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1. SUMMARY AND ACKNOWLEDGEMENTS 

1.1 SUMMARY 

Th i s r e p o r t de sc r ibes a program of s i te v i s i t s tha t were made to f ive open p i t 
mines i n B r i t i s h Columbia, measurements c a r r i e d out, informat ion ga thered and 
the subsequen t ana lys i s of t h i s material . 

The r e p o r t de sc r ibes the fo l lowing: 

a) Measurement of so i l r e s i s t i v i t y for the Mines . 

b) Measurement of g r o u n d res i s tances and impedances . 

c) P r i m a r y g r o u n d faul t analyses . 

d) Assessment of g r o u n d potent ia l r i s e . 

e) Assessment of safety of the v a r i o u s d i f fe ren t p i t d i s t r i b u t i o n sys tems 
used . 

The p r o j e c t was funded by E n e r g y , Mines and Resources Canada and the B r i t i s h 
Columbia M i n i s t r y of E n e r g y , Mines and Petroleum Resources unde r the 
C a n a d a / B r i t i s h Columbia Minera l Development Agreement . 

Note: T h r o u g h o u t the r epor t , numbers i n square b r acke t s [ ] ind ica te re fe rences 
wh ich are l i s t e d i n Append ix V. 

1.2 ACKNOWLEDGEMENT 

The s t u d y c o u l d not have been b r o u g h t to a s u c c e s s f u l c o n c l u s i o n wi thout the 
help of the E l e c t r i c a l Inspec tor for Mines and coopera t ion of p e r s o n n e l from the 
mines v i s i t e d . Bens ted , Simpson & Assoc ia tes L t d . are i n d e b t e d to a l l these 
people who a s s i s t ed wi th gu idance a r o u n d the mines, help wi th the f i e l d 
measurements and r eady s u p p l y of d r a w i n g s and in fo rmat ion . A s wel l , t he 
re lease of in format ion avai lable from p r e v i o u s s tud ie s c a r r i e d out fo r two of the 
mines, i s g r ea t l y apprec ia t ed . 
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2. INTRODUCTION 

2.1 BACKGROUND AND SCOPE OF WORK 

Th i s s t u d y arose out of conce rn at p resen t p rac t i ces employed at open p i t 
mines which use e l ec t r i ca l l y powered mobile equipment . As equipment s i ze has 
i n c r e a s e d i n response to a des i re fo r more e f f ic ien t rrdning, power requ i rements 
have i n c r e a s e d . Th i s has r e s u l t e d i n t he use of h i g h e r vol tages i n the P i t , wi th 
consequen t ly grea te r fau l t l eve l s . While the u t i l i z a t i on vol tage may be 4.16 kV 
o r 7.2 k V , d i s t r i b u t i o n vol tages as h i g h as 69 k V are now t a k e n i n t o the P i t to 
power mobile equipment , u sua l l y t h r o u g h moveable s t e p - d o w n subs ta t ions t ha t 
a re f r e q u e n t l y re located as the mining ac t i v i t i e s p roceed . 

The re i s c o n c e r n as to the safety of ironing p e r s o n n e l w o r k i n g i n the P i t , i n 
and a r o u n d the e l ec t r i c a l equ ipment d u r i n g f au l t s . The Canadian E l e c t r i c a l Code 
fo r Mines [1] r e q u i r e s tha t h i g h vol tage c i r c u i t s s u p p l y i n g por tab le o r mobile 
equipment be s u p p l i e d from a c i r c u i t which i s r e s i s t o r g r o u n d e d at the s o u r c e 
t r ans fo rmer so as to l imi t the vol tage r i s e d u r i n g a g r o u n d fau l t , to l ess t h a n 
100 v o l t s . 

P ro t ec t ion to t h i s l e v e l can eas i ly be met b y t r a i l i n g cable feeders d e r i v e d f rom 
moveable subs ta t ions . The t r ans fo rmer i n the Moveable Subs ta t ion can be 
p r o v i d e d wi th a n e u t r a l g r o u n d i n g r e s i s t o r and h i g h vol tage t r a i l i n g cab le wi th 
s h i e l d e d phase c o n d u c t o r s and moni tored i n t e r n a l g r o u n d wires can be u sed . 
With t h i s a r rangement a n d , t y p i c a l l y , a 25 amp n e u t r a l g r o u n d i n g r e s i s t o r , t h e 
vo l tage r i s e fo r g r o u n d fau l t s at mobile equipment c a n be he ld to l e s s t h a n 100 
v o l t s , e v e n fo r cable l e n g t h s of s e v e r a l km. 

The s t u d y was not aimed at i n v e s t i g a t i n g t h i s p o r t i o n of the open p i t n i in ing 
power sys tem. What causes c o n c e r n , i s the effect of fau l t s on the p r i m a r y 
c i r c u i t of the Moveable Subs t a t i on . The Code [1] does not spec i f i ca l l y c o v e r 
these f au l t s . In most i n s t ances , t he p r i m a r y power i s p r o v i d e d b y means of an 
o v e r h e a d l i ne which may o r may not have a g r o u n d wi re . G r o u n d fau l t s on the 
p r i m a r y of the Moveable Subs t a t i on must t he re fo re r e t u r n to sou rce t h r o u g h the 
s o i l o r a combinat ion of s o i l and g r o u n d wi re . When an o v e r h e a d g r o u n d wire 
i s u s e d , the impedance i s s i g n i f i c a n t and must be t a k e n i n t o account . The 
vol tage r i s e at a Moveable Subs t a t i on due to a p r i m a r y f au l t i s the re fo re 
de te rmined b y the g r o u n d fau l t c u r r e n t a n d r e t u r n pa th impedance . Depend ing 
on the Moveable Subs ta t ion c o n f i g u r a t i o n , the vo l tage r i s e can be t r a n s f e r r e d 
t h r o u g h the t r a i l i n g cable g r o u n d c o n d u c t o r s to a l l the mobile equ ipment 
connec ted to the Subs ta t ion . 

To assess the extent of t h i s p rob lem the fo l lowing scope of work was d r a w n up : 

2.1.1 U n d e r t a k e a p rog ram of v i s i t s to , and c o n d u c t s o i l r e s i s t i v i t y and g r o u n d 
impedance measurements at f o u r mines. 

2.1.2 Obta in informat ion on the e l e c t r i c a l d i s t r i b u t i o n sys tems used to s u p p l y 

- 3 -
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power to por tab le and mobile e l ec t r i ca l equipment at these mines and the 
g r o u n d i n g methods used . 

2.1.3 P roces s the da ta ga thered d u r i n g these v i s i t s to determine the ac tual 
t o u c h and s tep potent ia ls i n the area of por tab le and mobile e l ec t r i ca l 
equ ipment . 

2.1.4 Determine the app rop r i a t e s o i l r e s i s t i v i t y models. 

2.1.5 Review a l l f i e l d measurements and obse rva t ions and the r e s u l t s of s imi lar 
s t u d i e s tha t are avai lable i n con junc t ion with ava i lab le l i t e r a t u r e and 
codes i n c l u d i n g human to le rance of shock h a z a r d l eve l s . 

2.1.6 P r e p a r e a comprehens ive r e p o r t tha t wi l l i n c l u d e a l l data d e r i v e d by the 
s t u d y a n d i n t e rp r e t a t i ons of those data, and a l l o ther avai lable data , tha t 
may l ead to recommendations fo r a code of p rac t i ce fo r the use of 
Moveable Subs ta t ions i n open p i t mines. The r e p o r t must be i n a format 
su i t ab l e fo r e v e n t u a l p u b l i c release. 

2.2 S U M M A R Y OF WORK CARRIED OUT 

Six mines, numbered #1 t h r o u g h #6, were eva lua ted i n the s t u d y . F i e l d t r i p s 
were made wi th the E l e c t r i c a l Inspec to r for Mines , to Mine #1, #2, #3, #4 and 
#6. 

A se r i e s of s o i l r e s i s t i v i t y and g r o u n d sys tem impedance measurements were 
c a r r i e d ou t at each mine v i s i t e d . Drawings and o ther in format ion re la ted to the 
power s y s t e m was also ga the red . Mine #4 had expe r i enced a minor shock 
i n c i d e n t p r i o r to the s i te v i s i t . Data r e l a t i n g to tha t i n c i d e n t was r e c o r d e d and 
eva lua t ed . Mine #6 were i n the p rocess of deve lop ing a new P i t a n d , as p a r t of 
the s t u d y , s o i l r e s i s t i v i t y measurements were t a k e n for a new Moveable 
Subs t a t i on loca t ion a n d a su i t ab le g r o u n d i n g sys tem was de s igned . 

Bens t ed , S impson & Associa tes L t d . (BSA) have p r e v i o u s l y c a r r i e d out a 
g r o u n d i n g s t u d y fo r Mine #3 a n d s e v e r a l s t ud i e s f o r Mine #5. The in format ion 
and measurement r e s u l t s from these s tud ie s were also made ava i lab le . 

The f i e l d measurement da ta was p rocessed and the power sys t em informat ion 
r e v i e w e d i n meetings wi th the E l e c t r i c a l In spec to r fo r Mines . F a u l t l e v e l 
c a l cu l a t i ons were c a r r i e d out . Diagrams of the d i f f e ren t power sys tems used and 
poss ib le f au l t s i t ua t ions were deve loped . The minor shock i n c i d e n t was eva lua ted 
wi th a g r o u n d i n g model. 

The p ro j ec t c o n c l u d e d wi th t h i s r epo r t . 

- 4 -
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3. CONCLUSIONS AND RECOMMENDATIONS 

3.1 CONCLUSIONS 

Open p i t mines i n B . C . are c h a r a c t e r i z e d by h a v i n g r e l a t i ve ly h i g h s o i l 
r e s i s t i v i t y . So i l r e s i s t i v i t y measurements showed r e s i s t i v i t y i n the range of 100 
to 1000 ohm-metres . In the p i t areas , the s o i l r e s i s t i v i t y was genera l ly found 
to be s e v e r a l h u n d r e d ohm-metres. T h i s makes for d i f f i c u l t g r o u n d i n g cond i t ions 
fo r e l e c t r i c a l equipment i n the p i t s . 

G r o u n d res i s t ance and impedance measurements showed tha t i n d i v i d u a l g r o u n d 
beds used b y most mines have impedances of between 7 and 32 ohms. 
Connec t ion of mobile equipment a n d / o r the use of an ove rhead g r o u n d wire 
ne twork o r bonds to remote g r o u n d beds r educes the ef fec t ive impedance to 
as low as 1.5 ohms i n some ins t ances . 

E a c h mine ana lyzed for t h i s s t u d y uses a d i f fe ren t p i t d i s t r i b u t i o n sys tem. The 
po ten t ia l fo r shock h a z a r d at each mine can be summarized as fol lows: 

Mine #1 A 69 kV g r o u n d fau l t at a moveable subs t a t ion can cause a g r o u n d 
po ten t i a l r i s e of about 16500 v o l t s . T h i s w i l l r e s u l t i n l e tha l s tep 
a n d t o u c h potent ia ls a r o u n d the moveable subs t a t i on a n d any o the r 
equipment s u c h as a s k i d b r e a k e r , s h o v e l o r d r i l l , bonded to i t . 
T h i s i s because: 

a) The 69 k V s u p p l y i s t a k e n d i r e c t f rom the B . C . H y d r o sou rce 
which does not have a g r o u n d fau l t c u r r e n t l i m i t i n g n e u t r a l 
r e s i s t o r . 

b) The s o i l r e s i s t i v i t y i n the p i t areas i s r e l a t i v e l y h i g h . 

c) There i s no ove rhead g r o u n d wire on the p i t d i s t r i b u t i o n 
sys tem. 

d) Because of b) and c ) , the r e s i s t ance of t he g r o u n d bed used 
at each moveable subs t a t i on cannot be made low enough to 
r educe the g r o u n d po ten t ia l r i s e to to le rab le l e v e l s . 

In c o n s i d e r i n g the use of an o v e r h e a d g r o u n d wire , i t i s u n l i k e l y 
t ha t t h i s wi l l a l lev ia te t he problem because of the h i g h fau l t l e v e l 
and the s i gn i f i c an t impedance of the l e n g t h of g r o u n d wire tha t 
would have to be u sed . The mine has a vol tage r e g u l a t i n g 
t r ans fo rmer i n the main 69 kV feeder . Th i s wi l l not r educe the 
g r o u n d fau l t l e v e l at t he p i t as i t on ly i n s e r t s a r e l a t i v e l y smal l 
impedance i n se r i e s wi th the l i ne when the tap s e t t i n g i s off normal . 

- 5 -
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Mine #2 G r o u n d fau l t s on the 13.2 kV s ide of the Moveable Subs ta t ion 
p roduce a r e l a t i v e l y h i g h and poss ib ly l e tha l g r o u n d potent ia l r i s e . 
T h i s i s due to: 

a) The use of an 800 amp neu t r a l g r o u n d i n g r e s i s to r on the 13.2 
kV sys tem. 

b) No o v e r h e a d g r o u n d conduc to r to reduce the impedance of the 
g r o u n d fau l t r e t u r n pa th . 

A po ten t ia l ly l e tha l 657 vo l t s cou ld appear on the mobile equipment 
d u r i n g a 13.2 kV g r o u n d fau l t because: 

a) A l t h o u g h the mine uses an ef fec t ive method of i so la t ion 
between the 13.2 k V p i t d i s t r i b u t i o n sys tem and the 4160 vo l t 
mobile equipment feeders and p r o v i d e s separate g r o u n d beds 
for each , the g r o u n d bed separa t ion of 24 metres i n d i c a t e d 
on the mine d r a w i n g s i s not adequate. (It s h o u l d be noted 
tha t the ac tua l separa t ion o b s e r v e d at the mine was much 
g rea t e r t h a n 24 metres) 

The re i s a lso the p o s s i b i l i t y of a 13.2 kV p r imary to 4160 vo l t 
s econda ry fau l t w i t h i n the t r ans fo rmer . I f t h i s fau l t causes an 
i n s u l a t i o n b r e a k d o w n i n t h e secondary w i r i n g , the same 4600 vo l t 
po ten t ia l r i s e c o u l d o c c u r at the mobile equipment . In any event , 
the s econda ry n e u t r a l g r o u n d i n g r e s i s t o r wi l l allow about 80 amps 
to flow to t h e mobile equipment g r o u n d bed wi th a poss ib le 1270 
v o l t s g r o u n d po ten t ia l r i s e . 

A s ove rhead g r o u n d wires are not i n s t a l l ed a long the 13.2 kV 
d i s t r i b u t i o n sys tem, the mobile equipment i s well i so la ted from 
t r a n s f e r of g r o u n d po ten t ia l r i s e due to fau l t s on the incoming 132 
k V B . C . H y d r o s u p p l y at t he Main Subs ta t ion . 

Mine #3 G r o u n d po ten t i a l r i s e due to 13.8 kV g r o u n d fau l t s exceeds 100 
v o l t s at many loca t ions at t h i s mine, wi th the wors t GPR be ing 472 
vo l t s . T h i s i s because: 

a) A 400 amp 13.8 k V n e u t r a l g r o u n d i n g r e s i s t o r was i n s t a l l e d 
at t he t ime a g r o u n d i n g s t u d y was c a r r i e d out fo r t h i s mine. 

b) A l t h o u g h an o v e r h e a d g r o u n d wire ne twork wi th many 
g r o u n d e d po in t s i s u sed on the secondary d i s t r i b u t i o n sys tem 
a n d a common g r o u n d i s p r o v i d e d at each moveable subs t a t i on 
fo r bo th the 13.8 k V p r i m a r y and 4160 vo l t s econda ry , the 
g r o u n d ne twork performance i s s u c h tha t g r o u n d po ten t ia l 
r i s e i s not adequate ly con t ro l l ed for a 400 amp n e u t r a l 
r e s i s t o r . 

- 6 -
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It i s unde r s tood tha t the Mine i s implementing a change i n the 
n e u t r a l g r o u n d i n g r e s i s t o r to r educe the g r o u n d fau l t c u r r e n t and 
consequen t ly , the g r o u n d potent ia l r i s e . 

Potent ia l r i s e due to g r o u n d fau l t s on the 138 kV s u p p l y at the 
Main Subs t a t ion wi l l be t r a n s f e r r e d to the mobile equipment because 
ove rhead g r o u n d wires are i n s t a l l e d on the 13.8 kV d i s t r i b u t i o n 
sys tem. However , t h e r e i s apprec iab le a t tenuat ion of the GPR 
between the Main Subs t a t i on and the p i t so tha t on ly about 228 
vo l t s wi l l appear on the mobile equipment neares t the p i t feed po in t . 

Mine #4 13.8 kV g r o u n d fau l t s at a Moveable Subs ta t ion can cause dange rous 
GPR which exceeds t he 100 vo l t M i n i n g Code l imi t because: 

a) Excep t fo r a 13.8 kV d r a g l i n e tha t i s g r o u n d e d to a separa te 
g r o u n d bed near the Main Subs ta t ion b y an ove rhead g r o u n d 
wire , t he Moveable Subs ta t ions are not p r o v i d e d wi th o v e r h e a d 
g r o u n d wi res . 

b) E a c h Moveable Subs t a t i on i s p r o v i d e d wi th two g r o u n d beds 
wi th a g r o u n d r e s i s t ance of t y p i c a l l y 20 to 30 ohms. The Mine 
u sed to use one g r o u n d bed fo r the Moveable Subs t a t i on 
t r a n s f o r m e r g r o u n d a n d the o the r fo r the 4160 vo l t s econda ry 
n e u t r a l r e s i s t o r g r o u n d . (S ince the shock i n c i d e n t d e s c r i b e d 
l a t e r , the mine has been b o n d i n g the two g r o u n d beds.) 

c) The 13.8 k V sys tem has a 25 amp n e u t r a l g r o u n d i n g r e s i s t o r 
l i m i t i n g the GPR to about 470 vo l t s (assuming a 20 ohm 
g r o u n d bed) . 

d) The t r a n s f o r m e r and seconda ry swi t chgea r a re separa te 
assembl ies , connec ted b y t r a i l i n g cable . 

A shock i n c i d e n t d e s c r i b e d l a t e r i n the r e p o r t r evea l s one of the 
problems of o p e r a t i n g separa te g r o u n d beds wi th a Moveable 
Subs t a t i on wh ich has separa te t r ans fo rmer a n d s econda ry 
s w i t c hge a r . A l i n e - t o - g r o u n d fau l t at the t r ans fo rmer i s unde tec ted 
b y the g r o u n d fau l t de tec t ion sys tem and al lows c u r r e n t to flow 
t h r o u g h t h e t r a n s f o r m e r g r o u n d bed to the n e u t r a l g r o u n d bed , 
r e s u l t i n g i n a haza rdous g r o u n d po ten t ia l r i s e on the t r a n s f o r m e r . 

Mine #5 The d i s t r i b u t i o n sys t em c o n f i g u r a t i o n fo r t h i s mine i s s u c h t h a t 
g r o u n d po ten t i a l r i s e at moveable subs ta t ions and mobile equ ipment 
i s he ld to l e s s t h a n 100 v o l t s . T h i s i s ach ieved fo r t he fo l lowing 
reasons : 

- 7 -
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a) The Mine r ece ives u t i l i t y power at 230 kV which i s 
t r ans fo rmed to 67 k V . 

b) The 67 kV s u p p l y has a neu t r a l g r o u n d i n g r e s i s to r wi th 25 
amp c u r r e n t l imi t . 

c) There i s s e v e r a l km dis tance between the 230 kV Subs ta t ion 
and the p i t s and no overhead g r o u n d wire i s p r o v i d e d , so 
tha t t r a n s f e r of 230 kV g r o u n d faul t potent ia l r i s e i s 
p r e v e n t e d . 

d) The l ack of a low impedance r e t u r n pa th i s compensated fo r 
b y the ins t a l l a t ion of a p i t overhead g r o u n d wire sys tem 
which i s p r o v i d e d wi th g r o u n d beds so tha t the g r o u n d 
impedance at any Moveable Subs ta t ion i s less t han 4 ohms. 

Mine #6 G r o u n d fau l t s on the o lde r p a r t of t h i s mine's 4160 vo l t d i s t r i b u t i o n 
sys tem do not cause a g r o u n d potent ia l r i s e tha t exceeds 100 vo l t s 
because: 

a) The 4160 v o l t s o u r c e n e u t r a l i s g r o u n d e d t h r o u g h a 25 amp 
r e s i s t o r . 

b) A n ove rhead g r o u n d wire i s used . Fau l t c u r r e n t s a re 
the re fo re l imi ted and p r o v i d e d wi th a low impedance r e t u r n 
pa th . 

However , f au l t s on the 138 k V U t i l i t y s u p p l y wi l l propagate to the 
o l d p i t s t h r o u g h the ove rhead g r o u n d wire because the 4160 vo l t 
n e u t r a l i s g r o u n d e d to a separa te g r o u n d bed tha t i s f a i r l y c lose 
to the Main Subs ta t ion g r o u n d g r i d . The Main Subs ta t ion g r o u n d 
g r i d r e s i s t ance i s s u c h tha t the g r o u n d potent ia l r i s e at the Main 
Subs ta t ion wi l l be about 2070 vo l t s . Th i s wi l l r e su l t i n 635 vo l t s 
g r o u n d po ten t ia l r i s e on the separate g r o u n d bed . 

F o r the new p i t , g r o u n d po ten t ia l r i s e i s he ld to wi th in 100 vo l t s 
fo r the fo l lowing reasons : 

a) The 4160 v o l t power i s t r ans fo rmed up to 25 kV a n d 
t r a n s m i t t e d s e v e r a l km to the new p i t s i te wi th no ove rhead 
g r o u n d wire so tha t 138 k V g r o u n d fau l t po tent ia l r i s e cannot 
be t r a n s f e r r e d to the new pi t . 

b) The 25 kV sys t em has a 25 amp n e u t r a l g r o u n d i n g r e s i s t o r . 

c) A g r o u n d bed wi th r e s i s t ance less t h a n 4 ohms i s p r o v i d e d 
at the new p i t . 
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General Comments 

In r e v i e w i n g the d i f f e ren t moveable subs ta t ion con f igu ra t ions , some r e q u i r e t ha t 
the equipment opera to r s t and on the g r o u n d while ope ra t ing swi t chgea r while 
o thers , spec i f i ca l l y moveable subs ta t ions tha t cons i s t of a s ing le s t r u c t u r e 
con ta in ing swi t chgea r a n d t r ans fo rmer , ensu re tha t the opera tor i s s t a n d i n g on 
the g r o u n d e d metal s t r u c t u r e while ope ra t ing the swi tchgear . 

There i s also a p o s s i b i l i t y of a g r o u n d faul t while a pe r son i s s t e p p i n g on or 
off the Moveable S u b s t a t i o n . 

Another po ten t i a l ly haza rdous a rea where the re i s no c lear conc lu s ion as to t he 
worst s i t u a t i o n , i s i n t he connec t ion of t r a i l i n g cables to the moveable 
subs ta t ion . If the opera to r s t ands on the g r o u n d while p l u g g i n g i n the cab le , 
he may r e c e i v e a shock from the subs t a t ion . I f he s t ands on the s u b s t a t i o n 
while t h e r e i s a fau l t , he may be ho ld ing the t r a i l i n g cable coup le r w h i c h i s 
remotely g r o u n d e d t h r o u g h a machine and rece ive a shock tha t way. 

If the power d i s t r i b u t i o n sys t em i s adequate ly des igned to l imi t po ten t i a l r i s e 
to l e s s t h a n 100 v o l t s a n d the fau l t du ra t i on i s less t h a n 1 second , t h e n the 
shock h a z a r d i s rninimized. 

3.2 RECOMMENDATIONS 

A l l mine e l e c t r i c a l sys tems s h o u l d be r ev iewed p e r i o d i c a l l y . Because of o n g o i n g 
changes i n the power d i s t r i b u t i o n con f igu ra t i on as mining p roceeds : 

a) Power sys tems s h o u l d be a n a l y z e d . 

b) Res is tance of g r o u n d mats s h o u l d be measured pe r iod i ca l l y a n d compared 
wi th minimum requ i r emen t s . 

c) I n t e g r i t y of o v e r h e a d g r o u n d wires s h o u l d be measured p e r i o d i c a l l y . 

Sys tem a n a l y s i s must c o n s i d e r the p o s s i b i l i t y of t r a n s f e r r i n g g r o u n d po ten t i a l 
r i s e from the Main s u b s t a t i o n to moveable subs ta t ions and mobile equipment . 

The de s ign of moveable subs t a t i ons s h o u l d be examined to e n s u r e tha t p e r s o n n e l 
are not s u b j e c t e d to u n n e c e s s a r y r i s k whi l s t i n contac t wi th the g r o u n d i n g 
sys tem when: 

a) C h a n g i n g cab les . I n t h i s r e g a r d , i t i s sugges t ed tha t a j u m p e r cable wi th 
a l l iga to r c l i p s be u sed to bond cable coup le r s before h a n d l i n g so t ha t the 
opera to r i s not p laced between two d i f fe ren t potent ia ls . 

b) Ope ra t ing s w i t c h g e a r . 
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c) Main ta in ing equipment . 

d) Mount ing and d i smount ing from platforms. 

The pos i t i on ing of equipment and cable out le ts on the pla t form and the use of 
g r a d i e n t c o n t r o l mats where pe r sonne l operate swi t chgea r or s tep on or off 
equipment , must be des igned to maintain pe r sonne l at the same poten t ia l as the 
g r o u n d i n g sys tem. 

G r o u n d fau l t c u r r e n t on p i t d i s t r i b u t i o n sys tems s h o u l d be r e d u c e d to a 
p r a c t i c a l minimum. E v e n when g r o u n d faul t c u r r e n t i s l imi ted to 25 amps, an 
unacceptable g r o u n d fau l t po tent ia l r i s e can r e s u l t from fau l t s on sys tems wi th 
h i g h impedance g r o u n d r e t u r n paths . 

The fo l lowing are recommendations to improve the power sys tems at each mine 
to w i th in E l e c t r i c a l Code [1] requ i rements . Where re fe rence i s made to " u n i t 
c o n s t r u c t i o n moveable subs ta t ions" , these are i s def ined as s ing l e moveable 
subs t a t ion s t r u c t u r e s wi th a l l equipment mounted on s k i d s o r a t r a i l e r , 
con t a in ing a h i g h vol tage c i r c u i t b r e a k e r tha t can be t r i p p e d b y a s econda ry 
g r o u n d fau l t , t r ans fo rmer , secondary n e u t r a l g r o u n d i n g r e s i s t o r a n d s econda ry 
sw i t chgea r enc lo su re . The secondary enc losure s h o u l d be t h r o a t coup l ed to t he 
t r ans fo rmer and con ta in zero sequence g r o u n d fau l t de tec t ion and t r a i l i n g cable 
g r o u n d i n t e g r i t y moni tor ing sys tems. Some method of moni tor ing the n e u t r a l 
r e s i s t o r i n t e g r i t y s h o u l d also be p r o v i d e d : 

Mine #1 a) A g r o u n d faul t c u r r e n t l imi ted d i s t r i b u t i o n sys tem s h o u l d be 
i n s t a l l e d . 

b) Overhead g r o u n d wires , not i n t e r c o n n e c t e d wi th t he Main 
Subs ta t ion g r o u n d sys tem, s h o u l d be i n s t a l l e d because e v e n 
wi th g r o u n d fau l t c u r r e n t l imi ted to say 25 amps, i t w i l l be 
d i f f i c u l t to c rea te loca l g r o u n d beds wi th low e n o u g h 
re s i s t ance at each moveable subs t a t i on . Low res i s t ance remote 
g r o u n d beds s h o u l d be c rea ted o r a g r o u n d i n g ne twork 
formed by in t e rconnec t ion of ove rhead g r o u n d wires s h o u l d 
be implemented. 

c) U n i t c o n s t r u c t i o n moveable subs ta t ions s h o u l d be u sed . 

Mine #2 a) The n e u t r a l r e s i s t o r fo r the 13.2 k V d i s t r i b u t i o n sys t em 
s h o u l d be changed from 800 to say 25 amp r a t i n g . 

b) A low res i s tance remote g r o u n d bed s h o u l d be i n s t a l l e d wi th 
a sys tem of ove rhead g r o u n d wires fo r the p i t o n l y . 

c) Moveable subs ta t ions s h o u l d be bonded to the ove rhead 
g r o u n d wire sys tem and have one common g r o u n d bed s imi la r 
to those a l ready i n use. 
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Mine #3 a) The p i t d i s t r i b u t i o n n e u t r a l g r o u n d r e s i s t o r s h o u l d be r e d u c e d 
from 400 amp to 75 amp. 

Mine #4 a) One o r more remote g r o u n d beds and a separate p i t ove rhead 
g r o u n d wire sys tem, not i n t e r connec t ed wi th the Main 
Subs t a t ion g r o u n d , s h o u l d be i n s t a l l e d so tha t a low enough 
g r o u n d impedance i s avai lable at each moveable subs t a t i on . 
T h i s i s r e q u i r e d because i t i s i m p r a c t i c a l to crea te a 
su f f i c i en t l y low res i s tance g r o u n d bed for each moveable 
subs t a t i on whenever i t i s re loca ted . 

b) U n i t c o n s t r u c t i o n moveable subs ta t ions s h o u l d be u sed . 

Mine #5 a) No changes are r e q u i r e d a l t hough i t would be benef ic ia l i f 
t r i p p a b l e h i g h vol tage c i r c u i t b r e a k e r s were p r o v i d e d i n the 
un i t c o n s t r u c t i o n moveable subs ta t ions . 

Mine #6 a) F o r t he o ld p i t s , a new remote g r o u n d bed s h o u l d be 
p r o v i d e d fo r the mobile equipment g r o u n d sys tem. T h i s g r o u n d 
bed s h o u l d be loca ted f u r t h e r away f rom the Main 138 kV 
Subs t a t i on t h a n the p r e sen t g r o u n d b e d . 

3.3 E X C L U S I O N S 

The s t u d y i s l imi ted to 60 Hz power f r e q u e n c y effects and does not c o n s i d e r 
impulse h a z a r d s s u c h as those p r o d u c e d b y l i g h t n i n g , SFg s w i t c h g e a r and 
s imi la r h i g h speed f au l t i n t e r r u p t i o n s . 
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4. METHODOLOGY AND R E S U L T S 

4.1 SOIL R E S I S T I V I T Y MEASUREMENT AND INTERPRETATION 

Soi l r e s i s t i v i t y was measured at a l l the mines v i s i t e d except Mine #3. Soi l 
r e s i s t i v i t y da ta fo r Mine #3 was avai lable from the p r e v i o u s BSA s t u d y . The 
f i g u r e s and tab les fo r the so i l r e s i s t i v i t y measurement r e s u l t s are con ta ined i n 
A p p e n d i x I . 

So i l r e s i s t i v i t y measurements were c a r r i e d out u s i n g the "Wenner" method 
d e s c r i b e d i n A p p e n d i x III . Measurements were made wi th an E v e r s h e d Vigno les 
D E T - 2 e l ec t ron i c D i r ec t E a r t h Tes te r , some check r e a d i n g s be ing t a k e n wi th an 
E v e r s h e d V igno l e s ET3 h a n d - c r a n k e d meter. Due to the in f luence of deeper s o i l 
l a y e r s on t h e g r o u n d res i s t ance , the so i l r e s i s t i v i t y measurements were t a k e n 
to as wide a p robe s p a c i n g as p rac t i cab le fo r each measurement. 

So i l r e s i s t i v i t y measurements t a k e n u s i n g the "Wenner" method can be 
i n t e r p r e t e d , to a f i r s t approximat ion , as be ing i n d i c a t i v e of the average s o i l 
r e s i s t i v i t y to a d e p t h equa l to the p robe s p a c i n g fo r each r e a d i n g . The 
appa ren t measured s o i l r e s i s t i v i t y u sua l ly v a r i e s wi th p robe s p a c i n g and i t c an 
become d i f f i c u l t to i n t e r p r e t t h e measurement r e s u l t s c o r r e c t l y . I n t e rp re t a t i on 
methods are d i s c u s s e d i n Append ix III . To ob ta in a be t te r i n t e r p r e t a t i o n of the 
r e s u l t s , t he c u r v e f i t t i n g p r o c e d u r e d e s c r i b e d i n A p p e n d i x III was app l i ed to 
d e r i v e an e q u i v a l e n t t w o - l a y e r e d s o i l model from the measurement data . 

