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Safety Aspects of Electrical Earthing of Mining Machinery

1. Introduction

1.1 The term ‘Earthing’” means connection of an electrical system to the general mass of
earth. (Ref. 22)

1.2 An electrical system {s said to be “neutral-earthed’’ (Ref. 2) when two conditions pertain:-

(1) The neutral point of the supply transformer secondary winding, or generator star-
point, as the case may be, is connected to the general mass of the earth, either
directly or via some current limiting device in the neutral connection to earth.

(i1) All metallic non-current carrying apparatus is continuously connected to the general
mass of the earth, and also to the neutral point of the supply. (Ref. 21)

1.3 An isolated -neutral system (Ref. 2) is one in which:-
(1) The neutral point of the supply is not connected to earth, and

(if) The metallic non-current carrying apparatus is continuously connected to earth,
but is rot connected to the neutral point of the supply.

1.4 The hazards associated with each type of system will be outlined, with references to the
bibliography listed at the end of this paper from which more detailed information can be
obtained for those interested.

2. Reasons for Earthing

2.] An electrical system is earthed to achieve two major objectives:-

(1) to reduce to a minimum the danger of electric shock to operating personnel and the
general public.

(1) to protect electrical equipment from the damage which results from breakdown of
insulation.

2.2 These objectives are attained by providing:-

(1) protection against dangerous potential gradients which result from earth fault currents
in equipment (Ref. 34);

(li) protection from lightning discharges and electrostatic effects which are produced
by moving bodies;

(iii) correctly rated protective devices such as fuses, circuit breakers (Ref. 3) and earth
leakage equipment (Ref. 24) which will isolate a fault before the arcing, which results
from the fault currents flowing from the active conductors to the metal frames of
the equipment, can cause destructive mechanical damage and fires, and before the
gradient potentials mentioned in (i) can attain and keep dangerous values.
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2:3

2.4

205

3.
3.1

3.2

3.3

3.4

The above objectives may be summed up by stating that if all exposed metal parts of an
installation, such as conduits, motor frames, switchgear cases etc., are connected via
a low resistance path to earth (Ref. 21) then in the event of a failure of insulation leading
to contact between live conductors and exposed metal, the earth fault current which
will flow will cause the protective devices to operate, and so isolate the defective part of
the installation.

In practice an effective contact with the general mass of the earth is effected by driving
steel or copper rods into ground of suitable resistivity (Ref. 45) or burying copper plates
or cast ironwork, and connecting thereto a cable of low ohmic resistance to which all
metal frames of electrical equipment are solidly and continuously joined.

With a neutral-earthed system, the neutral point of the supply is also connected to this
same earth electrode.

Electric Shock Hazards

At this juncture it may be fitting to point out that it is important that operating personnel
and the public generally should know the unsafe circumstances against which protection
should be provided in the event of possible breakdown of insulation.

It is also important that people should know how and in what degree an electric shock can
occur to them (Ref, 1) in order that they should appreciate fully the reasons for preventing
electrical faults and the importance of earthing. Further details are therefore given in
3.3 to 3.7 inclusive,

There are three most common sources of electric shock. These are:-

(1) Direct contact with a live conductor or part of live equipment.

(i) Potential rise on the earthed frame of a consuming device brought about by leakage
from defectively insulated conductors within the device.

(iii) Voltage gradients formed by the passage of heavy fault currents from the electrical
reticulation into the general mass of earth.

The most likely conditions that could cause an electrical installation to deteriorate
and breakdown, giving rise to the dangers mentioned in (ii) and (iii) in 3.3 above, are:-

(1) Where excessive vibration exists, such as on a vibrating screen at a mine.
(i1) In humid or damp atmospheres - this is a fairly common condition in mines.

(iii) On portable and mobile machines - such as shuttle cars - loaders, boring machines
etc.

(iv) Where the standard of protection equipment and conductors is poor or inadequate
for the rated duty of the machines.

