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Abstract - The ground res i s tance  of t h e  f e e t  i s  an 
important fac tor  t h a t  determines t h e  current flow i n  
t h e  body of a person exposed t o  dangerous touch voltage 
i n  a high voltage switchyard. It i s  modified by t h e  
proximity of t h e  two f e e t  and t h e  presence of t h e  
energized grounding g r i d  below t h e  f e e t .  Based on t h e  
Thevenin approach a general method f o r  determining t h e  
e f f e c t i v e  ground res i s tance  of the  f e e t  t h a t  takes i n t o  
account t h e  two above mentioned modifying f a c t o r s  i s  
presented i n  t h i s  paper. The proposed method i s  
v e r i f i e d  with t h e  help of analog model study. Results 
show t h a t  i n  most p r a c t i c a l  s i t u a t i o n s  t h e  e f f e c t  of 
t h e  two modifying fac tors  can be ignored. The 
s i t u a t i o n s  where it i s  necessary t o  consider these  
f a c t o r s  a r e  a l s o  i d e n t i f i e d .  

Keywords: Footing Resistance, Grounding, Safety, Body 
Currents, Substations. 

mTRoDUcTI0N 

Grounding systems i n  substation yards a r e  designed 
t o  keep t h e  exposure t o  touch and s t e p  voltages t o  a 
sa fe  value f o r  a person standing on h is lher  f e e t  ins ide  
or  near a substation yard. Usually exposure t o  touch 
voltage poses grea te r  danger than t h e  s tep  voltage.  It 
causes current t o  flow from one hand o r  both hands t o  
t h e  ground through t h e  f e e t  i n  p a r a l l e l .  Figure 1 
shows t h e  f a u l t  current,  If, being discharged t o  t h e  
ground by t h e  grounding system of t h e  s t a t i o n  and a 
person touching a grounded meta l l ic  s t ruc ture  a t  H. 
The current,  Ib, flowing from H through t h e  body of t h e  
person t o  t h e  ground a t  F i s  estimated by dividing t h e  
voltage between points H and F t h a t  would e x i s t  without 
t h e  presence of the  person i n  the  c i r c u i t ,  by t h e  
res i s tance  of t h e  accidental  c i r c u i t  comprising t h e  
following: 
(a )  Resistance of t h e  gloves and contact res i s tance  

of the  hands of t h e  person. 
(b) Resistance of t h e  body of t h e  person. 
(c) Resistance of t h e  shoes and the  socks. 
(d) Ground res i s tance  of t h e  two f e e t  i n  p a r a l l e l .  

This i s  t h e  res i s tance  offered by t h e  s o i l  t o  t h e  
flow of current from t h e  two f e e t .  

The voltage between H and F without presence of 
t h e  person can be ca lcu la ted  f o r  a given configuration 
of t h e  grounding system and s o i l  conditions.  The 
maximum touch voltage i n  a s t a t i o n  i s  t h e  mesh voltage.  
In high voltage transmission switchyards t h e  t o t a l  
f a u l t  current,  If ,  i s  assumed t o  be independent of t h e  
presence of the  person i n  t h e  path of t h e  current a s  
t h e  system impedance and t h e  res i s tance  of t h e  current 
path through t h e  person a r e  much grea te r  than t h e  
ground res i s tance  of t h e  grounding system of t h e  
s t a t i o n .  
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The contact res i s tance  of t h e  hand and t h e  
res i s tance  of t h e  gloves, shoes and socks a r e  of a very 
uncertain nature and can be very low. They a r e  a l l  
assumed t o  be zero. Resistance of a human body may 
vary widely. I E E E  Standard 80 recommends a value of 
1000 ohms t o  be used f o r  ca lcu la t ion  of shock 
currents.  [ 1 I . 

The ground res i s tance  of t h e  f e e t  i n  p r a c t i c a l  
s i t u a t i o n s  i s  the  most important fac tor  t h a t  cont ro ls  
t h e  shock current flowing through the  body of a person. 
A proper estimation of t h i s  ground res i s tance  is, 
therefore,  important. The ground res i s tance  of t h e  two 
f e e t  i n  p a r a l l e l  i s  a function of t h e  following 
parameters. 