4.1.1 Mine #1 

So i l r e s i s t i v i t y T r a v e r s e s #3 a n d 4 were c a r r i e d out at i n a coa l b e a r i n g a rea 
at Mine #1 at r i g h t angles to each o ther . The measurement r e s u l t s are p lo t ted 
i n F i g u r e s 1.4 a n d 1.5 i n A p p e n d i x I . The average of T r a v e r s e s #4 and #5 i s 
p lo t t ed i n F i g u r e 1.6. There are some i r r e g u l a r i t i e s i n the c u r v e b u t i t shows 
a s o i l r e s i s t i v i t y t h a t inc reases wi th i n c r e a s i n g p robe s p a c i n g . The c u r v e f i t t i n g 
p rocess was app l i ed and r e s u l t e d i n an equ iva l en t t w o - l a y e r s o i l model: 

U p p e r l a y e r r e s i s t i v i t y 271.0 ohm-metres 
He igh t of u p p e r l a y e r 10.7 metres 
Deep l a y e r r e s i s t i v i t y 590.4 ohm-metres 

T r a v e r s e #5 was c a r r i e d out i n an area of loose dump r o c k . The measurement 
r e s u l t s are p lo t t ed i n F i g u r e 1.7 i n A p p e n d i x I . They show a h i g h e r s o i l 
r e s i s t i v i t y t h a n T r a v e r s e s #3 and #4, b u t dec reas ing wi th wider p robe s p a c i n g . 
I n d e r i v i n g an e q u i v a l e n t two l a y e r s o i l model, t he f i r s t 4 p robe s p a c i n g 
r e a d i n g s were de le ted from the measurement data . T h i s p r o d u c e d an e q u i v a l e n t 
so i l model: 
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U p p e r l aye r r e s i s t i v i t y 
He igh t of upper l aye r 
Deep l a y e r r e s i s t i v i t y 

798.1 ohm-metres 
19.3 metres 
282.0 ohm-metres 

4.1.2 Mine #2 

So i l r e s i s t i v i t y T r a v e r s e s #6 and #7 were t a k e n at the same loca t ion at r i g h t 
angles to each o ther , at the bottom of the P i t at Mine #2. The r e s u l t s are 
p lo t ted i n F i g u r e s 1.8 and 1.9 i n Append ix I . The a rea was subs t an t i a l l y 
u n d i s t u r b e d bedrock and coppe r ore . These two t r a v e r s e s ind ica te a s o i l 
r e s i s t i v i t y t ha t i s low near the sur face , p r o b a b l y due to water and c r u s h e d 
f ines on top of the bed rock , which inc reases wi th d e p t h to a f a i r l y cons tan t 
va lue . The average of the two t r a v e r s e s i s p lo t ted i n F i g u r e 1.10 and the data 
was used to develop an equ iva l en t two l a y e r s o i l model: 

U p p e r l a y e r r e s i s t i v i t y 151.4 ohm-metres 
Heigh t of upper l a y e r 2.7 metres 
Deep l a y e r r e s i s t i v i t y 352.1 ohm-metres 

So i l r e s i s t i v i t y T r a v e r s e #8 was also t aken at Mine #2, ou t s ide the P i t i n 
appa ren t l y na t ive s o i l . The r e s u l t s are p lo t ted i n F i g u r e 1.11 i n A p p e n d i x I . A 
t w o - l a y e r c u r v e f i t r e s u l t e d i n the s o i l model: 

U p p e r l a y e r r e s i s t i v i t y 156.3 ohm-metres 
Heigh t of u p p e r l a y e r 13.3 metres 
Deep l a y e r r e s i s t i v i t y 114.6 ohm-metres 

4.1.3 Mine #3 

No s o i l r e s i s t i v i t y measurements were c a r r i e d ou t at Mine #3 i n con junc t i on wi th 
t h i s s t u d y . However , s o i l r e s i s t i v i t y measurements were done b y BSA as p a r t 
of a p r e v i o u s s t u d y fo r Mine #3. The fo l lowing e q u i v a l e n t s o i l models were 
ob ta ined : 

Near Mobile C r u s h e r loca t ion . T h i s a rea i s approximate ly 200 metres fo r 
the edge of the P i t and appears to be na t ive top s o i l o v e r coppe r b e a r i n g 
r o c k : 

U p p e r l a y e r r e s i s t i v i t y 1952.8 ohm-metres 
He igh t of u p p e r l a y e r 10.3 metres 
Deep l a y e r r e s i s t i v i t y 188.7 ohm-metres 

Gra s sed area i n f ron t of Mine Offices: 

U p p e r l a y e r r e s i s t i v i t y 261.4 ohm-metres 
He igh t of u p p e r l a y e r 1.6 metres 
Deep l a y e r r e s i s t i v i t y 108.8 ohm-metres 
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Near Se t t l i ng Pond Recove ry Subs ta t ion . Th i s a rea i s 15 to 20 km from the 
P i t , f u r t h e r down the va l l ey and i s t h o u g h t to be s imi lar i n s o i l 
s t r u c t u r e . The r e a d i n g s were t aken i n o r d e r to s t u d y the Subs ta t ion 
g r o u n d i n g safe ty , b u t are r ep re sen t a t i ve fo r the area. The so i l appeared 
to be o r i g i n a l na t ive s o i l : 

U p p e r l a y e r r e s i s t i v i t y 208.5 ohm-metres 
He igh t of u p p e r l a y e r 1.8 metres 
Deep l a y e r r e s i s t i v i t y 99.6 ohm-metres 

The s o i l r e s i s t i v i t y measurements showed that , apar t from u p p e r l a y e r 
va r i a t i ons , the deep l a y e r r e s i s t i v i t y i s f a i r l y cons i s t en t and i n the r ange of 
100 to 190 ohm-metres . The r e l a t i v e l y h i g h uppe r l a y e r r e s i s t i v i t y measured 
near the Mobile C r u s h e r s i s p r o b a b l y due to d e - w a t e r i n g of the a rea r e s u l t i n g 
i n d r y i n g of the u p p e r 10 metres. 

4.1.4 Mine #4 

So i l r e s i s t i v i t y T r a v e r s e s #1 a n d #2 were c a r r i e d out at Mine #4. T r a v e r s e #2 
was t a k e n at r i g h t angles to #1 w i th the same cen t r e loca t ion . The r e s u l t s a re 
p lo t t ed i n F i g u r e s 1.1 and 1.2 i n A p p e n d i x I . S imi lar r e s u l t s were ob ta ined i n 
the two d i r e c t i o n s . The ave rage of the T r a v e r s e #1 a n d #2 measurement r e s u l t s 
was ca l cu l a t ed and i s p lo t t ed i n F i g u r e 1.3. The p lo t t ed r e s u l t s i nd i ca t e a s o i l 
r e s i s t i v i t y t h a t f i r s t i nc r ea se s s l i g h t l y a n d t h e n decreases wi th i n c r e a s i n g p robe 
s p a c i n g . To a f i r s t approx imat ion , t h i s i nd i ca t e s an u n d e r l y i n g s o i l s t r u c t u r e 
wi th r e s i s t i v i t y t h a t f i r s t i nc r ea se s s l i g h t l y wi th d e p t h and t h e n decreases . 

To ob t a in a be t t e r u n d e r s t a n d i n g of t he s o i l r e s i s t i v i t y fo r the area , t he c u r v e 
f i t t i n g p roces s d e s c r i b e d i n A p p e n d i x III was used to ana lyze the average s o i l 
r e s i s t i v i t y measurement r e s u l t s . The c u r v e f i t t i n g p rocess deve lops an 
e q u i v a l e n t two l a y e r s o i l model t ha t would p roduce a se r i e s of f i e l d measurement 
r e s u l t s t h e same as were ac tua l ly measured. The c u r v e f i t ob ta ined i s shown as 
an example, i n F i g u r e III.8 i n A p p e n d i x III . 

The c u r v e f i t was ob ta ined wi th a s o i l model wi th : 

U p p e r l a y e r r e s i s t i v i t y 893.5 ohm-metres 
H e i g h t of u p p e r l a y e r 11.3 metres 
Deep l a y e r r e s i s t i v i t y 368.9 ohm-metres 

It i s i n t e r e s t i n g to note tha t the c u r v e f i t r e s u l t s i n a deep l a y e r r e s i s t i v i t y 
tha t i s a p p r e c i a b l y lower t h a n the va lue measured at t he widest p robe s p a c i n g . 
The p lo t t ed measurement r e s u l t s i nd i ca t e t ha t t he s o i l r e a l l y has t h r ee l a y e r s . 
There i s a t h i n u p p e r l a y e r wi th lower r e s i s t i v i t y wh ich i s p r o b a b l y due to mud 
and s o i l mixed in to the top l a y e r . A be t te r c u r v e f i t c an be obta ined i f t h e f i r s t 
two measurement da ta po in t s a re dele ted from the c u r v e f i t i n p u t . A s l i g h t l y 
d i f f e ren t s o i l model i s t h e n ob ta ined : 
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U p p e r l a y e r r e s i s t i v i t y 
He igh t of upper l aye r 
Deep l a y e r r e s i s t i v i t y 

938.9 ohm-metres 
10.5 metres 
372.1 ohm-metres 

4.1.5 Mine #5 

No s o i l r e s i s t i v i t y measurements were c a r r i e d out at Mine #5 i n con junc t ion wi th 
t h i s s t u d y . However , s o i l r e s i s t i v i t y measurements were done by BSA and o thers 
as p a r t of p r e v i o u s s tud ies fo r Mine #5. The fo l lowing equ iva l en t s o i l models 
were ob ta ined : 

230 kV Subs ta t ion and P lan t Si te . Measured b y o the r s . 140 to 285 ohm-
metres. 

P i t A r e a . Measured by o the r s . 600 to 800 ohm-metres . 

Geological Wel l -Log at an a rea wi th s imi lar geologica l format ion. Measured 
b y o the r s . Approximate ly 360 ohm-metres. 

E l e c t r i f i e d Rai lway (Val ley area) . 160 ohm-metres . 

Nat ive mountain top (saddle area) outs ide P i t : 

U p p e r l a y e r r e s i s t i v i t y 248.4 ohm-metres 
He igh t of u p p e r l a y e r 10.3 metres 
Deep l a y e r r e s i s t i v i t y 342.9 ohm-metres 

C o n v e y o r Access Road near top of C o n v e y o r . Measured d u r i n g c o n s t r u c t i o n 
of t he c o n v e y o r : 

U p p e r l a y e r r e s i s t i v i t y 158.2 ohm-metres 
He igh t of u p p e r l a y e r 1.83 metres 
Deep l a y e r r e s i s t i v i t y 431.0 ohm-metres 

TOP of Mounta in . Measured on a dump r o c k a rea d u r i n g e a r l y mine 
development: 

U p p e r l a y e r r e s i s t i v i t y 202.1 ohm-metres 
He igh t of uppe r l a y e r 7.1 metres 
Deep l a y e r r e s i s t i v i t y 1569.6 ohm-metres 

Moveable Subs ta t ion h i l l - t o p loca t ion near P i t Office B u i l d i n g : 

U p p e r l a y e r r e s i s t i v i t y 299.6 ohm-metres 
He igh t of u p p e r l a y e r 2.5 metres 
Deep l a y e r r e s i s t i v i t y 664.8 ohm-metres 
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Along C o n v e y o r ROW: 

U p p e r l a y e r r e s i s t i v i t y 
Height of u p p e r l a y e r 
Deep l a y e r r e s i s t i v i t y 

1298.4 ohm-metres 
2.6 metres 
244.8 ohm-metres 

4.1.6 Mine #6 

So i l r e s i s t i v i t y T r a v e r s e s #9 and #10 were t a k e n at the locat ion for a new P i t 
Subs ta t ion at Mine #6. The t r a v e r s e cen t r e i s at the top of a small h i l l and was 
u n d i s t u r b e d at the t ime of the measurements. T r a v e r s e #10 extended down the 
s ides of the h i l l so tha t the ou te r p robes at the widest spac ing were 
a p p r e c i a b l y lower t h a n the cen t r e . T h i s i s t h o u g h to be the reason fo r the 
decrease i n appa ren t r e s i s t i v i t y at the widest p robe spac ing as the assumed 
water t ab le i s nea re r the su r f ace . The measurement r e s u l t s are p lo t ted i n F i g u r e 
1.12 and 1.13 i n A p p e n d i x I . The average of T r a v e r s e #9 and #10 i s p lo t ted i n 
F i g u r e 1.14 

From the change i n appa ren t r e s i s t i v i t y which f i r s t i nc reases and t h e n 
decreases , a t h r ee l a y e r s o i l model i s more app rop r i a t e . Two c u r v e f i t 
ca lcu la t ions were the re fo re done. I n t he f i r s t , the da ta fo r p robe s p a c i n g s 1 to 
20 metres was used to p roduce an equ iva l en t two l a y e r s o i l model. T h i s 
app roach i s v a l i d because most of t he t e s t c u r r e n t would be conf ined to t h e 
u p p e r l a y e r s : 

U p p e r l a y e r r e s i s t i v i t y 235.0 ohm-metres 
He igh t of u p p e r l a y e r 2.7 metres 
Deep l a y e r r e s i s t i v i t y 598.6 ohm-metres 

In the second c u r v e f i t , t he r e a d i n g s fo r p robe s p a c i n g s 20 to 36 meters were 
u sed . These few r e a d i n g s , when p lo t t ed , are almost a s t r a i g h t l i n e . The a n a l y s i s 
of measurement r e s u l t s l i k e t h i s i s s u b j e c t to l a rge e r r o r s i f t he re i s any e r r o r 
i n t he measurement r e s u l t s because a small measurement e r r o r changes the 
average s lope of the p lo t t ed r e s u l t s . A l s o , one i s t r y i n g to ob ta in in format ion 
about a much deeper l a y e r . I n i t i a l l y qu i t e a good c u r v e f i t was ob ta ined fo r t he 
s o i l model: 

U p p e r l a y e r r e s i s t i v i t y 671.5 ohm-metres 
He igh t of u p p e r l a y e r 14.1 metres 
Deep l a y e r r e s i s t i v i t y 345.3 ohm-metres 

Compar ing t h i s wi th the two l a y e r c u r v e f i t ob ta ined for p robe s p a c i n g s 1 to 
20 metres, t he deep l a y e r of t he 1 to 20 metre f i t (598.6 ohm-m) i s s imi la r to 
the u p p e r l a y e r of the 20 to 36 metre f i t (671.5 ohm-m). The c o n c l u s i o n 
the re fo re was to use a two l a y e r model wi th u p p e r l a y e r as i n d i c a t e d b y the 
1 to 20 metres p robe s p a c i n g measurement r e s u l t s an a deep l a y e r of 
approximate ly the average of the deep l a y e r r e s i s t i v i t y fo r 1 to 20 metre 
r e a d i n g s and bo th l a y e r s of t he 20 to 36 metre r e a d i n g s . T h i s r e s u l t s i n the 
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so i l model which was used to d e s i g n a su i tab le g r o u n d bed for the Moveable 
Subs ta t ion at the new Pi t : 

A la te r more detai led a n a l y s i s of the s o i l r e s i s t i v i t y measurements shows t ha t 
for the 20 to 36 metre r e a d i n g s , a be t te r c u r v e f i t i s obta ined u s i n g d i f f e ren t 
s t a r t i n g va lues . I t s h o u l d be unde r s tood tha t the c u r v e f i t p rocess i s g i v e n a 
set of s t a r t i n g s o i l model va lues ( U p p e r and deep l a y e r s o i l r e s i s t i v i t y a n d 
he igh t of u p p e r l a y e r ) . I t t h e n ad jus t s these va lues p r o g r e s s i v e l y to ob ta in the 
best f i t . Di f ferent s t a r t i n g va lues can p roduce d i f fe ren t r e s u l t s , p a r t i c u l a r l y 
with the t y p e of da ta fo r the 20 to 36 metre p robe s p a c i n g r ead ings . A be t t e r 
f i t was ob ta ined fo r a s o i l model: 

U p p e r l a y e r r e s i s t i v i t y 587.5 ohm-metres 
Heigh t of u p p e r l a y e r 44.1 metres 
Deep l a y e r r e s i s t i v i t y 61.4 ohm-metres 

However , t h i s s o i l model g i v e s s imi l a r g r o u n d r e s i s t ance fo r an e lec t rode loca ted 
i n i t because the low r e s i s t i v i t y l a y e r i s v e r y deep. 

T r a v e r s e #11 was t a k e n near t he Main Subs ta t ion fo r the mine. Re la t ive ly low 
r e s i s t i v i t y r e a d i n g s were ob ta ined . T h i s i s t h o u g h t to be due to t he a rea b e i n g 
low l y i n g compared wi th the o the r a rea measured. With the a r i d c l imate , s a l t s 
co l lec t i n t he s o i l i n low l y i n g areas . I n areas where the t e r r a i n s lopes o r 
where the r a i n f a l l i s h i g h e r , s a l t s t e n d to be leached out wi th t ime and the s o i l 
has a h i g h e r r e s i s t i v i t y . The measurement r e s u l t s are p lo t t ed i n F i g u r e 1.15 i n 
A p p e n d i x I . A good approximate i n t e r p r e t a t i o n fo r the measurement da ta would 
be a un i fo rm s o i l wi th r e s i s t i v i t y 25 ohm-metres . A two l a y e r e q u i v a l e n t s o i l 
model was d e r i v e d from the data , omi t t ing the f i r s t po in t (1 metre p robe 
spac ing ) : 

U p p e r l a y e r r e s i s t i v i t y 16.3 ohm-metres 
He igh t of u p p e r l a y e r 7.0 metres 
Deep l a y e r r e s i s t i v i t y 34.1 ohm-metres 

U p p e r l a y e r r e s i s t i v i t y 
Height of uppe r l a y e r 
Deep l a y e r r e s i s t i v i t y 

235 ohm-metres 
2.7 metres 
500 ohm-metres 
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4.1.7 Summary of So i l R e s i s t i v i t y Measurement Resu l t s 

Mine Upper Layer Height of Upper Layer Deep Layer 
# ohm-m metres ohm-m 
1 271.0 10.7 590.4 
1 798.1 19.3 282.0 

2 151.4 2.7 352.1 
2 156.3 13.3 114.6 

3 1952.8 10.3 188.7 
3 261.4 1.6 108.8 
3 208.5 1.8 99.6 

4 938.9 10.5 372.1 

5 248.4 10.3 342.9 
5 158.2 1.8 431.0 
5 202.1 7.1 1569.6 
5 299.6 2.5 664.8 
5 1298.4 2.6 244.8 

Note: F o r Mine #5, a s o i l r e s i s t i v i t y of 140 to 285 ohm-metres was measured b y 
o the r s f o r t h e Main Subs t a t ion a rea and 600 to 800 ohm-metres fo r the p i t a rea . 

4.2 GROUND SYSTEM IMPEDANCE MEASUREMENT 

G r o u n d sys t em impedance measurements were c a r r i e d ou t at a l l t he mines v i s i t e d 
except Mine #3. The f i g u r e s and tab les for g r o u n d sys t em impedance 
measurement r e s u l t s a re con ta ined i n Append ix I . 

G r o u n d impedance measurements were c a r r i e d out u s i n g the f a l l - o f - p o t e n t i a l 
method d e s c r i b e d i n A p p e n d i x III . The tes t c u r r e n t was p r o v i d e d b y a Honda 
por tab le g e n e r a t o r a n d in t e r face un i t . The in te r face u n i t con ta ins a V a r i a c a n d 
s t e p - u p t r a n s f o r m e r fo r a d j u s t i n g the t e s t c u r r e n t a n d a r e c t i f i e r w h i c h c a n 
be u sed fo r d c measurements. Tes t c u r r e n t s were measured wi th a Beck man 
DM25L d i g i t a l mult imeter . 

The ac measurements were c a r r i e d out at a f r e q u e n c y of about 50 Hz a n d about 
70 Hz b y c h a n g i n g t h e por t ab le genera tor speed . The ac po ten t i a l was measured 
wi th a Hewle t t P a c k a r d 3581C f r e q u e n c y se lec t ive vol tmeter . T h i s meter has a 
3 Hz b a n d w i d t h a n d e f fec t ive ly sc reens the t e s t s i g n a l from i n t e r f e r e n c e due 
to s p u r i o u s 60 Hz s i g n a l s t h a t a re p resen t on the g r o u n d sys t em. The t e s t 
c u r r e n t was s u f f i c i e n t to p roduce a po ten t ia l r i s e t h a t c o u l d be r e l i a b l y 
de tec ted a n d measured wi th t h i s vol tmeter . 

The dc measurements were c a r r i e d out u s i n g a F l u k e 8050A d i g i t a l vol tmeter 
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which has a r e l a t i ve fea ture . T h i s enables o f f - se t t i ng the s o i l / metal e l e c t r o l y t i c 
component of the po ten t ia l . The dc t e s t c u r r e n t was r e v e r s e d about once per 
second to p r e v e n t b u i l d up of the p o l a r i z i n g potent ia l . 

Some measurements were also t aken with the E v e r s h e d Vignoles DET-2 d i r e c t 
ea r th t es te r . T h i s meter i s an e lec t ron ic four t e rmina l res i s tance meter wh ich 
uses a r a p i d l y r e v e r s i n g (128 Hz) dc t e s t c u r r e n t . In t h e o r y , i t measures dc 
res i s tance , however , for v e r y low res i s t ances t y p i c a l l y less t han 0.5 ohm, the 
time cons tan t of the measur ing c i r c u i t can i n t r o d u c e some e r r o r s . 

Most of the measurements of smal l g r o u n d beds or Moveable Subs ta t ions were 
t aken wi th t he C2 c u r r e n t r e t u r n e lec t rode located 100 to 200 metres from the 
g r o u n d and a se r i e s of P2 po ten t ia l e lec t rode locat ions s t a r t i n g at the g r o u n d 
bed and moving towards the C2 e lec t rode . In most cases, the measurement 
r e su l t s were i n t e r p r e t e d b y t a k i n g the apparen t impedance at 62% of t he 
d is tance to t he C2 e lec t rode [5]. 

The g r o u n d impedance measurement r e s u l t s have not been summarized as t h e y 
are dependent on whether the measurement was t a k e n wi th ove rhead g r o u n d 
wire connec ted , o r not . 

4.2.1 Mine #1 

Th i s mine does not use o v e r h e a d g r o u n d wires on the d i s t r i b u t i o n to t he 
Moveable Subs t a t ions . One common g r o u n d bed i s used for each Moveable 
Subs ta t ion . F a l l - o f - p o t e n t i a l T r a v e r s e #4 was t a k e n on the g r o u n d bed at one 
of the Moveable Subs ta t ions . The measured re s i s t ance was about 6.8 ohms. 

F a l l - o f - p o t e n t i a l T r a v e r s e #5 was t a k e n on the g r o u n d bed at another Moveable 
Subs ta t ion . The conven t i ona l f a l l - o f - p o t e n t i a l measurement had to be abandoned 
because of excess ive noise . The Subs ta t ion a n d equipment s u p p l i e d b y i t were 
s h u t down a n d a s i ng l e measurement was t a k e n u s i n g the 62% P2 loca t ion . The 
measured r e s i s t ance was 7.2 ohms. 

The reason fo r t he noise on t h i s g r o u n d appears to be due to s e v e r a l 100 
metres of 6.9 k V seconda ry o v e r h e a d l i ne wi th g r o u n d wire between the 
Moveable Subs t a t ion a n d the Mobile Equipment . A t leas t two s k i d b r e a k e r s 
feeding Mobile Equ ipment were a t tached to the 6.9 kV l i n e . I t i s u n d e r s t o o d t h a t 
some g r o u n d r o d s were i n s t a l l e d at the s k i d b r e a k e r s . The machines also make 
g r o u n d con tac t . When the machines a re ope ra t i ng , noise i s i n d u c e d i n t he 
secondary ove rhead g r o u n d wire due to i n d u c t i v e c o u p l i n g between the phase 
conduc to r s and g r o u n d wi re . The measured res i s t ance i s t he re fo re t he 
combinat ion of the Moveable Subs t a t ion g r o u n d bed res i s t ance and a l l the o the r 
g r o u n d s p r o v i d e d b y machines and g r o u n d r o d s a long the s econda ry o v e r h e a d 
l i ne . The Subs t a t i on g r o u n d bed re s i s t ance i s the re fore h i g h e r t h a n 7.2 ohms. 
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4.2.2 Mine #2 

Mine #2 uses separa te g r o u n d beds for the Moveable Subs t a t ion t r ans fo rmer and 
the Mobile Equ ipmen t s u p p l i e d by i t . A n effect ive means fo r e n s u r i n g tha t the 
separa t ion between the g r o u n d sys tems i s maintained wi th t ime, i s u sed . 

F a l l - o f - p o t e n t i a l T r a v e r s e #9 was t aken near the bottom of the P i t on an o ld 
Mobile E q u i p m e n t g r o u n d bed . The measured res i s t ance was about 9.5 ohms. The 
t r ans fo rmer g r o u n d bed tha t had been associated wi th t h i s Subs ta t ion locat ion 
measured about 19.0 ohms. A t r a n s f e r r e d poten t ia l measurement was also made 
by i n j e c t i n g the t e s t c u r r e n t i n to t rans former g r o u n d bed and measur ing the 
po ten t ia l t r a n s f e r r e d to the equipment g r o u n d . Abou t 2.1% of the t r ans fo rmer 
g r o u n d po ten t i a l r i s e was t r a n s f e r r e d to the equipment g r o u n d . 

F a l l - o f - p o t e n t i a l T r a v e r s e #10 was t a k e n at a w o r k i n g Moveable Subs t a t i on . The 
Subs t a t i on s u p p l i e d power to two shove l s . The fo l lowing r e s i s t ances were 
obta ined fo r the equipment g r o u n d bed : 

With bo th shove l s d i sconnec ted 21.2 ohms 
With s h o v e l #136 connec ted 6.21 ohms 
With s h o v e l #137 connec ted 7.35 ohms 
With b o t h s h o v e l s connec ted 3.96 ohms 

These r e a d i n g s i l l u s t r a t e how the contac t between the s h o v e l a n d g r o u n d can 
improve t h e e f fec t ive g r o u n d res i s t ance of the Moveable S u b s t a t i o n . I f one 
makes t h e reasonable assumpt ion tha t the equipment g r o u n d bed and each 
s h o v e l were f a r e n o u g h apar t t ha t the g r o u n d res i s t ance of each was unaffec ted 
by the o t h e r s , t he s h o v e l r e s i s t ances can be ca lcu la ted to be: 

S h o v e l #136 8.78 ohms 
S h o v e l #137 11.25 ohms 

The t r a n s f o r m e r g r o u n d bed was measured at 27.4 ohms. 

The r e s i s t ance between the t r ans fo rmer g r o u n d bed and the equ ipment g r o u n d 
bed was measured at 32.2 ohms wi th bo th shove l s connec ted . T h i s agrees f a i r l y 
well wi th t he sum of t he t r ans fo rmer and equipment g r o u n d bed r e s i s t ances : 

27.4 + 3.96 = 31.6 ohms (vs 32.2 ohms measured) 

A n examinat ion of t he methodology used b y t h i s mine to ach ieve sepa ra t ion 
between t h e g r o u n d sys tems i l l u s t r a t e s how ca re fu l l y t h i s must be done. 

4.2.3 Mine #3 

T h i s mine uses a ne twork of ove rhead g r o u n d wires wi th g r o u n d r o d s i n s t a l l e d 
at i n t e r v a l s a n d many bonds to equipment tha t has g r o u n d con tac t . 
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Due to wind and snow cond i t ions , f a l l - o f -po t en t i a l measurements at Mine #3 were 
l imi ted to s i n g l e measurements where the C2 c u r r e n t r e t u r n e lec t rode was p laced 
100 metres from the u n k n o w n g r o u n d bed and the P2 reference at 62 metres 
i n the same d i r e c t i o n . Three Moveable Subs ta t ion g r o u n d s were measured. The 
r e s u l t s are summarized below: 

Sub # F r e q u e n c y Hz Measured Impedance ohms 
7 dc 2.12 
7 49 2.65 
7 73 2.89 

6 dc 4.48 
6 49 4.15 
6 71 4.07 

1 50 8.81 
1 71 10.39 
1 51 32.85 O/H g r o u n d d i sconnec ted 
1 71 30.79 O / H g r o u n d d i sconnec ted 

The measurements at Sub #7 and #1, wi th the o v e r h e a d g r o u n d wire connec ted , 
follow an expec ted t r e n d of i n c r e a s i n g impedance wi th f r e q u e n c y . A t Sub #6, the 
impedance fol lows a r e v e r s e d t r e n d . As mining was i n p r o g r e s s d u r i n g the 
measurements , i t i s poss ib le t ha t t he impedance was c h a n g i n g wi th machine 
movement. T h i s seems to be the o n l y reasonable exp lana t ion . S u b #1 s u p p l i e d 
well pumps a n d the reason for the d i f fe rence i n g r o u n d impedance at 51 and 
71 Hz i s u n k n o w n . 

4.2.4 Mine #4 

T h i s mine u s e d two separate g r o u n d beds fo r each Moveable Subs ta t ion . 
T r a v e r s e s #1 a n d #2 were t a k e n at a Moveable Subs t a t i on . The f i r s t f a l l - o f -
po ten t ia l measurements were done wi th s i ng l e po in t C2 and P2 re fe rences : 

S e c o n d a r y n e u t r a l g r o u n d bed 13.83 ohms 
T r a n s f o r m e r g r o u n d bed 18.84 ohms 

The second measurement, T r a v e r s e #2, was a conven t i ona l f a l l - o f -po t en t i a l 
measurement from the g r o u n d beds t owards the C2 e lec t rode 175 metres away. 
T h i s gave a t r ans fo rmer g r o u n d bed r e s i s t ance of about 21 ohms. Mine 
p e r s o n n e l h a d p r e v i o u s l y measured 2 ohms g r o u n d r e s i s t ance at t h i s Subs t a t i on . 
The d i f fe rence between the measurement done b y the mine pe r sonne l and 
Bens ted , S impson & Associa tes i s t h o u g h t to be due to use of re fe rence 
e lec t rodes t h a t were too close to the g r o u n d e lec t rode 

F a l l - o f - p o t e n t i a l T r a v e r s e #3 was a measurement of a d i s u s e d g r o u n d bed tha t 
had been used to g r o u n d a 15 kV d r a g l i n e s w i t c h house. The d r a g l i n e was 
normal ly s u p p l i e d b y an ove rhead l i ne wi th a g r o u n d wire back to a separa te 
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n e u t r a l g r o u n d bed at the Main Subs t a t ion for the mine, however , the g r o u n d 
bed unde r tes t was complete ly i so la ted from any other g r o u n d systems d u r i n g 
the measurement. Measured re s i s t ance was about 130 ohms. The measured 
res i s t ance of the ove rhead g r o u n d wire u s i n g the d ig i t a l e a r t h tes te r was 6.1 
ohms. The l e n g t h of the g r o u n d wire back to the Main Subs ta t ion was est imated 
at 1.5 km. The g r o u n d r e s i s t ance of the separate g r o u n d bed at the Main 
Subs t a t ion was la te r measured i n T r a v e r s e #7, to be about 3 ohms with va r ious 
g r o u n d wires connec ted . The r e s i s t ance of the overhead g r o u n d wire for the 
d i s tance i n ques t ion , s h o u l d be l e ss t h a n 1 ohm. 

The measurement was repea ted l a t e r i n f a l l -o f -po ten t i a l T r a v e r s e #8 u s i n g the 
ac measurement methodology wi th a por tab le genera tor . A n ac impedance of 
about 6.6 ohms was measured . 

I t i s unc lea r why the measurement t a k e n at the d r ag l ine i s as h i g h as 6.6 ohms. 
It may be due to poor sp l i c e s i n the ove rhead g r o u n d wire . 

F a l l - o f - p o t e n t i a l T r a v e r s e #6 was t a k e n at another P i t a rea . A minor shock 
i n c i d e n t had o c c u r r e d at equipment powered b y t h i s Subs ta t ion a few days 
before t he measurements. Separate 4160 v o l t secondary n e u t r a l and t r ans fo rmer 
g r o u n d beds were u sed . The n e u t r a l g r o u n d bed res i s tance was 19.8 ohms. The 
s econda ry of t h i s Subs t a t ion s u p p l i e d a s h o v e l p a r t i a l l y b y ove rhead l i n e . The 
measured r e s i s t ance i n c l u d e s t he c o n t r i b u t i o n of the ove rhead g r o u n d wire f rom 
the Subs t a t i on to t he s h o v e l . The t r ans fo rmer g r o u n d bed res i s t ance was 33 
ohms. 

F a l l - o f - p o t e n t i a l T r a v e r s e #7 was t a k e n at the Main Subs ta t ion fo r t he Mine . The 
Main Subs t a t i on has a c o n v e n t i o n a l g r o u n d g r i d fo r t h e Subs ta t ion Equ ipmen t 
as wel l as a separa te g r o u n d bed fo r t he s econda ry n e u t r a l g r o u n d i n g . Detai ls 
of t he separa te g r o u n d bed are u n k n o w n . Measurements show tha t the 
impedance of the Main Subs t a t i on g r o u n d g r i d i s about 3.7 ohms. The separa te 
g r o u n d bed r e s i s t ance i s about 3.0 ohms. A measurement was also t a k e n between 
the S u b s t a t i o n g r o u n d g r i d a n d the separa te g r o u n d bed wi th a r e a d i n g of 3.0 
ohms. T h i s i nd i ca t e s t ha t the two g r o u n d sys tems are separa ted , however , the 
e f fec t ive i so l a t ion between the two g r o u n d s cannot be assessed without k n o w i n g 
the p h y s i c a l loca t ion a n d c o n f i g u r a t i o n of the separate g r o u n d bed . 

4.2.5 Mine #5 

T h i s mine uses a ne twork of o v e r h e a d g r o u n d wires to bond the Moveable 
Subs t a t ions to remote g r o u n d beds a n d a l a r g e c o n v e y o r s t r u c t u r e . 

No f a l l - o f - p o t e n t i a l measurements were c a r r i e d out at Mine #5 as p a r t of t h i s 
s t u d y . D u r i n g a p r e v i o u s s t u d y when the mine was s h u t down, a number of 
impedance measurements were c a r r i e d out . The fo l lowing are the r e s u l t s of 
measurements t a k e n at i n d i v i d u a l machines , connec ted to t he g r o u n d i n g ne twork : 
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Equipment Ground Impedance - ohms 
Excavator 1 3.46 
Excavator 2 3.88 
D r i l l 1 3.20 
D r i l l 2 3.22 
D r i l l 3 3.42 
Excavator 3 3.30 
Excavator 4 2.85 
D r i l l 4 3.85 
Excavator 5 2.20 
Excavator 6 1.80 
Excavator 7 2.20 
Excavator 8 2.65 
D r i l l 5 2.85 

The fo l lowing measurements were t aken at Moveable Subs ta t ions connec ted to the 
g r o u n d i n g sys t em a n d machines. 

Subs t a t i on Ground Impedance - ohms 
#1 2.60 
12 1.57 
#3 1.92 
#4 1.85 
15 1.90 

The fo l lowing measurements were t a k e n at remote g r o u n d beds . The g r o u n d beds 
were i so l a t ed from the r e s t of the g r o u n d i n g ne twork d u r i n g the measurements. 

Ground Bed Ground Impedance - ohms 
#1 1.60 
#2 3.05 
#3 1.65 

E a c h of t he g r o u n d beds cons i s t s of a h o r i z o n t a l l e n g t h of copper wire about 
100 metres l o n g , b u r i e d about 2 o r 3 metres deep i n an a rea wi th r e l a t i v e l y low 
r e s i s t i v i t y s o i l . 