(v) Where no regular maintenance is carried out, or where the maintenance is performed
by incompetent persons.



3.5

3.6

3.7

Most of the electrical Regulations in the Mining Acts are designed to cover the fore-
mentioned situations, but are too numerous to quote for the purposes of this paper.

To elaborate, it is obvious that direct contact with live apparatus must be avoided.
There are no known protective devices which will prevent a shock, usually fatal, being
given to a person touching live apparatus, and in fact any voltage above 20 Volts alternating
current could be dangerous to humans.

However the dangers arising from conditions 3.3 (ii) and (iii) are not obvious, and a detailed
explanation is given in the Appendix of this paper.

Earthing in Mines

Earthing practice in mines introduces some aspects which necessitate variations from the
Standard Codes (Ref. 56) on earthing which various technical bodies have drawn up.

4.1.1 Of the three recognised systems of earthing, viz.

(i) The direct earthing system.
(i) The multiple Earth Neutral (M.E.N.) system (Ref. 17, 18, 56)
(iii) The earth leakage circuit breaker system.

Only (i) and (iii) are applicable to underground installations.

4.1.2 System (ii) cannot be adopted because of the uncertainty of the resistance of the
rock strata (Ref. 6) which varies according tothe dampness and chemical and mineral
content of the rock or ore bodies, and also the deleterious effect of acid waters on
the earthing equipment.

4.1.3 In a mine the earth conductors from all machines are taken up the shaft or tunnel
to the surface and there joined to the main earth system.

4.1.4 Because of the long distances involved, which could be many miles from the further-
most workings of the mine to the surface, care must be taken that the earth conductor
is of sufficiently low resistance and adequate current carrying capacity (Ref. 11)
to enable fault currents to be controlled by the protective equipment.

4.1.5 Contrary to outside practice also, it is not advisable to bond the electrical earthing
system with other service mains such as compressed air lines, water pipes, rails
etc., which exist in a mine, because of the danger of sparking at joints and breaks
in these other service mains under earth fault conditions (Ref. 34).

4.1.6 Again because of the complexity of a mine installation, which might involve many
underground substations and a variety of voltages, it is not practicable to separate
the high tension earthing system (Ref. 29) from the low or medium voltage systems,
(Ref. 21) so that a common earth conductor must be used.

4.1.7 The bonding of high and low tension earths is not recommended by Standard Codes
unless the resistance of the earthing system is kept below one ohm. This figure is
not always possible to obtain in mining areas and in many cases elaborate inter-
connection of surface substation earth systems must be made in order to get as low
a resistance as possible.



5. Protective Devices

5.1

5.2

5.3

5.4

With the neutral-earthed systems, earth fault conditions may be controlled by:-

(i) Resistance in the neutral-earth connection to limit the earth current (Ref. 2).
(ii) Fuses on each subcircuit (Ref. 3).

(iii) Circuit breakers with overload protection (Ref. 3).

(iv) Earth leakage circuit breakers (Ref. 24).

S.1.1 Methods (ii), (iii), and (iv) each give selective isolation of faults without disturbing
the rest of the system, but both fuses and overloads do not operate until the earth
fault has reached high current values, in some cases 100Y, greater than the normal
working current of the circuit.

5.1.2 This characteristic has the disadvantage of allowing the fault currents to cause
considerable damage to apparatus from the arcing and in many cases cause fires,
quite apart from the creation of high potential gradients on the equipment.

5.1.3 With core balance earth leakage protection, the relays may be set to trip at very
low fault values, of the order of 5-20 ma in some cases, with a tripping time
of 0.03 seconds, thus providing personal protection as well as limiting the duration
of the arcing time of the fault current.

With isolated-neutral systems, the occurrence of an earth fault on one phase does not
permit much ground current to flow and hence does not normally cause voltage gradients
which creates a shock hazard.