(a )  Size of the  foot and spacing between t h e  f e e t .  
(b) 

(c )  Res is t iv i ty  of t h e  s o i l .  
(d) Presence of the  energized grounding g r i d  below 

The presently ava i lab le  simple methods t o  
determine t h e  ground res i s tance  of t h e  f e e t  neglect t h e  
presence of t h e  energized grounding g r i d  i n  t h e  
proximity of t h e  f e e t .  In most cases t h e  proximity of 
t h e  two f e e t ,  giving r i s e  t o  mutual ground res i s tance  
between t h e  two f e e t  i s  a l s o  neglected. The e f f e c t  of 
these  parameters on t h e  ground res i s tance  of t h e  f e e t  
can be computed f o r  a s p e c i f i c  case w i t h  t h e  help of 
computer programs.[2]. However a general method, 
without t h e  use of complex computer analysis,  t o  
account f o r  the  proximity of t h e  energized g r i d  i n  
determining the  ground res i s tance  of t h e  f e e t  i s  not 
ava i lab le .  

T h i s  paper presents a general method t o  include 
t h e  proximity of the  energized g r i d  i n  t h e  ca lcu la t ion  
of t h e  ground res i s tance  of t h e  two f e e t  i n  p a r a l l e l .  
The s i t u a t i o n s  where consideration of t h e  presence of 
t h e  energized g r i d  is necessary a r e  i d e n t i f i e d .  The 
proposed method i s  v e r i f i e d  with the  help of analog 
models. 

Thickness and r e s i s t i v i t y  of t h e  surface layer  of 
gravel i n  substation yard. 

the  f e e t .  

ISOIATED FEET ON THE GROUND 

In i t s  simplest form t h e  ground res i s tance  of t h e  
foot ( the  res i s tance  of huinan foot t o  remote ground) i s  
taken a s  equivalent t o  t h e  ground res i s tance  of a 
c i r c u l a r  conducting d i s c  having a radius of 8 cm and 
placed horizontally on the  surface of t h e  ground. The 
ground res i s tance ,  R f ,  of a c i r c u l a r  conducting d i s c  of 
radius b on the  surface of a homogenous e a r t h  of 
r e s i s t i v i t y  p s  i s  given by: [l] 

Rf = P S /  (4b) (1) 

For b = 0.08 m, Rf = 3ps  

0 
Sta t ion  Grid 

- 
F i g u r e  1 - Exposure to touch voltage. 
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I n  substation yards an 8 t o  20 cm th ick  layer  of 
gravel o r  crushed rock is usually spread over t h e  
surface of ear th .  A s  compared t o  t h e  s i z e  of t h e  foot 
t h e  depth of t h e  gravel layer  i s  not la rge  enough t o  
assume t h a t  t h e  material  i s  homogenous i n  t h e  v e r t i c a l  
d i rec t ion .  To take i n t o  account t h e  l imi ted  thickness 
of t h e  surface layer  of gravel, equations i n  t h e  form 
of i n f i n i t e  s e r i e s  and graphs a r e  ava i lab le . [1 ,3] .  The 
ground res i s tance  of t h e  . foo t  on t h e  gravel i n  a 
substation yard i s  given by: [3] .  

' 

P S  Rf = - G(Y) 4b 
Where G(Y) i s  a function of size of t h e  foot,  thickness 
of t h e  gravel surface layer,  h, and t h e  r e f l e c t i o n  
fac tor  K. 

K = ( P - P ~ ) / ( P + P S )  (3) 

p s  = Resis t iv i ty  of t h e  gravel, ohm-m. 
p = R e s i s t i v i t y  of t h e  s o i l ,  ohm-m. 

Figure 2 gives t h e  value of G(Y) versus h, and K 
f o r  b equal t o  0.08 m. 