4.2.6 Mine #6 

F a l l - o f - p o t e n t i a l T r a v e r s e #11 was t a k e n at the Main 138 kV Subs ta t ion fo r the 
mine. Mine p e r s o n n e l had p r e v i o u s l y measured the Subs ta t ion res i s t ance and had 
e s t ab l i shed some re fe rence e lec t rodes . One of these was used as t he C2 c u r r e n t 
r e t u r n e lec t rode . The poten t ia l re fe rence was moved out t owards the C2 
e lec t rode up ano ther re fe rence which had be e s t ab l i shed b y the Mine at 60% of 
the d i s t ance t o w a r d s t he C2. T h i s c o n f i g u r a t i o n of re fe rences was t h e n used fo r 
the measurements. 
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The measured impedance i s about 0.40 ohms. It i s unders tood , and i t was 
ev iden t , t ha t t he re i s no ef fec t ive b o n d i n g between the Subs ta t ion and Mine 
p i t equipment or b u i l d i n g s . A separate g r o u n d bed i s p r o v i d e d for p i t 
equipment g r o u n d i n g and the Concen t ra to r and o ther p lant i s s u p p l i e d by 
overhead l i ne without any g r o u n d c o n d u c t o r to isola te these b u i l d i n g s from 
Subs ta t ion p r i m a r y fau l t s . The g r o u n d res i s t ance appears to be qui te low for 
the s i ze of g r o u n d g r i d . So i l r e s i s t i v i t y T r a v e r s e #11, which was t aken near the 
Subs ta t ion , shows tha t the s o i l r e s i s t i v i t y i s r e l a t i v e l y low i n tha t area. 

The P I t e s t lead was re loca ted to the separate equipment g r o u n d bed to 
measure the t r a n s f e r of g r o u n d po ten t ia l r i s e between the Subs ta t ion and 
separa te g r o u n d bed . It was found tha t about 30% of the potent ia l r i s e 
appea r ing on the Subs ta t ion g r o u n d g r i d would be t r a n s f e r r e d to the separate 
bed . T h i s f a i r l y h i g h percentage i s due to the p rox imi ty of the separate bed 
to the Subs t a t i on . The exact c o n f i g u r a t i o n of the separate g r o u n d bed i s 
u n k n o w n . 

The r e s i s t ance of the separate g r o u n d bed was also measured to be: 

0.25 ohms at dc 
0.35 ohms at 51 Hz 
0.43 ohms at 70 Hz 

The r ea son fo r t he marked d i f fe rence i n impedance at d i f fe ren t f r equenc ies i s 
p r o b a b l y due to the reac tance of s e v e r a l 100 metres of ove rhead g r o u n d wires 
b o n d i n g the g r o u n d bed to o the r g r o u n d e lec t rodes i n the p i t s . T h i s sugges t s 
t ha t t h e remote g r o u n d bed , i f i so la t ed from the ove rhead g r o u n d wire bonds , 
may have qu i t e a h i g h g r o u n d r e s i s t ance . 

F a l l - o f - p o t e n t i a l T r a v e r s e #12 was t a k e n at a g r o u p of s k i d b r e a k e r s i n the 
ac t ive P i t a rea . Two d r i l l s and a s h o v e l were connec ted to these b r e a k e r s . The 
b r e a k e r s were p r o v i d e d wi th loca l g r o u n d r o d s and bonded back to the separa te 
g r o u n d bed b y an ove rhead g r o u n d wi re . The measured impedances were: 

1.89 ohms at dc 
2.42 ohms at 50 Hz 
2.88 ohms at 69 Hz 

A g a i n , t h e r e i s a marked f r e q u e n c y dependence i n the impedances i n d i c a t i n g 
tha t much of the g r o u n d i n g i s p r o v i d e d t h r o u g h the ove rhead g r o u n d wi re . 

4.3 GROUND ELECTRODE MODELLING AND ANALYSIS 

Computer models of s e v e r a l g r o u n d sys tems were used to ob ta in add i t i ona l 
in format ion about t he mine g r o u n d s . The g r o u n d i n g ana lys i s computer p r o g r a m 
KWIKGRID, deve loped b y BSA was u s e d to ana lyze the models. The computer 
p r o g r a m i s d e s c r i b e d i n A p p e n d i x IV w h i c h also con ta ins i n p u t and r e s u l t s da ta 
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f i les for the f i r s t model d i s c u s s e d . 

4.3.1 Model l ing of G r o u n d Bed Measurements - Use of C2 100 and P2 62 metre  
References 

Th i s model was deve loped to s imulate the f i e ld measurements of F a l l - o f - P o t e n t i a l 
T r a v e r s e #9. The i n p u t da ta f i le for a model r e p r e s e n t i n g the g roup of g r o u n d 
rods used fo r these beds , a C2 r e t u r n e lec t rode 100 metres away and P2 
e lec t rode 62 metres away i s l i s t e d on page I V - 5 i n Append ix IV. The a n a l y s i s 
was done u s i n g a t w o - l a y e r e d s o i l model wi th : 

U p p e r l a y e r r e s i s t i v i t y 151.36 ohm-metres 
U p p e r l a y e r h e i g h t 2.67 metres 
Deep l a y e r r e s i s t i v i t y 352.08 ohm-metres 

Th i s c o r r e s p o n d s wi th the e q u i v a l e n t two l a y e r s o i l model d e r i v e d from s o i l 
r e s i s t i v i t y T r a v e r s e s #6 and #7 t a k e n at the bottom of the P i t fo r t h i s none. 

The fo l lowing i s a d e s c r i p t i o n of the i n p u t data f i le l ayou t : 

The l i ne s up to the word 'END' a re r u n d e s c r i p t i o n . These are fol lowed (next 
four l ines ) b y codes s p e c i f y i n g t h a t separate b u r i e d s t r u c t u r e s are i n v o l v e d , 
so i l po tent ia l s a re r e q u i r e d a n d the ca l cu la t ion accu racy of the i n f i n i t e s e r i e s 
fo r t he t w o - l a y e r s o i l s h o u l d be 0.001 p . u . The next l i n e has t he s o i l model 
'151.36352.082.67' i n the format u p p e r l a y e r r e s i s t i v i t y , deep l a y e r r e s i s t i v i t y , 
dep th of u p p e r l a y e r . The next l i n e '1000.0' i s the fau l t c u r r e n t (1000 amps) 
in j ec ted in to the main e lec t rode of the model. The next l i ne spec i f i es 6 
conduc to r s i n the main e lec t rode . T h i s i s fol lowed b y 6 l i ne s , each of w h i c h 
spec i f ies the x, y a n d z coord ina tes of the o r i g i n and ex t remi ty , the r a d i u s , 
number of s u b d i v i s i o n s a n d c o n d u c t o r number for each conduc to r . Dimensions , 
i n c l u d i n g the c o n d u c t o r r a d i u s , a re i n metres, x and y are i n the eas t -wes t a n d 
n o r t h - s o u t h d i r e c t i o n r e s p e c t i v e l y while z i s downward r e l a t i ve to t he s o i l 
su r face . The number of s u b d i v i s i o n s i s the number of smaller p ieces the 
p rogram s u b d i v i d e s each c o n d u c t o r i n t o . C u r r e n t flow from a c o n d u c t o r to the 
so i l i s not un i fo rm a n d s u b d i v i s i o n makes some allowance for t h i s b y s p l i t t i n g 
the c o n d u c t o r i n to smal le r p ieces , each of wh ich can have a un i fo rm c u r r e n t 
flow. A s the s o i l i s two l a y e r e d a n d the r o d s penetra te bo th l a y e r s , one 
s u b d i v i s i o n po in t w i l l be on the b o u n d a r y between the u p p e r and deep l a y e r s . 
The l i n e '888999' i s a s epa ra to r i n d i c a t i n g spec i f ica t ions fo r separa te s t r u c t u r e s 
fol low. T h i s i s fo l lowed b y an i n a c t i v e f l ag and t h e n the l i ne '1 1' w h i c h 
ind ica te s one separa te s t r u c t u r e wi th i n j ec t ed c u r r e n t and one wi thout any 
connec t ion , i .e . j u s t p i c k i n g up t h e po ten t ia l of the s u r r o u n d i n g s o i l . The nex t 
l ine ' -1000.0' i nd i ca t e s t ha t t h e separa te s t r u c t u r e wi th c u r r e n t i n j e c t i o n 
r ece ives a nega t ive o r r e t u r n c u r r e n t . Th i s i s the C2 e lec t rode whose x , y a n d 
z coord ina tes , r a d i u s a n d s u b d i v i s i o n are spec i f i ed on the next l i n e . T h i s i s 
fol lowed b y the P2 e lec t rode in fo rma t ion . A se r ies of su r face s o i l po ten t i a l 
ca lcu la t ions i s spec i f i ed af ter ano ther separa to r '888888'. The spec i f i ca t ion i s f o r 
51 s o i l po ten t ia l s to be ca l cu l a t ed , s t a r t i n g at x = 0.0, y = 0.0, z = 0.0 a n d 
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moving i nc r emen ta l l y by y = -2.0 for each ca lcu la t ion . Th i s e f fec t ive ly ca lcu la tes 
the s o i l po ten t i a l at a l l locat ions along the f a l l -o f -po ten t i a l t r a v e r s e . 

The r e s u l t s of the ca lcu la t ion are on pages IV-6 t h r o u g h I V - 8 . Page I V - 6 
repea ts t h e i n p u t data , b u t after the s u b d i v i s i o n p rocess has been made. The 
o r i g i n a l c o n d u c t o r #1 i s now b r o k e n in to #1, #13, #14 and #7 a n d s imi l a r ly f o r 
the o the r c o n d u c t o r s . Page I V - 7 has the g r o u n d potent ia l r i s e of 15425.54 vo l t s 
fo r the g r o u n d bed wi th 1000 amps faul t c u r r e n t , which t r ans l a t e s i n to a 
r e s i s t ance of 15.43 ohms. The b u r i e d s t r u c t u r e No. 3 i s the P2 e lec t rode which 
has a po ten t i a l r i s e of -573.70 v o l t s . The di f ference between the P2 and the 
g r o u n d b e d i s 15999.24 vo l t s . D iv ided b y 1000 amps, t h i s g i v e s the appa ren t 
measured r e s i s t ance of 15.999 ohms. 

The ca l cu l a t i on was repea ted without the C2 and P2 e lec t rodes , wh ich have a 
small effect on the g r o u n d res i s t ance of the g r o u n d bed . T h i s i s the more 
commonly u s e d model l ing t echn ique which r ep re sen t s the fau l t c u r r e n t r e t u r n i n g 
t h r o u g h the s o i l to a f a r - away remote source . The ca lcu la ted r e s i s t ance i s t h e n 
15.975 ohms, about 0.15% d i f fe ren t . Use of the 100 metre C2 and 62 metre P2 
c o n f i g u r a t i o n fo r t h i s t y p e of g r o u n d bed r e s u l t s i n a f a i r l y accura te 
measurement r e s u l t . 

The measurement r e s u l t s fo r Mine #2 can be compared wi th t h e ca l cu l a t i on of 
about 16 ohms. The d i s u s e d g r o u n d beds measured 9.5 and 19 ohms. G r o u n d 
beds c u r r e n t l y i n use , b u t wi th equipment d i sconnec ted , measured 21.2 and 27.4 
ohms. T h i s i n d i c a t e s the wide va r i a t i ons tha t can be expe r i enced when 
t h e o r e t i c a l c a l cu l a t i ons based on pe r fec t l a y e r e d s o i l models a re assumed to 
a p p l y i n g e n e r a l . 

4.3.2 M o d e l l i n g of G r o u n d Bed Measurements - Use of References t ha t are Too  
Close to t he G r i d 

The compute r models a re use fu l , however , i n compar ing a l t e rna t ive g r o u n d bed 
c o n f i g u r a t i o n s and measurement methods. A Moveable Subs ta t ion g r o u n d bed at 
Mine #4 was measured to have a r e s i s t ance of 19.81 ohms u s i n g the 100 metre 
C2 a n d 62 metre P2 re fe rence loca t ions . The p rac t i ce at t h i s mine was to use 
a C2 r e f e rence 16 metres away and P2 8 metres. U s i n g these r e fe rences , w h i c h 
were s t i l l i n p lace , an i n c o r r e c t , lower res i s t ance of 17.09 ohms was ob ta ined . 
T h i s i s o n l y 86.3% of t h e t r u e va lue . Mov ing the P2 to t h ree metres, on ly 10.89 
ohms was ob ta ined , wh ich i s 55% of the t r u e va lue . 

The compute r model u s e d above fo r Mine #2 was modified, r e loca t ing t h e C2 and 
P2 r e fe rence e l ec t rodes to 16 and 8 metres. The ca lcu la ted r e s i s t ance i s t h e n 
89.3% of t h e t r u e va lue . T h i s compares wi th the 86.3% d i f fe rence ac tua l ly 
measured at Mine #4 u s i n g the c lose r spaced re ference e lec t rodes . The 
d i f fe rence i n r e s u l t s i s p r o b a b l y due to the d i f fe ren t s o i l s t r u c t u r e at Mine #4, 
bu t , i t i s c l ea r t h a t u s i n g re fe rences as close as 16 and 8 metres i n t r o d u c e s 
s i g n i f i c a n t e r r o r i n t o measurement of t y p i c a l g r o u n d beds c u r r e n t l y i n use . 
S u c h c lose r e f e rences s h o u l d on ly be used for measur ing e lec t rodes a smal l as 
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s ing le rods . 

Mine #3 r e g u l a r l y t e s t s g r o u n d bed res i s t ance u s i n g reference e lec t rodes at 100 
ft. and 62 ft . The g r o u n d bed used by t h i s mine cons i s t s of 6 - 20 ft . deep 
rods i n a r e c t angu l a r c o n f i g u r a t i o n wi th 20 f t . spac ing between the r o d s . F i e l d 
measurements of an i so la ted g r o u n d bed u s i n g 100 metre and 62 metre 
re fe rences gave a r e s i s t ance of 31 to 36 ohms for one of these beds . A 
computer model of s u c h a bed u s i n g a uni form so i l r e s i s t i v i t y of 800 ohm-metres 
g ive s a ca lcu la ted r e s i s t ance of 32.7 ohms i f the rods only are modeled. I f 
i n t e r c o n n e c t i n g c o n d u c t o r s b u r i e d 2 ft . deep are added to the model, the 
res i s t ance i s r e d u c e d to 28.6 ohms. Computer modell ing of the measurement 
u s i n g re fe rences at 100 and 62 f t . r e s u l t s i n a measurement tha t i s 5.2% low. 

4.3.3 Mode l l ing of G r o u n d Bed Measurements - T rans fe r Between Separa te  
G r o u n d Beds 

The i so la t ion between g r o u n d beds t h a t are i n t ended to be separa te , c an be 
modeled and ana lyzed wi th the computer p rogram. Mine #2 uses two s imi la r 
g r o u n d beds as shown i n F i g u r e 4.1 fo r the Moveable Subs ta t ions . One bed i s 
used to g r o u n d the t r a n s f o r m e r t a n k and the o ther i s e f fec t ive ly mainta ined 
separa te as a g r o u n d fo r t h e Mobi le Equipment . 

Two d i s u s e d g r o u n d beds were ava i lab le fo r measurement. The c o n f i g u r a t i o n of 
these beds was d i f f e ren t i n t h a t t h e y were ro ta ted 90 degrees compared wi th 
F i g u r e 4.1 and the c l ea r space between them was about 37 metres r a t h e r t h a n 

24 

- t -

/ V ~ V \ 

Figure 4.1 Isolated Ground Bed Arrangement Used at Mine #2 
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24 metres between the cen t r e s as i nd i ca t ed i n F i g u r e 4.1. The measured t r a n s f e r 
of g r o u n d po ten t ia l r i s e appea r ing on one bed, to the o ther , was 2.1%. The beds 
were computer modeled as found . The ca lcula ted t r ans f e r was 4.9% i f a un i form 
so i l model was u sed . The two g r o u n d beds were i n s t a l l ed aga ins t the almost 
v e r t i c a l s ide of the P i t wh ich cannot be computer modeled. Th i s i s t h o u g h t to 
be the reason fo r the smal ler measured t r ans fe r , combined wi th i n c r e a s e d e r r o r 
i n t h i s t y p e of measurement. 

I t i s c l ea r , however , t ha t the t r a n s f e r i s qui te small when t h i s o r d e r of 
separa t ion i s used . I f the g r o u n d beds are modeled as shown i n F i g u r e 4.1 wi th 
a sepa ra t ion of 24 metres and the t w o - l a y e r e d s o i l model measured fo r the 
bottom of the P i t i s u sed , the ca lcu la ted g r o u n d res i s t ance i s 15.5 ohms and 
t r a n s f e r of po ten t i a l r i s e i s 14.2%. 

Mine #2 uses a r e s i s t o r g r o u n d e d 13.2 kV Pi t d i s t r i b u t i o n sys tem. A g r o u n d 
faul t at a t r a n s f o r m e r g r o u n d e d to s u c h a g r o u n d bed would r e s u l t i n a g r o u n d 
faul t c u r r e n t of 299 amps ( l imited by the g r o u n d res i s t ance and the n e u t r a l 
r e s i s t o r ) . T h i s would p r o d u c e 4629 vo l t s GPR at the t r ans fo rmer g r o u n d and 657 
vo l t s on the Mobile Equ ipment . Of cour se , the amount t r a n s f e r r e d to the Mobile 
Equ ipment would be r e d u c e d b y the g r o u n d i n g af forded by the con tac t between 
the Mobi le Equ ipmen t a n d the s o i l . However , i n the wors t case, a mine w o r k e r 
c o u l d be a t t empt ing to connec t two cable coup le r s on a t r a i l i n g cable to a 
mobile machine at t he t ime of the fau l t . The f u l l 657 vo l t s c o u l d t h e n appear 
between t he two c o u p l e r s . 

4.4 DESIGN OF MINE GROUND BEDS 

4.4.1 G r o u n d Bed Des ign Methodology 

Once s o i l r e s i s t i v i t y i s k n o w n for a p a r t i c u l a r area , mine g r o u n d beds c a n be 
des igned to ach ieve a r e q u i r e d re s i s t ance . I f the s o i l r e s i s t i v i t y i s approximate ly 
un i form, s imple equa t ions can be used to ca lcula te the res i s t ance of g r o u n d 
beds wi th f a i r a c c u r a c y . I f the s o i l i s l a y e r e d , approximat ions can be u sed to 
d e r i v e an e q u i v a l e n t un i fo rm s o i l from the l a y e r e d model. 

F o r example, i f t he u p p e r l a y e r i s qu i t e t h i c k so t ha t the whole g r o u n d bed i s 
loca ted i n the u p p e r l a y e r on ly and the g r o u n d bed i s qu i t e smal l , t he 
ca lcu la t ions c o u l d be done assuming the s o i l i s un i form wi th a r e s i s t i v i t y e q u a l 
to the u p p e r l a y e r r e s i s t i v i t y . As a second example, i f the uppe r l a y e r i s qu i t e 
t h i n , has a h i g h e r r e s i s t i v i t y and most of the g r o u n d bed i s loca ted i n the 
deep l a y e r , as i n the case of a g roup of deep rods , the u p p e r l a y e r c o u l d be 
i g n o r e d i n t he r e s i s t ance c a l c u l a t i o n . As a t h i r d example, i f the g r i d i s loca ted 
equa l ly i n b o t h l a y e r s a n d t he re i s not much d i f fe rence i n r e s i s t i v i t y between 
the l a y e r s , t he ca l cu l a t i on c o u l d be done u s i n g the average r e s i s t i v i t y of the 
two l a y e r s . 

These approx imat ions allow s impl i f i ed equat ions to be used to ob t a in an 
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(Eq38) 

where 

R = station ground resistance in fl 
P = average earth resistivity in fl-m 
A = the area occupied by the ground grid in m 2 

r = ' / j l + _ £ . 
3 4 \) A L 

(Eq39) 

[L V 2 Q A V l + hy/20/A ) 
(Eq40) 

F i g u r e 4.2. Simple Equa t ions for G r o u n d Bed Resis tance Ca lcu la t ion 

i n d i c a t i o n of t he extent of g r o u n d bed tha t may be r e q u i r e d , b u t i t must be 
accep ted t h a t t he r e s u l t i n g g r o u n d bed res i s tance , p r o v e d b y measurement, may 
d i f f e r f rom t h e d e s i r e d va lue . A f u l l u n d e r s t a n d i n g of t h e effects of l a y e r e d s o i l 
s t r u c t u r e s on g r o u n d beds i s r e q u i r e d to app ly approximat ions a p p r o p r i a t e l y . 
However , a g r o u n d bed can be c o n s t r u c t e d on the bas i s of s imple equat ions 
u s i n g approximate un i fo rm s o i l models, measured and i f def ic ien t , can be 
ad jus t ed b y the add i t i on of more b u r i e d metal. 

A c c u r a t e ca l cu l a t i on of g r o u n d bed res i s t ance i n l a y e r e d so i l s cannot be done 
wi th s imple equa t ions and more complex p rocedu re s s u c h as the g r o u n d i n g 
a n a l y s i s compute r p r o g r a m KWIKGRID a l ready d e s c r i b e d must be used . While t he 
s imple equa t ions r e l y on r e g u l a r g r o u n d bed con f igu ra t i ons , KWIKGRID and o ther 
s imi la r compute r p rograms allow i r r e g u l a r combinat ions of c o n d u c t o r s to be 
modeled, loca ted i n un i fo rm o r l a y e r e d s o i l . 

C o r r e c t app l i ca t i on of g r o u n d i n g ana ly s i s p rograms i s complex a n d usua l ly 
r e q u i r e s a s p e c i a l i s t who u n d e r s t a n d s how the i n p u t da ta s h o u l d be format ted . 
Some of t he p rograms also r e q u i r e mini o r main frame compute r s a n d are 
r e l a t i v e l y expens ive to b u y . There fo re , fo r g r o u n d bed d e s i g n , as app l i cab le to 
the t y p i c a l 4 ohm mine g r o u n d bed , the simple equa t ion t e c h n i q u e s a re to be 
p r e f e r r e d where poss ib le . 

The I E E E Guide fo r Safety i n AC Subs ta t ion G r o u n d i n g [16] i s an exce l len t 
r e fe rence f o r g r o u n d bed d e s i g n . Chap te r 12 con ta ins a number of s imple 
equa t ions t h a t c a n be e f fec t ive ly app l i ed . F i g u r e 4.2 con ta ins t h r e e of the 
s imples t equa t ions from the I E E E Guide . Equa t ion (38) ca lcu la tes t he r e s i s t ance 
of a c i r c u l a r metal p la te at zero dep th , wi th a rea equa l to t h a t of t he g r o u n d 
bed . A s s u m i n g the g r o u n d bed i s a r e c t a n g u l a r mat of c o n d u c t o r s near the 
su r f ace , t h e r e s i s t ance wi l l no t be l ess t h a n t h i s . Equa t ion (39) i n c l u d e s the 
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to ta l l e n g t h of b u r i e d conduc to r L (metres) g i v i n g an uppe r l imi t to the 
re s i s t ance . T h i s equa t ion can be used for g r i d - r o d combinat ions , bu t wi l l g i ve 
s l i g h t l y c o n s e r v a t i v e r e s u l t s as the rods are u sua l l y more ef fec t ive t h a n the 
g r i d c o n d u c t o r s , on a per un i t l e n g t h bas i s . Equa t ion (40) i n c l u d e s another 
parameter h (metres) , the dep th of the g r o u n d bed below the so i l su r face . T h i s 
s h o u l d be used fo r beds tha t are between 0.25 and 2.5 metres deep. 

R Ri * 2 - *?2 ( E ^ 4 1 ) 

' Rx+R2- 2Ri2 ^ J 

where 

Ri = resistance of grid conductors 
R2 = resistance of all ground rods (rodbed) 
Rl2 = mutual resistance between the group of grid conductors and group of 

ground rods 

Rt = (P^tt^) (In (2yh') + Kx (ll/\[A) - K2) (Eq42) 

R2 = (p a/2n7rZ 2) (In (8V<i 2 ) - 1 + 2 ^ (h/y/X) ( V ^ T - I ) 2 ] (Eq43) 

#12 = ( P a / ^ i ) (2 i i /^ 2 ) + Ki (lx/yfA)rK2 + 1] (Eq44) 

where 

p t = soil resistivity encountered by grid conductors buried at depth h in 
n-m 

P a ~ apparent soil resistivity as seen by a ground rod in ft-m, 
H = thickness of the upper layer soil in m 
p 2 = soil resistivity from depth H downward in fl-m 
lY = total length of grid conductors in m 
l2 = average length of a ground rod in m 
h = depth of grid burial in m . 
hf = \fdyh for conductors buried at depth h, or 0.5 dx for conductors at 

h = 0 (on earth's surface) 
A = area covered by a grid of dimensions a • b in m 2 

n = number of grdtind rods placed in area A 
KltK2 = constants related to the geometry of the system 
dx - diameter of grid conductor in m 

= diameter of ground rods in m 
a = short-side grid length in m 
b = long-side length in m 

Pa " h (Pi P 2 ) / ( P 2 ^ + P i (*2-#)) ^ 4 5 ) 

Pa " k (Pi P2) / ( P 2 ( ^ - f e ) + Pi ( f2 + ft-H)) ( E * 4 6 ) 

Figure 4.3 Schwarz's Equations for Orid/Rod Bed Resistance Calculations 
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These r e l a t i v e l y s imple equat ions can be hand ca lcu la ted or s t o r ed i n a 
programmable ca lcu la to r for q u i c k est imation of the res i s t ance of a smal l g r o u n d 
bed . To be p r e f e r r e d , however , are the equat ions i n F i g u r e 4.3, wh ich are from 
the same s o u r c e [16]. These are k n o w n as S c h w a r z ' s Formula and enable the 
ca l cu la t ion of g r i d - r o d combinat ions wi th good accu racy and some l a y e r e d s o i l 
c a p a b i l i t y . The g r i d and r o d l ayou t must be r e g u l a r . The r o d s must be e v e n l y 
spaced t h r o u g h o u t the g r o u n d bed area and the g r i d c o n d u c t o r s must be even ly 
spaced i n bo th d i r ec t i ons . The l a y e r e d so i l model must f i t the fo l lowing 
l imi ta t ions : 

The u p p e r l a y e r r e s i s t i v i t y must be g rea te r t h a n or equa l to the deep 
l a y e r r e s i s t i v i t y 

The g r i d must be i n the uppe r l a y e r 

The h e i g h t of the uppe r l a y e r must be at leas t 0.1 t imes the longes t 
d imens ion of the g r o u n d bed . 

A s i n d i c a t e d , Equa t ion (42) ca lcu la tes the res i s tance of the g r i d (hor izonta l ) 
c o n d u c t o r s , (43) ca lcu la tes the r e s i s t ance of the r o d s and (44), the mutual 

1.40 

yA = -0.04x + 1.41 rA = 0.15x * 5.50 
CURVE B - FOR DEPTH h = 1/10 >/AREA C U R V E 8 - F O R DEPTH h = 1/10 VAREA 

XB = -0.05x + 1.20 Xa * 0.10x * 4.68 
CURVE C - FOR DEPTH h = 1/6 VAREA CURVE C - FOR OEPTH h = 1/6 >/AREA 

r c « -0-05X • 1.13 s -O OSx • 4.40 

Figure 4.4 Graphs and Equations for Coefficients Kj and Kj 
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doub led . The cons tan t 
cos t ana lys i s can be 
repea ted wi th in t h i s 
c o n s t r a i n t and i n some 
cases an optimum dep th 
can be de te rmined . T h i s 
i s shown i n F i g u r e 4.7 
which p lo ts the g r o u n d 
res i s t ance for a cons tan t 
cost , u s i n g d i f fe ren t r o d 
dep ths i f the cos t of 
i n s t a l l i n g r o d s i s 
p r o p o r t i o n a l to the 
squa re of the dep th . The 
form of t h i s c u r v e i s 
dependent on the g r i d 
a rea and to ta l l e n g t h of 
r o d s i n s t a l l e d and no 
simple r u l e emerges o the r 
t h a n fo r un i fo rm (i .e. 
n o n - l a y e r e d ) s o i l , i t i s 
gene ra l l y be t te r to i n s t a l l 
a few l o n g r o d s t h a n 
many s h o r t ones. 

Area = 8 m x 16 m 
constant cost tractor 1.0} 

10 1 
15 

I 
20 

Ground Rod Lengtn - meters 

Figure 4.6 Constant Cost Installation - Effect of 
Rod Length on Resistance 

Area = 8 m x 16 m 
constant cost CToctor 2.0} 

20 

The choice of g r o u n d bed c o n f i g u r a t i o n s h o u l d also cons ide r the avai lab le s i t es 
fo r t he area . T h i s i s most 
app l i cab le where an 
o v e r h e a d g r o u n d wire can 
be u s e d to bond to a 
g r o u n d bed somewhere 
ou t s ide the P i t where 
be t te r s o i l cond i t ions are 
f o u n d . Sometimes an a rea 
of low r e s i s t i v i t y s o i l c a n 
be f o u n d where a 
h o r i z o n t a l c o n d u c t o r c a n 
be b u r i e d i n a t r e n c h . 
Other s imple equa t ions 
can be f o u n d i n the 
r e fe rences i n the I E E E 
Guide [16] to ca lcu la te 
the r e s i s t ance of s u c h a 
g r o u n d e lec t rode . 

5 -

1 1 
« 15 

Ground Rod Ltnotn - meters 

20 25 

Figure 4.7 Cost Proportional to Square of Depth -
Effect of Ground Rod Length on Resistance 

- 34 -
bensted, sinpson & associates ltd. 



BSA Pro jec t 4137 M a r c h , 1989 

4.4.2 A Mine G r o u n d Bed Example 

Mine #6 was i n the p rocess of deve lop ing a new P i t . The P i t i s located s e v e r a l 
km from the r e d u c t i o n p lan t , Main Subs ta t ion and ex i s t i ng p i t s . T h i s p r e sen t ed 
an o p p o r t u n i t y to i n s t a l l a g r o u n d i n g sys tem tha t would f u l l y sa t i s fy t he 
E l e c t r i c a l Code [1] r equ i r emen t s . Due to the dis tance i n v o l v e d and use of 4160 
vo l t power at the e x i s t i n g P i t and plant , t r ansmiss ion to the new P i t was done 
at 25 kV wi th t r ans fo rmer s at each end of the ove rhead l i ne . The sou rce 
t r ans fo rmer was p r o v i d e d wi th a 25 amp n e u t r a l g r o u n d i n g r e s i s t o r . T h i s 
r e q u i r e d a 4 ohm g r o u n d bed at the new P i t to l imi t GPR to less t h a n 100 v o l t s . 

So i l r e s i s t i v i t y was measured at the s i te of the new P i t Subs ta t ion on top of 
a small h i l l . The fo l lowing equ iva l en t so i l model was i n t e r p r e t e d f rom the 
measurements. A s d i s c u s s e d u n d e r Sect ion 4.1.4, a deeper rev iew of t he da ta 
showed t ha t a d i f fe ren t s o i l model f i t s the measurement da ta be t te r , however , 
the r e s u l t i n g res i s t ance ca l cu l a t i on i s not affected much. 

U p p e r l a y e r r e s i s t i v i t y 
He igh t of u p p e r l a y e r 
Deep l a y e r r e s i s t i v i t y 

A number of d i f f e ren t 
g r o u n d g r i d models were 
deve loped and a n a l y z e d 
u s i n g t h i s s o i l model 
u n t i l t he model shown i n 
F i g u r e 4.8 was shown to 
p r o d u c e a g r o u n d 
res i s t ance of 4.04 ohms. 
The f i n a l measured 
res i s t ance of t h i s g r o u n d 
bed was about 2.8 ohms. 
T h i s lower value was 
expected fo r two reasons . 
F i r s t , t he bed was 
i n s t a l l e d b y d r i l l i n g holes 
approximate ly 100 mm i n 
d i a m e t e r , i n s e r t i n g 
c o n d u c t o r s and back 
f i l l i n g wi th Bentoni te 
mud. Bentoni te i s a 
n a t u r a l c l ay mater ia l t ha t 
has a v e r y low r e s i s t i v i t y 
when wet. I t i s 
h y g r o s c o p i c a n d swel l s to 
many t imes i t s d r y 
volume when wet. The 
c o n d u c t i v e i ons do not 
wash out wi th t ime as 

235 ohm-metres 
2.7 metres 
500 ohm-metres 

AO m c t e e p 3/A" g r o u n d r o d o r *4/ O c a b l e I n d r ! I I e d h o U 
bnokcT I \ I e d w i t h B e n t o n 1 1 © m a t e r - f a I 

F i g u r e 4.8 G r o u n d Bed f o r Mine #2 New P i t 
Subs ta t ion 
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does sa l t . I t i s therefore an excel lent p r o d u c t for f i l l i n g g r o u n d r o d holes tha t 
are d r i l l e d in to r o c k . F i l l i n g the d r i l l hole wi th Bentoni te r e su l t s i n a r o d tha t 
i s e f fec t ive ly 100 mm diameter r a the r t h a n 19 mm. The ca lcula ted res i s tance of 
the whole bed i s r e d u c e d to 3.46 ohms. 

Second , the s o i l r e s i s t i v i t y measurements sugges t ed , bu t were unable to c l ea r l y 
r e so lve , a lower r e s i s t i v i t y l a y e r at g rea t e r dep th . Th i s was been b o r n out 
d u r i n g c o n s t r u c t i o n of the g r o u n d bed when water was encounte red i n the 
holes . The holes were on ly d r i l l e d 23 metres deep. 

A s imi la r t emporary g r o u n d bed wi th 33 metre deep holes, at a lower e leva t ion 
where a water tab le was encoun te red i n t h r e e of the holes was measured b y the 
mine to have a res i s tance of 1.4 ohms. I t appears therefore , tha t t he re i s a 
water t ab le wi th a lower r e s i s t i v i t y u n d e r l y i n g the area. 