5.2.1 However such systems are subject tosimultaneous ground faults, i.e. faults on more
than one line, or phase, sometimes at different places, with the net result of a line
to line fault.

5.2.2 Often when the first earth fault occurs, nothing is done about it immediately, hence
if a second fault occurs before the first has been removed, the line-to-line fault
conditions exist.

5.2.3 When the line to line fault occurs, the current between the two faults is limited
only by the impedence of the system elements, and therefore the fault current is
quite high and can produce unsafe voltages and expose personnel to very high shock
hazards.

With the exception of the current limiting resistance in the neutral, the same protective
devices which apply to the earth-neutral system also apply to the isolated-neutral system.

The same drawbacks apply with fuscs and overloads, and a similar core balance device
as used on the ecarthed system would be much less sensitive on the isolated-neutral
system, and in addition, could not give selective switching.
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5.5

6.2

However, other instruments have been devised which do give sensitive operation, so that
single line to carth faults can be detected and the circuit isolated before line to line
faults can occur (Ref. 1).

Lightning Considerations

Lightning impulse voltages are characterized by steep-wave-front voltage surges of
short duration, which travel along an electric conductor in the manner of a wave. Such
voltages may be imparted to the electric distribution system by direct contact of a
lightning stroke, or by induction as a result of a ncarby lightning discharge. Lightning
impulse  voltages  originating on the high-tension supply system  will, in general, be
transmitted through the substation step-down transformers, reduced in magnitude,
approximately the same as the normal transformation ratio.

6.1.1 Voltage and current magnitudes, associated with the direct discharge may be very
high - thousands of amperes and millions of volts. Most of thissurge will passon
to carth at the location of the discharge stroke, since the electric circuits with
which we are dealing, arc incapable of supporting such high voltage levels. A
minor surge, whose peak value does not exceed the flashover limits of the line,
will be transmitted along the clectric-cireuit conductor away from the point of
discharge.

6.1.2 For a short-time, stecp-wave-front impulse surge the impedence represented by
the electric conductors is very much higher than the normal S0-cycle value and
will ordinarily be in the order of 200 to 500 Ohms. The effectiveness of earth
connections along the transmission-line circuits is consequently much greater
for impulse surges than for normal 50-cycle currents.

The minimum electric shock current which will produce injury to personnel, becomes
greater as the duration diminishes. Strangely enough, the boundary relationship for shock
hazard is represented by a constant of value of 14t. I'or a current duration of 100 micro-
gecond (1/10,000 second), a current of 16 amp. could be permitted before the fatal shock
boundary is reached for an adult.

6.2.1 It may be reasonably concluded that lightning impulse voltages, originating on the
pole-line distribution system, or on the primary high-tension supply system, can
be casily dissipated and not constitute a scrious hazard to personnel working
near mobile or portable machines such as used in quarries and open cut mines.
The lightning protective problem for the distribution system thus becomes one
of adequately protecting electrical equipment which forms a part of that system.

6.2.2 Yet the shock hazard associated with a direct lightning stroke to a mobile or portable
machine is a rcal one and extremely difficult to climinate. Numerous possible
protective systems have been investigated but all involve a large number of driven
roads or metal mats surrounding the mobile or portable machine. This scems
hopeless to attain in practice. Often a thunderstorm means a temporary shutdown
of operations anyway. ‘Thus during the danger period of the storm, the personnel
should seck shelter in the metal cab of the machine or at a spot well removed from
the machine. ‘T'o stand on the ground near a mobile or portable machine is about as
dangerous as standing under a tree.



6.3

6.4

6.5

The lightning protective equipment at the main substation should consist of the protective
devices which would normally be applied to a substation of the same size and voltage
ratings. Lightning arrestors should be applied at the junction of the trailing cable and
the pole-line feeder to limit the maximum line-to-earth voltage permitted. Surge protective
capacitor equipment should be applied on the load side of the circuit breaker, within
the portable machine, to reduce the slope of the wave front for the protection of rotating
machines. A fairly good driven earth should be established at the tap-off station, to which
the earth leads from all lightning protective devices should be connected.

