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ABSTRACT 

The ‘strength’ of a distribution earthing network is 
dependent on the size and density of that network, the local 
soil resistivity and a host of other factors. The ultimate 
outcome is that in the majority of cases the power utility 
earthing network is strong enough to ensure customer’s 
premises remain sufficiently safe under all reasonably 
foreseeable circumstances. In those circumstances where 
the strength is insufficient, the power utility is responsible 
for adverse outcomes, regardless of their understanding or 
appreciation of the situation. 
 
The ‘strength’ of an earthing system or network is best 
described by ascertaining the level of hazard created by an 
imposed earth fault and where those hazards will occur. 
To definitively establish the ‘strength’ measurement 
always beats estimation! 
 
Based on over 50 years of experience field testing earthing 
systems, the authors examine the pitfalls of earth testing 
through a number of case studies. The testing skills that 
have been developed have been employed on 3 continents, 
across installations as large as power stations, to as small 
and sensitive as the instrumentation earthing system for a 
nuclear laboratory, and as obscure as interference to an 
undersea, intercontinental optical fibre cable. 
 
The paper explores by application of the fundamental 
physics and dynamics which describe earthing system 
performance how that performance will change. In 
particular the paper explores how asset managers may 
need to respond as the risk profile of future assets change 
compared to existing ones. 
 

INTRODUCTION 

The risk power consumers are exposed to by electrical 
distribution networks is in the most part dependent on the 
‘strength’ of the associated earthing network. The strength 
of a distribution earthing network is determined by is 
interconnectivity, which ascribes its level of redundancy, 
and its impedance.  
 
Hazards experienced by network-supplied consumers 
predominantly occur due to failures within the consumers 
premises. These failures have been significantly reduced 
through the universal adoption of residual currents devices 
or RCDs. Statistics collected in Australia [1] and 
internationally show that where RCDs have been installed 
there is a corresponding reduction in shock incidents. 

These incidents are the result of using electrical power 
which are for the most part considered voluntary risks as 
they are not attributable to external parties such as the 
supplying power authority. 
 
Faults in the power distribution network beyond the 
consumers premises, both high and low voltage, can 
transfer hazards back into consumer premises. These faults 
are more esoteric and are considered involuntary as they 
can be attributed to an external party, nominally the power 
authority. As an externally posed risk it is well recognised 
that the acceptable level of risk is significantly lower, 
nominally 100 times less, than the risk that would be 
accepted when it is self-imposed [2]. 
 
National wiring rules dictate how the power supply to a 
domestic dwelling will be installed and how to earth that 
installation. What this position obfuscates is the reliance 
these installations have on the earthing network that the 
power utility constructs as part of the power distribution 
network. Consumers experience a level of service which 
has become consistent across countries, and in some 
instances across continents. 
 
The ‘strength’ of the utility earthing network is dependent 
on the size and density of the network, the local soil 
resistivity and a host of other factors. The ultimate 
outcome is that in the majority of cases the power utility 
earthing network is strong enough to ensure customer’s 
premises remain sufficiently safe under all reasonably 
foreseeable circumstances. In those circumstances where 
the strength of the earthing system provided is insufficient, 
the power utility is responsible for adverse outcomes, 
regardless of their understanding or appreciation of the 
situation. 
 
This position is reflected across the power supply industry. 
As customers get larger the assets they own become more 
significant and they are more aware of their dependence on 
the power utility’s network. At some point the question of 
whether the earthing network has sufficient ‘strength’ to 
handle the consequences of an earth fault is asked, and 
sometimes the answer is unclear. In those circumstances 
what does the power utility, or indeed the customer, do? 
 

SUBSTATION PRIMARY VS SECONDARY 
FAULT  

A high voltage substation typically comprises two or more 
voltage levels. Regularly the incoming voltage level (the 
‘Primary Voltage’) is somewhat greater than the outgoing 
voltage level (the ‘Secondary Voltage’) for economical 
distribution at a more manageable voltage level.  
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Figure 1: Substation Primary and Secondary earth faults 

A substation primary fault occurs when the primary 
voltage at a substation faults to ground resulting in earth 
fault current flow through the local earthing system of the 
substation with the current returning to the substation’s up-
stream source point of supply, usually its star-point.  
 
