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Abstract

Grounding of a 230 kV Transmission line over a
Limestone Ridge

Emma Grubbström

This thesis is a case study of a 230 kV transmission line in Lao P.D.R. Grounding of
electrical systems is essential for safety and reliability of the system. Several standards
are developed for designing a grounding system when building new facilities but it is
harder to find references when it is an expansion of an old system or when the area
for grounding is inferior. The transmission line is routed over a high resistive
limestone ridge, where the requirements from the design standard can not be fulfilled.
During normal conditions, each tower can be properly grounded to earth with
ground electrodes, but in this case the resistivity of the solid rock is too high. By
studying different shield wires of different materials and improve the down lead
conductor in each side of the mountain, a suitable solution can be found. The
importance of grounding, general description of grounding techniques and the risks
for human and equipment due to an electrical fault is also presented in this thesis.
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Sammanfattning 

Vid om- och tillbyggnad av elektriska anläggningar är jordning ett område som ofta ställs 

inför nya utmaningar. Det finns standardmetoder för hur jordtag och marklinenät skall ut-

formas. Dessa är dock mestadels tillämpbara på nybyggnationer och tar inte alltid hänsyn 

till eventuella befintliga anläggningar eller undermåliga jordningsförhållanden där erfor-

derliga krav ej kan uppnås. Detta arbete är genomfört i samarbete med SWECO Energuide 

och syftar till att försöka förbättra jordningen av en 230 kV transmissionsledning som dras 

över ett kalkstensområde samt undersöka vilka kostnader detta medför. Arbetet inkluderar 

även en undersökning av de risker som kan uppstå för människa och material vid undermå-

liga jordtag.  

 

Studien är till största delen genomförd vid Theun Hinboun Expansion Project i Laos, där 

en ny 230 kV transmissionsledning ska dras från en expanderad vattenkraftstation. Trans-

missionsledningen dras över Limestone Ridge, som är en otillgänglig bergskam av kalk-

sten med dramatisk topografi. Kalksten har hög resistivitet, vilket innebär att en installat-

ion med traditionella jordningstekniker resulterar i att erforderliga jordtagsresistanser inte 

går att uppnå. Transmissionsledningar jordas ofta med en längsgående markledare, ofta i 

kombination med olika typer av elektrodutformningar i mark vid stolparna, vilket i detta 

fall inte är genomförbart. Det troligaste felfallet som kan inträffa över Limestone Ridge är 

ett blixtnedslag eller nedfallen ledare. Vid ett fel söker strömmen en väg till en jordad 

nollpunkt i en transformator eller generator för att på så sätt sluta en krets. Detta sker ofta i 

marken, men i fallet med kompakt kalksten kommer inte strömmarna att kunna ledas på ett 

kontrollerat sätt, varav skador kan ske på både material och personer i närheten. Topplinor 

agerar som skydd från direkta blixtnedslag och genom att förstärka dessa, förbättras led-

ningsförmågan och felströmmarna kan ledas till en jordad nollpunkt. Topplinor i olika 

material från skilda prisklasser har undersökts utifrån materialens resitivitet och därefter 

har de verifierats utifrån vilka laster de befintliga tornen kan bära. Olika material och dia-

metrar medför förändrade viktlaster och vindlaster, varav de maximala laster som tornen är 

konstruerade för agerar som ramverk. 

 

Endast två linor i studien är genomförbara att installera på de befintliga tornen utifrån last-

förhållanden och minimalt ledningsavstånd mellan ledarna, vilket är den planerade GSW 

3/8” EHS och Alumoweld 7#8. Kostnaden för att byta ut GSW 3/8” EHS mot Alumoweld 

7#8, samt att förstärka nedledande fackverkstorn i stål med en kopparledare är 6000 USD. 

Detta medför en sänkning av resistansen i topplinan med 56 %. Slutsatsen är att detta är ett 

kostnadseffektivt sätt att förbättra säkerheten och samtidigt få en mer pålitlig kraftöverfö-

ring över Limestone Ridge.  
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Definitions 
 
GPR  Ground Potential Rise, the maximum electrical potential a 

grounding grid may attain relative to a distant grounding 

point assumed to be at the potential of remote earth. 

 

Ground A conducting connection by which an electric circuit or 

equipment is connected to ground or a conducting part 

serving as ground. 

 

Grounding grid A grid of parallel conductors buried in the ground, provid-

ing a common ground for electrical devices. 

 

Step voltage The potential difference a person will experience between 

feet during a step of one meter without touching any ob-

ject.  

 

Touch voltage The potential difference between the ground potential rise 

in a grounding grid and the surface potential of a touched 

grounded object.  

 

THXP Theun Hinboun Expansion Project. 
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1 Introduction 

1.1 Background 

Access to electric energy is fundamental in most part of the world today. Except 

for a reliable and effective production, it is also of great importance to have a reli-

able and safe distribution of the electric energy from the producer to the consumer. 

All involved components in an electrical system have to be safe for both humans 

and equipment. A safe grounding of an electrical system is for this reason essen-

tial. The object of grounding electrical systems is primarily for safety reasons, and 

secondarily for reliability and economic reasons. Improper grounding can cause 

electrical shocks and even lead to mortal electrocution, a reason why grounding is 

of great importance in all electrical facilities. Also, extensive equipment damage 

and improper operation might occur if the grounding system is inferior. The aim of 

grounding different parts in a system is generally to lead the fault currents away in 

a safe and controlled way. The technologies used are different depending on what 

the grounding object is and what it is supposed to protect. Generating stations are 

grounded in a different way than single equipment or buildings. Commonly the 

connection to ground is done to minimize the voltage difference between conduct-

ing metal objects and ground. Ground connection is also a way to detect ground 

faults. The earth is not uniform and the soil properties might differ between loca-

tions and even have several layers on the same spot with variable resistivity.  The 

soil will not act like a sponge with the ability to absorb and dissipate electrons un-

conditionally. This is why a soil investigation is important for each location of a 

grounding area. There are several national and international standards describing 

how to design an earth plate or a grounding grid for new installations, but these are 

mostly not covering existing facilities or inferior grounding conditions where re-

quirements are not possible to fulfil. 
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In Lao PDR a new 230 kV transmission line has been built as a part of an expan-

sion project of an existing hydropower plant. The project is called Theun Hinboun 

Expansion Project, THXP, and is located on the border of Bolikhamxay and 

Khammouane Provinces, 230 kilometres from the capital Vientiane. The 230 kV 

transmission line is routed over an inaccessible Limestone Ridge with very high 

resistivity, with towers placed directly on the mountain. The grounding of the 

transmission line on the section over Limestone Ridge has to be improved, as the 

resistivity of tower footings is sometimes a hundred times higher than required. 

Theun Hinboun Power Company is the owner of the project and SWECO is own-

ers’ engineer of the project. This thesis is done in cooperation with SWECO. 

1.2 Purpose 

The purpose of this thesis is to generally examine the object of grounding and 

grounding techniques. Furthermore the risks for humans and equipment associated 

with an inferior grounding are evaluated with a case study of THXP in Lao PDR. 

The case study also includes an investigation of how to improve the grounding of 

a transmission line when the planned installation does not reach the requirements 

of proper grounding. 

 

The following questions will act as guidelines through this investigation: 

 

• Which problems and risks for humans and material might occur with an 

inferior grounding? 

• How can the grounding of a 230 kV transmission line over Limestone 

Ridge be improved? 

• What will the cost be for implementing these solutions? 

1.3 Goals 

The goal of this thesis is to implement a solution for the inferior grounding of the 

230 kV transmission line over the Limestone Ridge-section. 
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1.4 General assumptions and delimitations 

The planned power line is designed in the same way as the old 230 kV transmis-

sion line. Since the system is over-dimensioned, the fault current handled by the 

old transmission system can be handled by the new electrical system.  

 

To limit the scope of this report, no calculations are done for the new fittings 

needed for the lines. The possibility of changing the insulators is also excluded 

together with investigations on electrical behaviour between different materials for 

the same reason. 

 

A short study of down lead conductors is done as an example of how the total re-

sistance can be lowered. This study does not cover the possibility of using differ-

ent materials or contact resistance between different materials. 

 

The installation cost, transport and maintenance of the wires are excluded in this 

thesis, as the variation in costs between different wires would be small compared 

to the price of the material. 

1.5 Methods 

The result of this thesis is based on investigations made both in Sweden and in 

Lao PDR. The result is mainly produced by research on international standards, 

reports from similar projects and other scientific literature, including interviews 

with experienced consultants and constructors. Most of the information is taken 

from IEEE standards and IEC standards, which are the standards used for the elec-

trical design in THXP.  

 

Preparations in Sweden included studies on different grounding techniques and 

also studies of design drawings for THXP. A field trip to Lao PDR was made in 

order to understand the project and the problem of grounding the 230 kV transmis-

sion line. Interviews with constructors on site were made in addition to interviews 

with suppliers and manufacturers from different countries, and the management on 

site. Studies were done on the existing power station and switchyards, followed by 

studies on the new built towers and the existing transmission line. This resulted in 

a realistic picture of what the expansion project will look like.  
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For soil resistivity measurements, the Wenner method was used which is described 

in chapter 2.6.2. A FLUKE 1625 Advanced GEO ground tester was used which 

uses an Automatic Frequency Control System. This system automatically selects 

the testing frequency with the least amount of noise for a clear reading. 

 

After collecting data from manufacturers, drawings and surveys, calculations were 

done on the tower loads and the resistance of different shield wires. This was 

completed with calculations of the cost of implementing the new solutions. Upon 

return to Sweden the result was verified and the final load calculations could be 

done with a wire calculation program made by SWECO. All shield wires in the 

study were created in the program and tension calculations were done for each 

span. The highest line tension for each wire was applied in the final load calcula-

tions, which was done for different load cases. 

1.6 Setup for the thesis 

A description of the theory of grounding is presented in chapter 2. This chapter 

includes things to evaluate when designing a grounding system and the theory be-

hind lightning strikes. Chapter 3 is a description of THXP and the 230 kV trans-

mission line. In chapter 4 an analysis of the problem is done and a suggestion for 

improvement is presented. Chapter 5 includes the site study and the calculations 

done. The discussion is evaluated in chapter 6, including suggestions for future 

studies. Finally the conclusions are presented in chapter 7. 
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2 Theory 
This chapter will give a theoretical background to grounding and different ground-

ing techniques. A brief introduction to the lightning phenomena and the effects of 

lightning will also be discussed. The terms earth and ground have been used inter-

changeably around the world for describing the common reference point in differ-

ent electrotechnical literature. This thesis will use the term ground, with the argu-

ment taken from IEEE declaring that ground not necessarily have to be anywhere 

near the earth, meaning soil.  

2.1 Description of the electrical system  

The electrical system can be seen with the generating part as a source with a neu-

tral point connected to ground as the reference of the system. The current is dis-

tributed between several loads and then lead back to the source through the neu-

tral. A fault in an electrical system will create a fault current. The fault current will 

close a circuit by finding a return path to the grounded neutral of the system. This 

is described in picture 2.1.1. Depending on the size, the system can be divided into 

transmission system, distribution system and with several loads of varying size 

and character. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1. A Fault current in an electrical system will close a circuit by find-

ing a return path to the grounded neutral [10]. 
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When a fault current hits the ground through the ground electrode, the potential 

will rise at the ground plate compared to remote earth. The ground potential in the 

area will then decrease according to distance and depth. The potential decrease can 

be described according to the Figure 2.1.2 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the grounding resistance is higher, the cone will be wider due to Ohm´s law. 

2.2 Effects of a fault 

The effects of a fault current in a power system are not only located at the fault 

point, but also at connected loads, the generating plant and other connected facili-

ties. The main effects are disturbances of the connected load which can be de-

stroyed or cause reduced function and overheating at the fault location and in as-

sociated plants. Electromechanical forces of abnormal magnitude are created 

which can damage mechanical equipment and the synchronous stability of the sys-

tem is affected [22]. 

