will build upon these foundations, refining models, validating 

methodologies, and developing comprehensive safety standards to minimise touch voltage risks 

in shared corridor environments. 

At last, this research not only advances the understanding of touch voltage hazards in shared 

corridors but also provides a clear path forward for improving risk management practices in 

pipeline maintenance operations. The potential for this work to influence both industry protocols 

and regulatory frameworks represents a significant step towards ensuring the safety and resilience 

of infrastructure systems in the face of emerging energy challenges.  
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Appendix A – Reduction of Wenner Test Traverse 

The maximum spacing was reduced iteratively to identify soil resistivity modelling from the soil 

resistivity data collected in the Pre-test survey with a maximum test spacing of 40 m. This process 

aimed to identify the shortest Wenner test traverse that could maintain the integrity and accuracy 

of the soil model while avoiding distortion. The iterative steps are shown in Figures A-1 to A-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

 
Figure A-1 Soil resistivity model for Traverse 6 with a maximum spacing of 40 m. 

 

Figure A-2 Soil resistivity model for Traverse 6 with a maximum spacing of 30 m. 

 



 

  

 

Figure A-3 Soil resistivity model for Traverse 6 with a maximum spacing of 20 m. 

   

Figure A-4 Soil resistivity model (distorted) for Traverse 6 with a maximum spacing of 10 m.  



 

  

Appendix B - Data Collection and Data Processing 

The twice-weekly soil resistivity data collection was begun on 16/07/2020 and finished on 

15/05/2021. The collected data was measured. The measured apparent soil resistance, calculated 

apparent soil resistivity, soil resistivity model (unadjusted), soil resistivity model (warm-starting), 

and climate information from NIWA [37] are shown in Table B-1. 

  



 

  

Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and soil 
resistivities are calculated in (Ω-m). 

 

 



 

  

Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
soil resistivities are calculated in (Ω-m).  

 

 

  

  



 

  

Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
soil resistivities are calculated in (Ω-m).  

  

  



 

  

Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
soil resistivities are calculated in (Ω-m).  

  

  



 

  

Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
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Continue Table B-1 Twelve-month data collection. Soil resistances are measured in (Ω), and 
soil resistivities are calculated in (Ω-m).  

  



 

  

Appendix C - Variable Line Ratings for OTA-WKM-1 

Table C-1 Variable Line Rating for the Transmission Line Under Study. 

 

 

  



 

  

Appendix D - Research Flow Chart 
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Figure D-1 The Research flowchart 

  



 

  

Appendix E – Touch voltage profile 

The touch voltage values obtained from the pipeline–transmission line system model, considering 

the soil resistivity values listed in Table E-1. The system model was developed to assess the touch 

voltage hazards under various fault conditions, incorporating the influence of soil resistivity on 

the electrical potential distribution. 

  



 

  

Table E-1 Touch Voltage Results Calculated from the Pipeline-Transmission Line System Model 

Date 
Touch 

Voltage 
Limit (V) 

Touch voltage under different fault levels (V) 

10 kA 12 kA 12.5 kA 13 kA 14 kA 
2/05/2020 386.66 300.69 360.83 375.87 390.90 420.97 
6/05/2020 379.53 297.97 357.57 372.46 387.36 417.16 
9/05/2020 381.59 299.79 359.75 374.74 389.72 419.70 

13/05/2020 382.69 286.31 343.57 357.89 372.20 400.83 
16/05/2020 381.87 296.68 356.02 370.85 385.68 415.35 
17/05/2020 382.62 282.43 338.92 353.04 367.16 395.40 
20/05/2020 384.03 294.19 353.03 367.74 382.45 411.87 
23/05/2020 383.01 291.16 349.39 363.95 378.51 407.62 
27/05/2020 384.42 282.83 339.40 353.54 367.68 395.96 
31/05/2020 386.37 284.87 341.84 356.09 370.33 398.82 
3/06/2020 385.40 284.70 341.64 355.88 370.11 398.58 
6/06/2020 386.33 284.64 341.57 355.80 370.03 398.50 