I f  t h e  two f e e t  a r e  f a r  apar t  compared t o  t h e i r  
s ize ,  t h e  mutual ground res i s tance  between them can be 
ignored. I n  t h i s  s i t u a t i o n  t h e  ground res i s tance  of 
t h e  two f e e t  i n  p a r a l l e l ,  R2fp,  i s  given by: 

( 4 )  

For b=O.O8 m, R2fp=l.5 p s  G(Y) 

IEEE Standard 80 recomends t h a t  f o r  routine use 
t h e  p a r a l l e l  res i s tance  of the  two f e e t  be expressed by 
an equation s imi la r  t o  equation (4)  except t h a t  t h e  
function F(X)  is used i n  place of t h e  function 
G(Y) . [l] . Both t h e  functions F(X) and G(Y) a r e  based 
on t h e  s i z e  of t h e  foot,  h and K. The d i f fe rence  i n  
t h e  values obtained from t h e  two functions i s  due t o  
t h e  d i f f e r e n t  approximations used i n  deriving these  
functions.  [3] .  Mathematically, t h e  function G(Y) gives 
more accurate r e s u l t s  and i s  used i n  t h i s  paper. 

The following two parameters modify t h e  ground 
res i s tance  of t h e  two f e e t  given by equation ( 4 ) .  

( a )  The mutual ground res i s tance  between t h e  two 

(b) 
f e e t .  
Presence of t h e  energized g r i d  below t h e  f e e t .  

t / //I/ 1 
o.5Y/ O A  I 

I -0.60 
K=-0.99 -0.80 

-0.99 

0.1 

0.05 0.1 0.15 0.2 0.25 

h ,  m 
Figure 2 - G(X) versua h and K. 

(Foot represented by an equivalent rectangular plate) 

Mutual ground res i s tance  between t h e  two f e e t  tend 
t o  increase t h e  ground res i s tance  of t h e  f e e t  whereas 
t h e  presence of t h e  energized g r i d  i n  p r a c t i c a l  
s i t u a t i o n s  decreases t h e  ground res i s tance  of t h e  f e e t .  
These two f a c t o r s  compensate each other t o  some exten t .  
I t  w i l l  be shown i n  t h e  subsequent sec t ions  t h a t  i n  
high voltage switchyards t h e  ground res i s tance  of t h e  
f e e t  given by equation ( 4 )  i s  usually very close t o  t h e  
ground res i s tance  of t h e  f e e t  t h a t  i s  e f f e c t i v e  when 
t h e  above mentioned two parameters a r e  a l s o  considered. 

A t  t h e  time of exposure t o  touch voltage t h e  
d is tance  between t h e  two f e e t  of a person may be 20 t o  
70 cm. A t  t h i s  distance t h e  mutual ground res i s tance ,  
Rfm between t h e  two f e e t  i s  not negligible.  When Rfm 
i s  considered, t h e  ground res i s tance  of t h e  two f e e t  i n  
p a r a l l e l ,  R2fpm, i s  given by: 

(5 )  

The e f f e c t  of Rfm i s  
of t h e  f e e t  by t h e  f e e t  proximity fac tor  a .  

t o  increase t h e  ground res i s tance  

The mutual ground res i s tance  between t h e  two f e e t  
separated by a distance of d meters on t h e  surface of a 
homogenous ground of r e s i s t i v i t y  p s  i s  given by t h e  
following equation i f  t h e  f e e t  a r e  represented by an 
equivalent hemisphere. [ 11 . 

From 

Rfm = p s /  (2nd) (7)  

equations ( 2 ) ,  ( 4 )  t o  (7)  

~ 2 f p m  = Rf (8) 

a = 1 + 2  nd (9) 

Figure 3 gives a versus d f o r  b equal t o  0.08 m. 

The hemispherical representation of t h e  foot used 
i n  equation (7)  i s  va l id  i f  d>>b. To check t h e  
v a l i d i t y  of equation (8) f o r  small values of d, analog 
model t e s t s  were conducted. The foot was represented 
by an equivalent rectangular p l a t e  28.4 cm long and 5.7 
cm wide. This p l a t e  gives t h e  same ground res i s tance  
i n  a uniform medium a s  t h a t  of a c i r c u l a r  p l a t e  of 8 cm 