A substation secondary fault occurs when the secondary 
voltage of the substation faults to ground within the 
distribution network resulting in unbalanced earth fault 
current entering the point of fault and then returning to the 
star point of the secondary winding of the local 
substation’s main power transformers. The current flow 
through the two earthing systems creates Earth Potential 
Rise (EPR) according to Ohm’s Law and touch voltage 
hazards may be produced by differences of potential that 
occur as a result.  
 
Because of the higher voltage levels involved and the 
perception of greater contained energy, primary system 
earth faults have come under more focus by some and were 
thought to represent the riskier system voltage level. So 
much so that earthing bonding policy has tended to be 
driven by this perception of greater risk rather than a better 
understanding of where the true risk lies. Many utility 
companies have developed bonding policy which prohibit 
bonding of the zone substation earthing system to the 
distribution earthing systems, which in some cases has led 
to an increase of earthing risk which could have otherwise 
been mitigated with a better engineered, bonded design. 
Secondary system earthing risk is now more often 
identified as the defining case in achieving a lower risk 
profile for a zone substation primarily through its greater 
area of influence via the distribution network.  
 
Figure 1 graphically describes the two differing earth fault 
circuits for the zone substation (shown centre): The 
primary fault scenario is depicted by the dashed line and 
the solid line depicts one of the possible secondary earth 

fault scenarios. The zone substation primary fault may 
have occurred as a result of an insulator string failure at the 
landing structure. Whereas the zone substation secondary 
fault may have occurred at a ground mounted distribution 
transformer.  
 
An important fact distinguishing the primary and 
secondary fault scenarios is the expected relative 
frequency or likelihood of the two occurring. The higher 
insulation levels and higher reliability of the primary 
system commonly means earth fault occurrence is 
comparatively limited. A traditional outdoor switchyard of 
a zone substation may experience a primary system earth 
fault and an EPR with associated voltage hazards upon an 
insulation failure at a relatively small number of items of 
equipment such as the main power transformer, primary 
voltage bus bars, circuit breakers, Voltage and current 
transformers, and a limited number of primary voltage 
incoming structures when connected to the station with an 
Overhead Earth Wire (OHEW).  
 
By comparison zone substation secondary fault occurrence 
is orders of magnitude greater in terms of likelihood. 
Insulation levels are considerably lower on secondary 
voltage systems and there are a great many items of 
equipment connected to the distribution network such that 
the possible fault locations throughout the distribution 
network number into the hundreds and even thousands.  
 
Fault frequencies for primary and secondary systems have 
been reported as in the order of 1 fault per ten years and 
10-40 per year respectively [3]. It is the higher frequency 
of zone substation secondary earth faults which has the 
greatest influence on the risk associated with secondary 
faults.  

OBSERVED STRENGTH OF MEN 

Current Injection Testing (CIT) of major substations in 
Australia has found that there is a correlation between the 
age of the suburb that the substation supplies and the 
effective input impedance of the Multiply Earthed 
Neutrals (MEN) as measured from the substation, as 
shown in Figure 2. This test is a convenient consequence 
of performance testing the primary fault condition of a 
zone substation as shown in Figure 1. 
 
The results of these tests that the MEN strength is 
significantly lower in newer suburbs. Older suburbs 
serviced by copper water mains and well established 
housing have MEN impedances averaging round 0.1Ω. 
Newer suburbs have MEN input impedances off around 
1.0Ω, which is a ten-fold increase in impedance and a 
significant reduction in the MEN strength. Our question 
now is what is the impact of that reduction? 
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Figure 2: Observed MEN Impedance vrs Suburb Age 

THE EARTH RETURN PATH 

How reliably an earthing system performs is significantly 
dependent on the nature of the earth return path provided 
between the point of fault and the earth return point. All 
earth faults will include the contact resistances of the 
earthing available at the point of fault and at the point of 
supply (or star point). Some earth return paths will also 
include a segmented, or preferably continuous, parallel 
metallic return path.  
 
In the distribution network the neutral conductor can 
provide a continuous metallic return path. In Australia, the 
neutral is multiply earthed, which makes it highly 
redundant. More traditional LV distribution earthing 
systems, such as the protective multiple earthing (PME) 
arrangement in UK and Australia and New Zealand's 
MEN, have utilised and continue to utilise the TN-C-S1 
system. However, with the invention of the RCD2 the TT1 
system has come to dominate the distribution earthing 
arrangement in some parts of the world. 
 