2.2.1 Faults 

The incidence of faults depends on the climate conditions and the installation of 

the system. Faults on overhead lines are most common with approximately 60 % 

 

Figure 2.1.2. The potential field when a fault current hit the ground. 

[28]. 
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of all fault incidents. This is usually a result of lightning or climate conditions as 

wind, fog or ice. Faults might also affect cables, transformers or switchgear [22]. 

 

When a fault occurs in a circuit, it includes all interference with the normal current 

flow. The fault can be instant as during a lightning strike or when a short circuit 

occurs. The fault can also be permanent when lines are lying on the ground, when 

insulator strings are broken or during surge arrester failures. The current flowing 

immediately after a failure is determined by the impedances of the components in 

the network and the synchronous machines. A failure on a transmission line will 

create a current path from the conductor to the ground through the supporting tow-

er [7]. 

 

Between 70 and 80 % of the faults on a transmission line are single line-to-ground 

faults where the fault occurs between one line and the ground. Other faults on a 

transmission line are line-to-line faults between lines which do not involve ground 

and double line-to-ground faults. When one or two conductors are open or a circuit 

breaker does not open the three phases simultaneously, an unbalanced current will 

flow in the system All these faults will cause an unbalance between the phases and 

are for this reason called unsymmetrical faults. A three-phase fault will still keep 

balance between the phases, also called a symmetrical fault, which occurs in 

roughly 5 % of the fault statistics [7].  

 

Since unsymmetrical faults are the most common faults in a power system, this 

thesis will focus on those fault conditions [7]. 

2.3 The purpose of grounding 

A proper grounding of an electrical system is fundamental for both safety and reli-

ability of the system.  The most important part of grounding is to protect people 

from high currents and voltage differences. Furthermore, grounding is done to pro-

tect structures and equipment since damage can cause outage or malfunction and 

result in economic losses of great values. Therefore, the grounding installation 

must ensure a safe and controlled flow of electric energy with minimum voltage 

drop to earth in all cases. A proper grounding installation will facilitate the protec-

tive device operation, preventing uncontrolled fault currents to flow to the earth 

until the protecting device operates. Grounding of a system will also limit the volt-
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age stress on cables and equipment and extend the lifetime of the installations 

[15]. 

 

Grounding can be divided into three different types according to the purpose. 

 

• The neutral ground is intended to establish the ground reference of an 

electrical system. The neutral ground connection is usually connected to 

the neutral point of the generator or transformer, and is grounded as far as 

the galvanic connection is reached. This will be described further in chap-

ter 2.7.2 

 

• The safety ground connection is done as protection for personnel and 

property within an electrical facility. The safety ground is done for an ex-

posed part of a plant, which is not energized during normal conditions, but 

might be at live potential.  

 

• The equipment ground ensures a low impedance return path for the ground 

current if a fault occurs between live conductors and the equipment enclo-

sure. In this case a circuit protection can break the faulted circuit in a short 

time [13]. 

 

The different types of grounding are described in the Figure 2.3.1 below 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2.3.1 Definitions of neutral ground, safety ground and equip-

ment ground. [13] 
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2.4 Design criteria for a grounding system 

When the decision to ground an electrical system is made, several considerations 

have to be done when designing the system. A long performance life has to be 

guaranteed, both from a mechanical and electrical perspective. It is also important 

to meet the requirements for safety and ability of serving the load. The grounding 

system will carry little or no current at all for long periods of time until a fault oc-

curs or a lightning strike or other transient requires dissipation. At that point, the 

grounding system components will be expected to perform as they were new while 

conducting large amounts of currents [6].  

 

 A power system study is carried out together with short-circuit calcula-

tions for each part included in the system. The fault currents are estimated 

for different scenarios, including both phase-to-ground faults and three 

phase faults. Additional studies on the adjacent facilities and their electri-

cal system is done since interference between them might occur [6].  

 

 Public access is important to investigate for reaching a suitable level of 

safety in the design. A study of the hazardous touch and step voltage lev-

els has to be done for all sections that are accessible for humans which 

might come into contact with live parts. Ground potential rise, GPR, is a 

main design parameter for personnel safety. GPR is defined as the maxi-

mum potential of a grounding electrode during a fault relative to a distant 

point considered to be remote earth. [15]. 

 

 The next thing to investigate is the components and equipment required 

for serving the system, and the costs that are included for material, con-

struction and maintenance. This also includes a study of the continuity of 

service and level of maintenance needed in the future. Most of the ground-

ing system components are buried below ground level, making inspection 

difficult or impossible. Since the underground environment is challenging 

for the material, the initial selection of the components used in the ground-

ing system is of critical importance to its long-term effectiveness [6]. 

 

The costs and time spent on a proper investigation are in most cases a good in-

vestment. It is difficult to change a grounding installation after the facility is built 

when most of the grounding installation is buried below ground level and inacces-
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sible after installation. Future expansions with additional buildings, more generat-

ing units or interaction with adjacent systems have to be considered and sufficient 

bonding points installed will reduce future costs and save time [6],[27]. 

2.5 Safety in grounding 

Safety of a power system mainly concerns exposure to currents. The effect de-

pends on both the current amplitude and the duration of the exposure. A safe 

grounding system has two primary objectives which is essential for all kind of 

grounding design.  

 

• A safe design has to provide the conduction for transporting electrical cur-

rents into the earth during normal and fault conditions without exceeding 

the limits for safety levels or affecting the continuity of service. 

 

• A safe design also has to guarantee that a person in contact with the 

grounded object or objects is not exposed to danger of electrical shock. 

 

To fulfil these objectives it is important to understand the interaction between the 

intentional ground and the accidental ground and how to control them. The inten-

tional ground consists of grounding rods pulled into ground. The accidental 

ground is harder to foresee and is created when a person is exposed to a potential 

gradient inside or close to a facility. Humans and livestock outside a facility may 

also be exposed to potential differences around facilities, transmission towers or 

by induced voltage. To prevent accidents, it is important to have reliable fences 

and other obstructions around high voltage equipment, and ensure a reliable 

grounding path which controls the fault currents. [15] Most of the accidents from 

earth faults are when the fault current energizes equipment, which people come 

into contact with [8]. 

2.5.1 Step and touch voltage 

When a fault current is lead to the ground, a potential difference will occur de-

creasing with the distance from the electrode. The distribution of this field de-

pends on several factors such as the resistance in the soil, properties of the ground 

or existence of a grounding grid as mentioned in the theory chapter. A person in 

contact with a potential difference will act as a conducting resistance and can be 

exposed in two ways, through step voltage or touch voltage. Both incidents are 



19 

 

main parameters when evaluate grounding design for any electrical facility or ob-

ject.  

 

The step voltage is defined as the potential difference a person will experience 

between the feet during a step of one meter without touching any object. During 

an earth fault the potential of a grounding grid arise according to remote earth, 

called GPR, which was described in chapter Error! Reference source not found.. 

he magnitude of GPR depends on the earth fault current in the grounding grid and 

the resistance in the grid. Hazardous step voltages are not only dangerous within a 

station but may also occur outside a facility, where the soil resistivity and layering 

of soil plays a major role for how dangerous the incident is [1]. Figure 2.5.1.1 be-

low describes the potential rise for step voltage at a grounded structure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The touch voltage is defined as the potential difference between the ground po-

tential rise in a grounding grid and the surface potential of a touched grounded 

object. When a fault current energizes a metallic object it become live and a per-

son in touch with the object will be subjected to the voltage difference [1]. The 

potential rise is illustrated in Figure 2.5.1.2 below. 

 

 

 

 

 
Figure 2.5.1.1. Step voltage at a grounded structure showing the potential 

rise above remote earth during short circuit. 
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The current path through a body is essential for the effects of an electrical shock. 

If the current goes from a hand to the feet it is far more dangerous than a current 

travelling from one foot to the other. The current from hand to feet passes through 

several vital organs and require a lower current magnitude than foot to foot current 

for damage in the heart region. However a current between feet might cause a fall 

or the person might for other reasons lay in a horizontal position, which will create 

a current trough the chest and be hazardous. The design of a grounding system has 

to be evaluated according to criteria that will ensure a safe environment from both 

incidents. Since the touch voltage is more harmful for the body when it is travel-

ling through the chest area, the allowed voltage level for touch voltage is signifi-

cantly lower than for the step voltage [15]. 

2.6 Grounding resistance 

As mentioned in previous chapters, connections to ground are done for minimizing 

the voltage difference between the conducting metallic object and ground. Differ-

ent methods are used for connection to ground depending on the facility and its 

function, but all connections are called ground electrodes. The resistance of a 

ground electrode depends on the resistance of the electrode material, the contact 

resistance of the electrode to the soil and the resistivity of the soil itself. 

2.6.1 Soil resistivity 

Soil resistivity is defined as the resistivity of a 1 m
3
 sized cube between the two 

opposite sides, and is measured in ohmmeter or ohmcentimetres. Soils have gener-

ally been deposited in layers, which can have different values of soil resistivity. 

 
Figure 2.5.1.2. Touch voltage at a grounded structure showing the po-

tential rise above remote earth during short circuit. 



21 

 

By measuring the resistivity of the soil at varying depths, it is possible do develop 

a profile which can be used to identify the most appropriate ground electrode de-

sign [16]. The soil immediately adjacent to the electrode is most important for the 

conductivity and the resistivity in the layers depends on several factors such as: 

 

• Moisture content 

• Temperature of the soil 

• Material content 

• Presence and concentration of conducting chemicals 

• Level of compaction 

 

A wet soil has low resistivity and the ability to keep a high moisture level depends 

on factors as the content of organic material and grain size. A ground electrode 

should be located at a depth where the moisture content is less fluctuating during 

the season, for a more constant soil resistivity. The temperature will affect the 

moisture content near the surface where the moisture can dissipate, but also close 

to freezing point since the resistivity sharply goes up below 0°C. The compaction 

of soil will affect the resistivity since a loose soil is less conductive compared to 

compacted soil with the same content [16]. Rock is very high resistive, which will 

be discussed in the case study in chapter 3. Except for being conductive salts, the 

presence of chemicals, is also important from a corrosive point of view, since the 

chemicals might increase the corrosion of the metallic electrode [10]. The tables 

below show how resistivity varies with moisture content and soil temperature. 
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2.6.2 Equipment and measurements 

Measuring the soil resistivity can be done with a method called the Wenner meth-

od, developed by Dr. Frank Wenner. The theory is to use four ground stakes posi-

tioned in the soil in a straight line. The distance between the stakes should be at 

least three times the stake depth. A known current is generated through the two 

outer stakes, and the drop in voltage potential is measured between the two inner 

stakes. The resistivity can then be measured by using Ohm´s law, U=IR. Suitable 

equipment exists on the market that makes this type of measurement automatical-

ly, by generating the current and measuring the voltage differences The resistivity 

is automatically calculated and showed on a display. The measurements are often 

distorted by underground metals like pipes or underground aquifers, which might 

be detected and avoided by turning the axis of the stakes 90° to the first measure-

ment. By measuring several depths using different distances, a reliable profile of 

the areas resistivity can be made. When the resistance is given the following equa-

tion is used to get the soil resistivity [1]: 

 

ρ=2πAR     Equation 2.6.2.1 

 
 

Table 2.6.1.1. Tables showing variations in soil resistivity according to vary-

ing moisture content and soil temperatures [10]. 



23 

 

 

ρ is the average soil resistivity. 

A is the distance between the stakes in meter for ohmmeter and cm for ohmcenti-

metres. 

R is the measured resistance value. 

 

Soil resistivity tests are often corrupted by the existence of ground currents and 

their harmonics. Advanced equipment exists on the market, with a system which 

automatically selects the testing frequency with least amount of noise for a clear 

reading. 

2.6.3 Ground electrodes 

The material in a ground electrode must be robust and sufficient for the environ-

ment, without corroding or bending with good conductivity. The sectional area of 

the electrode must be sufficient for the maximum fault current for a period so the 

protection equipment can operate and the energy can be dissipated to the ground. 