U 

w model tests 

1.0 -I 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 

d, m 
Figure 3 - a versus d.  
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radius.  Models of t h e  rectangular p l a t e s  a t  a sca le  of 
1:lO were used t o  measure t h e  ground res i s tance  of t h e  
two f e e t  i n  p a r a l l e l  a t  various separation d is tances  on 
t h e  surface of water i n  a s t e e l  tank. The value of a 
f o r  various values of d obtained from t h e  model t e s t s  
a r e  shown i n  Figure 3.  The values obtained from t h e  
model t e s t s  a r e  very close t o  t h e  respective values 
obtained from equation ( 9 ) .  Therefore equations (8 )  
and (9) should give good r e s u l t s  f o r  t h e  p r a c t i c a l  
range of t h e  separation distance between the  two f e e t .  

A f i n i t e  thickness of the  surface layer  of ground 
has s imi la r  e f f e c t  on Rf and Rfm. Therefore, f i n i t e  
thickness of t h e  surface layer of t h e  gravel w i l l  have 
ins igni f icant  e f f e c t  on the  value of a .  

PRESENCE OF TBE GROUNDING GRID 

The presence of t h e  grounding g r i d  i n  a high 
voltage switchyard f a c i l i t a t e s  t h e  flow of current from 
t h e  f e e t  t o  t h e  s o i l  and decreases t h e  ground 
res i s tance  of t h e  f e e t .  The reduction depends on t h e  
depth of t h e  grid,  HI loca t ion  of the  f e e t  and t h e  s i z e  
of t h e  meshes and t h e  g r i d  conductor. The reduction i s  
grea te r  when t h e  depth and t h e  mesh s i z e  of t h e  g r i d  
a r e  smaller. For a given loca t ion  of t h e  f e e t  and 
depth of the  grounding grid,  t h e  ground res i s tance  of 
t h e  f e e t  decreases a s  the  number of meshes i s  
increased. The lower l i m i t  i s  reached when t h e  number 
of meshes i s  i n f i n i t y  i . e .  t h e  g r i d  develops i n t o  a 
p l a t e .  

To f a c i l i t a t e  t h e  ca lcu la t ions  of the  ground 
res i s tance  of t h e  f e e t  i n  t h e  presence of the  gr id ,  t h e  
g r i d  i s  assumed t o  be a la rge  conducting p l a t e .  This 
avoids t h e  introduction of t h e  parameters of t h e  g r i d  
l i k e  s i z e  of t h e  gr id ,  s i z e  and spacing of the  g r i d  
conductors, i n  t h e  ca lcu la t ions  of t h e  ground 
res i s tance  of the  f e e t .  However, t h i s  assumption 
introduces a small e r r o r  which i s  on the  safe  s ide .  

The ground res i s tance  of t h e  foot on a uniform 
s o i l  with a la rge  meta l l ic  p l a t e  a t  a depth H i s  
derived i n  appendix A and i s  given by: 

Rfg = BRf ( 1 0 )  

Where p (Grid proximity fac tor )  = 1-0.693(2b)/(nH) (11) 

When the  foot i s  on a layer of gravel, B w i l l  be 
modified by t h e  r a t i o  pip, and the  depth of t h e  layer 
of gravel.  Appendix B gives t h e  derivation of B based 
on t h e  conical model of t h e  gravel.  [ 4 ] .  B i n  t h i s  case 
i s  given by: 

The two proximity fac tors ,  a and P I  given by 
equations (9) and ( 1 2 )  respectively,  can be combined t o  
obtain t h e  ground res i s tance  of the  two f e e t  i n  
p a r a l l e l  on t h e  gravel i n  a switchyard. This ground 
resistance,  R2fp8, takes  i n t o  account t h e  presence of 
t h e  unenergized rounding system of t h e  s t a t i o n  a s  well 
a s  t h e  proximity of t h e  two f e e t  and i s  given by: 

In p r a c t i c a l  s i t u a t i o n s  fl may vary from 0.95 t o  1. 
Because of t h e  small var ia t ion  i n  t l  from 1, t h e  
representation of a g r i d  with a p l a t e  i s  not expected 
t o  introduce any s igni f icant  e r r o r .  Any e r r o r  t h a t  i s  
introduced i s  on the  safe  s ide .  