4.4.3 Chemical Treatment 

Chemical t rea tment can be used to r educe g r o u n d res i s tance to a c e r t a i n extent . 
A s mentioned i n Sect ion 4.4.2, a mater ia l s u c h as Bentoni te can improve r o d to 
hole con tac t . F o r l a r g e g r o u n d beds , s ay 20 X 20 metres and b i g g e r , f u r t h e r 
chemica l t rea tment s u c h as s a l t i n g and wate r ing has l i t t l e effect once the 
g r o u n d b e d makes good contac t wi th t he s o i l because the ef fec t ive a rea of the 
g r o u n d bed must be i n c r e a s e d to r educe the g r o u n d res i s tance . 

F o r smal l g r o u n d beds of say one o r two 3 metre l ong rods p laced i n a 3 metre 
wide hole and b a c k f i l l e d , the add i t i on of sa l t o r o ther i on r i c h chemical to the 
b a c k f i l l , c an r educe the g r o u n d r e s i s t ance . F o r t h i s reason , commercial p r o d u c t s 
s u c h as hollow r o d s wh ich con ta in chemicals t ha t are p r o g r e s s i v e l y l eached in to 
the s o i l , have l imi ted e f f i cacy . 

4.5 MOVEABLE SUBSTATION CONFIGURATIONS 

Moveable Subs ta t ions are def ined b y the E l e c t r i c a l Code for Mines [1] as 
" subs t a t ions c o n s i s t i n g of an assembly of e l e c t r i c a l equipment mounted on a 
s e l f - s u p p o r t i n g moveable s t r u c t u r e " . E a c h mine cons ide r ed i n t h i s r epo r t , uses 
a d i f f e ren t Moveable Subs ta t ion c o n f i g u r a t i o n . 

4.5.1 Mine #1 

D i s t r i b u t i o n to the moveable subs t a t ions i s at 69 k V . Overhead open w i r i n g i s 
used fo r the p r i m a r y connec t ion . The Moveable Subs ta t ion cons i s t s of two 3750 
k V A t r a n s f o r m e r s connec ted i n p a r a l l e l s u p p l i e d b y a fused d i sconnec t . The 
d i sconnec t s w i t c h handle i s p r o v i d e d wi th a g r a d i e n t c o n t r o l mat. The 6.9 kV 
seconda ry i s t a k e n to a separa te s k i d b r e a k e r u s i n g a l e n g t h of t r a i l i n g cable . 
The s econda ry n e u t r a l g r o u n d i n g r e s i s t o r , zero sequence re lay and g r o u n d fau l t 
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re lay , i s located i n the s k i d b r eake r . A l e n g t h of i n su la t ed cable i s used to 
connect the t r ans fo rmer neu t r a l s to the n e u t r a l g r o u n d r e s i s t o r . M i n i n g 
pe r sonne l s t and on the na t ive so i l while opera t ing the s k i d b r e a k e r sw i t chgea r 
and connec t i ng o r d i s connec t i ng secondary t r a i l i n g cables . 

4.5.2 Mine #2 

D i s t r i b u t i o n to the moveable subs t a t i ons i s at 13.2 k V . The Moveable Subs t a t i on 
cons i s t s of a 3000 k V A t r ans fo rmer wi th p r imary fuses and meta l -enclosed 
seconda ry sw i t chgea r mounted on a s tee l t r a i l e r . The t r ans fo rmer s e c o n d a r y 
bus i s t o t a l l y enc losed and makes d i r e c t connec t ion between the t r ans fo rmer a n d 
seconda ry swi t chgea r . The s econda ry g r o u n d fau l t r e lay and zero sequence C .T . 
are mounted i n the swi t chgea r enc losu re . The 13.2 kV s u p p l y i s t a k e n o v e r h e a d 
from a pole mounted d i sconnec t to a t e rmina l s t r u c t u r e on the Moveable 
Subs t a t i on . The seconda ry t r a i l i n g cables are p l u g g e d in to connec to r s mounted 
on a s tee l t r e s t l e t ha t i s p laced su f f i c i en t l y fa r from the t r a i l e r assembly t ha t 
a pe r son cannot t o u c h bo th at the same time. 

The t r a i l i n g cable g r o u n d s wh ich are bonded to the t r e s t l e , are t a k e n to a 
separa ted i so la ted g r o u n d bus wh ich i s also the g r o u n d re fe rence fo r t he 
s econda ry n e u t r a l g r o u n d i n g r e s i s t o r . A separate g r o u n d bed i s p r o v i d e d f o r 
t h i s g r o u n d b u s . The g r o u n d sys tem of the t r ans fo rmer and metal t r a i l e r 
assembly i s t he re fo re e f f ec t ive ly i so la ted from the Mobile Equ ipment g r o u n d 
sys tem. M i n i n g , p e r sonne l s t a n d on the metal t r a i l e r while o p e r a t i n g the 
s econda ry sw i t chgea r , b u t on t he na t ive s o i l while ope ra t ing the 13.2 k V 
d i sconnec t a n d c o n n e c t i n g o r d i s c o n n e c t i n g secondary t r a i l i n g cab les . 

4.5.3 Mine #3 

D i s t r i b u t i o n to the moveable subs t a t i ons i s at 13.2 k V . The Moveable Subs t a t i on 
cons i s t s of a t r ans fo rmer wi th metal -enclosed p r i m a r y swi t chgea r and meta l -
enc losed s econda ry s w i t c h g e a r a l l mounted on a s tee l t r a i l e r . The t r a n s f o r m e r 
p r i m a r y and seconda ry bus i s t o t a l ly enc losed . Secondary s w i t c h g e a r i s 
con ta ined i n s i d e a smal l sheet metal b u i l d i n g on the t r a i l e r . The s e c o n d a r y zero 
sequence C.T. and g r o u n d f au l t r e l a y are conta ined i n t h i s b u i l d i n g . Seconda ry 
g r o u n d fau l t s t r i p the p r i m a r y b r e a k e r . The 13.8 kV s u p p l y i s t a k e n f rom the 
o v e r h e a d l i ne b y a l e n g t h of t r a i l i n g cable . M i n i n g pe r sonne l s t a n d on the metal 
t r a i l e r whi le o p e r a t i n g the sw i t chgea r , bu t s t and on the na t ive s o i l while 
c o n n e c t i n g o r d i s c o n n e c t i n g s econda ry t r a i l i n g cables . 

4.5.4 Mine #4 

D i s t r i b u t i o n to the moveable subs t a t i ons i s at 13.8 k V . The Moveable S u b s t a t i o n 
cons i s t s of one o r two separa te t r a i l e r - m o u n t e d t r ans fo rmers and a t r a i l e r -
mounted s e c o n d a r y b r e a k e r u n i t c o n t a i n i n g the secondary zero sequence C.T . 
and g r o u n d fau l t r e l a y . The 13.8 kV s u p p l y i s t aken overhead from a d i s connec t 

- 37 -
bensted, sinpson I associates ltd. 



BSA Pro j ec t 4137 M a r c h , 1989 

on the o v e r h e a d l i n e , to an open wire bus over the t r ans fo rmer . The 
t r ans fo rmer i s connec ted to the overhead bus t h r o u g h d r o p - o u t fuses . The 
n e u t r a l g r o u n d i n g r e s i s t o r i s mounted on the t rans former t r a i l e r . M i n i n g 
pe r sonne l s t a n d on the t r a i l e r while opera t ing the secondary b r e a k e r , bu t s t a n d 
on the na t ive s o i l while ope ra t ing the p r imary d isconnec t or connec t ing or 
d i s connec t i ng s econda ry t r a i l i n g cables . 

4.5.5 Mine #5 

D i s t r i b u t i o n to t he moveable subs ta t ions i s at 69 k V . The Moveable Subs ta t ion 
cons i s t s of a t r a i l e r - m o u n t e d t r ans fo rmer , secondary n e u t r a l g r o u n d i n g r e s i s t o r 
and s econda ry sw i t chgea r enc losure con ta in ing the secondary zero sequence C.T. 
and g r o u n d f au l t r e l a y . The 69 kV s u p p l y i s t aken ove rhead from the ove rhead 
l i ne to a fu sed d i sconnec t on a s tee l s t r u c t u r e on the t r a i l e r . M i n i n g p e r s o n n e l 
s t and on the t r a i l e r while ope ra t ing the p r imary d i sconnec t o r secondary 
sw i t chgea r , b u t s t a n d on the na t ive so i l while connec t ing o r d i s connec t i ng 
seconda ry t r a i l i n g cab les . 

4.5.6 Mine #6 

The e x i s t i n g p i t s of Mine #6 do not use moveable subs ta t ions . 4160 v o l t power 
i s p r o v i d e d d i r e c t f rom the mine's Main Subs ta t ion b y o v e r h e a d l i ne to s k i d 
b r e a k e r u n i t s wh ich con ta in t he secondary swi t chgea r , zero sequence C.T. a n d 
g r o u n d fau l t r e l a y . M i n i n g pe r sonne l s t a n d on an extended frame of the s k i d 
b r e a k e r whi le o p e r a t i n g the secondary swi tchgear and s t a n d on the g r o u n d 
while c o n n e c t i n g o r d i s connec t i ng secondary t r a i l i n g cables . 

A moveable s u b s t a t i o n i s u sed at the new p i t . P r imary d i s t r i b u t i o n i s at 25 k V . 
The Moveable Subs t a t ion cons i s t s of a sk id -moun ted u n i t c o n t a i n i n g p r i m a r y 
s w i t c h , t r an s fo rmer , s econda ry n e u t r a l g r o u n d i n g r e s i s t o r a n d seconda ry 
s w i t c h g e a r enc losu re c o n t a i n i n g the secondary zero sequence C.T. and g r o u n d 
fau l t r e l a y . The 25 k V s u p p l y i s t a k e n from the ove rhead l i n e t h r o u g h d ropou t 
fuses a n d a l e n g t h of cable to the Moveable Subs ta t ion . M i n i n g p e r s o n n e l s t and 
on the S u b s t a t i o n while ope ra t i ng the p r i m a r y o r secondary sw i t chgea r . The 
Subs t a t i on feeds a 4160 vo l t ove rhead p i t d i s t r i b u t i o n sys tem. S k i d b r e a k e r s are 
used to tap off the 4160 v o l t d i s t r i b u t i o n sys tem to the mobile machinery 
t r a i l i n g cab le s . M i n i n g pe r sonne l s t a n d on an extended frame of the s k i d 
b r e a k e r while o p e r a t i n g the s k i d b r e a k e r swi t chgea r and s t a n d on the g r o u n d 
while c o n n e c t i n g o r d i s c o n n e c t i n g secondary t r a i l i n g cables . 
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4.6 REVIEW OF MINE DISTRIBUTION S Y S T E M S 

F i g u r e s II.1 t h r o u g h II.8 i n Append ix II show the d i f fe ren t d i s t r i b u t i o n 
con f igu ra t i ons used at each mine. 

The on ly common fea ture between a l l the mines i s the way i n which the Mobile 
Equ ipmen t t r a i l i n g cable i s p ro tec ted . I n v a r i a b l y , the t r a i l i n g cable used i s t y p e 
SHD-GC cab le , a h i g h vol tage t r a i l i n g cable tha t i nco rpo ra t e s g r o u n d wires and 
p i lo t wi re to monitor the i n t e g r i t y of the g r o u n d c o n d u c t o r s . The moni tor ing 
sys tems u s e d appears to be adequate . The f i n a l c i r c u i t to the Mobile Equ ipmen t 
i s a lways p ro tec ted by a c u r r e n t l i m i t i n g r e s i s t o r g r o u n d e d n e u t r a l so tha t 
g r o u n d f au l t c u r r e n t s are l e s s t h a n 25 amps. 

The c o n f i g u r a t i o n i s s u c h tha t , wi th the l e n g t h s of t r a i l i n g cable t y p i c a l l y used , 
g r o u n d fau l t s at the Mobile Equ ipment cannot cause a g r o u n d poten t ia l r i s e i n 
excess of 100 vo l t s . T h i s po r t i on of the d i s t r i b u t i o n sys tem i s the re fo re not 
c o n s i d e r e d f u r t h e r except i n one context where t he r e can be a s h o r t p o r t i o n 
of the c i r c u i t at the Moveable Subs ta t ion , tha t does not have adequate 
p r o t e c t i o n . 

The g r o u n d f au l t po ten t i a l r i s e s i tua t ion tha t i s poss ib le at a l l mines i s f o r a 
g r o u n d f au l t to o c c u r at the Moveable Subs t a t i on . A t mines t ha t use an 
o v e r h e a d g r o u n d wire on the d i s t r i b u t i o n sys tem, t h e r e i s the add i t i ona l 
p o s s i b i l i t y of a g r o u n d fau l t at the U t i l i t y P r i m a r y c a u s i n g a t r a n s f e r r e d 
po ten t i a l r i s e at t he Moveable Subs t a t i on . 

I t must also be app rec i a t ed tha t when ove rhead g r o u n d wires are used i n p i t 
d i s t r i b u t i o n sys tems , w i th t he d i s tances i n v o l v e d , t y p i c a l l y s e v e r a l km, the 
se r i e s impedance of the g r o u n d wire i s s i g n i f i c a n t and cannot be r educe much 
b y u s i n g l a r g e r o r b u n d l e d c o n d u c t o r s . T h i s i s an accepted fact i n t r a n s m i s s i o n 
l i ne t h e o r y . 

4.6.1 Mine #1 ( F i g u r e I I . l ) 

Mine #1 t ake s a 67 k V s u p p l y d i r e c t from B . C . H y d r o i n t o the P i t . There a re no 
o v e r h e a d g r o u n d wires t a k e n i n t o the P i t to p r o v i d e a p a r t i a l r e t u r n pa th fo r 
g r o u n d f au l t c u r r e n t s . A l l g r o u n d fau l t c u r r e n t must the re fore r e t u r n to the 
B . C . H y d r o sou rce t h r o u g h the s o i l . 

The re i s a r e g u l a t i n g t r a n s f o r m e r i n the c i r c u i t t ha t i s i n t e n d e d to c o n t r o l t he 
vol tage d r o p i n the feeder to the Mine wh ich i s s e v e r a l km l o n g . T h i s 
t r a n s f o r m e r i s e f f ec t ive ly an au to - t r ans fo rmer and as s u c h , on ly i n s e r t s a smal l 
impedance i n the l i ne when the ra t io i s not 1:1. I t s effect on r e d u c i n g fau l t 
l e v e l s i n the P i t i s n e g l i g i b l e . 

A t each Moveable Subs t a t i on , a common g r o u n d bed i s used fo r t r ans fo rmer and 
Mobi le Equ ipmen t g r o u n d i n g . The g r o u n d bed res i s t ance i s r e l a t i v e l y h i g h due 
to the s o i l r e s i s t i v i t y of 250 to 800 ohm-metres and the small s i ze of the g r o u n d 
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bed which cons i s t s of 2 or t h ree g r o u n d rods . The measured res i s t ance of a 
g r o u n d bed (R2 i n pa ra l l e l wi th the Mobile Equipment g r o u n d res i s t ance i n 
F i g u r e II.1) i s about 7.2 ohms with Mobile Equipment connec ted . Without the 
equipment the r e s i s t ance i s expected to be much h ighe r . 

Th i s c o n f i g u r a t i o n p resen t s an extremely hazardous s i tua t ion for 67 kV g r o u n d 
faul t s at a Moveable Subs ta t ion . The g r o u n d faul t i s i nd i ca t ed as ' A ' i n F i g u r e 
I I . l . 

A fau l t c a l cu l a t i on was done Assuming a 7.2 ohm g r o u n d re s i s t ance . The 
ca lcu la t ion was based on the fo l lowing data: 

B . C . H y d r o 66 kV symmet r ica l component impedances of the sou rce at 
Miche l le Subs t a t ion on 100 MVA 66 kV base: 

Pos i t i ve sequence impedance 0.025 + j0.1193 p .u . 
Zero sequence impedance 0.0184 + j0.1235 p . u . 

A v e r a g e s o i l r e s i s t i v i t y fo r l i ne impedance ca lcu la t ions 271 ohm-metres 

L i n e to f a u l t l o c a t i o n : 
Height of each phase conductor 15.0 metres 
Dis t ance between phases 3.5 metres 

Di s t ance i n feet Conductor s i z e 
200 266.8 ACSR 

7800 336.4 ACSR 
10250 266.8 ACSR 

4200 266.8 ACSR 
2500 266.8 ACSR 

L i n e p o s i t i v e a n d zero sequence impedances were ca lcu la ted i n two s teps . F i r s t 
the se l f - impedance wi th g r o u n d r e t u r n of the two conduc to r s i zes and the 
mutual impedance wi th g r o u n d r e t u r n , between two c o n d u c t o r s spaced 3.5 
metres, were ca l cu la t ed u s i n g Car son ' s equat ion . The r e l a t i onsh ips : 

Z pos = Z $ - Z^ and Z zero = Z s + 2 Z^ 

where: 
Z $ = se l f impedance wi th g r o u n d r e t u r n 
Zj = mutual impedance wi th g r o u n d r e t u r n 

were u s e d to ca lcu la te t he symmet r ica l component impedances f o r the ove rhead 
l i nes . The s i n g l e - l i n e - t o - g r o u n d fau l t c u r r e n t wi th a 7.2 ohm g r o u n d res i s t ance , 
i g n o r i n g the B . C . H y d r o source g r o u n d res i s tance R l i n F i g u r e I I . l , can t h e n 
be ca l cu l a t ed to be: 

S i n g l e - l i n e - t o - g r o u n d faul t c u r r e n t 2306 amps 
G r o u n d po ten t i a l r i s e 16604 vo l t s 
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Th i s i s c l e a r l y a v e r y h i g h g r o u n d potent ia l r i s e . I t would be t r a n s f e r r e d to 
a l l equipment connec ted to tha t Subs ta t ion and would be l e tha l fo r anyone i n 
the v i c i n i t y of o r ge t t ing on or off the Subs ta t ion or Mobile Equipment . A 
pe r son i n s i d e a s h o v e l o r d r i l l would be at the same poten t ia l as the s h o v e l 
and would be unaffected ( in the same way as a b i r d can s i t on a h i g h vol tage 
l i ne ) . 

As no ove rhead g r o u n d wire i s u sed , g r o u n d fau l t s at o ther loca t ions on the 
d i s t r i b u t i o n sys tem or even a g r o u n d faul t on the 230 kV s ide of the B . C . 
H y d r o Miche l le Subs t a t i on , fau l t f B ' i n F i g u r e I I . l , w i l l not be t r a n s f e r r e d to the 
p i t equipment . 

4.6.2 Mine #2 ( F i g u r e II.2) 

Mine #2 has two s tages of vol tage s t e p - d o w n from the B . C . H y d r o sou rce . The 
incoming 132 kV s u p p l y i s f i r s t r e d u c e d to 13.2 kV at the Main Subs ta t ion and 
t h e n to 4160 v o l t s fo r t he Mobile Equipment . The 13.2 kV c i r c u i t has an 800 amp 
n e u t r a l g r o u n d i n g r e s i s t o r . Separate g r o u n d beds (R2 and R3 i n F i g u r e II.2) are 
used f o r t h e t r ans fo rmer and Mobile Equipment . The g r o u n d bed re s i s t ance i s 
about 15.5 ohms. No ove rhead g r o u n d wires are t a k e n in to the P i t a rea . 

The mine uses an e f fec t ive method to e n s u r e t ha t t he two g r o u n d sys tems are 
k e p t sepa ra ted . The t r a i l i n g cab les to the Mobile machines are coup led to 
socke t s mounted on a separate t r e s t l e s t r u c t u r e a few metres from the 
Subs t a t i on . S h o r t l e n g t h s of t r a i l i n g cable are t a k e n from t h e r e to the 
Subs t a t ion where the i n t e r n a l cab le g r o u n d c o n d u c t o r s and t r ans fo rmer n e u t r a l 
r e s i s t o r are bonded to a separa te g r o u n d bus . 

The g r o u n d po ten t ia l r i s e at a t y p i c a l P i t Moveable Subs ta t ion has been 
d i s c u s s e d i n Sect ion 4.3.3. A l t h o u g h the r e s i s t o r g r o u n d i n g and re s i s t ance of 
the Moveable Subs ta t ion g r o u n d bed , l imi t s t he g r o u n d fau l t c u r r e n t to 299 
amps, f au l t ' A f i n F i g u r e II.2, t h i s can s t i l l r e s u l t i n 4629 vo l t s GPR at the 
t r a n s f o r m e r g r o u n d of which 657 vo l t s be t r a n s f e r r e d to the Mobile Equipment . 
The amount t r a n s f e r r e d to the Mobile Equipment would be r e d u c e d b y the 
add i t i ona l g r o u n d i n g a f forded b y t he contac t between the Mobile Equ ipment and 
the s o i l . However , i n t he wors t case, a mine worke r c o u l d be a t tempt ing to 
connec t a t r a i l i n g cab le to a Mobile machine at the time of the fau l t . The f u l l 
657 v o l t s c o u l d t h e n appear between the two coup le r s . 

The re i s also the p o s s i b i l i t y of a p r i m a r y 13.2 kV to secondary 4160 v o l t f au l t 
w i th in the Moveable Subs ta t ion t r ans fo rmer . T h i s can r e s u l t i n s econda ry 
i n s u l a t i o n f a i l u r e wi th the f u l l 4600 vo l t s GPR t h e n appea r ing on the mobile 
equipment . I n any even t , the p r i m a r y to s econda ry fau l t c o u l d cause a c u r r e n t 
of about 80 amps to flow t h r o u g h the s econda ry n e u t r a l g r o u n d i n g r e s i s t o r to 
the mobile equ ipment g r o u n d , r e s u l t i n g i n about 1270 vo l t s GPR on the mobile 
equipment . 

A s t h e r e i s no o v e r h e a d g r o u n d wire , a g r o u n d fau l t at o ther loca t ions i n the 
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d i s t r i b u t i o n sys tem i s not t r a n s f e r r e d in to the P i t . Th i s i nc ludes a 132 kV 
g r o u n d fau l t s u c h as ' B ' i n F i g u r e II.2 which , assuming a 1 ohm g r o u n d 
res i s tance at the Main Subs ta t ion , may p roduce a GPR of 1800 vo l t s . 

4.6.3 Mine #3 ( F i g u r e II.3) 

A s for Mine #2, Mine #3 has two s tages of vol tage s t ep -down from the B . C . 
H y d r o source . The incoming 138 kV s u p p l y i s f i r s t r educed to 13.8 kV at the 
Main Subs ta t ion and t h e n 4160 vo l t s fo r the Mobile Equipment . A t the time a 
g r o u n d i n g s t u d y was c a r r i e d out for the mine, the 13.8 kV c i r c u i t had a 400 
amp n e u t r a l g r o u n d i n g r e s i s t o r . With a new Main Subs ta t ion con f igu ra t ion , i t i s 
unde r s tood tha t t h i s i s be ing r educed to a lower c u r r e n t . 

A common g r o u n d sys tem i s used to g r o u n d the Mobile Equipment and Moveable 
Subs ta t ions . E a c h Moveable Subs ta t ion i s p r o v i d e d wi th a loca l g r o u n d bed wi th 
r e s i s t ance about 30 ohms as d e s c r i b e d i n Sect ion 4.3.2. Overhead g r o u n d wires 
are r u n a long a l l 13.8 kV t r ansmis s ion l i n e s . There are many g r o u n d e lec t rodes 
a long the t r ansmis s ion l i ne s formed b y o ther Moveable Subs ta t ions , pole g r o u n d 
r o d s a n d c o n v e y o r sys tems and pumps tha t are bonded to the ove rhead l ine 
g r o u n d wi re . The g r o u n d wire ex tends back to the Main Subs ta t ion where the 
g r o u n d r e s i s t ance ( R l i n f i g u r e II.3) i s v e r y low due to i n t e r connec t ion between 
the Main Subs ta t ion and the Concen t ra to r b u i l d i n g s . 

A g r o u n d f au l t at a Moveable Subs ta t ion ( 'A ' i n F i g u r e II.3) the re fore has many 
r e t u r n pa ths . Some of the c u r r e n t w i l l r e t u r n t h r o u g h the s o i l f rom the 
Moveable Subs t a t ion g r o u n d bed . The r e s t wi l l r e t u r n v i a the ove rhead g r o u n d 
wire sys tem. A t each o the r g r o u n d e lec t rode , some of the c u r r e n t wi l l en te r o r 
leave the s o i l . I n ca l cu l a t i ng the fau l t c u r r e n t r e t u r n mechanism, the mutual 
c o u p l i n g between t he fau l t ed phase c o n d u c t o r and the overhead g r o u n d wire 
has an add i t i ona l benef ic ia l effect . More c u r r e n t i s f o r ced to r e t u r n i n the 
ove rhead g r o u n d wire t h a n i f the mutual c o u p l i n g were i g n o r e d . 

The g r o u n d ne twork the re fo re becomes qu i te complex. In the s t u d y c a r r i e d ou t 
fo r the mine, a computer p rogram was deve loped to model the d i s t r i b u t i o n loop 
a r o u n d the P i t , i n c l u d i n g the many g r o u n d loca t ions , phase and g r o u n d wire 
impedances and mutual c o u p l i n g effects . With the 400 amp n e u t r a l g r o u n d i n g 
r e s i s t o r , the wors t case g r o u n d poten t ia l r i s e at a Moveable Subs ta t ion was 
found to be 472 vo l t s at the s ide of the P i t most remote from the Main 
Subs ta t ion power source . The g r o u n d fau l t c u r r e n t was t h e n less t h a n 400 
amps, be ing r e d u c e d b y the t r ansmis s ion sys t em impedance. 

A s t he r e i s an ove rhead g r o u n d wire , a p r i m a r y g r o u n d faul t i n the Main 
Subs t a t i on causes a g r o u n d potent ia l r i s e t he r e tha t i s t r a n s f e r r e d in to the P i t 
b y t he ove rhead g r o u n d wire sys tem. There i s , however , apprec iab le a t tenuat ion 
of t he g r o u n d po ten t i a l r i s e as i t p ropaga tes t h r o u g h the g r o u n d wire ne twork . 

As p a r t of the s t u d y done for the mine, another ne twork was deve loped and 
a n a l y z e d to i n v e s t i g a t e t h i s aspect . With the B . C . H y d r o sys tem an t i c ipa ted fau l t 
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l e v e l i n effect at the t ime, the g r o u n d potent ia l r i s e at the Main Subs ta t ion was 
ca lcu la ted to be 451 vo l t s . The h ighes t GPR t r a n s f e r r e d to the P i t was 228 vo l t s 
at the feed poin t of the P i t d i s t r i b u t i o n loop. F u r t h e r a round the P i t , t he 
t r a n s f e r r e d poten t ia l dec reased to va lues tha t were sometimes l ess t h a n 100 
vo l t s . 

Some of these va lues exceed the 100 vo l t l imi t of the E l e c t r i c a l Code for Mines 
[1]. 

4.6.4 Mine #4 ( F i g u r e II.4 & 5) 

As fo r Mines #2 and #3, Mine #4 also has two stages of vol tage s t e p - d o w n from 
the B . C . H y d r o source . The incoming 138 kV s u p p l y i s f i r s t r e d u c e d to 13.8 kV 
at the Main Subs ta t ion a n d t h e n 4160 vo l t s fo r the Mobile Equipment . The 13.8 
k V c i r c u i t has a 25 amp n e u t r a l g r o u n d i n g r e s i s to r . 

F i g u r e II.4 shows the g r o u n d i n g a r rangement used for 4160 vo l t Mobile 
Equ ipment Moveable Subs t a t i ons . Two separate g r o u n d beds (R3 and R4 i n 
F i g u r e II.4) a re used to g r o u n d the Mobile Equipment and Moveable Subs t a t ions . 
One bed i s i n t e n d e d to be u sed fo r t he t r ans fo rmer g r o u n d and t he o the r fo r 
the Mobi le Equ ipment g r o u n d . The beds which are formed of a few r o d s u s u a l l y 
d r i v e n i n t o the bottom of a hole , t r e a t e d wi th sa l t and back f i l l ed were measured 
to have a g r o u n d r e s i s t ance of about 20 ohms. 

A s shown i n the f i g u r e , t he Moveable Subs ta t ion t r ans fo rmer and s k i d b r e a k e r 
are separa te assemblies t ha t a re l i n k e d by l eng ths of h i g h vol tage t r a i l i n g 
cable . T h e r e i s no g r o u n d f au l t de tec t ion on the n e u t r a l r e s i s t o r a n d the 
s e c o n d a r y ze ro sequence r e l ay C .T . i s i n the s k i d b r eake r . The 4160 v o l t 
n e u t r a l r e s i s t o r i s loca ted on the t r ans fo rmer s t r u c t u r e and the n e u t r a l i s 
t a k e n to t he s k i d b r e a k e r b y a l e n g t h of i n su l a t ed wire . 

A few weeks before the f i e l d measurement t r i p , a minor shock i n c i d e n t was 
expe r i enced at a s h o v e l connec ted to t h i s Subs ta t ion . A welder was a t tempt ing 
to p l u g a weld ing machine i n t o an out le t on the s h o v e l when he r e c e i v e d a 
shock between the p l u g and t h e s h o v e l chas s i s . I t i s ev iden t t ha t the s h o v e l 
had a g r o u n d po ten t ia l r i s e while t he weld ing machine was at t he po ten t i a l of 
the s o i l on wh ich i t was p l aced . The open c i r c u i t vol tage was measured at 
a r o u n d 98 v o l t s . Only a smal l c u r r e n t of a few milliamps c o u l d be d r a w n , 
i n d i c a t i n g a h i g h r e s i s t ance c i r c u i t , p r o b a b l y due to the poor r e s i s t ance of the 
weld ing machine to g r o u n d . A g r o u n d po ten t ia l r i s e of about 325 v o l t s was also 
measured on the t r ans fo rmer g r o u n d . The faul t caus ing the g r o u n d po ten t i a l 
r i s e on the Mobile Equ ipmen t d i d not t r i p the secondary g r o u n d fau l t 
p ro t ec t i on . 

The f au l t was t r a c e d to a damaged s econda ry conduc to r on t he t r a n s f o r m e r . 
T h i s i s i n d i c a t e d as f au l t ' A ' i n F i g u r e II.4. A f l y i n g piece of r o c k f rom a 
p r e v i o u s b l a s t had c r u s h e d the c o n d u c t o r onto the t r ans fo rmer t ank r e s u l t i n g 
i n a l i n e - t o - g r o u n d fau l t . I t i s unde r s tood tha t at the t ime, the g r o u n d beds 
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were separa ted . The g r o u n d faul t c u r r e n t , which was l imi ted to 10 amps by the 
n e u t r a l g r o u n d i n g r e s i s t o r , had to pass t h r o u g h the t ransformer g r o u n d bed 
res i s t ance R4 to the so i l and t h e n back t h r o u g h the Mobile Equipment g r o u n d 
bed res i s t ance R3 to r e t u r n to the neu t r a l . The vol tage developed across the 
Mobile Equipment g r o u n d bed res i s tance r e s u l t s i n the shock potent ia l 
expe r i enced at the s h o v e l . 

A s s u m i n g approximately 10 amps f lowed 10 X 20 = 200 vo l t s shou ld have 
deve loped on the s h o v e l . There are two poss ib le reasons for only 98 vo l t s be ing 
measured. F i r s t , the combined res i s t ance of the Mobile Equipment and the 
g r o u n d bed was lower t han 20 ohms at the time of the shock due to d i f fe ren t 
equipment loca t ions . Second , the weld ing machine was located qu i te close to the 
s h o v e l where , due to the g r o u n d contac t of the shove l , the so i l po tent ia l was 
not zero . The measured vol tage i s the d i f fe rence between the s h o v e l chass i s and 
the s o i l vol tage where the weld ing machine made g r o u n d contact . 

T h i s shock i n c i d e n t i l l u s t r a t e s one of the problems of u s ing separate g r o u n d 
sys tems i n an attempt to isola te the Mobile Equipment from g r o u n d potent ia l r i s e 
due to g r o u n d fau l t s on the p r i m a r y of the Moveable Subs ta t ion . The use of 
separa te g r o u n d s does, however , r educe the t r a n s f e r of g r o u n d po ten t ia l r i s e 
due to Moveable Subs ta t ion p r i m a r y fau l t s (Fau l t ' B 1 i n F i g u r e II.4) 

T h i s p roblem c o u l d also o c c u r at Mine #2, bu t i t i s f a r less l i k e l y because the 
l e n g t h of s econda ry w i r i n g t ha t i s unp ro t ec t ed by the zero sequence re l ay i s 
on ly a s h o r t l e n g t h of enc losed bus . 

A 13.8 k V g r o u n d fau l t ( f B f i n F i g u r e II.4) i s l imi ted by a 25 amp n e u t r a l 
g r o u n d i n g r e s i s t o r at the Main Subs t a t i on . T h i s r e s u l t s i n a g r o u n d po ten t ia l 
r i s e at t he Moveable Subs ta t ion t r ans fo rmer g r o u n d . Depending on the s p a c i n g 
between the t r ans fo rmer and Mobile Equipment g r o u n d beds , a f r ac t ion of t h i s 
g r o u n d po ten t i a l r i s e wi l l be t r a n s f e r r e d to the Mobile Equipment . A s a 25 amp 
r e s i s t o r i s u sed v s 10 amp fo r the 4160 vo l t Moveable Subs ta t ion s econda ry , the 
g r o u n d po ten t i a l r i s e at the t r ans fo rmer wi l l be g rea te r and cou ld r each 825 
vo l t s i f the g r o u n d bed res i s t ance i s 33 ohms. 

I f t he two g r o u n d beds are coup l ed , g r o u n d po ten t i a l r i s e problems as o c c u r r e d 
for the shock i n c i d e n t , a re avo ided . The g r o u n d res i s tance and g r o u n d fau l t 
po ten t ia l r i s e fo r Moveable Subs ta t ion p r i m a r y fau l t s i s r e d u c e d by h a v i n g the 
two g r o u n d beds operate i n pa r a l l e l . Due to the proximi ty of the two beds , the 
combined r e s i s t ance i s not j u s t a s imple pa ra l l e l combinat ion, b u t a somewhat 
h i g h e r va lue p r o b a b l y i n the o r d e r of 15 ohms. Up to 375 vo l t s g r o u n d poten t ia l 
r i s e c o u l d t h e n o c c u r . 