One important point concerning the design of the main substation should be mentioned here.
The earth-fault current which may be supplied by the high-voltage supply system, is not
controlled by the local electric system design and may often be quite large. Any line-to-
earth flashover at the main substation will allow the high-voltage system earth current
to flow into the main substation earth. This current would persist for a time interval
governed by the switching time of the high-voltage protective circuitbreaker. A5,000 -
amp. earth-fault current (which might easily be equalled or exceeded), in combination
with the main substation earth resistance of 2 Ohms would cause the entire main substation
structure to be elevated 10,000 v. with respect to the earth, and remain at this potential
until the high-voltage system protective circuit breaker operated (probably ¥ to | second).
If the mobile or portable-machine circuit protective earth were physically interconnected
with the main substation earth, it is obvious that this high potential would be distributed
to the frames of all mobile or portable machines and thus constitute a serious hazard.

As a result of these considerations, it is recommended that the protective earth circuit,
originating at the step-down transformer low-voltage neutral, be insulated from the
main substation earth system with the same insulation level as applied to the low-tension
line circuit, and earthed at an adjacent separate earthing connection. The voltage gradient
in the earth surrounding the main substation diminishes very rapidly as one moves away
from the substation. In general a 50 ft separation between the two earthing terminals
is sufficient to avoid any substantial coupling between the two earth beds, and any direct
interconnection between these two earths such as buried metal pipe lines, etc. should
be avoided.

Summary

Because this paper is intended to refer to safety aspects of earthing for mines in particular,
a brief list of precautions to be taken to avoid danger from fault currents in mining
installations may be as follows:-

(i) Because fault currents can be limited by resistance in the neutral connection to earth,
and the earthed-neutral system lends itself to easy control by relays whichk afford
discrimination as well as protection to personnel, the earthed-neutral system is to
be recommended for use in mines.

(ii) All non-current carrying metal parts of electrical plant should be continuously earthed
by conductors of adequate cross section and connected to a main substation earth-
bed at the surface of the mine.

(iii) The main system earth at the surface should not be connected to earthing systems
designed for lightning protection.



(iv) Steelwork, pipes, ropes etc. inside the mine and shafts should be bonded for lightning
protection, but not connected to the main system earth.

(v) A main system earth should be carefully designed so that the total resistance including
the earth electrodes is less than | ohm.

(vi) Earth electrodes should not be used in the mine underground workings.



8. Appendix—FElectric Shock Hazards

For a current to pass through a conductor, whether the conductor be a wire or the human
body, there must be a differcnce of potential between the ends of the conductor or body, as
the case may be.

A basic electrical formula is Ohm’s Law, which states that the current in a conductor is
equal to the potential difference between the ends of the conductor divided by the electrical
resistance of the conductor.

The practical unit of current is the Ampere; the unit of potential difference is the Volt;
the unit of resistance is the Ohm.

Thus Amps = Volts.
Ohms

I milliampere = I Ampere
1000

It has been established elsewhere that the electrical resistance of the human body is about
600 - 1500 Ohms, depending on the body condition, such as dampness etc.

To appreciate just what an electric shock means, the following figures are quoted:-

8.1 Human Resistance to Electrical Current

Type of Resistance Resistance Values, Ohms
Dry Skin 100,000 to 600,000

Wet Skin 1,000

Internal body-hand to foot 400 to 600

Ear to ear about 100

8.2 Effects of Current on Human Beings

Current Reading Q.
I millampere or less Causes no sensation, not felt.
| to 8 ma. Sensation of shock, not painful, individual can
let go at will because muscular control is not
lost.
8 to& 15 ma, Painful shock, individual can let go at will

because muscular control is not lost.

15 to 20 ma. Painful shock; muscular control may be lost
and cannot let go.