The electrodes can be divided into two groups. One group is the man made elec-

trodes specifically designed for the electrical connection to earth and only used for 

this. The other group is objects primarily used for other purposes as metallic water 

pipes, reinforcing bars in concrete foundations, well casings and similar construc-

tions. The electrode can have different forms according to the object of grounding 

and the environment. It can be created as a rod, a loop of copper conductors, a 

plate or a reinforcement bar in a concrete foundation. It can also be several coun-

terpoise conductors placed radially out from the grounding object or a grounding 

grid buried below the facility. Copper is mostly used as ground electrodes but also 

copper clad steel because of the conductivity in the material. In some cases galva-

nized steel or stainless steel can be used [27].  

 

In Appendix 1 a table is attached for comparison between different materials in 

electrodes. 

2.6.4 Resistivity of an earth plate 

When the installation of a grounding system is done, the ability of the completed 

system to dissipate energy has to be measured to find the grounding resistance. 

One method is to use the Fall-of-potential method, which uses two stakes and a 

connection to the electrode of interest. A known current is conducted through the 

ground electrode or ground grid. A sphere of decreasing resistance out from the 
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electrode will be created from the current. One of the stakes is placed outside the 

sphere of influence of the ground electrode, as a reference point, and the other 

stake is placed between these for measuring the potential drop. The stakes are 

placed in a straight line from the electrode, see figure 2.6.4.1. It is important that 

the outer stake is placed in remote ground without any influence from the ground-

ing installation. The accuracy of the distances can be tested by moving the inner 

stake 1 meter at a time in both directions and take new measurements each time. If 

the values remain fairly constant, the outer stake can be considered to reach re-

mote ground [6]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By changing the distance of the stake with a new measurement for each move-

ment, a potential curve can be plotted with resistance and distance. See figure 

2.6.4.2. The resistance of the grounding system are found in the flat part of the 

curve at the point of inflection. 

 

 

 

 

 

 

 
Figure 2.6.4.1. Fall-of-potential method [1]. 
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If only a part of a grounding system is of interest, a selective measurement can be 

done by using a clamp which only measures the current flowing through the spe-

cific rod in a ground grid. The generated current will flow through other parallel 

resistances but only the point of interest is measured. This is done for testing indi-

vidual legs of a transmission tower if it is built with more than one leg, or individ-

ual rods in a grounding grid [6]. 

2.7 How grounding is performed 

Grounding systems are divided into different categories, depending on what the 

grounding is supposed to protect. This subchapter will describe how a transmis-

sion line is grounded and also different methods for grounding of neutral. 

2.7.1 Transmission lines 

The networks for transmission might include both overhead wires and under-

ground cables with different characters. Since the 230 kV transmission line in this 

study consists of overhead lines, this theory part will focus on grounding arrange-

ment of overhead transmission lines. 

 

The grounding of a transmission line is a combination between the grounding of 

the individual towers, underground continuous counterpoise and shield wires. The 

 
Figure 2.6.4.2. Graph of measured resistance according to distance from 

the electrode. The resistance of a grounding system is found in the flat part 

of the curve at the point of inflection [23]. 
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purpose of the shield wires is to protect the conductors from a direct strike of 

lightning. One or two shield wires might be placed horizontally above the conduc-

tors and connected to earth at each tower [24]. OPGW is an optical shield wire, 

which combines the functions of grounding and communication. The optical fibres 

are surrounded by layers of steel and aluminium wires for conducting towers to-

gether and protect the conductors from lightning [18]. The shield wires act as pro-

tection for the conductors and lead the current through down conductors into the 

ground. The presence of shield wires can also have great influence on the induced 

overvoltage when it reduces the electric and magnetic fields that affect the voltage 

between phase conductors and ground. For an effective protection of the transmis-

sion line, the installation of a shield wire has to be combined with a proper insula-

tion design and be grounded at every tower with low resistance grounding at the 

tower footing [2].  

 

The shielding angle is an important parameter when designing towers including a 

shield wire. The angle ensures that the lightning strike will hit the shield wire in-

stead of the phase conductors. The angle of protection is measured between the 

tower and the shield wire. For a structure of 15 meter height, a shielding angle of 

45° or less is used as a standard. For taller structures a smaller shielding angle is 

required. [14]. Figure 2.7.1.1 illustrates the function of the shielding angle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adding a shield wire will make the design of a transmission line more expensive, 

since the pole height must be greater to support the shield wires and to get a suffi-

 
Figure 2.7.1.1  Shield wire shielding angle on a wooden tower with one 

shield wire. [14] 
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cient small shield angle. The decision of adding a shield wire or not have to be 

considered with the additional costs together with the probability of a lightning 

strike and the distance to populated areas [14]. 

 

A continuous counterpoise is a wire buried underground along the line route. It is 

situated between the outer phase conductors and act as a return path for a fault cur-

rent. It is connected to each pole and usually made of copper or copper clad steel 

with high conductivity. According to Swedish regulations, the minimum depth of 

the ground wire should be at least 0.6 meters below the earth surface. If solid rock 

or other factors prevent the required depth, a shallower depth might be accepted 

[24]. 

 

The connection between shield wires and ground electrodes at a tower footing is 

usually done by down-conductors for wooden and concrete structures and along 

the tower body for metallic towers. Each structure has an individual connection to 

earth often one for each foot if the tower has more than one foundation. The 

ground electrode can be a rod, radial wires, a ring shaped grounding electrode or a 

combination between the electrodes depending on the soil resistivity. Buried me-

tallic components such as concrete-enchased reinforcement bars or tower grillages 

also works as an electrode, contributing to the dispersion of currents into soil [2]. 

2.7.2 Grounding of neutral 

A high voltage system is designed for symmetric balance between impedances in 

the three phases and currents and voltages during normal operation. The neutrals 

of transformers and generators do not have any potential during normal operation, 

but in case of a fault with asymmetry or induced voltages the neutral has to be 

properly grounded [4]. Grounding of system neutral has two important functions. 

It provides a reference for the electrical system and all components bonded to the 

system to ground. Grounding of neutral also establishes a current return path in 

case of a failure somewhere in the system so the fault can be detected. The neutral 

can be grounded in different ways and the method of neutral grounding will affect 

the fault currents and voltages within the system. 

2.7.3 Ungrounded neutral 

The ungrounded method is rarely used but provides a lower fault current than 

other methods. The importance of having a reference ground in an electrical sys-

tem is discussed earlier in this chapter but in some cases a system can be operated 
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safely without a neutral reference ground. An ungrounded system is not intention-

ally connected to ground at any point. One of the advantages of an ungrounded 

system is in case of a fault in the system involving ground. The resulting currents 

will be low and the possibility of disruption within the system is then very low. 

Also the total cost of the system will be lower when protective systems and 

grounding systems will not be necessary to install. Disadvantages with unground-

ed systems are the difficulty of fault detection and to detect the location of the 

fault. Also the risk of extensive transient overvoltages from arcing ground faults is 

higher from the capacitances between conductors and ground [10], [13]. 

2.7.4 Solid grounding 

For a solidly grounded neutral, the neutral is directly connected to ground without 

any intentional resistance in the ground circuit. One advantage with solid ground-

ing is a fast fault detection and isolation of the fault. This is followed by an easy 

identification and tripping of the faulted circuit so the other parts of the grid can 

continue unaffected. By having a low-impedance ground the fault currents will be 

higher. [4], [10]. 

2.7.5 Impedance grounding 

Impedance grounding can be diverted into several subcategories, depending on the 

external circuit from system neutral to ground. The impedance of a generator or a 

transformer is in series with the external circuit and the method chosen depends on 

what kind of system is grounded. The most common impedance groundings are 

resistance grounding and reactance grounding, which will be explained further 

down [16]. 

2.7.6 Resistance grounding 

This is the most common way of grounding a neutral in medium voltage systems. 

By using a resistor between the neutral point and ground, the fault current is re-

duced and the fault energy is limited to avoid flashovers or arcs. Also burning and 

melting effects in faulted equipment is reduced together with reduced stress on 

cables and other material. A low fault current also reduces momentary voltage 

dips but still the detection of fault and isolation of faulted circuits is possible. This 

is a common grounding method in medium voltage systems of 15 kV and industri-

al systems, when the transient limitation is better and faults are easy to detect. 

[10], [16] 
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2.7.7 Reactance grounding 

When a reactor is connected between the system neutral and ground, the system is 

reactance grounded. This is mostly used when it is desirable to reduce the ground 

fault current to a magnitude close to the magnitude of a three-phase fault [16]. Us-

ing a reactor in combination with a resistance will improve the clearance of faults 

for wires and cables. The reactance value of the reactor is chosen such as the fault 

current through the reactor is equal to the current through capacitances during a 

fault. The resulting current is then almost cancelled out which eliminate the prob-

ability of arcing faults. This is most common in distribution systems up to 20 kV 

but never used in industrial systems since the switching of cable feeders can dis-

rupt the reactor tuning [4], [10]. 

2.8 Lightning protection for a working earth plate 

Grounding has an important role in lightning protection of a transmission line. The 

low-impedance path made by a grounding installation is essential for conducting 

the lightning current down to the ground. The high voltage pulses from a lightning 

strike propagate along the line and cause insulation flashovers along the way. If 

the protection is not sufficient, the lightning surge can reach transformers and oth-

er sensitive equipment and cause extensive damage and risks for personnel safety 

[14]. 

2.8.1 Lightning characteristics 

Around the earth´s surface it exist about 2000 active thunderstorms simultaneously 

and around 100 lightning strikes hit the surface each second. Lightning is a non-

anthropogenic phenomenon generating electric transients of high current magni-

tude for a fraction of a second. Lightning discharges can be divided into two cate-

gories where the ground flashes are between cloud and ground, and the other cate-

gory occur between clouds. The ground flashes are the ones of interest for this 

study, since they are destroying structures on ground such as transmission lines. 

The typical strike duration last between 50 μs and 100 μs and the energy dissipated 

as heat will reach 20 000°C. The electromagnetic waves are dissipating as light 

and magnetic fields which will have effect on surrounding structures [17], [2]. 

2.8.2 Incidence of lightning 

Lightning have a significant effect on the reliability of a transmission line and also 

on the entire electrical system if the protection against lightning is not sufficient. 
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The incident of lightning varies around the world, and depends on geographical 

and atmospheric factors. A high moisture level in the air together with high tem-

peratures on the earth surface is more frequently subjected to thunderstorms than 

other locations with a colder climate. Since the incident of damage from lightning 

is of interest for both safety and economic reasons, several studies have been done 

for estimating the probability of lightning around the world. The result is often 

presented as isokeraunic maps for different parts of the world, which shows the 

annual thunderstorm days in the region of interest. A thunderstorm day, Td, is 

normally defined as a day when thunder is heard at the point for measuring. This 

factor does not include the intensity of the thunder storm or the number of strikes 

to earth [10].  

 

Ground flash density, Ng, is another term used for estimating the incident of light-

ning strike and lightning protection. The ground flash density is defined as the 

number of lightning flashes that strike a unit area in a specific region during a 

year. This can be estimated by counting the number of lightning strikes in a region 

by flash counters, lightning location systems or by using information from satel-

lites. If these methods are not available at the place of interest, a good estimation 

of ground flash density can be evaluated from thunderstorm days with the follow-

ing equation from CIGRE, International Council of Large Electrical Systems: 

 

          
        Equation 2.8.2.1 

 

Ng = Ground flash density [flashes/km
2
/year] 

Td = Thunderstorm days 

 

The parameters 0.04 and 1.25 are based on data from 62 stations over a period of 

five years between 1976 and 1980. The figure 2.8.2.1 below shows the graph act-

ing as a base for the equation. The unit for ground flash density is flash-

es/km
2
/year. 
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The probability of lightning strike depends on the incident of lightning but also on 

the attractive area offered by the structure. The flash collection rate in open ground 

is estimated by Eriksson´s equation: 

 

    (
          

  
)    Equation 2.8.2.2 

 

N = Flash collection rate [flashes/100km/year] 

Ng = Ground flash density [flashes/km
2
/year] 

h = tower height [m] 

b = structure width [m], which can be neglected for a transmission line according 

to IEEE 1410-2004. 