F i g u r e II.5 shows the g r o u n d i n g a r rangement for a 15 k V Dragl ine used at t h i s 
mine, wh ich i s fed d i r e c t l y from the 13.8 kV s u p p l y . A n overhead g r o u n d wire 
i s i n s t a l l e d from a separa te g r o u n d bed , R2 i n F i g u r e II .5, at the Main 
Subs t a t i on . I t s h o u l d be noted t ha t a c h a n g e - o v e r s w i t c h i s i n s t a l l e d at the 
Main Subs t a t i on to se lec t one o r o ther 25 amp r e s i s t o r , depend ing on which 
138/13.8 kV t r ans fo rmer i s be ing used . I t i s therefore not poss ib le to 
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un in ten t iona l ly s w i t c h bo th r e s i s t o r s i n pa ra l l e l . The separate g r o u n d bed i s 
p r o v i d e d to r educe the t r a n s f e r of 138 k V p r imary g r o u n d faul t po ten t ia l r i s e 
to the feeder and d r a g l i n e . 

As t he re i s a metallic r e t u r n pa th to the source neu t r a l , g r o u n d fau l t s at the 
d r ag l ine s u c h as ' A ' , wi l l have a well con t ro l l ed g r o u n d potent ia l r i s e . The 
measured g r o u n d impedance of 6.6 ohms at the d rag l ine , i n c l u d e s the ove rhead 
g r o u n d wire and the remote g r o u n d bed at the Main Subs ta t ion . I t i s unc lea r 
why t h i s impedance i s as h i g h as i t i s , however , i t i s s t i l l low enough tha t 
g r o u n d po ten t ia l r i s e w i l l be he ld to l e s s t han 100 vo l t s at the d r a g l i n e . 

A g r o u n d fau l t on the B . C . H y d r o 138 kV p r i m a r y as i nd i ca t ed b y ' B ' i n F i g u r e 
II.5, would cause a g r o u n d po ten t i a l r i s e of about 6321 vo l t s . I t i s not k n o w n 
what pe rcen tage of t h i s GPR would be t r a n s f e r r e d to the d r ag l i ne . I t appeared 
tha t t he remote g r o u n d bed i s c lose enough to the Main Subs ta t ion g r o u n d g r i d 
tha t 30% c o u l d be t r a n s f e r r e d . A po ten t ia l r i s e of 1900 vo l t s cou ld appear on 
at the d r a g l i n e . 

4.6.5 Mine #5 ( F i g u r e II.6) 

Mine #5 also has two s tages of vo l tage s t e p - d o w n from the B . C . H y d r o sou rce . 
The incoming 230 k V s u p p l y i s f i r s t r e d u c e d to 67 kV at the Main Subs ta t ion 
and t h e n 7.2 k V fo r t he Mobile Equ ipment . The 67 kV c i r c u i t has a 25 amp 
n e u t r a l g r o u n d i n g r e s i s t o r . The re i s a d i s tance of s e v e r a l km between the Main 
Subs ta t ion a n d the P i t areas . No o v e r h e a d g r o u n d wire i s i n s t a l l e d a long the 
67 k V l i nes between t he Main Subs t a t i on and P i t areas, so the re i s no t r a n s f e r 
of p r i m a r y g r o u n d fau l t ( 'B ' i n F i g u r e II.6) potent ia l r i s e t h r o u g h a g r o u n d 
wire to the P i t Equ ipment . C o n v e r s e l y , t he re i s no g r o u n d fau l t r e t u r n pa th fo r 
67 k V fau l t s at the P i t Moveable Subs ta t ions o ther t h a n t h r o u g h the s o i l . 

F i g u r e 1.6 shows the g r o u n d i n g a r rangement used for 7.2 kV Mobile Equ ipmen t 
moveable subs t a t ions . The p r i n c i p l e used at t h i s mine i s to e s t a b l i s h a 
permanent remote g r o u n d bed nea r the P i t , R3 i n F i g u r e II.6, a n d r u n an 
ove rhead g r o u n d wire a long the 67 kV t r ansmis s ion l ines to each Moveable 
Subs t a t i on . A n o t h e r t empora ry h i g h e r r e s i s t ance g r o u n d bed , R2 i s c r ea t ed at 
each Moveable Subs t a t i on . With mine g r o w t h , s e v e r a l s u c h remote g r o u n d beds 
have been c rea t ed and i n t e r c o n n e c t e d , i n c l u d i n g a bond to a massive metal 
c o n v e y o r s t r u c t u r e , r e s u l t i n g i n an even lower g r o u n d impedance. Some remote 
g r o u n d bed r e s i s t ances are g i v e n i n Sec t ion 4.2.6. T y p i c a l l y , w i th the #3/0 
ACSR ove rhead g r o u n d wire u s e d , the bed g r o u n d res i s tance must be somewhat 
l ess t h a n 4 ohms to e n s u r e tha t g r o u n d fau l t po ten t ia l r i s e i s he ld to l e s s t h a n 
100 v o l t s . The Moveable Subs t a t i on g r o u n d beds have a g r o u n d r e s i s t ance of 
t y p i c a l l y 20 ohms. 

Fau l t c u r r e n t due to a f au l t 'A* i s l imi ted to 25 amps at the sou rce . A s t he 
r e t u r n pa th has a r e s i s t ance of l e s s t h a n 4 ohms, the g r o u n d po ten t i a l r i s e at 
the Moveable Subs t a t ion and Mobile Equ ipment i s l imi ted to l ess t h a n 100 v o l t s . 
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4.6.6 Mine #6 ( F i g u r e II.7 & 8) 

The older p a r t of Mine #6 has one s tage of vol tage s t ep -down from the B . C . 
Hydro source . As shown i n F i g u r e II.7, the incoming 138 kV s u p p l y i s r e d u c e d 
to 4160 vo l t s at the Main Subs ta t ion for the Mobile Equipment . A new P i t 
p resen t ly be ing deve loped i s too fa r away to be s u p p l i e d at 4160 vo l t s . The 
step up - s tep down a r rangement shown i n F i g u r e II.8 has the re fore been used 
to t r ansmi t power to the new P i t at 25 k V . 

C o n s i d e r i n g the o lde r p a r t f i r s t ( F i g u r e II.7), on ly one 138 kV t r ans fo rmer i s 
used at a time so t ha t g r o u n d fau l t c u r r e n t i s l imi ted to 25 amps by one 
n e u t r a l g r o u n d i n g r e s i s t o r . A fau l t ' A ' has a metallic r e t u r n pa th to the sou rce . 
As the d i s tances between the Main Subs ta t ion and P i t are not too grea t , i t i s 
u n l i k e l y tha t s u c h a f au l t w i l l cause g r o u n d potent ia l r i s e i n excess of 100 
vo l t s . 
C u r r e n t from fau l t ' B f has to pass t h r o u g h the Main Subs ta t ion g r o u n d 
res i s tance , R l and the Mobile Equipment g r o u n d sys tem impedance to r e t u r n to 
the n e u t r a l . The Mobile Equ ipment g r o u n d impedance cons i s t s of a remote 
g r o u n d bed r e s i s t ance , R2 and v a r i o u s o the r g r o u n d s a long the P i t d i s t r i b u t i o n 
sys tem R3. The combinat ion of these was measured to be about 0.4 ohms so t h a t 
only about 10 vo l t s g r o u n d po ten t ia l r i s e s h o u l d o c c u r . Th i s t y p e of f au l t w i l l 
therefore also be w i th in the M i n i n g Code requ i rements . 

A g r o u n d fau l t on the B . C . H y d r o 138 kV p r imary as i n d i c a t e d by ' C f i n F i g u r e 
II.7, would cause a g r o u n d po ten t i a l r i s e of about 2070 vo l t s . F i e l d measurements 
showed tha t about 30.7% of t h i s po ten t ia l r i s e o r 635 vo l t s , w i l l appear on the 
remote g r o u n d bed due to i t s p rox imi ty to the Main Subs ta t ion . 

For the new P i t , F i g u r e II .8, t he r e s i s t ance of the g r o u n d bed at t he P i t i s l e s s 
t han 4 ohms. A s the 25 k V sys tem g r o u n d c u r r e n t i s l imi ted to 25 amps, the 
g r o u n d po ten t ia l r i s e due to a fau l t f A f i s l imi ted to 100 vo l t s . F o r a fau l t ' B ' 
at the Main Subs t a t i on , t h e r e i s no g r o u n d wire between the Main Subs t a t i on 
and the new P i t a n d the d i s tance between i t and the new P i t g r o u n d e lec t rode 
i s so g rea t t ha t n e g l i g i b l e po ten t ia l r i s e wi l l be t r a n s f e r r e d . 

4.7 S A F E T Y CONSIDERATIONS 

The Canadian E l e c t r i c a l Code P a r t I [12] r e q u i r e s tha t s tep a n d t o u c h vo l tages 
be he ld to wi th in c e r t a i n l imi t s dependen t on the effect ive su r face l a y e r s o i l 
r e s i s t i v i t y and f au l t d u r a t i o n . These l imi t s are summarized i n Table 52 of the 
Code [12]. Table 52 l i s t s some usefu l spot s tep and t ouch vol tages fo r t y p i c a l 
so i l t y p e s and fau l t c l e a r i n g t imes of 0.5 and 1.0 seconds . 

Table 52 of the Code i s based on equa t ions from the I E E E Guide fo r Safety i n 
AC Subs ta t ion G r o u n d i n g [16]. The I E E E equat ions allow to lerable s tep and t o u c h 
vol tage to be ca l cu l a t ed fo r d i f f e ren t e f fec t ive sur face l a y e r s o i l r e s i s t i v i t i e s 
and fau l t d u r a t i o n s up to 3 seconds . These equat ions assume good contac t 
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between the feet and s o i l . Dry shoes or boots wi l l r educe the s e v e r i t y of the 
shock . References [13,14,15] con ta in some of the bas i s for de te rmin ing the 
to le rab le s tep and t o u c h l imi t s for pe rsons . The l imi t s used by the I E E E [16] 
are be l i eved to be l imi t s tha t can be withstood by 95% of males wi th body 
weight 50 k g . 5% of males cou ld therefore not wi ths tand these s tep and t o u c h 
po ten t ia l l im i t s . Females and c h i l d r e n are found to have even lower to le rance , 
bu t are not c o v e r e d by the IEEE [16] or Code [12]. A p p e n d i x VI conta ins the 
equa t ions u s e d by the I E E E Guide i n de te rmin ing to le rab le s tep and t o u c h 
poten t ia l s and f i g u r e s d e s c r i b i n g the step and t o u c h poten t ia l s i tua t ions . 

Reference [11] i s the most comprehens ive and up to date document tha t c o v e r s 
the whole ques t ion of E l e c t r i c a l Shock Safety. I t i s e v i d e n t on r e v i e w i n g 
Reference [11] t ha t c u r r e n t pas s ing t h r o u g h the body and the pa th i s t akes , 
are the p r i n c i p l e f ac to r s i n e l ec t r i c a l shock i n c i d e n t s . Quite smal l c u r r e n t s tha t 
pass t h r o u g h the ches t and hear t area , e.g. hand to foot, c an be fa ta l while 
heavy c u r r e n t c a n be exper i enced t h r o u g h o ther pa r t s of the body , e.g. hand 
to elbow on same arm, wi th minimal i n j u r y . The s e r iousnes s of the shock 
appears to be r e l a t ed to the I^t ene rgy of the c u r r e n t p a s s i n g t h r o u g h the 
body so t h a t much h i g h e r c u r r e n t s are to le rab le i f the d u r a t i o n i s sho r t . A l so , 
t he mechanism of hea r t f a i l u r e i s re la ted to the i n s t a n t d u r i n g the hea r t ' s c y c l e 
t h a n t h e s h o c k o c c u r s . The impres sed shock a p p a r e n t l y has an effect on the 
n a t u r a l e l e c t r i c a l s i g n a l s of the hear t and can cause f i b r i l l a t i o n of t he hear t 
muscle r e s u l t i n g i n b lood c i r c u l a t i o n f a i l u re and death i f the f i b r i l l a t i o n i s not 
c o r r e c t e d . A p a r t i c u l a r shock l e v e l at one po in t i n the hear t c y c l e may have no 
effect while at another , f i b r i l l a t i o n wi l l r e su l t . 

The t o u c h Kmi ta t ion i n the Code [12] fo r 'Wet o rgan i c s o i l ' a n d a 1.0 second 
fau l t c l e a r i n g t ime, i s 118 vo l t s . T h i s i s about the same o r d e r as the 100 vo l t 
maximum g r o u n d po ten t i a l r i s e l imi t of the M i n i n g Code [1]. 

A s s u m i n g tha t : 

(a) f au l t c l e a r i n g may be as slow as 1.0 second fo r say a r e l a t i v e l y low zero 
sequence c u r r e n t of 10 or 25 amps 

(b) a l t h o u g h s o i l r e s i s t i v i t y at mines i n B r i t i s h Columbia g e n e r a l l y appears to 
be h i g h e r t h a n tha t of wet o rgan ic s o i l , the pe r son may be s t a n d i n g i n 
wet boots i n a muddy pa tch . 

the 100 v o l t l imi t i s p r o b a b l y reasonable on a worst case bas i s . 

- 47 -
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 1 

MEASURED OR: 17-October-88 

CONDITIONS: Sunnj. Teiperature 4 degree C. 

DESCRIPTION: Near 15 kV breaker for dragline at Mine t4 in N-S direction. 

EQUIPMENT: Evershed Vignoles Type DET-2 electronic meter. 
Check readings with ET3 hand crank Reter. 

-PROBE SPACINC- PR08E METER RANGE IND. RESISTIV — R E M 
a b DEPTH READING RES. MEAS 

1 •etres l e t r e s netres onus ohss ohn-B 
1 1 1 .1 138.20 low 138.20 873.36 DET-2 
2 2 2 .1 70.20 Low 70.20 883.44 DET-2 
3 2 2 .1 704.00 .1 70.40 885.96 ET3 
4 4 4 .1 367.00 .1 36.70 922.71 ET3 
5 4 4 .1 36.40 Low 36.40 915.17 DET-2 
6 6 6 .1 25.50 Los 25.50 961.48 DET-2 
7 8 8 .1 17.60 Low 17.60 884.75 DET-2 

12 12 .1 5.83 Low 9.83 741.19 DET-2 
9 16 16 .1 6.18 Lov 6.18 621.30 DET-2 

10 20 20 .1 4.65 Lov 4.65 584.34 DET-2 
11 24 24 .1 3.63 Lov 3.63 547.40 DET-2 
12 30 30 .1 2.59 Low 2.59 488.21 DET-2 
13 36 36 .1 2.16 Low 2.16 488.58 DET-2 

1200 - n 

T R A V E R S E <M 
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I 
15 

I 
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25 
m o t r o t s 

30 

Figure L I Plot of Soil Resistivity Traverse #1 Measurement Results 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 2 

MEASURED 01: 17-October-88 

CONDITIONS: Sunny. Teiperature 4 degree C. 

DESCRIPTION: Near 15 kV breaker for dragline at Mine 14 in E - l direction. 

EQUIPMENT: Evershed Vignoles Tjpe DET-2 electronic l e t e r . 
Check readings with ET3 hand crank l e t e r . 

PSOBE SPACING-- PROBE METER RANGE IND. RESISTIV —REM 
a b DEPTH READING RES. MEAS 

let r e s •etres •etres ohis ohis o h i - i 
1 1 .1 125.70 Lov 125.70 794.37 DET-2 
2 2 .1 66.40 Low 66.40 835.62 DET-2 
4 4 .1 34.90 Low 34.90 877.45 DET-2 
6 6 .1 22.70 Low 22.70 855.91 DET-2 
8 8 .1 17.66 Low 17.66 887.77 DET-2 

12 12 .1 11.24 l o n u l 11.24 847.51 DET-2 
16 16 .1 6.70 Nonal 6.70 673.57 DET-2 
20 20 .1 4.56 Norial 4.56 573.03 DET-2 
24 24 .1 3.34 low 3.34 503.67 DET-2 
30 30 .1 2.66 Low 2.66 501.40 DET-2 

TRAVERSE * 2 

t 
k 
o 
i 

ft 
—i 

ft 

1200 

800 -

200 -

10 15 

A V E R A G E P R O B E S P A C I N G 

I 
20 

m e t r e s 

-nr -

25 

—I 
30 

Figure 1.2 Plot of Soil Resistivity Traverse #2 Measurement Results 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

Average of Traverse (1 i 12 Measurement Results 

Spacin Trav 1 Trav 2 Ave 1(2 
873.36 794.37 833.87 
883.44 835.62 859.53 
$15.17 877.45 896.31 
961.48 855.91 908.70 
884.75 887.77 886.26 
741.19 847.51 794.35 
621.30 673.57 647.44 
584.34 573.03 578.69 
547.40 503.67 525.54 
488.21 501.40 494.81 
488.58 

1200 - , 

1000 

800 -

600 -

400 

200 

AVERAGE OF TRAVERSE #1 & TRAVERSE *2 

i Ave #1Sc2 

—1 1 1 
10 15 20 
AVERAGE PROBE SPACING - metres 

25 30 

Figure 1.3 Plot of Average of Soil Resistivity Measurement Traverses #1 and #2 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULT8 

TRAVERSE: 3 

MEASURED 01: 18-0ctober-88 

CONDITIONS: Cloudy. Teiperature 4 degree C. 

DESCRIPTION: Near Moveable Substation at Mine 11 in E - l direction. 

EQUIPMENT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readings with ET3 hand crank l e t e r . 

-PROBE SPACIIG-- PROBE METER RANGE IND. RESISTIV —REM! 
a b DEPTH READIIG RES. MEAS 

•etres •etres •etres ohis ohis o h i - i 
1 1 .1 46.30 Nonal 46.30 292.60 DET-2 
2 2 .1 21.30 loratal 21.30 268.05 DET-2 
2 2 .1 216.00 .1 21.60 271.83 ET3 
4 4 .1 734.00 .01 7.34 184.54 ET3 
4 4 .1 7.96 Lov 7.96 200.13 DET-2 
i i .1 6.24 LOV 6.24 235.28 DET-2 
a 8 .1 5.60 Lov 5.60 281.51 DET-2 
12 12 .1 4.47 Lov 4.47 337.04 DET-2 
16 16 .1 3.48 Lov 3.48 349.86 DET-2 

10 20 20 .1 3.63 Lov 3.63 4S6.17 DET-2 
11 24 24 .1 2.36 l o n u l 2.36 3S5.88 DET-2 
12 30 30 .1 2.21 Lov 2.21 416.58 DET-2 
13 36 36 .1 1.68 lov 1.68 379.56 DET-2 

T R A V E R S E # 3 
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500 —, 
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100 -

—I— 
10 

1 
15 

A V E R A G E P R O B E 

20 25 
S P A C I N G - motr-ws 

—\— 
30 35 

—I 
40 

Figure 1.4 Plot of Soil Resistivity Traverse #3 Measurement Results 
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APPENDIX I 80IL RESISTIVITY FIELD MEASUREMENT RESULTS 

Average of Traverse 13 t 14 Measareient Resalts 

Spacing Trav 3 Trav 4 Ave 364 
1 2)2.(0 298.28 295.44 
2 2(8.05 336.01 302.03 
4 200.13 291.39 245.76 
6 235.28 308.05 271.67 
8 281.51 343.85 312.68 

12 337.04 248.07 292.56 
16 349.86 327.74 338.80 
20 456.17 420.98 438.58 
24 355.88 435.81 395.85 
30 416.58 469.36 442.97 
36 379.56 

AVERAGE OF TRAVERSES #3 & #4 
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Figure 1.6 Plot of Average of Soil Resistivity Measurement Traverses #3 6 #4 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 5 

MEASURED 01: 18-October-88 

C0IDITI0IS: Cloudy. TeiperaUre 4 degree C. 

0ESCR1PTI0I: Rear Moveable Substation Mine t l in Si-IE direction. Soil i s loose drop rock. 

EOjOIPMEIT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readings v i t h ET3 hand crank l e t e r . 

"PROBE SPACIIC- PROBE METER RAKE IID. RESISTIV —REM1 
a b DEPTH READIIG RES. MEAS 

•etres •etres •etres ohis ohis o h i - i 
1 1 .1 128.00 lov 128.00 808.90 DET-2 
2 2 .1 (0.30 Lov (0.30 758.86 DET-2 
4 4 .1 24.30 l o r i a l 24.30 (10.95 DET-2 
( 6 .1 17.00 Lov 17.00 (40.99 DET-2 
8 8 .1 1S.00 Lov 15.00 754.05 DET-2 

12 12 .1 10.12 Lov 10.12 763.06 DET-2 
K l i .1 7.(0 Lov 7.(0 7(4.05 DET-2 
20 20 .1 S.20 lorvul 5.20 653.46 DET-2 
24 24 .1 3.81 Lov 3.81 574.54 DET-2 

10 30 30 .1 2.81 Lov 2.81 529.(8 DET-2 
11 36 36 .1 2.18 l o n a l 2.18 493.11 DET-2 
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Figure 1.7 Plot of Soil Resistivity Traverse #5 Measurement Results 
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SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: ( 

MEASURED 01: 17-Iofe«ler-88 

COIDITIOIS: SUIT aid cold. Aboat 5 degree C. 

DESCRIPTION At the bottoi of the p i t at Mine 12. 

EQUIPMEIT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readings v i t h ET3 hand crank teter. 

-PROBE SPACIIC 
a 

•etres 
1 
2 
4 
( 
t 
8 
8 

12 
1( 
20 
24 
30 
36 
42 

b 
•etres 

1 
2 
4 
( 
( 
8 
8 

12 
K 
20 
24 
30 
3( 
42 

PROBE 
DEPTH 

•etres 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 

METER 
READIIG 

ohis 
24.300 
11.580 
7.(20 
7.700 

783.000 
357.000 

(.2(0 
4.050 
3.200 
2.8(0 
2.0(0 
1.500 
1.383 
1.13) 

LARGE 

l o n a l 
formal 
l o n a l 
l o n a l 

.01 

.01 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 

110. 
RES. 
ohis 

24.300 
11.580 
7.(20 
7.700 
7.830 
3.570 
(.2(0 
4.050 
3.200 
2.8(0 
2.0(0 
1.500 
1.383 
1.139 

RISISTI? 
MEAS 

o h i - i 
153.57 
145.73 
191.58 
2)0.33 
2)5.23 
175.44 
314.0 
305.38 
321.71 
353.40 
310.(4 
282.75 
312.83 
300.58 

—RIMARIS" 

DET-2 
DET-2 
DET-2 
DET-2 
ET3 
IT3 
DET-2 
DET-2 
DET-2 
DET-2 
DET-2 
DET-2 
DET-2 
DET-2 

3 5 0 — 

3 O 0 — 

2 3 O 

2 0 0 — 

1 5 0 — 

1 Q O 

S O — 

O — I ¬

S 
— I — — i 

1 5 
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Figure 1.8 Plot of soil Resistivity Traverse #6 Measurement Results 
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80IL RESISTIVITY PIELD MEASUREMENT RESULTS 

TRAVERSE: 7 

MEASURED 01: 17-Ioveiber-88 

C0IDITI0IS: Sunny and cold. About 5 degree C. 

DESCRIPTION At the bottoi of the p i t . Orthogonal to Traverse i . 

BQOIPMRIT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readings v i t h ET3 hand crank l e t e r . 

-PROBE SPACIIC 
a 

•etres 
1 
2 
4 
( 
8 

12 
l i 
20 
24 
30 

b 
•etres 

1 
2 
4 
( 
8 

12 
l i 
20 
24 
30 

PROBE 
DEPTH 

•etres 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 

METER 
READIIG 

ohis 
27.400 
12.950 
7.010 
5.520 
4.490 
3.980 
3.330 
2.730 
2.210 
1.701 

RAIGE 

l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 
l o n a l 

110. RESISTIV —REMARKS-
RES. MEAS 
ohis ohi-a 

27.400 173.li DET-2 
12.950 162.97 DET-2 
7.010 176.24 DET-2 
5.520 208.13 DET-2 
4.490 225.71 DET-2 
3.980 300.10 DET-2 
3.330 334.78 DET-2 
2.730 343.07 DET-2 
2.210 333.26 DET-2 
1.701 320.63 DET-2 

T R A V E P S G *7 
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Figure 1.9 Plot of Soil Resistivity Traverse #7 Measurement Results 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

Average of Traverse li 6 (7 Heasareient Results 

Spacing Trav i Trav 7 Ave 6(7 
1 153.57 173.16 163.37 
2 145.73 162.97 154.35 
4 1)1.58 176.24 183.91 
i 2)0.33 208.13 24).23 
8 314.69 225.71 270.20 

12 305.38 300.10 302.74 
l i 321.71 334.78 328.25 
20 35).40 343.07 351.24 
24 310.64 333.26 321.95 
30 282.75 320.63 301.6) 
36 312.83 
42 300.58 

AVERAGE OF TRAVER5E5 #6 6t #7 
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Figure L10 Plot of Average of Resistivity Measurement Traverses #6 6 #7 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 8 

MEASURED 01: 17-Ioveiber-88 

C0IDITI0IS: Dark and cold. About 5 degree C. 

DESCRIPTION Along the roadside and then love down to the ditch at Mine 12. 

EflOIPKEIT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readings v i t h ET3 hand crank l e t e r . 

—PEOBE SPICIIG-- PROBE MITER RAIGE IID. IESISTIV — REMARKS— 
a b DEPTH IIADIIG RES. MEAS 

•etres •etres •etres ohis ohis o h i - i 
1 1 .1 28.S00 lov 28.500 180.11 DET-2 
2 2 .1 11.200 Lot 11.200 140.95 DET-2 
4 4 .1 i.190 Lot $.190 155.(3 DET-2 
i i .1 4.220 Loi 4.220 159.12 DET-2 
8 8 .1 2.940 Lot 2.940 147.79 DET-2 

12 12 .1 1.881 l o n u l 1.881 141.83 DET-2 relocate traverse to ditch 
l i l i .1 1.4(8 l o n a l 1.4(8 147.58 DET-2 
20 20 .1 1.170 l o n u l 1.170 147.03 DET-2 
24 24 .1 .935 l o n a l .935 141.00 DET-2 

10 30 30 .1 .(14 l o n a l .i84 128.93 DET-2 
11 3 i 36 .1 .532 l o n a l .532 120.34 DET-2 

T R A V E R S E #8 
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Figure 1.11 Plot of Soil Resistivity Traverse #8 Measurement Results 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 9 

MEASURED 01: 2i-lo»eiber-88 

C0IDITI0IS: Clondy u d cold. About $ degree C. 

DESCRIPTION I t the s i t e of f t t i r e 25 kV Sabstatioo at Mine li. 

EQOIPMEIT: Etershed Vignoles Type DET-2 electronic l a t e r . 
Check readings with ET3 hand c r u k l e t e r . 

-PROBE SPACIIC-- PROBE METER RAISE 110. RiSISTIV — RDU 
a b DEPTH 1EADIIG RES. IEAS 

•etres •etres •etres ohis ohis o h i - i 
1 1 • X 38.60 l o n a l 38. iO 243.94 DET-2 
2 2 • X 20.10 l o n a l 20.10 252.95 DET-2 
4 4 • X 12.08 l o n a l 12.08 303.71 DET-2 
i i • X 10.45 l o n a l 10.45 394.02 DET-2 
i i • X 104.00 .10 10.40 392.13 ET3 
8 8 • X 919.00 .01 M S 461.98 IT3 
8 1 • X J.17 l o n a l J.17 460.98 DET-2 

12 12 • X 7.06 l o n a l 7.96 532.33 DET-2 
l i l i • X 5.04 l o n a l 5.04 506.69 DET-2 

10 20 20 • X 4.27 l o n a l 4.27 536.59 DET-2 
11 24 24 • X 3.53 l o n a l 3.53 532.32 DET-2 
12 30 30 .1 2.70 l o n a l 2.70 508.94 DET-2 
13 36 36 • X 2.14 l o n a l 2.14 484.06 DET-2 

300 

T R A V E R S E # 9 
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Figure 1.12 Plot of Soil Resistivity Traverse #9 Measurement Results 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 10 

MEASURED 01: 21-loveaber-88 

C0I0ITI0IS: Cloodj and cold. About 5 degree C. 

DESCRIPTION I t the s i t e of future 25 kV Substation at Mine li. Orthogonal to Traverse 9. 

E00IPME1T: Erershed Vignoles Type DET-2 electronic l e t e r . 
Check readings with ET3 hand crank l e t e r . 

"PROBE SPACIIC-- PROBE Metre RAISE IID. RISISTIV —REMARKS— 
a b DEPTH READIIG RES. MEAS 

•etres •etres •etres ohis ohis o h i - i 
1 1 .1 38.200 l o n a l 38.200 241.41 DET-2 
2 2 .1 19.200 l o n a l 19.200 241.63 DET-2 
4 4 .1 13.200 l o n a l 13.200 331.87 DET-2 
( i .1 10.320 l o n a l 10.320 389.12 DET-2 
8 8 .1 8.440 l o n a l 8.440 424.28 DET-2 

12 12 .1 5.880 Lot 5.880 443.36 DET-2. C2 on rock. 
K i t .1 5.040 lov 5.040 506.69 DET-2, C2 on rock. 
20 20 .1 4.130 l o n a l 4.130 519.00 DET-2 
24 24 .1 3.420 l o n a l 3.420 515.73 DET-2 

10 30 30 .1 2.360 l o n a l 2.360 444.85 DET-2 
11 3i 3 i .1 1.477 lov 1.477 334.09 DET-2 

T R A V E P S G 4 M O 

600 -| 

I - 13 bensted, su?so6 i associates ltd. 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

I m a g e of Traverse 19 i 110 Measurement l e s n l t s 

Spacing Trav 9 Trav 10 Ive 9110 
1 243.94 241.41 242.68 
2 252.95 241.63 247.29 
4 303.71 331.87 317.79 
( 394.02 389.12 391.57 
8 4i0.9S 424.28 442.63 

12 532.33 443.36 487.85 
l i 50i.i9 506.65 506.69 
20 536.5! 519.00 527.80 
24 532.32 515.73 524.03 
30 508.94 444.85 476.90 
3i 484.06 334.09 409.08 

AVERAGE OF TRAVERSES #9 8t #10 
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Figure 1.14 Plot of Average of Soil Resistivity Measurement Traverses #9 & #10 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

TRAVERSE: 11 

MEASURED 01: 22-Iore«ber-88 

C0IDITI0IS: Cloudy and cold. Aboat S degree C. 

DESCRIPTION Along the BCI »over l i n e and d i r t road near the Main Sabstation of Mine 16. 

EQUIPMEIT: E m s h e d Vignoles Type DET-2 electronic l e t e r . 
Check readings v i t h ET3 hand crank l e t e r . 

-PROBE SPACIIfl- PROBE MITER IAICE IID. RESISTIV —REMARKS-
a b DEPTH READ1IG RES. MEAS 

•etres •etres •etres ohis ohis o h i - i 
1 1 .1 3.330 l o n a l 3.330 21.04 DET-2 
2 2 .1 1.330 l o n a l 1.330 li . 7 4 DET-2 
4 4 .1 .t71 l o n a l .i71 16.87 DET-2 
i i .1 .464 l i g h .464 17.50 DET-2 
8 8 .1 .374 l o n a l .374 18.80 DET-2 

12 12 .1 .29i l o n u l .296 22.32 DET-2, C2 o i rock. 
16 l i .1 .249 l o n a l .249 25.03 DET-2, C2 o i rock. 
20 20 .1 .215 l o n a l .215 27.02 DIT-2 
24 24 .1 .188 l o n a l .188 28.35 DET-2 

18 30 30 .1 .155 l o n a l .155 29.22 DIT-2 
11 3i 36 .1 .125 l o n a l .125 28.27 DET-2 

T R A V E R S E * 1 1 

Figure 1.15 Plot of Soil Resistivity Traverse #11 Measurement Results 
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APPENDIX I SOIL RESISTIVITY FIELD MEASUREMENT RESULTS 

I0TIS: 

1. Probe Spacing: a i s distance between oater (cirrent) probes aad inner (potential) probes. 
b i s distance between inner potential probes. 

2. MI1S r e s i s t i w i t j i s calculated nsing equations wkick accirately include the effect of rod depth. 
Restits are d i f f e r e n t fron tkose obtained nsing equations fron I E U Guide t l which 
are for point source electrodes at the deptb of the probe length. 
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APPENDIX I 

March, 1989 

PALL-OP-POTENTIAL FIELD MEASUREMENT RE8ULT8 

T8AVEESE: 1 

MEASURED 01: 17-0ct-M 

COIDITIOIS: Snnny.Aboat 4 deg C. 

DESCRIPTION Mile |4. Traterse fr<m Morable Substation. CI ( PI were located oh aeatral or 
transformer groaad. loth C2 t P2 are 100 i aaay froi CI t PI but in opposite 
direction. Single point aeasnreteat was done before bj l i l l people aho obtained 2 ohis 
iipedance talne. 

EQOIPMEIT: Erershed Vignoles Type DET-2 electronic leter. Check readings vith ET3 hand crank leter. 

C2 MEASURED PI t CI 
LOCATIOI RAIGE EESISTIIC LOCATIOI —REMARKS— 

1 •eters ohis 

1 100 1 13.50 leatral groaad loisj DET-2 
2 ISO 1 14.04 leitral groaad loisy DIT-2 
3 ISO 13.70 leatral groaad loisy ET-3 
4 ISO I 13.83 leatral groaad Power off DET-2 
5 ISO 1 11.14 Transformer groand Poaer off DET-2 

1 - 1 7 bensted, supsoa 4 associates ltd. 
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APPENDIX I FALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: 2 

MEASURED 01: 17-Oct-88 

C0IDITI0IS: S u n j . Abo at 4 deg C. 