EFFECTIVE GROUND RESISTANCE OF TBE PEET 

The e f f e c t i v e  ground res i s tance  of t h e  f e e t  i s  t h e  
res i s tance  offered by t h e  s o i l  t o  the  flow of the  

current from t h e  two f e e t  when t h e  f a u l t  current i s  
flowing through t h e  grounding system and a person i s  
exposed t o  t h e  touch voltage.  Thevenin equivalent 
c i r c u i t  approach applied t o  t h e  two port  network can be 
used t o  evaluate t h e  e f f e c t i v e  ground res i s tance  of t h e  
f e e t .  [ 2 ]  . 

According t o  the  Thevenin theorem t h e  following 
s teps  give t h e  current,  Ib, flowing through t h e  body of 
a person exposed t o  t h e  touch voltage a s  shown i n  
Figure 1. 

(a) Remove t h e  person from t h e  c i r c u i t .  Let t h e  
p l a t e s  representing h is /her  f e e t  s t a y  on t h e  
ground. 

(b) Find Thevenin voltage, Vth, which i s  t h e  voltage 
between H and F when the  person i s  not present.  
This i s  t h e  touch voltage. Maximum value of t h i s  
voltage i n  a s t a t i o n  i s  the  mesh voltage, %. 

Vth = %I ( 1 4 )  

(c )  Find t h e  Thevenin impedance, Zth, which i s  t h e  
impedance of t h e  system a s  seen from points H and 
F with t h e  voltage sources short  c i r c u i t e d .  In 
high voltage s t a t i o n s  t h e  system impedance i s  
high a s  compared t o  t h e  ground res i s tance  of t h e  
grounding system of the  s t a t i o n .  Therefore, t h e  
Thevenin impedance i s  f o r  a l l  p r a c t i c a l  purposes 
t h e  ground res i s tance  between t h e  p l a t e s  
representing t h e  f e e t  a t  F and t h e  grounding 
system of the  s t a t i o n .  This resistance,  R2fpe i s  
given by: 

Where R = Ground res i s tance  of the  gr id .  
= Mutual ground res i s tance  between t h e  

grounding g r i d  and the  two f e e t .  

(d) The current IQ through the  body of a person when 
he/she comes i n  contact w i t h  H and F i s  then 
given by: 

'th *m 1 =-=- 
'th'% R2fpe '% 

Where Rb = Resistance Of the  body (1000  Ohms) 

The ground res i s tance  of t h e  grid,  R , can be 
calculated w i t h  the  use of simple equations. [ l?5].  The 
mutual ground res i s tance  between t h e  g r i d  and t h e  f e e t  
w i l l  depend on the  loca t ion  of t h e  f e e t .  A t  t h e  point 
where a person is  exposed t o  t h e  maximum touch voltage, 
t h e  mutual ground resistance,  R, can be determined from 
t h e  mesh voltage and t h e  t o t a l  voltage r i s e  (19R9) of 
t h e  gr id .  

Simplified equations a r e  ava i lab le  t o  determine 
h. [1,61. R, i n  p r a c t i c a l  cases may be 60% t o  90% of 
Rg. [71 .  

-EL TESTS 

To ver i fy  t h e  Thevenin approach a s  applied t o  t h e  
ca lcu la t ions  of t h e  ground res i s tance  of t h e  fee t ,  
analog model t e s t s  were conducted i n  a water tank. The 
e f f e c t i v e  ground res i s tance  of one foot was measured. 
This value was compared w i t h  the  calculated value of 
t h e  e f f e c t i v e  ground res i s tance  obtained from t h e  
measurement of ground res i s tance  of t h e  foot when t h e  
g r i d  was present,  ground res i s tance  of t h e  gr id ,  
R : and t h e  mutualRf3Lound res i s tance  between t h e  g r i d  
aXd t h e  foot,  R,. A t  a sca le  of 1:lO one foot was 
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modelled by a 2.84x0.57 cm rectangular p l a t e .  The 
following two widely d i f f e r e n t  types of models of t h e  
g r i d  were t e s t e d .  

1. 
2 .  Loop model - 24x15 cm one mesh rectangular g r i d  

P l a t e  model - 30x30 cm aluminum p l a t e .  

made with 20 AWG wire. 