 

The location for the transmission line above the surrounding terrain is important 

for the incident of a hit from lightning. Towers located on top of mountains or 

ridges without any shielding trees are more likely to be hit by lightning than other 

locations. A shielding factor, Sf, is used for estimating the number of strikes to the 

line, where a shielding factor of 0.0 is used for a transmission line located in open 

terrain without any nearby objects for shielding and 1.0 indicate complete shield-

ing from direct strikes. The number of strikes can then be calculated from the 

equation: 

 

    (    )    Equation 2.8.2.3 

 

 
Figure 2.8.2.1. Measured thunderstorm days per year, Td against light-

ning flash density, Ng [2] 
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Ns = Number of strikes 

N = Flash collection rate [flashes/100 km/year] 

Sf = Shielding factor 

[14] 

2.8.3 Effects of lightning on overhead transmission lines 

Lightning are causing several interruptions in power transmission and are one of 

the most frequent reasons for surges in electrical systems. A direct hit from light-

ning create extremely high voltage pulses at the strike point, which are propagated 

as travelling waves in both directions from the strike point. This will cause insula-

tion flashovers when the voltage levels exceed the insulation levels. Another effect 

from lightning is the induced voltage from nearby strikes, when the lightning hit 

the ground in proximity of the line. Flashes might be collected by taller objects in 

the surrounding, and the induced voltage will create surges in the transmission 

lines and conduct these along the electrical system [2], [10].  

 

The effects of a direct hit of lightning are limited by the use of shield wires placed 

above the conductors, as mentioned in chapter 2.7.1.  
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3 Theun Hinboun 
Lao PDR has a large hydropower potential with several rivers and rough terrain. 

The water flow varies greatly between wet season and dry season, which will af-

fect the production of electric energy from the hydropower stations. Electric ener-

gy is a major export for the country and is very important for the economy in Lao 

PDR. Most of the produced electric energy is exported to Thailand but also to Vi-

etnam. In 2009 Laos exported 320 GWh in total. [29]. 

3.1 Theun Hinboun Expansion Project 

An existing hydropower station is located on the border of Bolikhamxay and 

Khammouane Provinces, 230 kilometres from the capital Vientiane. The station 

was built in 1997 and has its intake in Nam Theun river and discharge into Nam 

Hinboun river, connected with a tunnel through a mountain. The station is owned 

by Theun Hinboun Power Company,THPC, and it is named Theun Hinboun Pow-

er Plant. It consists of two units of 128 MVA each and the discharge is varying 

between 0 to 90 m
3
/s during the dry season and 110 m

3
/s as maximum during wet 

season. The power plant is a run-of-the-river plant with a minimal reservoir, which 

limits the ability of storage between the seasons and also to keep a steady dis-

charge through the station. A 230 kV transmission line goes from the station to 

Thakhek substation located at the border with Thailand, before it links up with the, 

Electric energy Generating Authority of Thailand, EGAT, transmission network in 

Thailand. 

 

To regulate the fluctuating discharge and to have access to water storage, a new 

dam is being built in Nam Gnouang. The dam will create a reservoir at 455 meters 

above sea level and have a gross capacity of 2450 Mm
3
. The increased storage ca-

pacity will result in an additional discharge of 110 m
3
/s and a third unit of 
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245 MVA is being installed next to the other two existing units in Theun Hinboun 

station. Building this unit will also include a new tunnel in parallel with the exist-

ing one and expansion of the old power house and switchyard. The increased pow-

er production at Theun Hinboun Power Plant will require a doubling of the capaci-

ty of the existing 230 kV transmission line. An additional 230 kV transmission 

line is for this reason being built generally in parallel with the old one, also leading 

to EGAT transmission network in Thailand. A second power plant named Nam 

Gnouang is also installed at the dam for effective use of the head from the new 

reservoir. A 115 kV transmission line is being built to link Nam Gnouang power 

plant to the national grid. 

 

The expansion of Theun Hinboun Power Plant will have a maximum discharge 

during wet season of  220 m
3
/s and the dry season flow will be almost continuous 

with smaller daily fluctuations than now experienced. The picture below shows an 

overview of the complete project. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1.1. Drawing showing the existing station at nr 9, the new station 

at nr 11 and the 230 kV transmission line as nr 14. Drawing by Bounlome 
Southid, THXP 
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The electrical overview of the project is described in Figure 3.1.2 with the existing 

system in Theun Hinboun Power Station and Thakhek substation, including the 

existing 230 kV transmission line shaded in blue. The standard frequency in Lao 

PDR is 50 Hz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The overview shows the connections between the generating stations, switchyards 

and the substations and also properties for all parts included. The expansion pro-

ject includes a new unit to the right of Theun Hinboun on the overview with a 

245 MVA generator and the connection with the switching station and the new 

230 kV transmission line to Thakhek. On the left in the overview the new Nam 

Gnouang station with two new 33 MVA units is connected to the substation in 

Thasala. The planned 115 kV transmission lines are found between the generating 

stations with 22 kV transmission lines to the surrounding villages. 

 
Figure 3.1.2. Network overview for Theun Hinboun Expansion Project. The 

shaded part is existing facilities and the other parts are planned constructions. 

The planned 230 kV transmission line is marked to the right in the overview, 

with the existing transmission line to the left. 
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3.2 The 230 kV transmission line 

3.2.1 The towers 

The new 230 kV transmission line is a parallel three-phase system which means 

that the towers have two conductors on each side of the tower. See figure 3.2.1.1 

below. The towers are built in the same way as the old towers and are made of a 

self-supporting lattice steel type. Each tower has a unique design according to 

where it is situated. The design is based on calculations from wind loads, conduc-

tor loads, soil properties, conductor angles and many other factors. The towers are 

divided into two types: tension towers and suspension towers, depending on their 

function. Suspension towers have suspension insulators which are free to move 

and suspended from the crossarm. Tension towers have a strain insulator which is 

created to carry the extra tension at dead line ends, sharp curves and extra long 

spans. The towers of interest for this thesis are the towers placed over the Lime-

stone Ridge, which are all tension towers. The towers are described in Figure 

3.2.1.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              
Figure 3.2.1.1 Drawing of the towers to the left and installed tower on Lime-

stone Ridge to the right. 
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3.2.2 Transmission line 

The existing transmission line to Thakhek from Theun Hinboun was completed in 

1997 and reaches 86 kilometres from Theun Hinboun Power Station to Thakhek 

substation next to Mekong river, see Figure 3.1.1.  

 

The new 230 kV transmission line will be installed in parallel to the existing one 

as far as it is possible, from the switchyard in Theun Hinboun Power Plant to the 

Mekong crossing at Thakhek. By routing the new line in the same corridor as the 

old one, the land take will be minimized. The safety distance between the lines 

will be a minimum of 50 meters for short circuit protection. In a few sections of 

the line it will be necessary to separate the two corridors. This is mainly when 

passing through rocky outcrops where the terrain does not allow for two lines and 

when the corridors are routed too close to dense settlements. The line route is di-

vided into five sections between Theun Hinboun Power Station and the substation 

in Thakhek, where section 2 is the route over Limestone Ridge which is the object 

of this study. 

 

At the time of writing this thesis, the towers are completed for the first parts and 

the wires are planned to be installed during 2011. 

 

The new line will consist of Scissortail ACSR 54/19 and Pheasant ACSR 54/19 

conductors with a cross section area of 726.19 mm
2
. ACSR means Aluminium 

Conductors Steel Reinforced. The outer strands are aluminium for high conductiv-

ity, low weight and low costs. The core consists of steel strands to be strong 

enough to support the weight without stretching the ductile aluminium. Data for 

the conductors are attached in Appendix 2.  

 

The transmission lines are constructed to handle higher currents than what is 

planned today. The old 230 kV line with two conductor wires has the capacity to 

handle the power from the new 220 MW unit and the two old units alone. The new 

230 kV wires are installed to ensure continuous transmission of electric energy in 

the case of a failure.  Since the power will be equally distributed along the lines, 

the new line is dimensioned in the same way as the old 230 kV line. The transmis-

sion system is designed for operating within normal ratings with all scheduled el-

ements in service, and within emergency ratings immediately after loss of one el-

ement in the system. Emergency ratings are thermal and voltage ratings that could 

be tolerated by the equipment for a short time of maximum four hours. 



38 

 

3.2.3 Grounding of transmission line 

The new transmission line will have two shield wires, placed in parallel above the 

conductors. The shield wires will be connected to the towers which conduct the 

fault current to ground. 

 

One of the shield wires is a concentric zinc coated steel wire conductor 3/8” EHS 

(Extra High Strength) and the other wire is an OPGW, optical ground wire, de-

scribed in chapter 2.7.1. The OPGW wire is the transfer of high speed communica-

tion between Theun Hinboun power station and Thakek substation. The steel wire 

has a diameter of 9.52 mm and is not connected with insulators to the tower.  

 

Each tower should be permanently and effectively grounded according to the 

technical requirements for the transmission line. The individual tower footing re-

sistance shall be less than 10 ohms according to the contract. If the tower site is 

frequently passed by people, an additional protective grounding should be carried 

out and a maximum earth resistance of 5 ohms should be applied.  

 

For reaching these requirements, each tower has to be individually studied and the 

technique is depending on the conditions for each location. A tower is built with 

four legs of steel and each one has an individual concrete foundation. Each foun-

dation has a ground rod of copper clad steel, which means that every tower has 

four grounding rods in total. If the total tower footing resistance after installation 

is higher than the maximum allowed 10 ohms, additional groundings should be 

added. The total resistance is lowered by extending the contact with earth over a 

larger area, which can be done by adding counterpoise copper clad steel wires in 

pair with a radial position from the foundation. The idea is to spread the wires as 

far from each other as possible for maximum earth connection and for this reason 

a 45° angle is required from the line centre. The pair is installed opposite each oth-

er and an additional pair is installed to the two remaining foundations if necessary. 

See figure 3.2.3.1. If the resistance has to be lowered further a ring-shaped 

grounding electrode is installed to connect the counterpoise wire according to the 

last picture in Figure 3.2.3.1. This ring has a diameter of approximately 20 meters 

to enclose the foundation. 
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The counterpoise cables are buried at a minimum depth of 50 cm, with exception 

for locations with solid rock at a lesser depth. In this case the wires are laid on the 

surface aside of the rock. The counterpoise wires might also be placed in cracks 

with gravel on top of the wire. It is important to place the cable as straight as pos-

sible to avoid sharp bends, which will decrease the total resistivity. The require-

ment of 10 ohm was reached by all towers after construction except for the line 

route over the Limestone Ridge. 

3.3 Limestone Ridge 

At a distance of 18 km from the Theun Hinboun Power Plant, a limestone ridge is 

situated. Limestone is a sedimentary rock and has high solubility in water and 

weak acid solutions. This creates a dramatic topography with sharp edges, caves 

and steep walls. Except for the difficulty of installing and perform maintenance in 

this area, the resistivity in the rock is very high, in some places above 1000 ohm-

m. The towers are built directly on the rock surface, without a layer of soil to in-

 

 
Figure 3.2.3.1. Drawing showing the four steps of improving grounding for 

at transmission tower [D1]. 
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crease the conductivity in the earth plates. Keeping the resistance of the tower 

footing below 10 ohms is impossible with the solutions described above. Pictures 

of the towers on Limestone Ridge are attached in Appendix 3. 