DESCIIPTIOI: Mine 14. Trarerse froa Moreable Substation. CI t PI located oa t r u s f o r i e r groaad. 
C2 175 aetres aaay. Traverse f r o i CI to C2. 

EQOIPMEIT: Evershed fignoles Type DET-2 electroaic l e t e r . Check readings with ET3 hand crank l e t e r . 

C2 MEASURED 
LOCATIOI IAI6E EESISTAICE 

1 meters ohis 

1 5 I 11.35 
2 15 1 15.38 
3 25 I 16.21 
4 35 I 17.22 
5 45 1 17.85 
i 55 1 18.52 
7 (5 I 18.94 
8 75 1 11.37 
) 85 I 19.75 
0 )5 I 20.16 
1 195 I 20.70 
2 115 1 21.20 
3 125 I 21.80 
4 135 I 23.00 
5 145 I 25.44 
( 155 I 30.10 
7 185 I 41.50 
8 175 I 1885.00 on 

I - 18 bensted, siajson I associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

O 
I 

Ui U 

5 

40 - , 

35 -

20 

TRAVERSE #2 

~T 1 1 1 1 1 1 
40 60 80 100 120 140 160 

P2 OI STANCE FROM SUBSTATION - metres 

Figure 1.17 Plot of Fall-of-Potential Measurement Traverse #2 
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APPENDIX I FALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: 3 

MEASURED 01: 17-Oct-88 

COIDITIOIS: Sail7.About 4 deg C. 

DESCRIPTION Mile |4. Traverse f r n old groud bed at 15 kf dragline switch honse. C2 at 100 net res 
d i s t a c e . Traverse fron g r o u d bed towards C2. 

IOjOIPMEIT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readings with ET3 hand crank l e t e r . 

C2 MEASURED 
LOCATIOI IAICE RISISTAICE 

» meters ohis 

1 5 1 105.20 
2 10 1 117.10 
3 20 1 125.20 
4 30 1 127.20 
5 40 1 127.(0 
( 50 1 128.00 
7 (0 1 129.20 
8 70 1 130.10 
9 80 1 131.40 

10 90 1 135.40 
11 J5 1 143.20 
12 100 1 1488.00 on C2 

Using (0 I P2 location to teasare 0/1 ground t i r e groud: K - i . l okis. 
E s t i i a t e d distance to 138 kT Snbstation - 1.5 k i . 

1 - 2 0 bensted, sinpson i associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 
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TRAVERSE #3 

~T~ 
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T" 
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P2 DISTANCE FROM SUBSTATION - metres 

"~T~ 
80 90 

I 
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Figure 1.17 Plot of Fall-of-Potential Measurement Traverse #3 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RB8ULTS 

TRAVERSE: 4 

MEASURED 01: 18-Oct-88 

C0IDITI0IS: Cloidf.About 4 dec C. 

DESCRIPTION Traverse f r o i Moveable Sabstatioa at Mine I I , a i t b CI t PI on l e r i i e t e r groaad of the 
sab. C2 at a distance approiiiate 175 a. 

EQVIPMEIT: Evershed Vignoles Type DET-2 electronic l e t e r . 
Check readiags a i t h ET3 hand crank l e t e r . 

C2 MEASURED 
LOCATIOI RAIGI RESISTAICE 

1 l e t e r s ohis 

1 5 I 4.42 
2 10 I 5.12 
3 20 I 5.42 
4 30 I 5.72 
5 40 1 5.85 
( 50 1 (.07 
7 80 I (.11 
8 70 I (.2( 
J 80 I (.45 
0 30 I (.55 
1 100 1 (.70 
2 110 1 (.84 
3 120 I 7.08 
4 130 I 7.44 
5 140 I 7.H 
( 150 I 8.(5 
7 1(0 I 11.14 
8 170 1 23.10 
J 175 I 1721 

\ 1 - 2 2 bensted, siafsoa t associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

U i 
U 
Z 

20 - , 

15 -

10 -

5 -

TRAVERSE #4 

~1 I 1 
50 100 150 

92 OI STANCE FROM SUBSTATION - metres 

—I 
200 

Figure 1.18 Plot of Fall-of-Potential Measurement Traverse #4 

I - 23 bensted, sinpsoG i associates ltd. 



B S A Project 4137 March, 1989 

APPENDIX I FALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: 5 

MEASURED 01: 18-0ct-M 

C0IDITI0IS: Cloedy.Abont 4 deo C. 

DESCRIPTION T r u e r s e f r o t Moveable Sanitation at Mine I I , ait b CI i PI oa a r i d coadactor to 
t r u j f o n e r taak with eoaawa aeatral 1 sab arouds. 

IQOIPMEIT: Evershed figaoles Type DET-2 electronic l e t e r . 
Check readings with ET3 h u d c r u k l e t e r . 

P2 MEASURED 
LOCATIOI 1AIGE RESISTAICE 

1 •eters ohis 

1 5 I (.54 
2 10 I 7.12 
3 20 I (.90 
4 30 I (.33 
5 20 I (.10 repeat 20 
( 40 1 7.00 
7 $0 1 S.)( 

Abandoned POP dne to excess noise. 
One eeasareient l a s done t i t k p r i i a r p i ) kf d i s c o u e c t open. 
P2 at M of C2 distance : I = 7.20 o b s . 

1 - 2 4 bensted, sinpson fc associates ltd. 
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APPENDIX I PALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: < 

MEASURED 01: 19-Oct-88 

COIDITIOIS: Cloadr.Aboat 4 deg C. 

DESCRIPTION Traverse f r w Moveable Sabstatioa at Miae 14, with CI t PI oa reaote groaad. C2 at 
a distaace aaaroiiiate 100 a. Locatioa of skock iacideat. 

IQDIPMEIT: Evershed l i g a o l e s Tjpe DET-2 electroaic aeter. 
Check readiaas with ET3 h u d c r u k l e t e r . 

C2 MEASURED 
LOCATIOI RAIGE RESISTAICE 

I awters ohis 

1 5 1 11.59 
2 10 I 13.12 
3 20 1 14.SS 
4 30 I 15.(7 
5 40 1 K.79 
( SO I 17.36 
7 (0 I 19.44 
8 70 1 21.(0 
9 80 1 24.90 

10 90 I 36.00 
11 95 I S3.40 f ( 
12 100 1 1118.00 on C2 
13 (2 I 19.81 
14 (2 198.5x0.1 13.85 ET-3 
IS (2 1 33.(0 Move CI I PI to station groud 
1( (2 1)7x0.1 19.70 a i t h aiae Megger 
17 (2 218x0.1 21.(0 3 teraiaal aeasareaent with aiae Megger 
18 8 171x0.1 17.10 at aiae reference a i t h aiae Megger 

Resistance between stat i o a i reiote ground: I = 35.1 okis 

leasareient of reiote froand bed nsing references placed by l i n e , 
t e i o t e bed i s bonded to 0/1 skyline to e^nipient np k i l l . 
C2 i s li i f r o i bed. 
P2 loc. lange I (obi) 

t • I 17.0) ( l i n e locatioa) 
3 • I 10.1) 

1 - 2 5 bensted, sinpson i associates ltd. 
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APPENDIX I FALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 
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TRAVERSE #6 
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—I 
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Figure 1.19 Plot of Fall-of-Potential Measurement Traverse #6 
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APPENDIX Z PALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: 7 

MEASURED 01: U-Oct-M 

C0IDITI0IS: Cloudy. About 4 deg C. 

IESCRIPTI0I: Traverse f r o i existing Snbstation i t Mine |4. C2: group of 3 rods ibovt 350 l e t e r s 
f r o i East fence of Sib i n forth direction. P2 electrode i n E direction s t i r t s S le t e r s 
f r o i fence of the IE corner of the Sob. 

EQOIPMEIT: i c ind dc test currents fenented by i 400 m t t londi portable generator ind 
i n t e r f i c e n i t . Frequency changed bj varying speed of generator. Cirrent 
leasnred with lecfaun DM25L d i g i t a l n i l t i i e t e r . dc potentials leasnred with 
Flnke 1050A d i g i t a l m l t i i e t e r ac potentials leasnred with IP 35S1C 
frequency selective foltneter. 

P2 RESIDUAL P2 
LOCATIOI DC POT'l WRREIT FtEQ. POTMTIAL HAS IMP 

1 •eters volts HPS l i volts okas REMARKS 
A 1 C D 1 P 6 

1 5 1/1 .87 50 1.09 1.253 CI i PI at reaote groud bed 
2 10 1/1 .88 51 .91 1.034 
3 20 1/1 .88 51 .89 1.011 
4 40 I / i .8) 51 1.45 1.(29 
5 (0 1/1 .8) 51 1.80 2.022 
f 10 1/1 .90 52 2.00 2.222 
7 100 1/1 .JO 52 2.15 2.389 
1 120 1/1 .11 51 2.25 2.473 voltaeter battery faiiare 
9 ISO I / l .89 51/52 2.75 3.090 (0 l i residual poteatial .2 V 

It ISO 1/1 .97 (9 2.89 2.979 
11 180 I / l .98 70 3.(0 3.(73 love CI * PI to sub ground 
12 180 I / l .89 51 3.30 3.708 
13 180 .5 .55 dc 2.35 4.273 staadiag -.ST 
14 180 .4 .55 dc 1.82 3.309 staiding -.4 f, aove back to 

reaote grotmd bed 
IS 180 2.890 DET-2 
l i 180 3.500 DET-2, CI t PI aoved to 

statioa face riser 
17 180 3.500 DIT-2, CI I PI aoved to differeat 

different s t a t i o a feace r i s e r 

IOID TEST: Sab grid to reaote g r o u d - 3.01 ohms DET-2. 

1 - 2 7 bensted, siapson l associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE *7 

3.5 

.5 -

0 50 100 150 200 
92 OI STANCE FROM SUBSTATION - metres 

Figure 1.20 Plot of Fall-of-Potential Measurement Traverse #7 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RE8ULTS 

TIMt.SE: 8 

MEASURED 01: U-0ct-88 

COIDITIOIS: Clondy. Aboit 4 deg C. 

DESCRIPTION Traverse f r o i Dragline Switch at Mine 14. C2 at old 100 • position. P2 electrode at 

EOOIPIEIT: ac and dc test carreats generated ij a 400 aatt londa portable geaerator and 
interface u i t . Pregaeacr cbuged by varriag speed of geaerator. Carreat 
measared a i t h leckmaa DM2SL d i g i t a l a a l t i i e t e r . dc potentials teasared a i t k 
Plate 80501 d i g i t a l a a l t i i e t e r ac potentials aeasared a i t k IP 3S81C 
fregaeacj selective voltaeter. 

(2 i positioa. 

P2 RESIDUAL 
LOCATIOI DC POT'L 

meters volts 
CulRIIT 

aips 
C 

.25 

.38 

.15 

P2 
PRIQ. POTEITIAL 

l i volts 
D 

IEAS IIP 
ohms REMA1IS 

1 
2 
3 

1 I 
(2 l/A 
(2 I/A 
(2 .04 
(2 

SI 1.(3 
70 2.40 
dc 1.00 

F C 
(.520 (0 l i r e s i d potl 1 to 2.S T 
(.((7 
(.8)7 
(.180 DET-2 

I - 29 bensted, simpsoa ( associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

m m s E : 5 

MEASURED 01: 17-Iov-88 

COIOITIOIS: S t a r iad cold. Aboit 5 deg C. 

DESCRIPTION Traverse f r o i old egaipmeat groaad bed about 200' f r o i p i t bottoi at l i n e 12. CI t 
PI are clipped to tbe bed anile C2 at a distaace approximate 100 a. 

EQOIPMEIT: Iversbed ligaoles Type DIT-2 electroaic l e t e r . 
Check readings aitk ET3 kaad craak l e t e r . 

C2 IEASURED 
LOCATIOI IAIG! RESISTAICE 

I meters ohms 

1 5 I 5.49 
2 10 1 6.16 
3 20 I (.73 
4 30 I 7.05 
5 40 1 7.33 
i 50 I 7.(0 
7 (0 I 7.88 
S 70 I 8.37 
9 80 I 10.40 

10 90 I 10.72 
11 95 I 13.02 19 
12 100 I 148.S0 oa C2 
13 (2 I 7.92 
14 (2 I 9.49 love copper t a i l to over tke bed 
IS (2 I 9.51 love CI 1 F l to otker rods of tke 
K (2 913x0.01 9.13 ET-3 

l i t h tke saie references, i o i e CI t PI to tke t r u s f o n e r g r o u d bed 
1 = 13.00 ohis i t l i g k Range 

Mofe P2 t C2 to get net (2t t 100% locations for tke transfoner g r o u d bed 
1 = 19.02 ohis i n l o n a l Range 
I = 15,02 obis i n l i g k t u g e 

Set np nev references t i t k C2 t P2 100 l apart and 100 i away f r o i botk ground beds 
Rith CI ( PI on tra n s f o n e r g r o u d bed : t = 18.51 ohis 
Move PI to egnipient g r o u d bed : S = 0.351 ohis 
t of CPE of t r u s f o r i e r g r o u d bed to tbe egnipient g r o u d - 0.351/18.51 = 2.111 

1 - 3 0 bensted, sinpson I associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RB8ULT8 
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Figure L22 Plot of FaU-of-Potential Measurement Traverse #9 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: 10 

MEASURED OR: 17-Iov-88 

COIDITIOIS: Saaar aid cold. About 5 deg C. 

DESCRIPTION Traverse f r o i Moveable Sabstatioa at Miae 12. CI t PI are clipped to tbe egaipieat 
groaad bed. P2 i s 200 i aaaj i a E directio a , C2 i s 13S i aaaj i a SR direction. 

EQOIPMRIT: Evershed Tigaoles Type DET-2 electroaic l e t e r . 
Check readiags aitk ET3 kaad craak l e t e r . 

R - 0.811 obi 
R : (.21 ohis 
R = 21.2 ohis 
I - 7.35 ohis 
R = 3.H ohis 
R -- 3.58 ohis 
I = i.n ohis 
I = 4.01 okas 
1 = 3.M ohms 

two shovels 136 I 137 connected, (error reading) 
137 discoaiected 
136 i 137 disconnected 
137 connected back 
136 ( 137 connected back 
oae snitch closed 
both switches closed 
136 energised 
136 I 137 energised 

i l l aboie r e s i l t s are on l i g h range. 

Transfer PI to tran s f o n e r ground: I = -0.M oki poor leasareient configuration 

Relocate C2 to 1(0 i away in I direction : E - -0.6 ohi 

Move CI to tran s f o n e r ground : S = 27.4 ohis 

Move C2 i P2 to equipment ground : E - 32.2 ohis 

I - 32 bensted, sinpson & associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE: 11 

MEASURED 01: 21-!ov-88 

COIDITIOIS: Cloudy. About 5 deg C. 

DESCRIPTION Traverse f r o i existing Snbstition at Mine U. C2 on Mine's reference C2(3). P2 in 
I direction starts 10 l e t e r s f r o i fence of tke IE corner of tke Sab. 

EQOIPMEIT: ac and dc test currents generated by a 400 watt Eonda portable generator and 
interface unit. Frequency ckaged by varying speed of generator. Current 
leasnred witb Becban M25L d i g i t a l w l t i u e t e r . dc potentials leasnred with 
Pluke 80S0A d i g i t a l m l t i i e t e r ac potentials leasnred with EP 3581C 
frequency selective v o l t i e t e r . 

P2 P2 RESIWAl P2 
LOCATIOI LOCATIOI DC POT'L CORIHT FREQ. POTEITIAL IEAS IMP 

•eters •eters volts aaps I t volts ohis REMARKS 
1 l e a l 1 I C D I p e 

10 9 I/l 2.31 so .5(0 .235 (0 Is r e s i d u l = 1.15 T 
30 2( m 2.3( 50 .700 .297 
50 43 i / i 2.3( 50 .780 .331 
to (9 i / i 2.3( 50 .830 .352 

no J5 i / i 2.35 so .8(0 .3(( 
140 122 i / i 2.34 50 .870 .372 
170 140 i / i 2.35 50 .880 .374 
200 174 i / i 2.34 50 .890 .380 
230 200 i / i 2.35 SO .no .387 Iboit 30 i short of M i l l P2(3) 
2(5 230 i / i 2.34 SO .930 .397 Oi P2(3), (0 Ix residual 1.8 T 
2(5 230 i / i 3.41 72 1.380 .405 
2(5 230 .352 3.(4 dc 1.530 .420 
2(5 230 .015 3.(4 dc .470 .129 Reloc PI to reiote g r o u d bed 
2(5 230 I/l 1.8) 49/50 .195 .103 
2(5 230 I/l 2.28 ((/(7 .305 .134 
2(5 230 .0(0 BET-2, a o i s j 
2(5 230 .400 DET-2, relocate PI to S u grid 
2(5 230 .430 Mile's l e t e r 
2(5 230 l o readiag ET3 
2(5 230 I/l 2.03 51 .710 .350 Reloc PI I CI reiote gri d bed 
2(5 230 I/l 2.33 70 1.000 .429 
2(5 230 .352 4.10 dc 1.180 .24$ 

MID TEST: 

S u fence to Sab gri d r i s e r (Pall box oatside feace I T l r e s i s t o r stractare) 
5.33 A .0093 T .00174484 ohi 

Sab feace to reiote groaad 
4.9( 1 2.89 I .582((129 obi Residaal = -.IK I 

1 - 3 3 bensted, siapsoa 4 associates ltd. 
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APPENDIX X FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

TKlfSPERiED POTEITIil : 

50 Ix --> (0.195 ? / 0.93 ? ) x (2.34 A / 1.89 1 ) = 25.95% 

70 Ix -> (0.305 V / 1.38 V ) x (3.41 i / 2.28 A ) = 33.08* 

dc -> (0.470 f / 1.53 ? ) i (3.84 A / 3.84 A ) = 30.721 

TRAVERSE #11 

300 
P2 OI STANCE FROM SUBSTATION - metres 

Figure 1.22 Plot of Fall-of- Potential Measurement Traverse #11 

bensted, sinpson I associates ltd. 
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APPENDIX I 

M a r c h , 1989 

FALL-OF-POTENTIAL FIELD MEASUREMENT RE8ULT8 

TRAVERSE: 12 

MEASURED 01: 21-Iov-88 

COIDITIOIS: Cloudy. Aboat 5 deg C. 

DESCRIPTION Traverse f r o i Skid Breakers at Mine | ( . C2 at 100 i distaace. 

EQOIPHEIT: ac aad dc test currents generated by a 400 watt londa portable generator and 
interface emit. Frequency changed by varying speed of generator. Cirrent 
leasnred t i t h lecbtan DM251 d i g i t a l nultineter. dc potentials leasared n i t h 
Flake 80S0A d i g i t a l i n l t i i e t e r ac potentials leasared a i t h IP 3581C 
frequency selective voltneter. 

P2 RESIDUAL P2 
LOCATIOI DC POT'L CWRHT FIEQ. POTEITIiL MEAS IMP 

I l e t e r s volts aips Ix volts obis Rl 
i B C D E F 

1 5 I/i .52 1 1.15 2.212 
2 10 1/* .52 1 l . K 2.231 
3 20 I/i .52 1 1.17 2.250 
4 30 I/i .53 1 1.18 2.224 
5 (2 I/I .53 1 1.28 2.415 
( (2 I / i .75 9 2.K 2.880 
7 (2 .1(13 .2( c .49 1.885 
8 (2 2.0(0 DET-2 

1 - 3 5 bensted, siapsoa i associates ltd. 
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APPENDIX I FALL-OF-POTENTIAL FIELD MEASUREMENT RESULTS 

TRAVERSE #12 

UJ 

2.5 

2 -

1.5 -

.5 -

10 
"1 1 1 1* 
20 30 40 50 
P2 DISTANCE FROM SUBSTATION - metres 

1 ^ 

60 
I 

70 

Figure 1.23 Plot of Pall-of-Potential Measurement Traverse #12 
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APPENDIX I PALL-OP-POTENTIAL FIELD MEASUREMENT RESULTS 

TIMEISE: 13 

ME1SUIED 01: 22-Iov-88 

C0IDITI0IS: Saoa and nindy. 

BESCRIPTIOI: Traverse f r o i Moveable Substation at Mine 13. P2 at 62 a i C2 at 100 i . 

KQOIPatllT: ac aud dc test carreats generated by a 400 aatt loada portable geaerator aad 
interface a n i t . Frequency changed by varying speed of generator. Carrent 
•easared a i t k Beckiaa DM25L d i g i t a l n l t i i e t e r . dc potentials leasared a i t h 
Flake 80501 d i g i t a l n l t i i e t e r ac potentials leasared aitk IP 3581C 
freqaeacy se l e c t i v e v o l t i e t e r . 

P2 IESID01L 
LOCATIOI DC POT'L 

Sab t l e t e r s 
I 

(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 
(2 

volts 
B 

I/I 
I/I 
.10 

I/I 
I/i 
.47 

CVMEIT 
aips 

C 
.0)25 
.1385 
.0388 

.8)00 
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APPENDIX III SOIL RESISTIVITY MEASUREMENT 

I I I . l SOIL R E S I S T I V I T Y M E A S U R E M E N T METHODOLOGY 

The ob jec t ive of s o i l r e s i s t i v i t y measurement re la ted to g r o u n d i n g sys tem d e s i g n 
and ana lys i s , i s to p r e d i c t t he effect of the u n d e r l y i n g s o i l c h a r a c t e r i s t i c s on 
the performance of the g r o u n d i n g sys tem. Idea l ly , one cou ld t ake a sample cube 

R I 
r , .... 

r - s o i l r e s i s t i v i t y i n ohm-metres 
R r e s i s t ance between opposi te faces of sample i n ohms 
1 l e n g t h of sample i n metres 
A c r o s s sec t iona l a rea of sample i n squa re metres 

F i g u r e I I I . l E q u a t i o n fo r R e s i s t i v i t y of a Sample of Mate r i a l 

of t he s o i l a n d determine i t s r e s i s t i v i t y i n a l a b o r a t o r y b y p l a c i n g i t be tween 
two metal p la tes , measur ing the r e s i s t ance and a p p l y i n g the s imple equa t ion i n 
F i g u r e I I I . l : 

T h i s i s not p r a c t i c a l f o r a number of reasons wh ich i n c l u d e : 

The s o i l sample i s o n l y r e p r e s e n t a t i v e of a smal l pocke t of t he na t i ve s o i l 
i n t h e a rea where i t was t a k e n . I t may be qu i te d i f fe ren t f rom s o i l a few 
metres deep o r a few metres away. 

Compact ion , mois ture con ten t a n d t empera tu re would be d i f f i c u l t to c o n t r o l 
while moving the sample f rom i t s n a t u r a l locat ion to the l a b o r a t o r y . 

A l t h o u g h the ea r th ' s e l e c t r i c a l c h a r a c t e r i s t i c s v a r y i n t h r ee d imensions as 
s u g g e s t e d above, t h e y are u s u a l l y s u f f i c i e n t l y un i fo rm o v e r h o r i z o n t a l d i s t ances 
to permi t t he cons ide ra t i on of t y p i c a l s i tes as a s i ng l e s t r u c t u r e , un i fo rm i n t he 
h o r i z o n t a l d imens ion . S i m i l a r l y , t he v e r t i c a l v a r i a b i l i t y of r e s i s t i v i t y can be 
p r a c t i c a l l y d e s c r i b e d b y one, o r more f r e q u e n t l y , two uni form l a y e r s of e a r t h 
t y p i c a l l y f o u n d to o c c u r w i t h i n a few metres of the su r face . I t must be 
apprec ia t ed t h a t t h i s e a r t h s t r u c t u r e model i s a major s impl i f i ca t ion of t he r e a l 
s i t ua t i on , bu t , i n p r a c t i c e , has been f o u n d to reasonably r e p r e s e n t most 
cond i t i ons whi le k e e p i n g t h e d e s i g n ca lcu la t ions wi th in feas ible l im i t s , a n d 
p r o d u c i n g acceptable d e s i g n r e s u l t s . 

Two c lasses of e a r t h r e s i s t i v i t y t e s t i n g methods are i n widespread use: 

Sur face measurement methods where e lec t rodes are p laced on the e a r t h 
su r f ace a n d t h e u n d e r l y i n g e a r t h c h a r a c t e r i s t i c s deduced from v a r i a t i o n s 
i n these su r face measurements. 

I l l - 1 
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Well hole measurement methods where one or more e lec t rodes are lowered 
in to a wel l , and the e a r t h r e s i s t i v i t y cha rac t e r i s t i c s are de termined by 
no t ing the v e r t i c a l va r i a t i ons i n the r e su l t s . 

In the d e s i g n of e a r t h g r o u n d i n g s t r u c t u r e s , for e l ec t r i ca l e n g i n e e r i n g 
pu rposes , the former su r face cons t r a ined methods are almost e x c l u s i v e l y used . 
The well hole methods are more commonly associated with g e o p h y s i c a l 
app l ica t ions a n d wi l l not be 
d i s c u s s e d here . 

I I . l . l Test Method 

The measurement c o n f i g u r a t i o n 
most widely u sed , i s based on 
a method deve loped b y D r . F . 
Wenner of the U . S . B u r e a u of 
s t a n d a r d s , a n d schemat ica l ly 
shown i n F i g u r e III .2. U s i n g 
the Wenner method, f o u r 
un i fo rmly spaced measurement 
p robes a re i n s e r t e d i n t o t h e 
s o i l su r f ace i n a s t r a i g h t l i n e . 
The ou te r p a i r of p robes are 
used to i n j e c t a t e s t c u r r e n t 
in to the s o i l . The po ten t i a l 
r e s u l t i n g f rom the t e s t c u r r e n t i s measured between the i n n e r p a i r of p robes 
to ob ta in an appa ren t r e s i s t ance . I t s h o u l d be noted tha t t h i s measurement o r 
any measurement i n v o l v i n g t e s t p robe to s o i l contact cannot be c a r r i e d out 
u s i n g p u r e dc because t h e dc tes t c u r r e n t w i l l po la r ize the e l e c t r o l y t i c c e l l 
formed b y the metal to s o i l contac t , l ead ing to d r i f t i n g of the r e a d i n g s and 
inde te rmina te r e s u l t s . E i t h e r ac o r sw i t ched , r e v e r s e d dc i s the re fo re u s e d i n 
most i n s t ances . 

F i g u r e III.2 Wenner Method of De te rmin ing 
Appa ren t E a r t h R e s i s t i v i t y 

The s imple equa t ion i n F i g u r e III.3 can t h e n be used to determine the appa ren t 
s o i l r e s i s t i v i t y fo r the measurement con f igu ra t ion . 

P • 2jiaR 

where: 
e = appa ren t s o i l r e s i s t i v i t y i n ohm-metres 
a = p robe s p a c i n g i n metres 
R = measured apparen t res i s tance i n ohms 

F i g u r e III.3 Simple E q u a t i o n f o r Ca lcu l a t i ng So i l R e s i s t i v i t y f rom Wenner 
Measurements 
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Ana 

2a a 

1 + — — — — - Z Z Z Z Z Z Z Z 

^ a 2 + 4 b 2 y a 2 + b 2 

where: 
P = apparen t s o i l r e s i s t i v i t y i n ohm-metres 

R = ra t io of i n d u c e d vol tage measured to source c u r r e n t 
i n un i t s of ohms 

a = un i form p robe s p a c i n g , i n metres 
b = un i fo rm p robe pene t ra t ion d e p t h , i n metres 

F i g u r e III.4 E q u a t i o n Widely Used f o r C a l c u l a t i n g S o i l R e s i s t i v i t y f rom Wenner 
Measurements A l l o w i n g f o r P robe Depth 

T h i s s imple equa t ion assumes t ha t t he p robes make po in t con tac t wi th the 
su r f ace of t h e s o i l . The more complex equa t ion of F i g u r e III.4 i s wide ly u sed 
to de te rmine t h e appa ren t r e s i s t i v i t y from the Wenner geometry, making some 
al lowance f o r t h e d e p t h of t he t e s t p robes : 

where: 

f 

R 

a 

I 

+ 2-F - E -

With E 

F 

-^4 + (a / J O 2 

y i + (a / J O 2 

apparen t s o i l r e s i s t i v i t y i n ohm-metres 
r a t i o of i n d u c e d vol tage measured to s o u r c e c u r r e n t 
i n u n i t s of ohms 
un i fo rm p robe s p a c i n g i n metres 
l e n g t h p robe i s d r i v e n i n t o g r o u n d 

Figure III .5 More Accurate Equation for Calculating Soil Resistivity from 
Wenner Measurements Allowing for Probe Depth 
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Unfo r tuna t e ly , a l t hough widely used , t h i s equat ion i s not c o r r e c t l y app l i ed . I t 
i s t r u e fo r po in t s o u r c e e lec t rodes at a dep th equa l to the probe dep th , not 
c y l i n d r i c a l r o d s . A more accura te equat ion shown i n F i g u r e III.5, fo r c y l i n d r i c a l 
r o d e lec t rodes i s deve loped i n [2]. 

The e r r o r i n u s i n g the s impl i f i ed equat ions becomes i n s i g n i f i c a n t fo r shal low 
probe dep ths a n d s p a c i n g s g rea te r t han a few metres. F i g u r e III.6 shows the 
e r r o r r e s u l t i n g from u s i n g the s imple r equat ions for a probe dep th of 1 metre, 
appa ren t r e s i s t ance of 1 ohm and probe spac ings of 1 and 10 metres. 

Spacing Depth Exact "Rod" "Po in t Source" " S i m p l i f i e d " 
metres metres ohm-m % ohm-m % ohm-m % 

1 1 8.77 100.0 10.58 120.8 6.28 71.7 
10 1 63.20 100.0 63.91 101.1 62.83 99.4 

F i g u r e III.6 Compar i son of Resu l t s U s i n g Different Equa t ions 

Gene ra l l y , t h e p robes a re o n l y d r i v e n i n f a r enough to ob ta in adequate con tac t 
wi th t h e s o i l . Often, 0.1 metre p robe dep th i s su f f i c i en t and the e r r o r s 
i n t r o d u c e d b y i g n o r i n g p robe d e p t h are r e l a t i ve ly smal l . 

C o n s i d e r i n g p r o b e pene t ra t ion d e p t h to be a constant , these re la t ions e f fec t ive ly 
d e s c r i b e t he v a r i a t i o n i n measured r e s i s t i v i t y as a func t ion of p robe s p a c i n g , 
" a " . P h y s i c a l l y , the g r ea t e r the p robe s p a c i n g , the g rea te r the volume of e a r t h 
encompassed b y the t e s t c u r r e n t i n i t s t r a v e r s e from C I to C2 a n d hence the 
g rea t e r d e p t h of e a r t h i n v o l v e d i n the measurement. The t a sk of accu ra t e ly 
r e l a t i n g t he appa ren t r e s i s t i v i t y measured b y t h i s p r o c e d u r e a n d the t r u e 
r e s i s t i v i t y at spec i f i c dep ths i s complex, bu t to a f i r s t approximat ion , t he 
appa ren t r e s i s t i v i t y w h i c h i s measured at p robe spac ing " a " may be c o n s i d e r e d 
i n d i c a t i v e of t he average r e s i s t i v i t y to a dep th " a " . 

U n d e r c e r t a i n c o n d i t i o n s s u c h as s o i l s t r u c t u r e s wi th a h i g h r e s i s t i v i t y su r f ace 
l a y e r a n d low r e s i s t i v i t y deep l a y e r , the i n d u c e d potent ia l s i g n a l can become 
r e l a t i v e l y smal l . A n u n e q u a l p robe spac ing method k n o w n as t he 
S c h l u m b e r g e r - P a l m e r method can t h e n be used to inc rease the po ten t ia l s i g n a l 
b y p l a c i n g t h e po ten t i a l p r o b e s nea re r to the c u r r e n t p robes . A d i f f e ren t set 
of equa t ions t h e n app l i e s . 

I I I . l . 2 R e s i s t i v i t y Measurement Ins t rumenta t ion 

In o r d e r to c a r r y ou t r e s i s t i v i t y measurements b y the Wenner o r s imi la r 
methods, i t i s n e c e s s a r y to p r o v i d e a sou rce of t es t c u r r e n t , and e i t he r a means 
of measur ing t h e vo l tage deve loped between the vol tage s e n s i n g p robes i n the 
t e s t e l ec t rode a r r a y , o r a means of de te rmin ing the ra t io of t e s t c u r r e n t to 
i n d u c e d vo l t age . 

I l l - 4 
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Numerous i n s t rumen ta t i on packages have been deve loped to c a r r y out e i the r of 
the above de te rmina t ions . These packages v a r y c o n s i d e r a b l y i n p o r t a b i l i t y , 
s e n s i t i v i t y , ope ra t i ng conven ience and cost . A c c o r d i n g to a s u r v e y [3] of 
e l e c t r i c a l u t i l i t i e s t h r o u g h o u t the wor ld , the Megger nu l l -ba l ance and d i r e c t ohm 
r e a d i n g t y p e i n s t r u m e n t s are b y far the most widely used i n s t rumen t s fo r 
measur ing e a r t h r e s i s t i v i t y . These i n s t rumen t s are bo th v e r y wel l s u i t e d fo r 
f i e l d work , b e i n g smal l i n s i ze and weight a n d r e l a t i v e l y easy to operate . 
However , t he t e s t c u r r e n t s u p p l i e d b y these and most por tab le i n s t r u m e n t s i s 
r e l a t i v e l y smal l , t y p i c a l l y i n the o r d e r of 40 mA. In areas of h i g h ambient noise , 
v e r y h i g h o r v e r y low r e s i s t i v i t y , and p a r t i c u l a r l y at l a r g e p robe spac ings , 
s e n s i t i v i t y c a n be a p roblem a n d these i n s t r u m e n t s may not be su i t ab le i f 
accura te measurements a re r e q u i r e d . Ano the r unfor tuna te aspect i s t ha t no 
i n d i c a t i o n of adequate p r o b e / s o i l con tac t i s g i v e n , l e ad ing to the p o s s i b i l i t y of 
a p p a r e n t l y r e l i ab l e b u t e r roneous r e a d i n g s . T h i s can be overcome b y r epea t ing 
r e a d i n g s w i th i n c r e a s e d p robe d e p t h u n t i l cons tan t , o r i n s e r t i n g a milliammeter 
i n t he c u r r e n t loop to e n s u r e t ha t the t e s t c u r r e n t i s adequate . 