As system voltages increase, the use of continuous 
conductive earth return paths, which for convenience we 
will denote CEPs, typically goes through a positive-
negative-positive response. LV networks use neutral 
conductors, being necessary to supply single phase loads. 
Intermediate voltages tend not to use CEPs as it reduces 
the construction cost, whereas transmission voltages tend 
to always utilise CEPs, overhead lines using OHEWs and 
underground lines using cable screens. 
 
How the current returning to the source during an earth 
fault distributes between the CEPs connected to it and the 
earth itself is widely discussed, including [4]-[6]. This is 
particularly important when the substation earth grids are 
interconnected as it influences the performance of what are 
referred to as ‘global earthing systems’ [7]-[9], and 

                                                           
1 See IEC60364 or ‘Earthing_system’ in Wikipedia. 
2 RCD - Residual Current Device. 

distributed generation networks with correspondingly 
distributed earthing networks such as windfarms [10]-[12].  
 
Depending on the soil resistivity and the configuration of 
the CEP associated with a line, the percentage of fault 
current returning through the earth, which is the current 
driving the hazards associated with an earthing system, can 
range from 100% to as low as 1%. In short, the distribution 
of current in CEPs has an overwhelmingly significant 
impact on the performance of an earthing system. 
 
When testing an earthing system, this behaviour can also 
help to predict where touch voltages will be created. 
Current induced to return parallel to the fault path will 
have a resulting lower loop impedance than other paths. If, 
however, the path is inconsistent and current is forced to 
earth, such as exemplified by transition points in the 
faulted or injection line [13], then touch voltages will be 
created around that object. As the voltage created is driven 
by the EPR of the installation and the accumulation of emf, 
the local EPR can be significantly higher than of the point 
of fault. 
 
The other outcome these behaviours can predict is where 
distortions will occur. An active earthing system, aka an 
earth leaking current to the greater mass of earth, will 
create localised voltage distortions. It is these voltage 
distortions which introduce error into any measurement of 
earth resistance or EPR. The trick is in their identification. 
 

SEPARATED/COMBINED COMPARISON 
TESTING 

Safearth in conjunction with an Australian utility 
performed a preliminary investigation to establish the 
basic viability regarding the implementation of a CMEN 
type earthing system configuration to portions of the utility 
network. The investigation took a macro approach, where 
an assortment of very different substations and locations 
were visited.  
 
A remote lead current injection test was also performed 
between a zone substation and a separately earthed kiosk 
distribution substation with no direct metallic 
interconnection with the zone substation earthing system 
but with cable screen interconnection to the HV earthing 
system of adjacent kiosks. The kiosk was tested in three 
earthing configurations: 
 

1. With separated HV and LV earthing as installed;  
2. With a bond installed between the HV and LV 

earthing systems, and  
3. With bonds between HV and LV earthing 

systems at adjacent kiosks additionally.  
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The aim of testing this isolated case was twofold: 

1. To confirm compliance at the substation for 
operation with common HV and LV earthing 
systems subsequent to the installation of 
telemetry equipment. 

2. To ascertain the relative performance of the HV 
earthing system and the surrounding MEN as a 
representative case within the network. 

 
The results from the injection testing and subsequent 
analysis revealed that when configured with separate HV 
and LV earthing systems the EPR was lower than 
expected, based on current distribution measurements this 
is believed to be as a result of ground current coupling 
between the HV earthing systems and buried articles 
bonded to the MEN.  
 
When configured with common HV and LV earthing 
systems, the EPR at the substation was reduced by a factor 
of 3. Subsequent analysis indicated that 93% of the earth 
fault current was being returned via the MEN. Touch 
voltage measurements taken at and around the substation 
whilst under the common configuration were below 20% 
of EPR. Subsequent interconnection of the MEN at 
adjacent distribution substations further lowered the EPR 
by 15%. 
 