10/06/2020 386.33 284.84 341.81 356.05 370.29 398.78 
13/06/2020 385.67 286.75 344.10 358.44 372.78 401.45 
17/06/2020 386.65 284.14 340.97 355.18 369.38 397.80 
20/06/2020 386.67 284.76 341.71 355.95 370.19 398.66 
24/06/2020 386.41 286.22 343.46 357.77 372.08 400.70 
27/06/2020 386.58 284.94 341.93 356.18 370.43 398.92 
1/07/2020 386.46 285.94 343.13 357.43 371.73 400.32 
5/07/2020 386.18 284.94 341.93 356.18 370.43 398.92 
8/07/2020 386.52 285.49 342.59 356.87 371.14 399.69 

11/07/2020 386.49 284.10 340.92 355.12 369.33 397.74 
15/07/2020 386.53 283.77 340.52 354.71 368.90 397.27 
18/07/2020 385.87 285.82 342.98 357.27 371.56 400.14 
22/07/2020 385.92 286.70 344.04 358.38 372.71 401.38 
26/07/2020 385.90 287.53 345.03 359.41 373.79 402.54 
29/07/2020 385.68 286.74 344.09 358.42 372.76 401.43 
1/08/2020 385.80 289.78 347.74 362.23 376.72 405.70 
5/08/2020 385.79 289.67 347.60 362.08 376.56 405.53 
9/08/2020 385.29 289.91 347.89 362.38 376.88 405.87 

12/08/2020 385.23 287.64 345.17 359.55 373.93 402.70 
16/08/2020 383.20 286.63 343.96 358.29 372.62 401.29 
19/08/2020 382.16 275.89 331.07 344.87 358.66 386.25 
22/08/2020 381.87 278.44 334.13 348.05 361.98 389.82 
26/08/2020 380.61 278.83 334.60 348.54 362.48 390.36 
29/08/2020 381.91 279.45 335.34 349.32 363.29 391.23 
1/09/2020 382.00 280.56 336.67 350.70 364.72 392.78 
6/09/2020 384.08 282.43 338.91 353.04 367.16 395.40 

 

 



 

  

Continue Table E-1 Touch Voltage Results Calculated from the Pipeline-Transmission Line 

System Model 

Date 
Touch 

Voltage 
Limit (V) 

Touch voltage under different fault levels (V) 

10 kA 12 kA 12.5 kA 13 kA 14 kA 
9/09/2020 383.92 282.43 338.91 353.03 367.15 395.40 

13/09/2020 385.20 283.10 339.72 353.87 368.03 396.34 
16/09/2020 384.38 283.00 339.60 353.75 367.90 396.20 
19/09/2020 384.02 282.90 339.48 353.62 367.76 396.05 
23/09/2020 384.96 285.12 342.15 356.40 370.66 399.17 
26/09/2020 385.13 282.64 339.17 353.30 367.44 395.70 
30/09/2020 384.50 282.22 338.66 352.77 366.88 395.10 
3/10/2020 385.99 283.01 339.61 353.76 367.91 396.21 
7/10/2020 396.03 286.68 344.02 358.35 372.68 401.35 

11/10/2020 407.80 281.90 338.28 352.37 366.47 394.66 
12/10/2020 400.42 272.01 326.41 340.01 353.61 380.81 
14/10/2020 399.40 284.80 341.76 356.00 370.24 398.72 
17/10/2020 382.37 282.73 339.28 353.42 367.55 395.83 
21/10/2020 387.88 284.12 340.95 355.15 369.36 397.77 
25/10/2020 490.19 288.08 345.70 360.10 374.51 403.31 
28/10/2020 657.15 291.92 350.31 364.90 379.50 408.69 
29/10/2020 670.58 288.26 345.91 360.32 374.74 403.56 
31/10/2020 477.08 285.05 342.06 356.32 370.57 399.07 
7/11/2020 391.44 284.59 341.51 355.74 369.97 398.43 
8/11/2020 381.92 284.01 340.81 355.01 369.21 397.61 