To overcome the s e n s i t i v i t y l imi ta t ions of por tab le i n s t rumen ta t ion , a d i r e c t 
measurement t e c h n i q u e u s i n g a vol tmeter , ammeter a n d an ac c u r r e n t sou rce , 
r a t e d s e v e r a l h u n d r e d watts o r more, can be u sed . I n o r d e r to a v o i d 
i n t e r f e r e n c e prob lems wi th ambient 60 Hz f i e ld s o r g r o u n d c u r r e n t s , i t i s 
u s u a l l y n e c e s s a r y to use a power sou rce wh ich opera tes 5 Hz o r more away 
f rom 60 Hz a n d to use a f r e q u e n c y se lec t ive vol tmeter to measure t he vo l tage 
between t h e vo l tage s e n s i n g po in t s . The power sou rce fo r s u c h measurements 
c a n of ten be a po r t ab le genera to r wh ich has been ad jus ted to a su i t ab le 
f r e q u e n c y a n d t h e o u t p u t t r ans fo rmed to an a p p r o p r i a t e sou rce vo l tage . 

A po r t ab le i n s t r u m e n t [4] i n t r o d u c e d i n t he l a s t few yea r s , has s i g n i f i c a n t l y 
i m p r o v e d t h e s t a t e - o f - t h e - a r t i n por tab le i n s t rumen ta t i on . Resu l t s u s i n g the 
Megger D E T - 2 D i g i t a l E a r t h Tes te r manufac tured b y E v e r s h e d and Vigno le s i n 
the U n i t e d K i n g d o m i n d i c a t e tha t s o i l r e s i s t i v i t y t e s t s can be accu ra t e ly c a r r i e d 
ou t to c o n s i d e r a b l y wide r p robe s p a c i n g s t h a n t h e o lde r i n s t r u m e n t s . 

T h i s i n s t r u m e n t uses a phase s ens i t i ve de tec tor to measure v e r y low vol tages 
i n d u c e d b y r a p i d l y r e v e r s i n g (128 Hz) dc t e s t c u r r e n t s of from 5 to 40 mA. The 
r eadou t of appa ren t r e s i s t ance i s d i r e c t l y to a 3V2 d i g i t l i q u i d c r y s t a l d i s p l a y 
wi th r e s o l u t i o n to 1 mi l l i -ohm. The i n s t r u m e n t also i n c l u d e s i n d i c a t i o n l i g h t s fo r 
h i g h c u r r e n t p robe r e s i s t ance and excess ive ambient noise . 

A l t h o u g h t h e measurement r e s u l t s s h o u l d , i n t h e o r y , be f ree from t e s t l ead 
mutual c o u p l i n g e r r o r s , t e s t s have i n d i c a t e d t h a t when v e r y low impedances are 
b e i n g measured as i s t he case fo r low s o i l r e s i s t i v i t i e s at wide p robe s p a c i n g s , 
t h e t ime c o n s t a n t due to t h e reac tance of t he t e s t l eads can i n t r o d u c e mutual 
c o u p l i n g e r r o r s . Po ten t i a l a n d c u r r e n t t e s t leads s h o u l d the re fo re be spaced 
as f a r a p a r t as pos s ib l e when c a r r y i n g out wide p robe s p a c i n g measurements. 

A l imi ta t ion i n c o m p a r i n g t h i s i n s t r u m e n t wi th the v a r i a b l e f r e q u e n c y power 
s o u r c e / f r e q u e n c y se l ec t ive vol tmeter method i s t h a t t h e two c u r r e n t p robes must 
have a combined r e s i s t ance of l e s s t h a n 7500 ohms. T h i s may r e q u i r e s a l t i n g 

III - 5 
bensted, siapson t associates ltd. 



BSA Pro jec t 4137 M a r c h , 1989 

APPENDIX III SOIL RESISTIVITY MEASUREMENT 

and water ing of c u r r e n t e lec t rodes when sur face s o i l r e s i s t i v i t y i s h i g h . 

I I I . l . 3 Measurement Techn iques 

The measurement of e a r t h r e s i s t i v i t y u s i n g any of the ins t rumenta t ion sys tems 
d e s c r i b e d p r e v i o u s l y i s a r e l a t i v e l y s t r a i g h t f o r w a r d p rocedure . Obvious examples 
of good measurement p rac t i ce s u c h as e n s u r i n g good probe to s o i l contact , 
a v o i d i n g t r a v e r s e s adjacent to or across b u r i e d metallic s t r u c t u r e s and maximum 
separa t ion of c u r r e n t and vol tage leads , shou ld a lways be o b s e r v e d . 

As p robe s p a c i n g inc reases , the s u s c e p t i b i l i t y of the measurements to e r r o r 
i nc rea se s . Ins t ruments of t he Megger ca tegory wi th r ange scales s h o u l d a lways 
be opera ted at the maximum avai lab le s e n s i t i v i t y s e t t i ng and s h o u l d not be 
r e l i e d on when the most s i g n i f i c a n t d i g i t i s down to zero , i .e . wi th two d i g i t 
a c c u r a c y . When u s i n g Megger i n s t rumen t s of the t y p e which do not p r o v i d e 
c u r r e n t p robe h i g h res i s t ance i n d i c a t i o n , i t can be he lp fu l to i n s e r t a 
milliammeter i n se r ies with the c u r r e n t leads , to monitor the app l i ed t es t 
c u r r e n t . A d rop i n t e s t c u r r e n t of 10% or less wi th a h a n d - c r a n k e d or v i b r a t o r 
t y p e of i n s t r u m e n t can often i nd i ca t e a poor c u r r e n t p robe contac t and a 
p o s s i b l y s u s p e c t r e a d i n g . 

One of t h e most common fau l t s i n r e s i s t i v i t y measurements i s a f a i l u r e to t ake 
measurements ou t to su f f i c i en t ly wide p robe s p a c i n g s . Idea l ly , the maximum 
p r o b e s p a c i n g s h o u l d equa l t he dimensions of the e lec t rode u n d e r cons ide ra t ion 
wh ich ex tends the t r a v e r s e to t h r e e times the e lec t rode d imensions . I n many 
cases t h i s may not be poss ib le a n d measurements s h o u l d be t a k e n to as wide 
a p robe s p a c i n g as i s poss ib le . 

A t v e r y l a r g e p robe s p a c i n g s , c o u p l i n g between the vol tage a n d c u r r e n t leads 
a n d i n t e r f e r e n c e i n the vol tage s e n s i n g leads c a n i n t r o d u c e measurement e r r o r s . 
Vol tage a n d c u r r e n t leads s h o u l d be separa ted as much as poss ib le and p robe 
re s i s t ances k e p t as low as poss ib le . Mutua l c o u p l i n g between vol tage a n d 
c u r r e n t l eads wi l l not normal ly be a problem i f t he measured appa ren t 
r e s i s t ance i s g rea te r t han 0.5 ohms. Below t h i s , cau t ion must be exe rc i s ed . 

A s o u r c e of c o u p l i n g between vol tage a n d c u r r e n t leads t ha t i s of ten ove r looked 
i s t he c lose p rox imi ty of t e s t l ead spools . S ign i f i c an t c o u p l i n g c a n r e s u l t when 
two spools a re located c lose to each o ther wi th t h e i r c en t r e s on a common axis . 
The spools s h o u l d a lways be separa ted as much as poss ib le and o r i en t ed wi th 
the spoo l axes at r i g h t angles . 

The r e l i a b i l i t y of f i e ld measurements can be i m p r o v e d c o n s i d e r a b l y i f t he 
appa ren t r e s i s t i v i t y for each p robe s p a c i n g i s ca l cu la t ed and p lo t t ed as the 
measurements are be ing t a k e n . I n t h i s way, d i s c o n t i n u i t i e s i n t he measurements 
c a n be o b s e r v e d immediately a n d the source of t he d i s c o n t i n u i t y i d e n t i f i e d . 
B u r i e d p ipes , t a n k s , r ecen t ly excava ted and f i l l e d areas and r o c k o u t c r o p p i n g s 
are a l l examples of sou rces of d i s con t inu i t i e s i n r e s i s t i v i t y data . S u c h anomalies 
s h o u l d be i d e n t i f i e d , l o g g e d , a n d a de terminat ion as to whether o r not the 
d i s t u r b a n c e i s e n t i r e l y loca l i zed a n d can be i g n o r e d , o r s h o u l d be t a k e n in to 
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a c c o u n t i n t h e 
development of an 
app rop r i a t e s o i l model. 

At each loca t ion , i f the 
s i te r e s t r a i n t s permit , two 
so i l r e s i s t i v i t y t r a v e r s e s 
s h o u l d be t a k e n at r i g h t 
angles to each o ther . The 
r e s u l t s s h o u l d be s imi la r 
and the average used . 

III.1.4 In t e rp re t a t i on 

So i l r e s i s t i v i t y i s of ten 
va r i ab l e wi th d e p t h a n d 
l o c a t i o n m a k i n g i t 
d i f f i c u l t to model an 
ac tua l s o i l fo r g r o u n d i n g F i g U r e III.7 Resu l t s of T y p i c a l So i l R e s i s t i v i t y 
c a l c u l a t i o n p u r p o s e s . Measurement at a Mine 
F o r t u n a t e l y , exper ience 
has s h o w n t h a t ana ly s i s 
of g r o u n d sys tems i n a l a y e r e d equ iva l en t s o i l model can g ive a good 
approx imat ion to the t r u e s i t ua t i on . 

The measurement r e s u l t s s h o u l d be p lo t t ed . F i g u r e III.7 shows the r e s u l t s o f 
a t y p i c a l s o i l r e s i s t i v i t y measurement wh ich has a change i n r e s i s t i v i t y wi th 
p robe s p a c i n g . 

A s a f i r s t approx imat ion , the r e s u l t s at a p a r t i c u l a r p robe s p a c i n g can be t a k e n 
to be a n i n d i c a t i o n of the ave rage s o i l r e s i s t i v i t y to a d e p t h equa l to the 
s p a c i n g be tween the p robes . T h i s can be u sed to determine an e q u i v a l e n t 
l a y e r e d r e s i s t i v i t y model b y i n s p e c t i o n of the c u r v e . The I E E E Guide fo r 
M e a s u r i n g E a r t h R e s i s t i v i t y [5] d i s c u s s e s the i n t e r p r e t a t i o n of r e s i s t i v i t y 
measurements and mentions t e c h n i q u e s d e s c r i b e d b y G i s h and Rooney [6] a n d 
L a n c a s t e r - J o n e s [7] to i n t e r p r e t r e s i s t i v i t y measurements. The G i s h a n d Rooney 
method assumes tha t another r e s i s t i v i t y l a y e r i s r eached at a dep th e q u a l to 
t h e p robe s p a c i n g where a b r eak o r change i n c u r v a t u r e of the r e s i s t i v i t y 
c u r v e o c c u r s . The Lancas t e r Jones method est imates the d e p t h to the lower 
l a y e r as ' / i of the p robe s p a c i n g at w h i c h a po in t of i n f l ec t i on o c c u r s . 

L o o k i n g at t h e p lo t of F i g u r e III .7, u s i n g t h e G i s h a n d Rooney method, one 
might i n t e r p r e t them to i n d i c a t e an e q u i v a l e n t two l a y e r s o i l model wi th : 

U p p e r l a y e r r e s i s t i v i t y 900 ohm metres 
U p p e r l a y e r h e i g h t 15 metres 
Deep l a y e r r e s i s t i v i t y 500 ohm metres 

To be p r e f e r r e d , however , an a n a l y t i c a l c u r v e f i t t i n g method s u c h as d e s c r i b e d 
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F i g u r e III.8 Two L a y e r E q u i v a l e n t S o i l Model C u r v e F i t to Measurement Ife 

i n A p p e n d i x B of [5], c an be used to generate an equ iva l en t l a y e r e d s o i l model 
f rom the f i e l d measurement data . F i g u r e III.8 shows the r e su l t s of a c u r v e f i t 
fo r t he measurement data of F i g u r e III.7. The equ iva l en t s o i l model i s : 

U p p e r l a y e r r e s i s t i v i t y 
U p p e r l a y e r he igh t 
Deep l a y e r r e s i s t i v i t y 

893.5 ohm metres 
11.28 metres 
368.88 ohm metres 

Measurement cond i t ions and ana lys i s r equ i rements r a r e l y r e q u i r e more t h a n a 
two h o r i z o n t a l l a y e r equ iva l en t s o i l model. 

The compute r model genera t ion can often r e so lve a se r ies of measurements, 
w h i c h when p lo t ted show a con t inued t r e n d t h a t cannot r ead i ly be r e s o l v e d in to 
an e q u i v a l e n t l a y e r e d s t r u c t u r e by i n s p e c t i o n . Use of s u c h a p rog ram can be 
va luab le e v e n i n cases where an approximate un i fo rm so i l r e s i s t i v i t y va lue i s 
r e q u i r e d , because a more def ini te two l a y e r model can be used to determine the 
most a p p r o p r i a t e un i fo rm model d e p e n d i n g on t h e d e p t h and area encompassed 
by the g r o u n d sys tem. 

The s o i l r e s i s t i v i t y neare r the su r face i s gene ra l l y more va r i ab l e t h a n the 
deeper l a y e r s . It i s therefore necessa ry to t ake measurements at r e l a t i v e l y wide 
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probe s p a c i n g s to ob ta in a complete p i c t u r e of the so i l s t r u c t u r e . The uppe r 
l a y e r s can also be affected b y c l imat ic changes . When the u p p e r l a y e r s f reeze , 
the r e s i s t i v i t y i nc reases d ramat ica l ly to 4 to 10 times the unf rozen va lue . Rain 
o r d r o u g h t may also have an effect on the uppe r l a y e r r e s i s t i v i t y , however , 
t h i s i s be l i eved to be f a i r l y minor as the so i l r e s i s t i v i t y s t ab i l i zes once the 
moisture con ten t reaches a r o u n d 18%. Excep t f o r v e r y near the su r f ace , say l e s s 
t h a n 1 metre deep and fo r well d r a i n e d , s andy so i l s , the effect of r a i n i s 
minimal. 
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III.2 GROUND BED IMPEDANCE MEASUREMENT 

Given the uncertainties in soil resistivity measurement and ground bed design 
calculations, the impedance of ground beds should be measured after 
construction. For small ground beds such as are associated with open pit mobile 
mining equipment grounding, the measured impedance can be considered as a 
pure resistance. 

4.1 General Description 

The principle of ground electrode 
impedance measurements is 
illustrated in Figure III.9 which 
shows, in schematic form, an earth 
electrode to be tested, a return 
electrode, which can be any other 
ground electrode sufficiently 
distant from the test electrode, 
and a power source which is used 
to pass current between the two 
electrodes. The measurement 
objective is to determine the rise 
in potential of the test electrode 
with respect to remote earth as a 
result of the test current, I. 

The principle diff iculty 
encountered in ground impedance F i g u r e III.9 Idea l ized G r o u n d Impedance 
measurements is in locating a Measurement 
suitable return electrode. To 
facilitate proper measurements, the electrode under test and return electrode 
must be completely isolated as far as any metallic conduction paths are 
concerned. If an existing structure is to be used as a return electrode, 
assurances must be obtained that there are no metallic connections, however 
indirect, between the two grounds. In practical terms, this assurance is very 
difficult to obtain and consequently, an electrode is usually constructed for 
the purpose of the tests. The requirements for the return electrode are 
dictated, to a large extent, by the characteristics of the electrode being 
measured, and, to a lesser degree, by the soil conditions. In general, the 
measurement problems become more difficult as the impedance of the test 
electrode decreases, as the dimensions of the test electrode increase and as 
the soil resistivity increases. 

If i t were possible to readily define an ideal remote ground reference point 
for any ground electrode impedance measurement and if the isolation of the test 
and return electrodes could always be assured, impedance measurement would 
be a very simple process as illustrated in Figure III.9. One voltage measurement 
between remote ground and the test electrode for a given test current would 
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y i e l d t he d e s i r e d r e s u l t . In p rac t i ce however , ne i the r an i d e a l remote re ference 
poin t n o r an a s su rance of i so la t ion i s obta inable and a measurement t e chn ique 
must be u sed which compensates fo r , or iden t i f i e s dev ia t ions from the i d e a l 
a r rangement so tha t meaningful r e s u l t s can be ob ta ined . One add i t i ona l fac tor 
which i s normal ly encoun te r ed i n p rac t i ce i s e l e c t r i c a l i n t e r f e r ence which may 
o b s c u r e t he d e s i r e d vo l tage r ead ings or i n t r o d u c e e r roneous data . T h i s fac tor 
must a lso be accoun ted fo r i n the measurement p rocess . 

There a re t h r e e p r i n c i p a l methods used to measure impedance of g r o u n d 
e lec t rodes ; t h e t w o - p o i n t method, the t h r e e - p o i n t method a n d the f a l l -
o f -po t en t i a l method [5]. The f a l l -o f -po t en t i a l method i s b y far t he most widely 
used i n t h e e l e c t r i c a l i n d u s t r y a c c o r d i n g to a s u r v e y c o n d u c t e d i n 1976 [3]. 

III.2.2 Two P o i n t Tes t Method 

In t h i s method the t o t a l loop impedance of the u n k n o w n and r e t u r n g r o u n d 
e lec t rodes i s measured . The impedance of the r e t u r n e lec t rode i s assumed to be 
n e g l i g i b l e i n compar i son wi th t he impedance of t he u n k n o w n g r o u n d and the 
measured va lue i n ohms i s assumed to be the impedance of t he u n k n o w n 
g r o u n d . The t e c h n i q u e i s o b v i o u s l y l imi ted to t he measurement of r e l a t i v e l y h i g h 
impedance g r o u n d s , s u c h as a s i ng l e g r o u n d r o d , o r smal l g r o u n d r o d a r r a y 
where a s u i t a b l e low r e s i s t ance re fe rence s u c h as a b u r i e d metal water main 
ex i s t s . I t i s no t p r a c t i c a l fo r min ing g r o u n d bed measurement. 

III.2.3 T h r e e Po in t Tes t Method 

The t h r e e - p o i n t method i n v o l v e s t he use of two a u x i l i a r y g r o u n d impedances 
des igna t ed r 2 a n d ry The u n k n o w n g r o u n d impedance r j i s de te rmined b y 

( r 1 2 ) - ( r 2 3 ) + r ( 1 3 ) 

2 

Figure 111.10 Equation for Three Point Test Method 

measur ing t h e impedance between each p a i r of g r o u n d s and s o l v i n g f o r r j f rom 
the equa t ion i n F i g u r e II I . 10. 

The re a re s e v e r a l l imi ta t ions to t h i s t e c h n i q u e w h i c h r e s t r i c t i t s use to t he 
measurement of smal l , h i g h impedance g r o u n d s i n areas where t h e t h r e e g r o u n d s 
can be loca ted wel l ou t of t he zone of i n f luence of each o ther . 

S ince n e i t h e r t h i s method no r the t w o - p o i n t method have any b u i l t - i n c h e c k s 
to a s s u r e t h a t s i g n i f i c a n t e r r o r s a re not b e i n g i n t r o d u c e d i n t o the 
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measurements, the fall-of-potential technique has become the universally 
accepted test method. The two and three-point methods should only be used to 
obtain rough estimates of ground impedance or to perform repeated 
measurements for experimental purposes once the adequacy of the test 
configuration has been independently verified. 

III.2 Fall-of-Potential Method 

Positions for 
P electrode 

1 
i 
1 

c M l . 

1 
> n i P f f 2 rf r h n V - ~ ~ * - i 

Ji u li n M jj J{ 
i ii tt ii •• 

i 
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1 ; u 

1 II II It 
ii II II II II 11 • <1 
•J !" y U V U U 

C 2 

Earth system | 

F i g u r e I I I . l l F a l l - o f - P o t e n t i a l Impedance 
Measurement I l l u s t r a t i o n 

The fall-of-potential method of impedance determination involves the use of an 
auxiliary return current electrode and a series of surface potential 
measurements taken at increasing distances from the unknown electrode. 
Provided that the auxiliary 
electrode has been located 
sufficiently remote from the 
unknown electrode and coupling 
effects b et w ee n volta g e an d 
current leads have not affected 
readings, the potential 
measurements will become 
asy mptotic to a level w hich 
represents the rise in potential 
of the unknown electrode due to 
the test current. The general 
arrangement of electrodes is 
shown in Figure III.ll. Current 
electrode CI and the fixed 
potential electrode PI are 
located on the unknown 
electrode. The remote auxiliary 
current electrode is designated C2. The IEEE Guide [5] recommends that the C2 
electrode be placed 50 metres away for measuring small area grounds such as 
driven rods and tower footings. The potential electrode P2 is located at regular 
intervals moving away from PI and voltage and current readings taken at each 
P2 location. An apparent impedance value is determined from each set of voltage 
and current readings. If the apparent impedance is plotted against distance, a 
levelling off of the apparent impedance values will be observed as the potential 
probe P2 becomes remote from the unknown electrode. 

There are two variations in the fall-of-potential method that are commonly used. 
The difference in the two methods is in the direction that the voltage profile 
is taken with respect to the current probe. The first alternative and the one 
most commonly used by utilities [3] in measuring the impedance of transmission 
towers and substations, employs a potential traverse between the unknown 
electrode and the remote current electrode. As for soil resistivity measurements, 
pure dc cannot be used as a test signal because of polarization of the metal to 
soil interface at the ground and return electrodes. An ac or switched reversed 
dc signal is therefore generally used. If ac is used, there will be inductive 
coupling between the test current lead and the potential lead where they are 
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laid out parallel to each other. The coupling becomes significant at ground 
impedances of 1 ohm with test leads run out say 200 metres, and cannot be 
reduced much by spacing the test leads wider apart. 

The second method is used to reduce the inductive coupling error of the first. 
In this method, the potential traverse is run out in the opposite direction or 
at right angles to the direction of the remote current probe. This method is 
primarily used in the measurement of impedance of very large ground electrodes 
but does have some limitations, as will be discussed. 

If the unknown impedance is approximately one ohm or larger and the return 
electrode has been adequately located, a potential profile taken from the 
unknown electrode towards the return current electrode (method 1) will look 
similar to the curve of 

FCP o r v e resulting Trot Inadequate, 

separation or c i I 

FCP curve 

Figure 111.12. 

A distinct flat portion of 
the curve, indicating a 
zone under the influence 
of neither the un k no w n 
nor the return electrodes, 
can readily be observed. 
The apparent impedance 
observed in this portion 
of the curve is the 
impedance of the 
unknown electrode. The 
IEEE Guide [5] shows 
that for small ground 
electrodes, under ideal 
conditions, the correct 
impedance is obtained 
when the P2 potential 
reference is located 61.8% 
of the distance towards 
the C2 electrode. In many 
cases, however, the C2 reference cannot be placed far enough away, the curve 
obtained during a fall-of-potential measurements does not resemble the curve 
of Figure 111.12 and other interpretation procedures must be applied to make 
use of the data or to correct the test setup. Some of these methods are 
referenced in the IEEE Guide [5]. 

- T — 
100 

PS OI5TANCE - H*tT«3 

F i g u r e 111.12 F a l l - o f - P o t e n t i a l C u r v e I l l u s t r a t i o n 

III.2.5 Interpretation of Fall-of-Potential Data 

In order to carry out accurate impedance measurements using the fall-of-
potential method, it is important that the theoretical limitations of the technique 
are understood. It is also important that the engineer or technologist conducting 
the measurement appreciate the effect that various deficiencies in a test setup 
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wi l l have on measurement da ta so tha t the def ic iencies can be c o r r e c t e d on s i te 
and u se fu l measurement da ta ob ta ined . 

As s ta ted p r e v i o u s l y , the d i f f i cu l t i e s encoun te red with f a l l - o f -po t en t i a l 
measurements inc rease as the s i ze of the g r o u n d e lec t rode be ing measured 
inc reases a n d the impedance to be measured decreases [8]. The reasons for t h i s 
i n c r e a s e d d i f f i c u l t y i n c a r r y i n g out impedance measurements are numerous . 

F i r s t , as t he impedance of an u n k n o w n e lec t rode decreases , the vol tages to be 
measured i n the v i c i n i t y of the e lec t rode become lower while the e l e c t r i c a l 
i n t e r f e r e n c e u sua l l y becomes g rea te r because of i n c r e a s e d power d i s t r i b u t i o n at 
the l a r g e s i t e s , be t h e y subs ta t ions o r i n d u s t r i a l f ac i l i t i e s . F o r example, a l a rge 
subs t a t i on i n an a rea of low r e s i s t i v i t y c o u l d have an impedance of 0.25 ohms 
o r l e s s . The t y p i c a l t e s t c u r r e n t from a por tab le " M e g g e r " t y p e i n s t r u m e n t i s 
i n the o r d e r of 40 mA. T h i s combinat ion r e s u l t s i n a to t a l i n d u c e d vol tage of 
10 mi l l i vo l t s o r l e s s i n the u n k n o w n e lec t rode . S ince i t i s not uncommon fo r 
r e s i d u a l vo l tages i n the o r d e r of 1 to 10 vo l t s to be p re sen t i n a l a r g e 
g r o u n d i n g sys t em, accura te measurement o r even de tec t ion of the t e s t s i g n a l 
can be a major p rob lem. 

Second , as t he s i ze of a g r o u n d i n g sys tem inc rea se s , the zone of i n f luence of 
the g r o u n d i n g sys tem inc reases and i t becomes more d i f f i c u l t to e s t a b l i s h a 
r e t u r n e l ec t rode t ha t i s completely i so la ted from the e lec t rode be ing t e s t ed . 
F o r any f a c i l i t y o the r t h a n a l a rge u t i l i t y subs t a t i on , the p rob lem i s u sua l ly 
compounded b y connec t ion of numerous ex te rna l g r o u n d s s u c h as water mains, 
gas p ipes , communicat ion c i r c u i t s a n d low vol tage d i s t r i b u t i o n n e u t r a l s to the 
main g r o u n d . These connec t ions can e f fec t ive ly ex tend t he zone of i n f luence of 
the u n k n o w n g r o u n d c o n s i d e r a b l y and i n an unp red i c t ab l e p a t t e r n . 

A n o t h e r s i g n i f i c a n t , b u t l e ss unde r s tood fac tor a f fec t ing f a l l - o f - p o t e n t i a l 
measurements , i s s o i l s t r u c t u r e . When the s o i l s t r u c t u r e i s not un i fo rm, the 
shape of t h e f a l l - o f - p o t e n t i a l c u r v e can be no t iceab ly affected, as can the 
c o r r e c t po ten t i a l p robe loca t ion fo r de te rmin ing t he t r u e impedance of the 
u n k n o w n e lec t rode when the t r a v e r s e fol lows the same d i r e c t i o n as t he remote 
c u r r e n t p robe . 

The ef fec ts of s o i l s t r u c t u r e on f a l l - o f - p o t e n t i a l measurements a re d i s c u s s e d 
e x t e n s i v e l y i n re fe rence [8]. Genera l ly , the zone of in f luence a r o u n d a g r o u n d 
e lec t rode i n t w o - l a y e r e d s o i l wh ich has a h i g h e r r e s i s t i v i t y deep l a y e r i s 
g rea te r t h a n one i n s o i l wi th a lower r e s i s t i v i t y deep l a y e r . T h i s effect can 
be bes t u n d e r s t o o d b y c o n s i d e r i n g the pa th of l eas t impedance fo r c u r r e n t 
l e a v i n g t he g r o u n d e lec t rode . When the sur face l a y e r i s more c o n d u c t i v e t h a n 
the bottom l a y e r , g r o u n d c u r r e n t s wi l l t e n d to flow out h o r i z o n t a l l y r a t h e r 
t h a n pene t ra te t he h i g h e r r e s i s t i v i t y l a y e r below. T h i s effect c a n make accura te 
impedance measurements v e r y d i f f i c u l t to ob ta in i n areas where a g r o u n d 
e lec t rode i s b u r i e d i n s o i l o v e r l y i n g bed rock o r o ther h i g h r e s i s t i v i t y s u b 
l a y e r s . 

F o r t u n a t e l y i n measurements r e la ted to mobile and moveable min ing equipment 
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g r o u n d beds , the g r o u n d beds are often qui te smal l , the re i s adequate space 
to locate the c u r r e n t r e t u r n e lec t rode say 10 t imes the dimension of the g r o u n d 
bed away, the s o i l i s f a i r l y un i form and u n d i s t u r b e d by b u r i e d metal and 
res i s t ances are above the 1 ohm l e v e l where problems may be exper i enced . 
However , due to the r e l a t i v e l y h i g h g r o u n d impedance and opera t ion of heavy 
equipment d r a w i n g s e v e r a l MW, noise l eve l s can be qui te h i g h and equipment 
may have to be s h u t down before impedance measurements can be c a r r i e d out . 

III.2.6 G r o u n d Impedance Measurement Ins t rumenta t ion 

The in s t rumen ta t i on r e q u i r e d to c a r r y out accura te g r o u n d impedance 
measurements depends , v e r y s i g n i f i c a n t l y , on the s t r u c t u r e be ing measured, s o i l 
cond i t i ons , and ambient e l e c t r i c a l noise l eve l s at the measurement s i te . F o r smal l , 
h i g h impedance g r o u n d e lec t rodes s u c h as g r o u n d r o d s , t r ansmiss ion l i ne towers 
o r smal l subs t a t ions , por tab le e a r t h t e s t e r s s u c h as the " M e g g e r " n u l l - b a l a n c e 
o r d i r e c t r e a d i n g e a r t h t e s t e r s s u c h as the " V i b r a g r o u n d " , are the most 
commonly u sed i n s t r u m e n t s [3]. The l imi ta t ions of these i n s t rumen t s become 
appa ren t as the impedance b e i n g measured d r o p s below 1 ohm and ambient 
e l e c t r i c a l noise l eve l s i nc r ea se . 

III.2.7 Por tab le E a r t h Tes t e r s 

There a re s e v e r a l models of po r t ab le e a r t h t e s t e r s on the market . Most employ 
e i the r a h a n d c r a n k magneto o r i n t e r n a l ba t t e ry powered i n v e r t e r as a power 
sou rce a n d some t y p e of b r i d g e c i r c u i t to s imul taneous ly detect vo l tage and 
c u r r e n t a n d g i v e a r eadou t i n ohms when the i n s t rumen t i s ba lanced . The most 
commonly u s e d i n s t r u m e n t s of t h i s t y p e [3], the " M e g g e r " hand c r a n k e d a n d 
ba t t e ry powered e a r t h t e s t e r s , g i v e a 3 d i g i t readout i n ohms v i a the t h r e e 
decade d ia l s u sed to n u l l t he i n s t r u m e n t galvanometer . A r ange se lec tor s w i t c h 
i s u sed to se lec t a f u l l sca le r e a d i n g of 9.99, 99.9, 999 o r 9990 ohms. The 
h a n d - c r a n k e d v e r s i o n of the " M e g g e r " i n s t rumen t , b y gene ra t ing a va r i ab l e 
f r e q u e n c y ac s i g n a l , dependan t on the speed wi th which the handle i s c r a n k e d , 
i s somewhat l e s s s e n s i t i v e to s t r a y g r o u n d c u r r e n t s t h a n the ba t t e ry powered 
models. A s wi th a l l i n s t r u m e n t s of these t y p e s , the r e so lu t ion becomes v e r y 
poor as t he measured appa ren t impedance d r o p s to 1 ohm and below. I n sp i t e 
of some manufac tu re r ' s c la ims to the c o n t r a r y , measurements below 1 ohm wi th 
most po r t ab le i n s t r u m e n t s s h o u l d be c o n s i d e r e d as approximate at bes t . A l l 
i n s t r u m e n t s of t h i s t y p e c a n be u s e d to c a r r y out measurements b y any one 
of t he t h r e e methods d e s c r i b e d i n sec t ion III.2.2 t h r o u g h III.2.4. 

A r e c e n t l y i n t r o d u c e d por t ab le i n s t r u m e n t , t he E v e r s h e d and Vigno les Megger 
D E T - 2 d i g i t a l e a r t h t e s t e r [4] has s i g n i f i c a n t l y i m p r o v e d the s t a t e -o f - t he -a r t 
i n por tab le i n s t rumen ta t i on . Resu l t s u s i n g the D E T - 2 ind ica te t ha t g r o u n d 
impedances as low as 0.1 ohms c a n be accu ra t e ly measured, e v e n i n t he 
p resence of h i g h ambient noise l e v e l s . A l t h o u g h the measurement r e s u l t s h o u l d , 
i n t h e o r y , be f ree from t e s t l ead mutua l c o u p l i n g e r r o r s , t e s t s have i n d i c a t e d 
tha t when v e r y low impedances are b e i n g measured, the t ime cons tan t due to 
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the reac tance of the t e s t leads can i n t r o d u c e mutual c o u p l i n g e r r o r s . Potent ia l 
and c u r r e n t t e s t leads s h o u l d therefore be o r i en t ed at 90 degrees and the use 
of p a r t i a l l y wound measur ing spools shou ld be avo ided to r educe c i r c u i t 
i n d u c t a n c e when measurements of the o r d e r of 0.1 ohms are be ing at tempted 
with t h i s i n s t rumen t . 