3.3.1 Line route and grounding of towers 

The line route over Limestone Ridge was changed from the old transmission line 

route, since the ridge offers a very limited lateral space for two overhead lines to 

be run in parallel. A new line route was then chosen which also resulted in a short-

er distance over the ridge. According to this, the number of towers was decreased 

from 8 towers for the old line route to 6 towers for the new one. The towers will 

have a total span of 3900 meters and the elevation of the towers will differ from 

375 meters above sea level for the lowest tower to 735 meters above sea level for 

the highest location. Measurements of the ground resistance for each tower have 

been done on each one of the four legs. The measurements vary between 600 ohm 

and 1000 ohm for the tower installations. See Appendix 4 for ground resistance 

records of Limestone Ridge. 

 

The towers on Limestone Ridge are grounded with counterpoise wires as de-

scribed in chapter 3.2.3, with wires drilled into the rock. By using Ground En-

hancement Material, GEM, the conductivity is improved. GEM is a low-

resistance, non-corrosive carbon dust material which improve the grounding effec-

tiveness. It contains cement and is placed around the ground rod to improve the 

conductivity to earth. This material is used on all towers along Limestone Ridge, 

which only decreased the resistance for each earth plate with approximately 200 

ohms, which is far from the limit of 10 ohms.  
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4 Problem analysis 
The area around the towers on Limestone Ridge is bare, without any surrounding 

trees nearby or other objects that might touch the wire and cause a fault on the 

transmission line. The highest possibility of a fault in this section is the risk of a 

direct or induced hit of lightning. The probability of a strike is calculated in chap-

ter 5.1, on the basis from climate data for the Limestone Ridge area. A worst case 

scenario would be a hit of lightning in the middle of the section, where the high 

voltage pulses propagates along the wire until it reach a low resistivity path to 

ground. During normal conditions when each tower can be properly grounded, the 

current can be conducted to ground at each tower footing. The high resistivity in 

Limestone Ridge prevents this arrangement and another solution is then required. 

 

Another destructive case for the transmission lines over Limestone Ridge is the 

possibility of a broken wire, when the wire falls down from the tower fittings and 

touches the ground. The case of a broken wire is illustrated in figure 4.1 below, 

showing the fault current path when the wire touches the rock. The current leads to 

lower potential to complete a circuit with the grounded neutral. 

 

 

 

 

 

 

 

 

 

 

 



42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With high resistivity in the rock, Rs can be approximated to be infinitely high. 

Since Rs >> Rl≈R the easiest way to reach the grounded neutral is through the 

wires. This is only the case for Limestone ridge, and as soon as the towers are 

safely grounded in the soil on each side of the mountain ridge, the fault current can 

be conducted to ground. 

 

High tower footing resistance will result in widespread electrical fields, with fol-

lowing risks. The electrical field around a ground electrode will spread radically 

out from the grounding point in case of a fault. With a tower installation directly 

on the rock, fault currents will be uncontrolled distributed on the rock surface ac-

cording to varying resistivity. Figure 4.2 below shows the fault current distribution 

from an electrode in homogenous soil and current distribution between two points 

in a metallic plate. 

 

 

 

 

 

 

 
Figure 4.1 Circuit of fault current on Limestone Ridge. A broken wire touches 

the ground and the fault current is conducted to the ground. Rs is the soil resis-

tivity, Rl is the resistivity in phase wire and R is resistivity in shield wire [Em-

ma Grubbström, 2011-01-03] 



43 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1 Idea for solution 

One solution to increase the performance of the grounding electrode is to extend 

the contact with soil with a buried ground wire. This is not possible in this case, 

because of the topography between the towers and solid rock the towers are built 

on. The result would be a partly hanging wire in the air between the tower footings 

on the mountain peaks, without any contact with solid ground. Other arrangements 

of improving the contact with soil which is discussed in chapter 3.2.3 are also im-

possible, since the only ground is solid rock with high resistivity. With a high re-

sistivity in the ground, the way with lowest resistivity to complete the circuit will 

be through the shield wire, which will have the same function as a buried ground 

wire. The difference between a shield wire and the buried ground wire will be the 

missing contact area with soil to dissipate the electric energy. 

 

The total resistivity to ground can be considered to be a resistance coupling in se-

ries between the shield wire and the down lead conductor which will be the tower 

itself. The fault will be conducted through the shield wires between the towers on 

Limestone Ridge, through the towers on solid ground on each side of the ridge 

down to ground electrodes. Improvement of the down lead conductor can be done 

 
Figure 4.2. Current distribution from an electrode seen from above in the 

left picture and current distribution in a homogenous metallic plate between 

two poles in the right picture [Emma Grubbström, 2011-01-03]. 
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with a copper or an aluminium wire to lower the total resistivity of the conducting 

path. See figure 4.1.1 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The most efficient protection from the problem with lightning strikes on the phase 

conductors is an installation of shield wires. This emphasizes the importance of 

installation of a proper shield wire, why this thesis will compare different shield 

wires of different material and conducting areas. 

4.2 Shield wires 

Since the tower footing resistance on Limestone Ridge is more than a hundred 

times higher than the requirement of the contract, a solution for improving the 

grounding over Limestone Ridge is to try other shield wires on the transmission 

line with a lower resistivity. As mentioned earlier, the function of a shield wire is 

to protect the conductors from direct lightning strokes that would otherwise direct-

ly strike the phase conductors. The shield wire is bounded directly to ground at 

each tower. The shield wire also has the function of reducing the induced voltage 

from external electromagnetic fields, in this case it might be from a nearby light-

ning strike. The towers are all located on top of a mountain, each one placed on a 

 
 

Figure 4.1.1. Plan and profiler section 2 on Limestone Ridge. For scale, see 

full picture in Appendix 5. A worst case scenario would be a hit of lightning 

in the middle of the section. The only suitable improvement is to create a low 

resistivity conducting path by using low resistivity shield wires and improved 

down lead conductors at the towers marked with circles. 
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top without any surrounding trees or structures which might protect the towers. 

See appendix 7 for plane and profile drawing for part 2. The towers and the con-

ductors are for this reason very exposed in case of a lightning strike, and a low 

resistant shield wire is important for protecting the conductors. 

4.2.1 Choice of new shield wires 

Because the tower footing resistance over Limestone Ridge is higher than the 

maximum required 10 ohms, it is important to keep the resistivity in the shield 

wire as low as possible. The currents will then be safely conducted to a better earth 

plate at both ends of Limestone Ridge. The types of shield wires used today are 

usually aluminium clad steel wires or wires with a combination of aluminium and 

steel strands. During this study of different shield wires it is important to investi-

gate the price from the manufacturer, the resistivity of the chosen shield wire and 

the weight and diameter of the wires, which will affect the loads on the tower. The 

goal is to find a shield wire with the lowest resistivity, and an acceptable load on 

the tower according to the existing dimensions for the lowest price.  

 

Copper was used as conductor material early in the history of transmission lines 

because of its low resistivity, but aluminium has replaced copper completely as 

material for overhead lines. Aluminium conductors have a lower cost and lower 

weight than copper conductors of the same resistance. The fact that an aluminium 

conductor has a larger diameter than a copper conductor of the same resistance is 

also an advantage, since a larger diameter will result in reduced field strength at 

the conductor surface for the same voltage [7]. The problem with a larger diameter 

is the increased wind load, which will result in heavier loads on the tower. 

 

The materials of the wires in this study are zinc coated steel wires, ACSR, copper 

wires and Alumoweld wires.  

 

 Two types of different zinc coated steel wires are chosen, 3/8” and 7/16” where 

the first one is used as a reference since it is the shield wire which is planned to be 

used for the 230 kV transmission line. The 7/16” wire is planned to be used as 

shield wire for the 115 kV transmission line from Nam Gnouang power house to 

the national grid. 

 

Three ACSR conductors are used in this study with different diameters. ACSR 

consists of a core with steel strands, surrounded by aluminum strands. ACSR 
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Pheasant is used as the phase conductor for the 230 kV transmission line and is 

used in the study for its low resistivity and large diameter. It is the heaviest wire of 

all the wires in the study. ACSR Pheasant also has the largest diameter of the cho-

sen wires which will create the largest wind load and can be used as a reference. 

Ostrich and Eagle are two other ACSR wires with other rates between aluminium 

and steel strands and smaller diameters. 

 

Dotterel, Atle and Ymer are wires built in the same way as Pheasant, Ostrich and 

Eagle. They all have a high amount of steel wires compared to aluminium and 

they are often used in Sweden as shield wires. The resistivity is low and the high 

amount of steel strands results in a strong and reliable wire. 

 

Three sizes of copper wires are used in this study because of the well-known prop-

erties of copper as a good conductor with low resistivity. Copper is also included 

in the study as a price indicator since the copper price varies a lot with the market. 

Copper was used until the 1950´s in Sweden as shield wire but today it is rarely 

used because of the price and competing materials entering the market. Copper is 

still used as earth wires buried in the ground, ground rods and for grounding grids. 

 

Three different alumoweld lines are also included in the study, which are alumini-

um clad steel wires. The thickness of the aluminium coating is 10% of the total 

radius of the wire. The wires provide electrical conductivity combined with high 

strength from the steel. Alumoweld is used as another alternative for shield wire in 

Swedish projects.  

 

All data for the wires is summarized in Appendix 6. 

4.3 Possible consequences 

By changing shield wires, the consequences in case of a broken phase conductor 

will be limited by creating an additional current path and by improving the con-

ductivity in the circuit. The fault current will have a low resistivity path to reach 

grounded neutral, and the amount of uncontrolled fault currents on the rock sur-

face will be limited. This will also create a safe environment in the area and pre-

vent damage to possible surrounding structures and conductors. The shield wire 

will also act as protection from lightning strikes, which might be more frequent on 
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the high elevation on the mountain ridge without any shielding objects adjacent to 

the line route. 

 

One thing to evaluate when changing shield wires is the wind load on the wires 

and different tower loads from new wires. A wire with different wind catchment 

area and weight than the planned GSW 3/8” EHS, may cause additional load on 

the towers, which might exceed the tower construction load. The tower loads are 

investigated for each wire with different load cases on each span over Limestone 

ridge and then compared to the maximum allowed loads from the construction of 

the towers. 

 

The other thing to evaluate is the additional cost that might occur by changing 

shield wires. The price of a wire depends on the material but also on the manufac-

turing process, supply and demand.  
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5 Shield wires on Limestone Ridge 
This chapter evaluates the possibility of using different shield wires and their con-

sequences. Also the possibility of using a down lead conductor is considered. The 

incidence of lightning is also evaluated for comparison to other areas in Lao PDR. 

5.1 Incidence of lightning over Limestone Ridge 

The high elevation of Limestone Ridge and the absence of shielding objects result 

in a high exposure for lightning strikes. With high tower footing resistance, the 

grounding is inferior and a lightning strike in the towers, conductors or nearby 

strikes will cause high voltage pulses which will propagate along the line. Without 

a sufficient grounding at each tower footing the requirements on the shield wires 

are higher, which must ensure that the high voltages are conducted to remote 

ground without extensive damage or disruption. 

 

The incidence of lightning strikes is important for the safety design of the trans-

mission line. The cost of adding additional safety equipment has to be compared to 

the probability of a lightning strike and the distance to populated areas. According 

to chapter 2.8.2, the incidence of lightning can be calculated from data for thun-

derstorm days, Td. From Department of Meteorology and Hydrology in Vientiane, 

climate data from Thakhek is valid for Limestone Ridge with 27 Td per year. By 

using equation 2.8.2.1, the ground flash density, Ng, can be estimated. 

 

          
     

 

                    flashes/km
2
/year 
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The attractive area offered by the structure varies with height of the tower and the 

structure width. The height of the towers on Limestone Ridge is 56.88 meters and 

the width of the structure can be neglected for a transmission tower according to 

IEEE 1410-2004. 

 

By using equation 2.8.2.2 from chapter 2.8.2, a flash collection rate can be calcu-

lated for the transmission line. 

 

      (
              

  
)= 9.67 flashes/100 km/year 

 

A shielding factor of 0.0 is used due to the tower location on the mountain without 

shielding objects and Ns=N according to equation 2.8.2.3. 