11/11/2020 379.84 285.04 342.05 356.30 370.55 399.06 
14/11/2020 386.32 285.03 342.03 356.29 370.54 399.04 
18/11/2020 390.26 291.80 350.15 364.74 379.33 408.51 
21/11/2020 754.23 295.66 354.79 369.57 384.35 413.92 
25/11/2020 390.00 285.56 342.67 356.95 371.23 399.79 
28/11/2020 382.20 292.37 350.85 365.47 380.08 409.32 
2/12/2020 393.22 289.07 346.88 361.34 375.79 404.70 
5/12/2020 408.10 287.59 345.10 359.48 373.86 402.62 
9/12/2020 526.43 287.17 344.60 358.96 373.31 402.03 

12/12/2020 508.03 288.68 346.41 360.85 375.28 404.15 
16/12/2020 586.50 293.44 352.13 366.80 381.47 410.82 
19/12/2020 517.57 311.52 373.82 389.40 404.98 436.13 
26/12/2020 533.41 307.52 369.02 384.40 399.78 430.53 
30/12/2020 531.83 292.40 350.88 365.50 380.12 409.36 
2/01/2021 555.44 294.59 353.51 368.24 382.97 412.43 
5/01/2021 398.28 293.23 351.88 366.54 381.20 410.52 

10/01/2021 492.92 313.79 376.55 392.24 407.93 439.30 
13/01/2021 491.37 312.36 374.83 390.45 406.07 437.30 
17/01/2021 482.16 311.52 373.82 389.40 404.98 436.13 

 



 

  

Continue Table E-1 Touch Voltage Results Calculated from the Pipeline-Transmission Line 

System Model 

Date 
Touch 

Voltage 
Limit (V) 

Touch voltage under different fault levels (V) 

10 kA 12 kA 12.5 kA 13 kA 14 kA 
20/01/2021 386.97 301.61 361.93 377.01 392.09 422.25 
21/01/2021 386.32 300.78 360.93 375.97 391.01 421.09 
22/01/2021 387.07 298.04 357.65 372.55 387.45 417.26 
23/01/2021 401.97 300.44 360.52 375.55 390.57 420.61 
24/01/2021 643.95 305.69 366.83 382.12 397.40 427.97 
27/01/2021 464.29 304.70 365.64 380.88 396.12 426.59 
31/01/2021 401.24 298.97 358.76 373.71 388.66 418.56 
4/02/2021 442.95 305.91 367.09 382.38 397.68 428.27 
6/02/2021 583.01 305.12 366.14 381.40 396.65 427.16 
9/02/2021 431.32 305.39 366.46 381.73 397.00 427.54 

13/02/2021 417.90 302.19 362.63 377.74 392.85 423.07 
16/02/2021 386.00 306.00 367.20 382.51 397.81 428.41 
20/02/2021 387.36 305.40 366.48 381.76 397.03 427.57 
24/02/2021 699.67 306.87 368.25 383.59 398.93 429.62 
28/02/2021 710.73 307.04 368.45 383.80 399.15 429.85 
3/03/2021 380.68 300.73 360.87 375.91 390.95 421.02 
6/03/2021 380.96 299.16 358.99 373.95 388.90 418.82 

10/03/2021 386.99 299.62 359.54 374.52 389.50 419.46 
13/03/2021 381.87 294.28 353.13 367.84 382.56 411.99 
17/03/2021 380.97 295.28 354.33 369.09 383.86 413.39 
20/03/2021 388.23 296.28 355.53 370.34 385.16 414.79 
24/03/2021 563.21 297.28 356.73 371.59 386.46 416.19 
27/03/2021 555.26 298.28 357.93 372.84 387.76 417.59 
31/03/2021 386.82 297.11 356.53 371.39 386.24 415.95 
3/04/2021 388.06 297.52 357.02 371.90 386.78 416.53 
7/04/2021 383.09 296.21 355.45 370.26 385.07 414.69 

10/04/2021 384.23 288.00 345.60 360.00 374.40 403.20 
14/04/2021 384.48 296.25 355.50 370.31 385.13 414.75 
17/04/2021 386.37 294.35 353.22 367.94 382.66 412.09 
21/04/2021 384.46 299.28 359.13 374.09 389.06 418.99 
24/04/2021 385.64 296.22 355.47 370.28 385.09 414.71 
28/04/2021 385.50 295.18 354.21 368.97 383.73 413.25 
2/05/2021 385.40 296.38 355.65 370.47 385.29 414.93 

. 
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