III.2.8 Vol tmeter /Ammeter Method 

M e a s u r i n g i n s t r u m e n t s employ ing a nu l l -ba l ance b r i d g e have of fered an 
advantage of d r a w i n g no c u r r e n t t h r o u g h the vol tage s ens ing leads i n the 
ba lanced c o n d i t i o n . Now, however , the ava i l ab i l i t y of i nexpens ive , h i g h impedance 
(grea te r t h a n 1 megohm) 
d i r e c t r e a d i n g d i g i t a l 
vol tmeters has made the 
vo l tmete r /ammete r techn ique 
qu i te p r a c t i c a l fo r g r o u n d 
impedance measurements. 
The main advantage t h i s 
method of fe rs ove r t he use 
of po r t ab l e e a r t h t e s t e r s i s 
i n t he i n c r e a s e d amount of 
c u r r e n t t h a t can be passed 
between the g r o u n d 
e lec t rode a n d re fe rence 
c u r r e n t p r o b e . T h e 
d i s a d v a n t a g e i s i n 
c o n s i d e r a b l y i n c r e a s e d 
complexi ty a n d b u l k of 
measurement appara tus . 

A t y p i c a l vol tmeter /ammeter 
t e s t s e tup fo r measur ing F i g u r e 111,13 H i g h C u r r e n t Vol tmeter /Ammeter Test 
e a r t h impedance i s shown Conf igu ra t ion 
i n F i g u r e 111.13. The 
in t e r f ace u n i t shown i n F i g u r e 111.13 con ta ins a va r i ab l e t r ans fo rmer ( "Var iac" ) 
as well as s t e p - u p a n d s t e p - d o w n t r ans fo rmer s for accommodating a wide r ange 
of loop impedances . S u c h equipment i s u sua l ly c o n s t r u c t e d b y the use r o r 
p u r c h a s e d as a cus tom assembly to meet spec i f i c t e s t i n g r equ i remen t s . The 
p r i m a r y d i sadvan tage of t he a r rangement shown i n F i g u r e III.13 i s t he i n a b i l i t y 
to d i s t i n g u i s h between ambient power f r equency s i gna l s and the t e s t s i g n a l . 
The se tup i s on ly su i t ab le when the vol tages i n d u c e d i n the e a r t h b y the t es t 
c u r r e n t s i g n i f i c a n t l y exceed the s t r a y vol tage l eve l s . Th i s may not a lways be 
poss ib le , p a r t i c u l a r l y wi th g r o u n d impedances i n the range of 0.5 ohms o r l e s s . 

A s i g n i f i c a n t improvement i n the usefu lness of the c i r c u i t of F i g u r e III.13 can 
be ob ta ined i f the f r e q u e n c y of the power source used can be ad jus t ed to 5 
Hz o r more away from the f r equency of the ambient i n t e r f e r ence and a 
f r e q u e n c y se l ec t ive vol tmeter s u b s t i t u t e d for the wide b a n d w i d t h d i g i t a l meter 
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shown. A meter s u c h as the Hewlet t P a c k a r d 3581C i s capable of r e s o l v i n g a 3 
Hz b a n d w i d t h s i g n a l wi th exce l len t r e j ec t ion of ou t -o f -band s igna l s . T h u s , t es t 
s i g n a l vol tages well below the l e v e l of ambient in te r fe rence can r ead i ly be 
measured wi th an a c c u r a c y of t y p i c a l l y 1%. 

A n a l t e rna t ive , t h o u g h even more complex, method which achieves s imi lar r e su l t s 
to the va r i ab l e f r e q u e n c y power s o u r c e / f r e q u e n c y se lec t ive vol tmeter method i s 
d e s c r i b e d i n Reference [9]. I n t h i s method, a noise source i s used and the 
c u r r e n t and vol tage s i gna l s are s imul taneous ly ana lyzed u s i n g a Fas t F o u r i e r 
T rans fo rm Dig i t a l S i g n a l A n a l y z e r , r e s u l t i n g i n a " spec t rum" measurement, 
t y p i c a l l y from 0 to 400 Hz . B a c k g r o u n d 60 Hz and h ighe r harmonic s igna l s 
appear as peaks i n t h i s s p e c t r u m , b u t by d r a w i n g a smooth c u r v e i g n o r i n g 
these peaks , the impedance at any f r e q u e n c y i n the range can be i n t e rpo l a t ed . 

I t i s also often poss ib le to t ake dc measurements by i n j e c t i n g dc in to the g r i d 
and measur ing the po ten t ia l r i s e wi th a d i g i t a l meter. The dc t e s t c u r r e n t can 
be genera ted by i n c o r p o r a t i n g a b r i d g e r e c t i f i e r i n the in te r face un i t . In most 
i n s t ances , a s i g n i f i c a n t p o l a r i z i n g po ten t i a l w i l l be found to exis t before any 
t es t c u r r e n t i s app l i ed . The t e s t c u r r e n t wi l l cause the p o l a r i z i n g po ten t ia l to 
d r i f t , l e a d i n g to i n d i s t i n c t r e a d i n g s . I f t he meter used has an offset fea ture and 
the i n j e c t e d c u r r e n t p o l a r i t y i s r e v e r s e d about once per second , the dc 
po l a r i za t i on effects can be rmnimized. These r e a d i n g s are free of t e s t lead 
c o u p l i n g e r r o r s and form a use fu l add i t i on to an o v e r a l l u n d e r s t a n d i n g of the 
g r o u n d sys t em impedance . 

A s t he impedances of g r o u n d beds associa ted wi th mobile and moveable mining 
equipment are gene ra l ly g rea te r t h a n 1 ohm, the more soph i s t i ca ted measurement 
methods are not necessa ry and s imple " M e g g e r " t y p e i n s t rumen t s can be 
e f fec t ive ly a p p l i e d . 
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The computer p rog ram KWIKGRID i s a g r o u n d e lec t rode ana lys i s p rogram 
developed b y BSA fo r t h e IBM PC a n d compatible machines. The p rog ram was 
deve loped as p a r t of t he o n g o i n g improvements i n ana ly t i c a l t echn iques at B S A . 
I t a l lows work to be done i n house t h a t would p r e v i o u s l y have r e q u i r e d t he use 
of a t ime sha re computer sy s t em. 

Computer p rog rams w h i c h ana lyze g r o u n d e lec t rode performance are gene ra l l y 
based on t he concep t t h a t t he e lec t rode cons i s t s of a number of smal ler 
c o n d u c t o r segments , each o f w h i c h i n j e c t s c u r r e n t i n to the s o i l . The c u r r e n t 
f lowing from a segment causes po ten t i a l r i s e i n the s o i l and at e v e r y o the r 
segment. T h i s i s d e s c r i b e d as a mutua l r e s i s t ance between the i n j e c t i n g segment 
and the segment e x p e r i e n c i n g t he po ten t ia l r i s e . E a c h segment i s the re fo re 
sub j ec t to a cumula t ive po ten t i a l r i s e due to the c u r r e n t s i n j ec t ed b y a l l t h e 
segments ( i n c l u d i n g i t s e l f ) . The p rob lem reduces to de te rmin ing the mutual a n d 
se l f r e s i s t ances and s o l v i n g a se t of s imul taneous equat ions e q u a l i n number to 
the number of segments i n t h e model. These are u sua l ly r ep re sen t ed i n matr ix 
form a n d matr ix based methods a re u s e d to so lve them. 

The p r o g r a m i s based o n Reference [10]. The p rogram enables modeling of a 
g r o u n d e l ec t rode as an a r r angemen t of b u r i e d c o n d u c t o r s i n t h e s o i l . I t w i l l 
ca lcu la te t h e r e s i s t ance of t h e g r o u n d e lec t rode a n d s o i l potent ia ls a t any po in t . 

Some of t h e p r o g r a m app l i ca t i ons a re : 

- Subs t a t i on g r o u n d g r i d d e s i g n . B y c a l c u l a t i n g s o i l potent ia ls , s tep and t o u c h 
poten t ia l s c a n be de te rmined . The g r o u n d g r i d d e s i g n c a n t h e n be modif ied 
to ach ieve d e s i r e d s tep a n d t o u c h po ten t i a l l imi t s o r g r o u n d res i s t ance . A l s o , 
f o r example, t h e ef fec ts o f a f r o z e n u p p e r s o i l l a y e r on t o u c h poten t ia l s a n d 
t h e a d d i t i o n o f r o d s to a g r i d , c a n be i n v e s t i g a t e d . 

- I n t e r p r e t a t i o n o r v e r i f i c a t i o n of g r o u n d i n g f i e l d measurements. F o r example, 
f a l l - o f - p o t e n t i a l r e s i s t ance measurements o f l a r g e g r o u n d sys tems where t he 
r e fe rence e lec t rodes c a n n o t be p l aced f a r enough away, c a n be modeled to 
determine t h e effect of t h e t e s t e l ec t rodes o n the t r u e r e s i s t ance . 

- I n v e s t i g a t i o n of t r a n s f e r o f po t en t i a l between e n e r g i z e d g r i d s and o t h e r 
s t r u c t u r e s . F o r example, c a l c u l a t i o n o f s o i l potent ia ls a r o u n d a p ipe l ine w h i c h 
i s near a s u b s t a t i o n o r t r a n s m i s s i o n tower foo t ing o r t h e c o u p l i n g between 
an " i s o l a t e d " e l ec t ron i c equ ipmen t g r o u n d and the adjacent p l an t g r o u n d 
sys t em formed b y t h e p l a n t f oo t i ngs . 

- Determinat ion of ca thod ic p r o t e c t i o n c u r r e n t f low. The p rog ram ca lcu la tes flow 
of c u r r e n t i n t o o r ou t of e a c h c o n d u c t o r segment. T h i s c a n be u s e d to assess 
the e f fec t iveness of ca thod ic p ro t ec t i on sys tems o r t h e i r effect on o the r 
adjacent c o n d u c t i v e sys t ems . 

The g r o u n d e lec t rode may be a s i n g l e s t r u c t u r e wi th u se r spec i f i ed i n j e c t e d 
c u r r e n t o r s e v e r a l s t r u c t u r e s , some of wh ich have i n j ec t ed c u r r e n t s . When 
a n a l y z i n g e l ec t rodes i n t w o - l a y e r s o i l s , t h e u s e r can spec i fy t h e a c c u r a c y to be 

IV - 1 bensted, supson i associates ltd. 



BSA Project 4137 March, 1989 

APPENDIX IV GROUNDING PROGRAM DESCRIPTION AND SAMPLE FILES 

used i n the ca lcu la t ions . 

The p resen t p rog ram l imi ta t ions are: 

- E lec t rode c o n d u c t o r s are assumed to have zero i n t e r n a l res i s tance so tha t the 
same po ten t ia l wi l l appear on a l l c o n d u c t o r s of the same b u r i e d s t r u c t u r e . A l l 
c o n d u c t o r s of one e lec t rode s t r u c t u r e are therefore assumed to be 
i n t e r c o n n e c t e d even i f some d is tance apar t . A v e r s i o n of the p rogram wh ich 
al lows s e v e r a l separate g r o u n d sys tems to be in t e rconnec ted b y complex 
impedances has been deve loped . 

- C o n d u c t o r s must be ho r i zon t a l i n an eas t -wes t o r n o r t h - s o u t h d i r e c t i o n o r 
v e r t i c a l . They can have any spec i f i ed r a d i u s and l e n g t h . Conduc to r s w h i c h 
c r o s s the u p p e r / d e e p s o i l l a y e r in t e r f ace , are automatical ly s u b d i v i d e d in to 
two segments , one i n each l a y e r . The u se r can also se lec t to have the 
p rog ram s u b d i v i d e any conduc to r i n to a number of smaller segments to 
i m p r o v e ca lcu la t ion a c c u r a c y . 

- The s o i l may have a un i form r e s i s t i v i t y o r be t w o - l a y e r e d where the u p p e r 
l a y e r has a r e s i s t i v i t y e i the r l a r g e r o r smaller t h a n the deep l a y e r . The l a y e r 
c a n be any t h i c k n e s s . 

The da ta i s p r e p a r e d i n an tex t f i l e wh ich i s r ead b y the p rogram. The i n p u t 
cons i s t s of: 

- L i n e s of u s e r en te red r u n d e s c r i p t i o n . 

- F l a g s to i nd i ca t e ca lcu la t ions r e q u i r e d . F o r a f i r s t r u n wi th a p a r t i c u l a r 
model, t he r e s i s t ance matrix must be deve loped a n d s o l v e d . I f no changes are 
made to the model con f igu ra t i on a n d subsequen t r u n s are r e q u i r e d on ly to 
ca lcu la te s o i l potent ia ls at o the r loca t ions , the matrix does not have to be 
deve loped a n d s o l v e d aga in . F o r l a r g e models, t h i s can r e s u l t i n a 
cons ide rab l e s a v i n g i n computa t ion t ime. The u se r must also spec i fy whether 
the model i s a s i n g l e s t r u c t u r e o r mul t ip le s t r u c t u r e s and whether s o i l 
po tent ia ls are to be ca lcu la t ed . 

- Res is tance matrix ca l cu la t ion a c c u r a c y . T h i s i s on ly r e q u i r e d fo r two l a y e r 
so i l s a n d defau l t s to 0.001 p . u . (or 0.1%). When ca lcu la t ions a re c a r r i e d ou t 
i n two l a y e r s o i l models, t he mutual r e s i s t ance i s ca lcu la ted from an i n f i n i t e 
s e r i e s . T h i s parameter s tops the i n f i n i t e s e r i e s ca lcu la t ion at a po in t where 
the e r r o r due to i g n o r i n g the r ema in ing te rms wi l l be l ess t h a n the se lec ted 
a c c u r a c y . I n un i fo rm so i l s , t he mutual r e s i s t ance ca lcu la t ion has on ly two 
te rms . 

- S o i l model da ta . U p p e r and deep l a y e r r e s i s t i v i t y and d e p t h of u p p e r l a y e r . 

- C u r r e n t i n j e c t e d i n t o the main e lec t rode . 

- C o n f i g u r a t i o n of t h e main e lec t rode . T h i s i s spec i f i ed as a se r i e s of l i n e s of 
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data . E a c h l i ne con ta ins the x , y , z coord ina tes of the c o n d u c t o r ends re l a t ed 
to an x a n d y axis loca t ion se lec ted by the use r . The pos i t i ve z - ax i s i s 
downward wi th zero at t he s o i l su r face , x and y may have any va lues , z may 
on ly be pos i t i ve . C o n d u c t o r s must be b u r i e d to at leas t the d e p t h of t h e i r 
r a d i u s . The da ta l i n e a lso con ta ins the conduc to r r a d i u s a n d d e s i r e d 
s u b d i v i s i o n . The p r o g r a m c h e c k s t ha t t he conduc to r s are pa ra l l e l to e i t he r the 
x, y o r z axis a n d t h a t no two c o n d u c t o r s occupy the exact same loca t ion . 

- So i l po ten t i a l c a l cu l a t i on loca t ions . These are spec i f i ed as a s t a r t i n g x , y , z 
coord ina te u s i n g the same axis as the conduc to r da ta and x a n d / o r y a n d / o r 
z i nc remen t . So i l po ten t i a l p ro f i l e s can therefore be ca lcu la ted i n any 
d i r e c t i o n . 

- Other s t r u c t u r e i n fo rma t ion . C u r r e n t i n j ec t ed in to o ther s t r u c t u r e s a n d t he 
c o n f i g u r a t i o n of t he c o n d u c t o r s must be spec i f i ed as fo r the main e lec t rode . 

The p r o g r a m o u t p u t i s s en t to a f i l e . The ou tpu t cons i s t s of: 

- R u n s t a r t t ime a n d date. 

- L i n e s of u s e r e n t e r e d r u n d e s c r i p t i o n . 

- So i l model da ta a n d a c c u r a c y va lue used . 

- Conduc to r segment c o n f i g u r a t i o n of t he model af ter s u b d i v i s i o n . 

- Po ten t ia l r i s e of each s t r u c t u r e . I n the case of s t r u c t u r e s wi th i n j e c t e d 
c u r r e n t , t he i n j e c t e d c u r r e n t and s t r u c t u r e g r o u n d res i s t ance are also o u t p u t . 

- Detai led c u r r e n t flow from o r to ( -ve) each conduc to r segment i n each 
s t r u c t u r e wi th t h e accumula ted t o t a l f o r each s t r u c t u r e . 

- S o i l po tent ia l s at t he loca t ions spec i f i ed . 

- R u n e n d t ime a n d date . 

A separa te p r o g r a m i s u s e d to p lo t t he i n p u t da ta on a g r a p h i c s s c r e e n wi th 
the op t ion to p r i n t i t i n h i g h e r r e so lu t i on on a matrix p r i n t e r . The p lo ts c a n 
be p l a n o r i somet r i c v i e w . T h i s i s a u se fu l check on the e n t r y of bad da ta s u c h 
as misp laced decimal po in t s w h i c h show up as c o n d u c t o r s t ha t are too s h o r t o r 
too l o n g o r at unexpec t ed ang les . 

Ano the r p r o g r a m c a n be u s e d to in t e rpo la t e equ ipo ten t i a l con tou r l i n e s f rom an 
a r r a y of t y p i c a l l y 1,444 s o i l po ten t i a l ca lcu la t ions . The p r o c e d u r e i s to use 
KWIKGRID to ca lcu la te s o i l po ten t ia l s at r e g u l a r l y spaced i n t e r v a l s i n t he a rea 
of i n t e r e s t . The c o n t o u r p r o g r a m t h e n uses the ca lcu la ted s o i l po ten t i a l 
in format ion to p lo t t h e e q u i p o t e n t i a l c o n t o u r s . 
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Some an t i c ipa ted enhancements to be made to the p rogram are: 

- Cons ide rab le speed improvement i n eva lua t ing the i n f i n i t e se r i e s . 

- Opt ion to i n c l u d e the impedance of g r i d conduc to r s . 

- Con tour p l o t t i n g on a d i g i t a l pen p lo t te r wi th be t te r r e so lu t ion . 

F i g u r e IV.1 P lo t of G r o u n d Bed Model Showing Remote E lec t rode Placement and 
F a l l - o f - P o t e n t i a l T r a v e r s e 

The fo l lowing i s a sample i n p u t da ta f i le for the p rogram. I t was u s e d fo r t h i s 
p ro j ec t to s imulate t he measurement of a g r o u n d bed at Mine #2 u s i n g 
re fe rences p l aced at 100 a n d 62 metres. See Sect ion 4.3 i n t he main body of t he 
r epo r t . 
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PROJECT 4137. Hine 12, l o r t h feeder Hoe C old equipment ground bed 
Model of ground bed with test rods at 62 • & 100 locations. 
R e s i s t i v i t y : Upper layer 151.36 ohn-ieters 2.67 Deters deep 

Deep layer 3S2.08 ohi-aeters. 
Data prepared by Esiond Chow, Dec 1, 1)18. 
FILE I KDJ3702 
E1D 
888 0 
0100 
J 

151.36352.082.67 
1000.0 
6 

888999 
Inactive Flag 
1 1 
-1000.0 
1 

0.0 

0.0 

.001 

0.0 0.0 .1 0.0 0.0 3.1 .019 
7.9 0.0 3.1 7.9 0.0 .1 .019 
3. 1.5 .1 3. 1.5 3.1 .019 
4.8 1.5 3.1 4.8 1.5 .1 .019 
0.0 3. .1 0.0 3. 3.1 .019 
7.7 3. 3.1 7.7 3. .1 .019 

-100.0 .3 

-62.0 .1 

0.0 

0.0 

-100. 

-62.0 .3 

.013 1 7 

.013 1 8 
888888 

51 
999 

0.0 0.0 0.0 0.0 -2.0 0.0 
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The fo l lowing are the r e s u l t s from the above i n p u t da ta f i l e : 

TIME: 10:54:55 DATE: 12/01/1988 

PROJECT 4137, Mine #2, Nor th feeder l i n e C o l d equipment ground bed 
Model of ground bed w i t h t e s t rods at 62 m & 100 l o c a t i o n s . 
R e s i s t i v i t y : Upper l a y e r 151.36 ohm-meters 2.67 meters deep 

Deep l a y e r 352.08 ohm-meters. 
Data prepared by Esmond Chow, Dec 1, 1988. 
FILE # KDA3702 

Upper l a y e r r e s i s t i v i t y : 151.3600 ohm-meters, depth 2.6700 meters . 
Deep l a y e r r e s i s t i v i t y 352.0800 ohm-meters. 

C a l c u l a t i o n accuracy s e l e c t e d : 0.001000, used: 0.001000 

# X o r i g i n Y o r i g i n Z o r i g i n X extrem Y extrem Z extrem Radius 
_ — _ 

S t r u c t u r e : 1 
1 0.0000 0.0000 0.1000 0.0000 0.0000 0.9503 0.0190 
2 7.9000 0.0000 0.1000 7.9000 0.0000 0.9503 0.0190 
3 3.0000 1.5000 0.1000 3.0000 1.5000 0.9503 0.0190 
4 4.8000 1.5000 0.1000 4.8000 1.5000 0.9503 0.0190 
5 0.0000 3.0000 0.1000 0.0000 3.0000 0.9503 0.0190 
6 7.7000 3.0000 0.1000 7.7000 3.0000 0.9503 0.0190 
7 0.0000 0.0000 2.6890 0.0000 0.0000 3.1000 0.0190 
8 7.9000 0.0000 2.6890 7.9000 0.0000 3.1000 0.0190 
9 3.0000 1.5000 2.6890 3.0000 1.5000 3.1000 0.0190 

10 4.8000 1.5000 2.6890 4.8000 1.5000 3.1000 0.0190 
11 0.0000 3.0000 2.6890 0.0000 3.0000 3.1000 0.0190 
12 7.7000 3.0000 2.6890 7.7000 3.0000 3.1000 0.0190 
13 0.0000 0.0000 0.9503 0.0000 0.0000 1.8007 0.0190 
14 0.0000 0.0000 1.8007 0.0000 0.0000 2.6510 0.0190 
15 7.9000 0.0000 0.9503 7.9000 0.0000 1.8007 0.0190 
16 7.9000 0.0000 1.8007 7.9000 0.0000 2.6510 0.0190 
17 3.0000 1.5000 0.9503 3.0000 1.5000 1.8007 0.0190 
18 3.0000 1.5000 1.8007 3.0000 1.5000 2.6510 0.0190 
19 4.8000 1.5000 0.9503 4.8000 1.5000 1.8007 0.0190 
20 4.8000 1.5000 1.8007 4.8000 1.5000 2.6510 0.0190 
21 0.0000 3.0000 0.9503 0.0000 3.0000 1.8007 0.0190 
22 0.0000 3.0000 1.8007 0.0000 3.0000 2.6510 0.0190 
23 7.7000 3.0000 0.9503 7.7000 3.0000 1.8007 0.0190 
24 7.7000 3.0000 1.8007 7.7000 3.0000 2.6510 0.0190 

S t r u c t u r e : 2 
25 0.0000 -100.0000 0.3000 0.0000 -100.0000 0.1000 0.0130 

S t r u c t u r e : 3 
26 0.0000 -62.0000 0.1000 0.0000 -62.0000 0.3000 0.0130 
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Maximum number of s e r i e s terms r e q u i r e d 8 
Average number of s e r i e s terms used 5 

N o . l Main E l e c t r o d e . In jec ted Cur r en t : 1000.0000 amps 
P o t e n t i a l R i s e : 15425.5405 v o l t s , R e s i s t a n c e : 15.4255 ohms 

Cond # l eng th amps/meter amps to s o i l cum amps 
1 0.850 64. 46967619 54.8207147 54.820715 
2 0.850 64. 98748034 55.2610208 110.081735 
3 0.850 49. 52598341 42.1135946 152.195330 
4 0.850 49. 52066781 42.1090745 194.304405 
5 0.850 64. 30341547 54.6793376 248.983742 
6 0.850 63. 79170875 54.2442163 303.227958 
7 0.411 39. 39294521 16.1905005 319.418459 
8 0.411 39. 62800307 16.2871093 335.705568 
9 0.411 32. 61794865 13.4059769 349.111545 

10 0.411 32. 61604902 13.4051961 362.516741 
11 0.411 39. 30304543 16.1535517 378.670293 
12 0.411 39.06652301 16.0563410 394.726634 
13 0.850 61. 27463402 52.1038638 446.830498 
14 0.850 66. 59201395 56.6254092 503.455907 
15 0.850 61. 74792071 52.5063152 555.962222 
16 0.850 67. 06150981 57.0246372 612.986859 
17 0.850 47. 55245181 40.4354349 653.422294 
18 0.850 52. 93648394 45.0136568 698.435951 
19 0.850 47. 54693837 40.4307466 738.866698 
20 0.850 52. 93169403 45.0095838 783.876281 
21 0.850 61. 11902266 51.9715423 835.847824 
22 0.850 66. 43040727 56.4879896 892.335813 
23 0.850 60. 65094464 51.5735199 943.909333 
24 0.850 65. 96315179 56.0906667 1000.000000 

Ho.2 Return E l e c t r o d e . In j ec t ed C u r r e n t : -1000.0000 amps 
P o t e n t i a l R i s e : -335376.9077 v o l t s , R e s i s t a n c e : 335.3769 ohms 

Cond # l eng th amps/meter amps to s o i l cum amps 
25 0.200 -5000.00000000 -1000.0000000 -1000.000000 

No.3 I s o l a t e d B u r i e d S t r u c t u r e : 
P o t e n t i a l R i s e : -573.6960 v o l t s 

Cond I l eng th amps/meter amps to s o i l cum amps 
26 0.200 -0.00000000 -0.0000000 -0.000000 
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S o i l P o t e n t i a l P r o f i l e No. 1 

X y z S o i l P o t l 
0.000 0.000 0.000 12254.2706 
0.000 -2.000 0.000 7616.2198 
0.000 -4.000 0.000 5907.3535 
0.000 -6 .000 0.000 4812.2163 
0.000 -8.000 0.000 4020.0268 
0.000 -10.000 0.000 3414.7874 
0.000 -12.000 0.000 2936.2788 
0.000 -14.000 0.000 2548.2108 
0.000 -16.000 0.000 2226.8612 
0.000 -18.000 0.000 1955.9532 
0.000 -20.000 0.000 1723.9346 

[Data f o r y = 20 through 42 have been de l e t ed to rec 
0.000 -44.000 0.000 216.2412 
0.000 -46.000 0.000 131.1107 
0.000 -48.000 0.000 47.0672 
0.000 -50.000 0.000 -36.6191 
0.000 -52.000 0.000 -120.6697 
0.000 -54.000 0.000 -205.8176 
0.000 -56.000 0.000 -292.8285 
0.000 -58.000 0.000 -382.5239 
0.000 -60.000 0.000 -475.8074 
0.000 -62.000 0.000 -573.6966 
0.000 -64.000 0.000 -677.3631 
0.000 -66.000 0.000 -788.1835 
0.000 -68.000 0.000 -907.8066 
0.000 -70.000 0.000 -1038.2446 
0.000 -72.000 0.000 -1181.9983 
0.000 -74.000 0.000 -1341.9271 
0.000 -76.000 0.000 -1521.8689 
0.000 -78.000 0.000 -1728.6323 
0.000 -80.000 0.000 -1968.6740 
0.000 -82.000 0.000 -2252.1356 
0.000 -84.000 0.000 -2593.5643 
0.000 -86.000 0.000 -3014.6551 
0.000 -88.000 0.000 -3549.3789 
0.000 -90.000 0.000 -4254.4419 
0.000 -92.000 0.000 -5233.3995 
0.000 -94.000 0.000 -6704.0188 
0.000 -96.000 0.000 -9257.5343 
0.000 -98.000 0.000 -15764.3583 
0.000 -100.000 0.000 -136328.3216 

Average number of s e r i e s terms used 6 

TIME: 10:56:37 DATE: 12/01/1988 
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A l l r e fe rences [] are con ta ined i n Append ix V . 

V I . l GENERAL 

The safety of an in s t a l l a t i on 
from g r o u n d potent ia l r i s e 
haza rds can be c o n s i d e r e d 
from two aspects : 

1. Safety u n d e r normal 
ope ra t ing cond i t ions . 

Safety u n d e r 
cond i t i ons . 

fau l t 

A 

S a f e t y o f e l e c t r i c a l 
subs t a t i ons and equipment i s 
u s u a l l y exp re s sed i n terms 
of to le rab le step a n d t o u c h 
p o t e n t i a l s [ 1 6 ] . T h e 
r equ i r emen t s of the I E E E 
Guide fo r Safety i n 
Subs t a t i on G r o u n d i n g [16] 
are i n c o r p o r a t e d i n Table 52 
of the Canadian E l e c t r i c a l 
Code [12]. The s tep and 
t o u c h po ten t i a l s i tua t ions are 
i n d i c a t e d i n F i g u r e V I . l . 

T h e s t a n d a r d b o d y 
r e s i s t ance has been set at 
1000 ohms from one hand to 
the two feet i n pa ra l l e l o r 
1000 ohms from foot to foot. 
The s t a n d a r d foot contac t 
r e s i s t ance i s set at 3 t imes 
the e f fec t ive su r face l a y e r 
s o i l r e s i s t i v i t y so tha t i n 
the case of a s tep po ten t ia l , 
the body c i r c u i t i s 6 t imes 
the e f fec t ive su r face l a y e r 
s o i l r e s i s t i v i t y p l u s 1000 
ohms a n d i n the case of a 
t o u c h po ten t i a l , i t i s 1.5 
t imes t he e f fec t ive su r f ace l a y e r s o i l r e s i s t i v i t y p l u s 1000 ohms [16]. The I E E E 
Guide g i v e s a method fo r de t e rmin ing the ef fec t ive su r face l a y e r s o i l r e s i s t i v i t y 
i f t h e r e i s an apprec iab le d i f fe rence i n r e s i s t i v i t y between the sur face l a y e r 
and u n d e r l y i n g na t ive s o i l . 

d F = 1 m 
RA = R B + 2RF - 2R M F 

« A = U / R A 

RB = 1000 n 
where 

l A

 s the current of accidental circuit 
R A = the total resistance of accidental circuit 

F i g u r e V I . l Touch and Step Poten t ia l 
I l l u s t r a t i o n s 
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VI.2 NORMAL OPERATIONS CONDITIONS 

Due to s t r a y c u r r e n t s , unde tec ted fau l t s , o r the use of g r o u n d as a r e t u r n 
conduc to r , normal o p e r a t i n g cond i t ions may allow con t inuous s tep and t o u c h 
potent ia ls to develop i n and a r o u n d a plant . The I E E E Guide [16] cons ide r s any 

R2FS = 6(p) 

R2FP = 1V4(P) 

•Estep = C^B + R2Fs) ^B 

EsteP50 = (1000 + 6C,(ft„JS:)p,)0.116/>/ir 
or 

E s u p n = Ql000 + 6Cs(hs,K)Ps)0157/^ 

^touch - (RB + R-2FP)IB 

Etouch50 = (1000 + l.5Cs(hs,K)Ps)0.U6/^ 
or 

£ t o a c h 7 0 = (1000 + l.5Cs(hs,K)ps) 0157/y/X 

where 

Cs = 1 for no protective surface layer 

ps = the resistivity of the surface material in ft-m 
ts = duration of shock current in s 

F i g u r e VI.2 Formulae f o r Ca lcu la t ion of Tolerable Step and Touch Potent ia l s 
when t h e Dura t ion i s l ess t h a n 3 seconds 

s tep o r t o u c h po ten t i a l d u r a t i o n of more t han 3 seconds to be con t inuous . 

The maximum safe c o n t i n u o u s body c u r r e n t i s e s t ab l i shed as the l e t - g o c u r r e n t 
of 99.5 pe rcen t of a l a r g e g r o u p of people. 60 Hz va lues fo r men and women are 
9 and 6 mA r e s p e c t i v e l y [17]. I n one pub l i ca t i on , dc va lues are s ta ted to be 62 
and 41 mA r e s p e c t i v e l y [17]. In another , dc shock to le ra t ion i s s ta ted to be 5 
t imes as h i g h as 60 Hz ac to l e r a t ion [13]. A p p l y i n g t he res i s t ances mentioned 
above, fo r a t y p i c a l su r f ace s o i l r e s i s t i v i t y of 150 ohm-metres fo r 60 Hz s h o c k s , 
the t o l e r ab le c o n t i n u o u s t o u c h po ten t i a l c a n be ca lcu la ted to be 11 vo l t s f o r men 
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and 7.4 vo l t s for women, while the to lerable con t inuous step potent ia ls are 17.1 
and 11.4 vo l t s r e s p e c t i v e l y , dc va lues wi l l be c o r r e s p o n d i n g l y h i g h e r . 

VI.3 F A U L T CONDITIONS 

Resea rch [14] & [15] has shown tha t the body can to lera te much h i g h e r 
c u r r e n t s for s h o r t du ra t ions . The I E E E Guide [16] conta ins formulae which can 
be used to ca lcula te to le rab le s tep and t o u c h potent ia ls unde r fau l t o r 
momentary cond i t ions where the fau l t du ra t i on i s less than 3 seconds . These 
formulae are g i v e n i n F i g u r e VI .2 . The formulae are based on a body weight of 
50 k g . The 1986 ed i t ion of the Guide [16] sugges t s tha t a body weight of 70 k g 
may be more app rop r i a t e . Table 52 of the Canadian E l e c t r i c a l Code [12] uses 
these formulae, based on the 50 k g body weight , to determine to le rab le step and 
t o u c h vol tages for c l e a r i n g times of 0.5 and 1.0 seconds . 

To allow fo r dc offset effects i n fas t fau l t ca lcu la t ions , a decrement fac tor must 
be app l i ed to the symmetr ica l ac fau l t ca lcu la t ion . F o r c l e a r i n g t imes of 0.5 
seconds o r g rea te r , the decrement fac tor i s 1.0. 

As i n the case of con t inuous potent ia ls , i t i s ev iden t tha t the to le rab le s tep 
po ten t ia l w i l l be a p p r e c i a b l y h i g h e r t h a n the c o r r e s p o n d i n g t o u c h po ten t ia l . 
S i m i l a r l y , the i nd i ca t i ons are t ha t the to le rab le l eve l s are i n c r e a s e d fo r dc 
s h o c k s . 

To en su re the safety of an i n s t a l l a t i o n , s tep and t o u c h potent ia ls anywhere i n 
or a r o u n d the i n s t a l l a t i on must be he ld below the to le rab le l eve l s fo r bo th s h o r t 
du ra t i on a n d con t inuous potent ia l s . 
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