 

The number of strikes on the towers on Limestone ridge can then be estimated by 

using the flash collection rate and the distance for the line, which is 3934 meters. 

 

    
 

   
       

    

   
             flashes per year. 

 

This estimation result in less than one strike for a year. The number of average 

thunder days per year in Thakhek is significantly lower compared to other loca-

tions in Lao PDR, which is advantageous for the exposed location over Limestone 

Ridge. For climate data in Lao P.D.R, see Appendix 7. 

5.2 Calculations of fault currents 

The system planning from EGAT specifies the maximum allowable short circuit 

level at each bus in the power system should not be greater than the interrupting 

capacity of circuit breakers installed. The maximum allowable short circuit levels 

are categorized by a bus voltage level of 230 kV to 50 kA. A circuit breaker be-

tween a generating unit and the transmission system must be capable of interrupt-

ing a maximum short circuit current of this value at the connection point. The sys-

tem should also be planned to be stable for transients from a three phase fault on 

the transmission line, transformers or on a bus section which is normally cleared in 

five cycles for 230 kV.  

In the short circuit current study the fault current for the busbar on peak load con-

dition in Theun Hinboun is 5.2 kA and for Thakhek it is 4.7 kA for a three-phase 
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fault. The acceptable fault current level for a line-to-ground fault in Theun Hin-

boun is 6.2 kA and in Thakhek 4.0 kA. See Appendix 8. These levels are im-

portant when the choices of insulators are done. The transmission line is designed 

for 6.2 kA. 

 

According to the Lao Electric Power Technical Standard [21], the fault duration 

time is set to 1 second for dimensioning the electrical system regulations in Lao 

PDR.  

 

Currents in the shield wire in case of a direct lightning strike are not taken into 

account when dimensioning the shield wire, since the time of conducting for the 

shield wire is only about a hundred microseconds, see chapter 2.8.1. Even if very 

high currents are created, the time of duration is negligible since it is so much 

shorter than the disconnecting time for the earth fault [Ahmad Amer, 2 Nov 2010]. 

The following equation can be used to see which area required for the current. 

 

     
     √  

     
    Equation 5.2.1 

 

I is the fault current in kA 

 

Kf is a material constant based on various values of fusing temperature and using 

ambient temperature of 40 °C. The constants will be found in Appendix 9. 

 

ts is the duration of the current in s. 

 

Division with 1.974 will convert the data from the American unit kcmil, thousand 

circular mil, to mm
2
. 

 

A fault current of 6.2 kA for a duration of 1 second will require the following min-

imum areas: 

 

 For steel wire: 
          √ 

     
      mm2 

 For ACSR only the aluminium part is considered since it is the conduc-

tive material: 
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          √ 

     
      mm2 

 For copper wires: 
          √ 

     
      mm2 

From this, the conclusion can be made that all wires in the study are suitable for 

the fault currents that the system is dimensioned for. 

5.3 Calculations of resistance 

The resistivity in the shield wires should be as low as possible to create a good 

conductive path. The resistance depends both on the material used in the wire and 

the size of the wire. The total resistance over Limestone ridge is calculated from 

the data for the different shield wires per kilometre and the total shield wire length 

over Limestone Ridge. The wire length is the total arc length at 15 °C. The table 

shows the resistance for each span and finally for the total span over Limestone 

Ridge. 

 

  Zink coated 
steel wire 

  ACSR     

  3/8" 7/6" Pheasant Ostrich Eagle 
 Resistivity 

[ohm/km] 
3.300 2.500 0.0449 0.190 0.103 

Span Wire length 
[m] 

          

Span 1 499 1.647 1.284 0.022 0.095 0.051 
Span 2 593 1.957 1.483 0.027 0.113 0.061 
Span 3 417 1.376 1.043 0.019 0.079 0.043 
Span 4 659 2.175 1.648 0.030 0.125 0.068 
Span 5 472 1.558 1.180 0.021 0.090 0.048 
Span 6 708 2.336 1.770 0.032 0.135 0.073 
Span 7 557 1.838 1.393 0.025 0.106 0.057 
Total 3905 12.887 19.763 0.175 0.742 0.401 

Table 5.3.1. Total resistivity of zinc coated steel wire and ACSR wires 

 

 

 



52 

 

  ACSR     Copper     
  Dotterel Atle Ymer 50 Cu 120 Cu 240 Cu 
 Resistivity 

 [ohm/km] 
0.322 0.189 0.115 0.356 0.150 0.075 

Span Wire length [m]             
Span 1 499 0.161 0.094 0.057 0.178 0.075 0.038 
Span 2 593 0.191 0.112 0.068 0.211 0.089 0.045 
Span 3 417 0.134 0.079 0.048 0.148 0.063 0.031 
Span 4 659 0.212 0.125 0.076 0.235 0.099 0.050 
Span 5 472 0.152 0.089 0.054 0.168 0.071 0.035 
Span 6 708 0.228 0.134 0.081 0.252 0.106 0.053 
Span 7 557 0.179 0.105 0.064 0.198 0.084 0.042 
Total 3905 1.257 0.738 0.449 1.390 0.586 0.294 

Table 5.3.2. Total resistivity of ACSR wires and Copper wires 

 

 

 

  Alumoweld-  
Al. clad steel 

    

  7#7 7#8 19#9 
 Resistivity  

[ohm/km] 
1.160 1.463 0.682 

Span Wire length [m]       
Span 1 499 0.579 0.730 0.340 
Span 2 593 0.688 0.868 0.404 
Span 3 417 0.484 0.610 0.284 
Span 4 659 0.764 0.964 0.449 
Span 5 472 0.548 0.691 0.322 
Span 6 708 0.821 1.036 0.483 
Span 7 557 0.646 0.815 0.380 
Total 3905 4.530 5.713 2.663 

Table 5.3.3. Total resistivity of Alumoweld wires. 

 

According to the calculations above, the lowest resistance over Limestone 

Ridge is obtained with an ACSR Pheasant, which is the conductor for the 230 kV 

transmission line. The resistance for ACSR Pheasant will be 0.175 ohm. The se-
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cond best choice is to use the 240 Cu copper wire with 0.294 ohm. See table be-

low. 

 

Lowest resistance [ohm] 
Pheasant 0.175 

240 Cu 0.294 

Eagle 0.401 

Ymer 0.449 

Table 5.3.4. Lowest resistance on Limestone Ridge 

5.4 Calculations of costs 

The cost for each type of wire is based on the price given from the manufacturers 

for each shield wire. Different manufacturers have been compared for the same 

wires, where the price is taken for those with similar process in the production so 

the prices can be comparable. The price is based on the cost for 50 km of the wire. 

This amount will reduce the extra cost for a small production and work and ship-

ping costs is not included since it might vary between countries. All prices are 

converted into US dollars for comparison between manufacturers from different 

countries. The column to the right shows the price for the wire length over Lime-

stone Ridge with a total wire length from arc length at 15 °C of 3905 meter. Ac-

cording to the contract an additional 1000 meter of the shield wire should be sup-

plied as spare parts, which will require a total length of the shield wire of 4905 

meter. 

5.4.1 Zinc coated steel wire 

The manufacturer for steel strand wires 3/8” and 7/16” is LS-Vina cables, a Viet-

namese company which is the manufacturer for the shield wire and conductors for 

THXP. 

 

Type USD/50 
km 

USD/m USD/LSR 

3/8" 39500 0.79 3874 
7/16" 57500 1.15 5640 

Table 5.4.1.1. Total costs for zinc coated steel wire. 
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5.4.2 ACSR 

LS-Vina cables is also the manufacturer of ACSR wires. The price varies a lot ac-

cording to the thickness of the wire and the ratiobetween steel strands and alumin-

ium strands. 

 

Type USD/50 
km 

USD/m USD/LSR 

Ostrich 89000 1.78 8731 
Eagle 178500 3.57 17510 
Pheasant 340000 6.80 33354 

Table 5.4.2.1. Total costs for ACSR wires 

 

The manufacturer for ACSR shield wires is Electroskandia, a Swedish company 

which import the wires from Horten Aluminium Conductors in Norway. 

 

Type USD/50 
km 

USD/m USD/LSR 

Dotterel 110820 2.22 10889 
Atle 184700 3.69 18099 
Ymer 221640 4.43 21729 

Table 5.4.2.2. Total costs for ACSR shield wires 

5.4.3 Copper wires 

The price of copper depend more on the market than other metals and the price of 

the wires are depending on the escalating copper price. The supplier is Elektros-

kandia, mentioned in the previous section. 

 

Type USD/50 
km 

USD/m USD/LSR 

50 Cu 236416 4.73 23201 
120 Cu 591040 11.82 57977 
240 Cu 1145140 22.90 112325 

Table 5.4.3.1. Total costs of copper wires 

5.4.4 Alumoweld 

An Alumoweld wire is twice the price of an ACSR with the same sectional area. 
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Type USD/50 
km 

USD/m USD/LSR 

7#7 115500 2.31 11331 
7#8 91500 1.83 8976 
19#9 197000 3.94 19326 

Table 5.4.4.1. Total costs of Alumoweld wires. 

5.4.5 Conclusions of price compared to resistivity 

According to tables above, the cheapest choice of shield wire is the stranded steel 

wire 3/8” which costs 3874 USD over Limestone Ridge. A graph below shows the 

resistivity for each wire compared to the price. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The lowest price for a wire with lowest resistivity will be obtained using ACSR 

Ostrich, Dotterel and ACSR Eagle. The 240 Cu wire is the most expensive shield 

wire, but it has one of the lowest resistivity values in the study. The diagram also 

shows the high resistivity of zinc coated steel wire 3/8”. 
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5.5 Calculations of down lead conductor 

At both ends of Limestone Ridge, the first contact with proper ground will be 

through the towers located on the ground on each side. The resistance in the tower, 

which acts as the conducting path between the shield wire and ground electrodes, 

can be seen as a resistance connected in series with the shield wires. See figure 

4.1.1. To improve the grounding and ensure a conductive path to ground, a copper 

wire can be added as a down lead conductor in addition to the steel framework in 

the towers. In this study, an additional copper conductor is added to reduce the 

resistivity between shield wire and ground electrodes. The tower height is 56.88 

meters according to figure 3.2.1.1. Additional 20 meter of wire is needed to reach 

between fitting of shield wire and ground, so 80 meter wire is needed for each 

tower and 160 meter for both towers on each end of Limestone Ridge. By using 50 

Cu wire, the following table shows the total resistance when using 50 Cu as a con-

ductor on one leg, four legs, one leg at each tower and all four legs on both towers 

on each side of Limestone Ridge. 

 

 One tower  Two towers 

Length [m] One leg 
[ohm] 

Four legs 
[ohm] 

Two legs 
[ohm] 

Eight legs 
[ohm] 

20 0,00712 0,00712 0,00712 0,01424 

60 0,02136 0,08544 0,02136 0,17088 

Total 0,02848 0,09256 0,02848 0,18512 

Table 5.5.1. The resistance for down lead conductor 

Resistivity for 50 Cu is taken from table 6.3.2 with 0.000356 ohm/meter. 

 

The price of adding these down lead conductors is based on the price for 50 cu 

wires in table 5.4.3.1, with a price of 4.73 USD/meter. 

 

Length 
[m] 

One leg 
[USD] 

Four legs 
[USD] 

Two legs 
[USD] 

Eight legs 
[USD] 

20 95 95 189 189 

60 284 1135 568 2270 

Total 378 1230 757 2460 

Table 5.5.2. The price for additional down lead conductor. 
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As an example: Adding 50 Cu as an additional downlead conductor will then re-

sult in a resistance of 0.028 ohm for installation of one wire on each tower, and the 

cost will be 757 USD. 