10



8.3

20 to 50 ma. Painful; severe muscular contraction breathing
difficult.
Ventricular Fibrillation may occur, which is a
heart condition that can result in death.

50 to 100 ma. Ventricular Fibrillation occurs.
Possible death to the individual.

100 to 200 ma. Ventricular Fibrillation occurs.
Usually certain death.

200 and over. Severe burns, severe muscular contractions -
so severe that chest muscles clamp heart and
stop it during duration of shock.

Formula

Current through body = Voltage applied to body
resistance of body plus contact resistance

Shock severity depends upon the following factors:

(1) Becomes more severe with increased voltage applied.

(2) Increased due to the amount of moisture on contact surfaces.
(3) Increased with an increase in pressure of contact.

(4) Increased with an increase in area of body contact.

(5) Resistance of body portions.

8.3.1 Practical Problem

A worker with wet clothes or wet with perspiration comes in contact with a defective
120 V light cord and establishes a good ground.

Erom Preceding Table

Wet skin resistance 1,000 Ohm

Internal resistance 500 Ohm
1,500 Ohms

Current through body 120 volts =~ = 80 ma (note that muscular control
1,500 Ohm is lost and that man cannot

break contact).

As the contact is continued, the skin resistance is reduced. If the skin is punctured,
the skin resistance may then be disregarded. Then for practical purposes, the total
resistance of the worker may be in the neighbourhood of 600 ohm.

Current through body = f%% = 200 ma (Certain death).

11



8.4

8.5

8.6

8.7

8.8

Other sources of shock:-

Suppose we have a motor connectedtoa 415 Volt circuit. The frame of the motor is earthed
by means of an earth wire having resistance of 5 ohms to the main earth electrode of a
mine. Now further suppose that due to dampness the insulation of the motor windings has
broken down and a fault current of 10 Amps is leaking to earth via the frame of the motor
and earth wire.

The potential difference between the motor frame and earth is then 5 x 10 = 50 Volts.

Thus if a man, whose body resistance was 1000 Ohms, touched the motor frame whilst

standing on the ground, a current of 50 = 50 ma., would flow through his body,
1000

and as shown in the table, he wouldreceive a shock which could prove fatal.

In order to prevent such a dangerous situation, protective devices, such as core balanced
earth leakage units, are coupled in the circuit, which cut off the source of supply to the
motor if the fault current exceeds a certain figure, usually about 3% of the total working
current of the motor.

In addition the conductance of the earth wires is kept at such a figure that the resistance
to the earth connection is very low, usually not more than 1 Ohm.

Thus if the full load current of a motor was 100 Amps and the protective device was set
to trip at 3%, or 3 Amps, and the earth wire resistance was 1 Ohm, then the power to the
motor would be cut off when the potential to earth was 3 x 1 or 3 Volts, which would be
harmless.

Again assume a 100 HP motor protected only by fuses, full load current 100 Amps.

The fuses are rated at 200 % of the working load of the motor, or 200 Amps. The earth
wire remains at 1 Ohm.

When a fault develops, the fuses will not blow until the full 200 Amps are flowing to earth.
The resultant potential at the motor frame would then be 200 x 1 = 200 volts.

If a man touched the frame of the motor whilst standing on the ground, the current through
his body would be_200 = 200 millamps, which could be fatal.

1,000
This also illustrates that fused circuits do not give protection against leakage currents
of a lesser value than the full rated current carrying capacity of the fuse.

Similarly, if a heavy fault current was flowing along an exposed conductor, such as the
armouring of a cable, sufficient potential difference could occur at points a yard apart
along the length of the cable, which if touched by the hand, could give a fatal shock.

It might be mentioned that under some short circuit conditions, fault currents of 10,000
Amps or more could be encountered.

So that it can be seen that if an electrical installation is not installed and maintained
correctly and thoroughly then danger can exist in many circumstances.
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