Whilst it was found that CMEN type earthing 
configurations may be of benefit in some situations, the 
more pertinent observation was that at a number of 
locations within the network common HV and LV earthing 
would not be of benefit. Instead the consideration of a 
policy of implementing appropriate distribution earthing 
system designs throughout is required. The primary driver 
behind this decision being the strength of the MEN. 
Consider the consequence of the MEN returning 9% of the 
current rather than 93% of the fault current as found during 
testing.  
 
Whilst the individual assessment and treatment of the risks 
at every distribution substation within the network is 
clearly not feasible, it is reasonable to expect that a number 
of rules can be developed allowing for the safe installation 
of the most suitable earthing system configuration over 
extended areas. The development then, of a distribution 
earthing policy may be less about the rigid application of 
a particular design or paradigm, but more about the 
development of a means of rigorously establishing and 
managing the most appropriate earthing system 
configuration from a portfolio of option, particular with 
regard the local MEN strength. 

IMPACTS ON NON-ELECTRICAL PLANT 

People are particularly susceptible to the passage of 
electric current through their person when they are wet and 
even more susceptible when they are immersed in water. 

For this reason people in swimming pools are susceptible 
to ground currents when located in proximity to HV plant 
and as such represent a specific instance where the impacts 
of earth faults on non-electrical plant is significant.  
 
The Australian climate has favoured the unfettered 
construction of public and private swimming pools. 
Unfortunately, the general public do not associate danger 
associated with swimming pools in close proximity to 
power distribution assets. Consequently, pools continue to 
be constructed which due to proximity are impacted by 
power system assets. 
 
Assessing the hazards associated with swimming pools 
impacted by power assets can only be achieved through 
testing as pools are not usually designed nor constructed 
with electric ground effects in mind. By performing a 
current injection test (CIT) of the asset in proximity to a 
pool, be it a substation or pole earthing system, the impact 
of an earth fault on the pool can be ascertained. Not only 
is it possible to measure touch voltages on metallic items 
in and around the pool, which depending on the pool’s 
construction can be significant, but current densities within 
the pool can be measured. Over the past 20 years these 
techniques have helped to: 

 Identify pools with current densities approaching 
5A.m2 with separations of more than 10m; and 

 Quantify the risk of these circumstances.  
 
In some cases, to reduce the imposed hazards, power 
utilities have been forced to respond to the risk level by: 

 Changing the earthing system configuration of 
the power system;  

 Changing the implicit earthing associated with 
the pool; 

 Changing the pool construction or surrounds; and 
 In extreme circumstances negotiating the 

removal of the pool. 
 
Of course, the greatest single contributing component to 
the earthing at a household is the connection to the MEN. 
Again the risk posed by these situations is greatly 
influenced by MEN strength as seen by the affected 
household. 
 
 

CONCLUSIONS 

 
In assessing the earthing performance of a major utility 
asset it is often necessary to measure the strength of the 
associated distribution earthing network as it can be a 
major contributing component. It has been shown that the 
strength of these networks is aligned with the age of the 
power system network. Older networks consistently 
demonstrate lower earthing impedance than younger 
nearby networks, sometimes an order of magnitude lower. 
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This trend appears to be being driven by the increasing use 
of plastic piping by water authorities.  
The strength of the distribution earthing network does not 
have a significant impact on the frequency or 
consequences of consumer side faults. However, 
consequences of faults in the network on the power utility 
side are significantly impacted by this strength. This 
includes the level of impact that transmission and sub-
transmission networks have on the distribution network, 
including at the customer’s premises. This observation 
suggests that the risk profile posed by distribution 
networks is changing. The expectation is that the consumer 
side risks will continue to drop, but the utility component 
of the risk can be expected to increase. 
 
The assessment of earthing systems is increasing in 
complexity, but in that there should be no surprise as the 
civilisation it services is increasing in complexity and in 
its use of conductive structures. To successfully assess 
earthing systems requires skills developed over time, and 
experience. In our experience testing and design are not 
independent.  
 
As we have seen throughout this paper the assessment and 
management of earthing systems is only going to get 
harder with the expansion of our conductive built 
environments. As these networks expand we will have to 
increasingly understand our dependencies to reduce the 
risk posed, or at least maintain risk when other forces are 
acting to increase same, including increasing fault levels, 
reduction in substation footprints, increasing frequency of 
coincidence and the ever expanding legal drive for 
recompense. 
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