5.6 Tower load calculations 

A tower for transmission lines is exposed to several types of loads. Wind loads 

and the weight load from the tower itself are obvious, but also the load from the 

wires must be taken into account. The towers are exposed to loads from the earth 

wires, conductors and insulators attached. These loads include both wind loads on 

the wires, tension on the wires and also the weight load. 

5.6.1 Load directions 

All loads are divided into their resulting direction. See picture below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.6.1.1 Directions of tower loads. T=Transversal, L=Longitudial and 

V=Vertical [D2].  
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The shield wire is placed at point 7 and the OPGW is placed on the other side at 

point 8. The other sections are for phase conductors, two conductors for each 

phase. All loads are divided into vertical loads (V), transverse loads (T) and longi-

tudinal loads (L) according to the picture and three different load cases are used 

for the calculations. 

 

• Load case 1: High wind at 90 degree to the line.  

• Load case 2: High wind at 45 degree to the line 

• Load case 3: exceptional conditions including additional security 

measures, failure containment and broken wires. 

 

The transverse wind pressure on the shield wire at effective height can be calculat-

ed from the wind speed. The maximum wind speed at 10 meters height above 

ground is approximated to be 49 m/s according to the Particular Technical Re-

quirements for the project. The effective shield wire height from ground level is 

210 meter, which will include all towers on Limestone Ridge. The height of the 

shield wire is estimated from the ground level at the bottom of the valley up to the 

lowest point of the shield wire with addition of one third of the sag [Rydenstrand, 

20 October, 2010]. The wind speed at effective height is then calculated from 

 

       
   

  
 

 

       Equation 5.6.1.1 

 

VZ = Design wind speed at effective height [m/s] 

V10 =Maximum wind speed at 10 meter [m/s] 

ZSW =Effective shield wire height from ground level [m] 

 

When using the values given for maximum wind speed at 10 meter and effective 

shield wire height a design wind speed of 61 m/s can be calculated. For finding the 

transverse effective wind pressure on shield wire the following equation is used 

 

            
               Equation 5.6.1.2 

 

QEW= Transverse effective wind pressure on shield wire [N/m
2
] 

VZ= Design wind speed at effective height [m/s] 

C = Drag factor =1.0 
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G = Span factor, which for span lengths above 200 meter as in this case is cal-

culated with G=0.6+80/L, where L is the span length, 700 meter. 

Θ= The wind direction angle to the line, 45° or 90° are used in this calculation. 

  

Using this equation gives a value of the transverse wind pressure on shield wire 

of 1655 N/m
2
 for maximum windspeed, shield wire height of 210 meter and span 

length of 700 meter. This wind pressure is used for Load case 1 with 90 degree to 

the line. For 45 degrees to the line as in Load case 2, the wind pressure used is 

826 N/m
2
 [D3]. 

5.6.2 Weight span, wind span and line tension 

The weight span and wind span are two factors that will vary from each tower and 

wire. When designing the towers for the project, a maximum weight span of 2400 

meter and a minimum weight span of -500 meter are used. The weight span is es-

timated from the distance between vertexes of sag from the adjacent spans. A tow-

er which is higher than other towers will result in a higher weight span since the 

vertex is moved toward the adjacent towers and the distance between vertexes will 

be higher. A tower located at a lower height than the adjacent towers will for the 

same reason result in a lower weight span, which also can be a negative value if 

the adjacent towers are higher. A negative weight span gives a negative vertical 

load which will act upwards from the tower fitting. Since the minimum weight 

span is shorter than the maximum weight span, the total vertical load will be lower 

for a short weight span but in opposite direction. This will result in an uplift force 

from the wire on the tower. See picture of weight span in Figure 5.6.2.1. When the 

topography over Limestone Ridge is varying, see appendix 5, the weight span will 

differ a lot between each tower.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.6.2.1 Definition of weight span, VS, between vertexes of sag from 

adjacent spans [D4]. 
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A calculation program for wire calculations made in Visual Basic from SWECO is 

used during this study. The calculations are done on the individual weight spans 

for each wire and at each tower over Limestone Ridge. The work started with add-

ing the wires in the study to the program, according to their properties. The input 

parameters are breaking load, modulus of elasticity, highest stress at initial modu-

lus of elasticity, rise of temperature and expansion coefficient. Also the diameter 

and weight is added when the wire is created. These values are taken from Table 

9.2.4 in EN 50341-1:2001, which is included in appendix 10. The output from the 

calculations are sag length, wire tension and conductor tensions compared to ulti-

mate tensile strength. 

 

The calculations are done for five different conditions. The design temperatures 

are for cold conditions -1 °C, every day temperature is +15 °C and maximum op-

erating temperature is +75 °C according to requirements from the contract. Three 

wind loads are used with these temperatures. The maximum wind load of 1655 

N/m
2
, calculated from Equation 5.6.1.2, use air pressure at 90 degrees to the shield 

wire multiplied with the diameter of the wire. For load case 2 with wind at 45 de-

grees to the shield wire, the air pressure of 826 N/m
2
 is used. Minimum wind load 

set to 0 without any wind load at all. A calculation for ice load is also an input 

value in the program, which is excluded in this study when this load case is not of 

importance according to the climate conditions. The six cases for climate condi-

tions are: 

 

 -1°C, maximum windspeed at 90 ° to the line 

 -1°C, maximum windspeed at 45 ° to the line 

 -1°C, without windspeed 

 15 °C, maximum windspeed at 90° to the line 

 15°C without windspeed 

 75°C without windspeed 

 

Calculations are done for each wire in each case, on all the length spans over 

Limestone Ridge. When all calculations are completed, the maximum line tensions 

for each wire are used for tower load calculations. The line tensions used in this 
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study are from cold condition with maximum windspeed 90 degrees to the line for 

Load case 1, cold condition with maximum windspeed 45 degrees to the line for 

load case 2 and every day temperature without windspeed for Load case 3. The 

other climate conditions are done as a comparison and validation. 

 

The tensile strength has to be adjusted at each tower until two criteria are fulfilled. 

The first requirement is the final conductor tensions from the contract and the se-

cond is requirements for conductor clearance distance. The requirements from the 

contract will ensure that vibrations in the wire will be small enough to avoid 

breakage of the wire.  

 

 The final conductor tensions shall not exceed 50% of the ultimate 

tensile strength of the conductor or the earthwire at maximum 

wind speed at minimum temperature. 

 The final conductor tensions shall not exceed 20 % of the ultimate 

tensile strength of the conductor, earthwire or the optical ground 

wire in still air at every day temperature. 

 

The wire calculation program has these values as an output from the calculations 

and a lower value of the tensile strength gives a lower conductor tension. 

 

 The minimum horizontal spacing between fixing points of conductors on the tow-

ers shall be derived from the following formula: 

 

       √              Equation 5.6.2.1 

 

D = Horizontal spacing in meter 

f= final conductor sag at +75°C in meter 

l = length of insulator set in meter 

U = highest voltage in kV 

 

During these calculations this criteria is fulfilled as long as the sag of the earth 

wire do not exceed the sag calculations done by Thai-Scandic Steel, see appendix 

11.  

 

A higher value of the tensile strength results in shorter conductor sag for each span 

length. The optimization of tensile strength is done by trial and error method by 
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testing different values of tensile strength to find a value that fulfils both require-

ments above. If it is not possible to find a value of tensile strength which includes 

the two requirements, the wire is not possible to use for the length span over 

Limestone Ridge. The results of the calculations are included in Appedix 14. 

  

The weight span used in the load calculations is the maximum weight span for 

each wire. Weight span calculations are done from a wire with a known weight 

span for a certain length where also the sag length for the span is known. This is 

achieved by using the design calculations from Thai Scandic Steel. The following 

equation is used for calculating wind spans for the wires: 

 

                 Equation 5.6.2.2 

 

W1 = known weight span 

Ws = known wind span from known wire 

 

  
        

   
     Equation 5.6.2.3 

 

The calculations have for this reason been made with both the largest possible 

weight span of 2436 meter and the lowest weight span of -500 meter.  

 

The wind span is the average from the adjacent spans to a tower where the wind 

will catch the wire. A wind span of 700 meter has been used for the calculations 

according to Particular Technical requirements 230 kV, which will be valid for all 

spans over the Limestone Ridge. 

5.6.3 Vertical loads 

Vertical loads are calculated from the weight of the shield wire. The number of 

shield wire will always be 1 since the calculation does not include the OPGW. The 

overload factor is 2 for load case 1 and load case 2 and 1.5 for load case 3. The 

overload factors are factors of safety from the Particular Technical Requirements 

3.4.4, where the minimum factors of safety have to be 2 for worst normal working 

conditions and 1.5 for exceptional conditions as unbalanced loads or broken wires. 

 

                    Equation 5.6.3.1  

 

LV = Weight of shield wire [N] 
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USW = Unit weight of shield wire [N/m] 

NSV = Number of shield wire 

WTS = Weight span [m] 

OLF = Over load factor 

 

Weight of fitting is not included since it is negligible when there is no insulator. 

5.6.4 Transverse loads 

Transverse load consists of the tension on the shield wire, load due to wind on 

shield wire and the angle pull, which is calculated individually and then added to-

gether. The overload factors are the same as the previous section 2 for load case 1 

and load case 2 and 1.5 for load case 3. 

 

 Tension on shield wire is calculated from the wire calculation 

program, where the highest tension from the different spans is 

taken for each wire.  

 The load due to wind on shield wire is calculated from the follow-

ing equation: 

 

                        Equation 5.6.4.1 

 

LTW = Load from wind on shield wire [N] 

WP = Normal wind pressure 

NSW = Nr of shield wires 

DiSW = Diameter of shield wire 

WNS = Wind span 

OLF = Over load factor 

 

 The angle pull in transverse direction is calculated for a tension 

tower with equation below. The deviation angle is 30 degrees ac-

cording to the particular Technical Requirements for 230 kV Line, 

3.4.1 for DT4 karstic towers. 

 

                 
 

 
         Equation 5.6.4.2 

 

LTA = Load from angle pull 

Tension = Tension of shield wire 
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Θ = Deviation angle, set to 30 degrees. 

NSW = Number of shield wires 

OLF = Over load factor 

5.6.5 Longitudinal loads 

The longitudinal load consists of the angle pull in longitudinal direction, calculat-

ed in the same way as above. In load case 3 with additional security measures, the 

longitudinal load is 50 % of the tension from the line and in load case 3 the longi-

tudinal load is calculated with 100 % of the tension from the line. 

5.6.6 Result of tower loads 

All results from tower loads are included in Appendix 12. The following wires 

passed both requirements for final conductor tensions and conductor clearance 

distance, and therefore suitable for installation over Limestone Ridge: 

 

• Zinc coated steel wire: 3/8” and 7/16”  

• FeAl: Atle  

• ACSR: Pheasant 

• Alumoweld: 7#7, 7#8 and 19#9 

 

The following wires where not able to reach 50% of the ultimate tensile strength 

without resulting in a sag length above the critical lengths. These wires are not 

possible to install at the existing length spans without exceeding the requirements 

for vibrations or conductor clearance distance, and marked with red colour in Ap-

pendix 12: 

 

• FeAl: Ymer, Dotterel 

• ACSR: Eagle and Ostrich 

• Copper: 50 cu, 120 cu and 240 cu. 

 

The loads from all wires are calculated according to the description above for each 

load direction.. The weight of each line and the diameter will affect the load, but 

also the tensile strength used for each tower which will affect the line tension. The 

loads are compared to the design documents for the karstic towers located on 

Limestone ridge. This comparison is shown in Appendix 12. According to this 

evaluation, the only wires that can be used for the constructed design of the towers 

are  
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• GSW 3/8” EHS 

• Alumoweld 7#8 

 

These two wires work for both positive and negative weight spans and 50 Cu can 

be used for positive weight spans only without exceeding the design loads of the 

towers. Both GSW 3/8” EHS and Alumoweld 7#8 meet the requirements for ten-

sile strength, which means that they are possible to use as a shield wire. 

5.6.7 Conclusions of tower loads 

According to the calculations done from the description above, the transverse 

loads are the highest loads on a tower. Load case 1 with a high wind speed at 90° 

to the line will result in the highest loads for each choice of line, compared to the 

other cases. The transverse loads, which include the wind load from the wire and 

the angle pull, have the largest magnitude and will affect the towers more than 

vertical loads and longitudinal loads. A larger diameter of a wire results in a larger 

wind catchment area, which will create a higher value of the transverse load. 

  

Seven of the wires in the study fulfilled the two requirements for tensile strength, 

which is less than 50% of the wires. The only wires among them that is suitable 

for the existing tower is the GSW 3/8” EHS, which is the wire planned to be used 

as shield wire, and Alumoweld 7#8. Without improving the strength of the towers, 

no other wire in the study is possible to usel even if the resistivity is lower than for 

the planned GSW 3/8” EHS. According to table 6.3.1, table 6.3.2 and table 6.3.3, 

GSW 3/8” EHS is the least suitable choice of shield wire because of the high resis-

tivity in the wires. Alumoweld 7#8 is the only wire except for the planned shield 

wire that is possible to install on the existing towers. This option also includes a 

lowering of resistance over Limestone Ridge from 12.89 ohm for GSW 3/8” to 

5.71 ohm for Alumoweld 7#8 which correspond to a resistance reduction of 56 %. 

The cost of installing Alumoweld 7#8 compared to GSW 3/8” EHS is 8976 USD 

compared to 3874 USD according to Table 5.4.1.1 and Table 5.4.4.1, which is a 

difference of 5102 USD. Together with costs for a new 50 cu down lead conductor 

the cost will be about 6000 USD. The towers are already constructed and changing 

shield wires to another wire in the study will require a change of tower construc-

tion because of higher tower loads. 
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6 Discussion 
This study emphasise the importance of a well-designed grounding system and the 

risks that might occur with inferior grounding. A proper grounding installation 

will improve the safety for people and equipment, but electrical installations will 

never be completely safe and should always be handled with respect. Relevant 

education for authorized personnel is essential and fences and other barriers to-

gether with warning signs for unauthorized persons is a requirement for avoiding 

hazardous accidents with electric energy involved.  

 

Grounding of electrical installations on solid rock surfaces and other high resistive 

areas is a common problem. Installation of wind power turbines on mountains is 

an example, where grounding design often requires more investigation than for 

standard constructions. New solutions have to be found for each case according to 

the environment and local conditions, which is costly and time consuming. Since 

the resistance in solid rock is hard to decrease, other solutions to improve the safe-

ty for humans and equipment have to be found. The towers installed on Limestone 

Ridge are very hard to reach for persons and animals, why the risk of getting ex-

posed to high levels of touch and step voltage is considered to be low. The au-

thor’s opinion of a cost efficient way of reducing the risk of people getting in 

touch with high touch and step voltages resulting from high tower footing re-

sistance would be to install fences and warning signs at a certain distance from the 

towers. The towers are also located almost 20 kilometres from a switchyard, why a 

fault can be detected and safely removed before it reaches sensitive equipment, 

compared to the case if the high resistivity area is located closer to the 

switchyards. 

 

The total resistance can be considered to be the resistance of shield wires connect-

ed in series with resistance of down lead conductors on each side of Limestone 
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Ridge. In this thesis the only improvement of down lead conductors is an addition-

al copper wire, which will decrease the total resistance compared with the option 

of having the steel tower as the only down lead conductor. Other materials such as 

aluminium can be advantageous. Also an optimisation with different areas is pos-

sible, but is outside the field of this investigation.  

 

The cost for installing new shield wires has to be considered together with the 

probability of a fault in this section and the effects that will follow. Improvement 

of the grounding by changing shield wires and add additional down lead conduc-

tors on each side of Limestone Ridge includes extra investments, which will be 

useless if a lightning never strike on the mountain. But the consequences in case of 

lightning or conductor breakage can be extensive and are important to consider 

when the cost of installation is to be estimated. 

 

Improvement of insulation will also reduce the risk of property damage due to 

lightning. By increasing the insulator levels, higher voltages can be accepted with-

out risk of damage to phase conductors. New insulators will result in higher tower 

loads with the material used today and new towers have to be built. Several mate-

rials such as polymer insulators are available on the market and may improve the 

safety of the transmission lines, which would be interesting for future studies. 

  

The existing towers were only suitable for two of the shield wires in the study as 

they are designed today. The cost of strengthen these towers for the possibility of 

adding other shield wires is not considered in this study since the towers are al-

ready in place. An investigation of critical points in the frame work of the towers 

would have been interesting, to see if there is possibilities of an easy and cost effi-

cient way of strengthening the towers for higher loads.  

 

An additional problem with grounding is theft. When copper prices are high, it is 

common to steal copper which is buried in the ground. This is especially a prob-

lem in developing countries and must be taken into account when designing a 

grounding system in these areas. The copper bars should not be buried close to 

roads and other easy accessible areas where the probability of theft is high. Also 

around stations and other facilities it might be better to encase the grounding grid 

in concrete floors and avoid grounding loops which is easily accessible. 
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This study is done for the actual conditions at the site in Lao PDR. The solutions 

investigated are in some ways applicable in other locations, but should be evaluat-

ed and customized after local conditions in each case. 

6.1 Future studies 

Grounding on locations with high soil resistivity is a common problem and several 

studies on similar problems are interesting to study. Further research which would 

be interesting on transmission lines are: 

 

• Studies on insulators and the effect of different insulator levels. This could 

also include calculation of possible additional loads on transmission tow-

ers, and how the safety of equipment would be improved with different in-

sulator materials.  

• A further developed economical research, where change of fittings, insula-

tors, reinforcement of steel framework in towers and other parameters are 

included. 

• Studies of different methods for improving the conductivity between 

shield wires and ground by using different down lead conductors and oth-

er possible solutions. 

• Possible solutions for grounding of other electrical equipment in solid 

rock and other high resistive materials. 
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7 Conclusions 
The purpose of this thesis was to generally examine the object of grounding and 

grounding techniques and also to evaluate the risks for humans and equipment 

with an inferior grounding. The study also included an investigation to improve 

the grounding of a 230 kV transmission line and the costs included. 

7.1 Consequences with an inferior grounding 

From the results of this study it can be concluded that grounding is essential for 

safety of electrical installations. The main object of grounding is to conduct fault 

currents to ground in a safe and controlled way, to avoid risk for human and 

equipment. Risks for humans to be exposed to high currents or different potentials 

are the main design objective when creating a grounding system and an important 

parameter requiring extensive investigation before design and installation can be 

made. The cause of accidents is mostly from touch voltages when normally neutral 

metallic objects become live during a fault. The human body acts like a conductor 

for the current and the effects vary with current magnitude and duration time. Step 

voltage is another cause of injury to humans, which depends on GPR in relation to 

remote earth. High levels of step voltages depend on soil properties and are limited 

by a proper design of grounding electrodes and the area of contact between elec-

trode and soil. To avoid risks for personnel and other persons and livestock which 

might come into contact with exposed parts of an electrical system, a proper 

grounding design is essential together with fences and other obstructions.  

 

A fault may cause extensive damage to equipment with economical consequences 

for replacing equipment and production or distribution loss. The installation and 

coordination between protective devices will limit the risk of damage to equip-

ment and insulation failure. 
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7.2 Grounding of 230 kV transmission line 

The high resistivity in the rock together with the inaccessible, hilly environment 

prevents traditional grounding installation of the towers. A reasonable solution is 

to install a low resistance path for the fault currents above ground to complete a 

circuit with the grounded neutral and by this trip the action of protective devices. 

Shield wires will act as a return path and at the same time protect the conductors 

against direct hit of lightning. Low resistivity of the shield wires is an important 

parameter together with acceptable tower loads and costs. Since the worst case 

scenario is a hit of lightning which, according to this study, is rare compared to 

other locations in Lao PDR, the most important problem to solve is how to reduce 

the risk of equipment damage due to lightning voltages. Lowering the total re-

sistance of the conductive path to ground reduces the risks of insulation flashovers 

and damage to the phase conductors. Together with improved down lead conduc-

tor by adding a 50 cu wire between shield wire and ground, the total resistance 

between the fault location and ground is lowered. 

  

According to the tower load calculations, the only wires in this study which is pos-

sible to install on the existing towers is the GSW 3/8” EHS and Alumoweld 7#8. 

A 50 cu wire is possible to use for positive weight spans only, which is not suita-

ble for towers surrounded by higher tower locations. Changing the GSW 3/8” EHS 

for Alumoweld 7#8 will lower the resistance over Limestone Ridge with 7.174 

ohm or by 56 %, which is advantageous from an electrical perspective. The cost of 

installing Alumoweld 7#8 compared to GSW 3/8” EHS is 8976 USD compared to 

3874 USD, which is a difference of 5102 USD. Together with costs for a new 50 

cu down lead conductor the cost will be 5859 USD. 

 

The additional cost of approximately 6000 USD may be a good investment for 

improving the grounding over Limestone Ridge. The recommendation from the 

outhor is to investigate this option further since it is a low price for improving the 

safety of the line section and might result in a reliable and long-lasting linesection. 

Several wires where possible to use on mostly all spans with a few exceptions 

which might give incitement to improve the construction of the actual towers. 

 

The risk of human injuries with the high tower footing resistance is low, since the 

area is inaccessible and very hard to reach for private persons and animals. High 

touch and step potential is by this reason not an immediate danger and improving 
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obstructions and warnings might be enough to avoid hazardous accidents nearby 

the 230 kV towers on Limestone Ridge. 
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Appendix 1: Comparison of grounding metals 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 
 

Appendix 1. Comparison of grounding metals [1] 
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Appendix 2: Data for conductors 

 
Appendix 2.1. Data for ACSR Pheasant 
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Appendix 2.2. Data for GSW 3/8” EHS 
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Appendix 2.3. Data for GSW 7/16” EHS 
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Appendix 3: Pictures of towers on Limestone Ridge 
        
 

 
Tower footing on the rock 
 
 

 
Tower nr 3, with nr 2 in the back-
ground 
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Tower 1 on Limestone Ridge 
 

Tower nr 4 

 
Tower nr 4 
 

 
Tower nr 4, with tower 2 and 3 
seen in the background.
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Installing ground rods in the rock. GEM is seen as black coloured 

 

Limestone Ridge seen from the 
road 
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Appendix 4: Ground resistance record of part 2, 
Limestone Ridge 
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Appendix 5: Plan and Profile drawing 
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Appendix 6: Data for chosen shield wires 
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Appendix 7: Climate data 
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Appendix 8: Data for fault current calculations 
Fault current calculations by EGAT, arrows showing THPP and Thakhek 
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Appendix 9: Constants for Kf 
Value of Kf for different materials. 
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Appendix 10: Table for wire properties 
Table 9.4.2 from EN 50341-1:2001 
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Appendix 11: Sag calculations, Thai Scandic Steel 
Example of Line Design report, section 2 Limestone Ridge by Thai Scandic 
Steel, Line section #1. Span sag is marked in the picture. 
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Appendix 12: Calculations of tower loads 
Tower loads for wires. Wires marked with red are not possible to install at 
the existing length spans without exceeding the requirements for vibrations 
or conductor clearance distance. 
 



93 

 

 



94 

 

 
 

 

 



95 

 

 
 



96 

 

 



97 

 

 



98 

 

 



99 

 

 
 



100 

 

 
 



101 

 

 
 



102 

 

 



103 

 

 



104 

 

 



105 

 

 
 

 

 

 

 

 



106 

 

 
 

 

 

 

 

 



107 

 

 



108 

 

 



109 

 

 



110 

 

 



111 

 

 



112 

 

 



113 

 

 



114 

 

 



115 

 

 



116 

 

 



117 

 

 



118 

 

 



119 

 

 

 


	exjobbsframsida-1
	abstract-2
	Emma_Grubbstrom_exjobb