Because of t h e  l imi ta t ion  of t h e  s i z e  of t h e  water 
tank ava i lab le  f o r  t e s t i n g ,  l a rger  models of t h e  g r i d s  
t h a t  would represent t h e  p r a c t i c a l  systems could not be 
used. However f o r  v e r i f i c a t i o n  of t h e  Thevenin 
approach, t h e  models se lec ted  a r e  considered adequate. 

The model of t h e  g r i d  was suspended hor izonta l ly  
a t  d i f f e r e n t  depths and t h e  p l a t e  representing t h e  foot 
was placed horizontally on t h e  surface of water. The 
foot was placed where t h e  maximum touch voltage would 
occur. I n  t h e  case of t h e  p l a t e  it was placed above 
t h e  edge of t h e  p l a t e  and i n  t h e  case of t h e  loop it 
was placed above t h e  center of t h e  loop. 

The t e s t  c i r c u i t  i s  given i n  Figure 4 .  Model of 
t h e  foot and one model of t h e  g r i d  were placed i n  
pos i t ion  and t h e  following t e s t s  were conducted: 

1. The g r i d  and t h e  foot were connected i n  p a r a l l e l  
and energized. The following q u a n t i t i e s  were 
measured. 
(a) Current through t h e  grid,  I . 
(b) Current through the  foot,  I:. 
(c) Voltage of t h e  g r i d  and t h e  foot with 

respect t o  t h e  tank, V. 

2 .  The foot was disconnected from t h e  supply and 
only t h e  g r i d  was energized. No s igni f icant  
change i n  t h e  current through t h e  g r i d  o r  i n  t h e  
voltage of t h e  g r i d  with respect t o  t h e  tank was 
noticed. 
(a )  

The following quantity was measured. 
Voltage of t h e  foot with respect t o  t h e  
tank, V f o .  

3. Only t h e  foot was energized and t h e  following 
q u a n t i t i e s  were measured. 
(a )  Current through t h e  foot,  If . 
(b) Voltage of t h e  foot with res9ect t o  t h e  

tank, Vfg. 

From these  measurements t h e  following q u a n t i t i e s  
were calculated.  

Ground res i s tance  of t h e  foot with unenergized gr id  
present.  
Rfg = Vfg/Ifg (19) 

Ground res i s tance  of the  gr id .  
R9 = V / I g  

Mutual ground res i s tance  of t h e  g r i d  and t h e  foot .  
R, = VfO/Ig (21) 

Touch voltage.  V t  = V-Vfo (22) 

lsolaflng 
Transformer 

U d I  
VarIac 

120 v 
SUPPlY 

Water 

Effective ground res i s tance  of t h e  foot,  R f e  

Measured value, V t / I f  

Calculated value, RfgtRg-2R, 

Table I gives t h e  t e s t  data and t h e  r e s u l t s  f o r  
t h e  two models of t h e  gr id .  Measured and ca lcu la ted  
values of t h e  e f f e c t i v e  ground res i s tance  of t h e  foot 
a r e  very close.  It v e r i f i e s  t h a t  t h e  e f f e c t i v e  ground 
res i s tance  is, f o r  a l l  p r a c t i c a l  purposes, t h e  ground 
res i s tance  between t h e  f e e t  and t h e  grounding g r i d  of 
t h e  s t a t i o n .  

PRACTICAL SITUATIONS 

Equation (16) gives t h e  e f f e c t i v e  ground 
res i s tance  of t h e  f e e t  f o r  ca lcu la t ing  t h e  current t h a t  
would go through t h e  body of a person exposed t o  t h e  
touch voltage i n  a high voltage switchyard. 
Application of t h i s  equation i s  not convenient a s  t h e  
parameters used i n  t h i s  equation depend'on t h e  loca t ion  
of t h e  f e e t  and t h e  geometry of t h e  grounding system of 
t h e  s t a t i o n .  Equation (4! which i s  derived without 
consideration of t h e  proximity between t h e  f e e t  and t h e  
presence of t h e  grounding g r i d  i n  t h e  switchyard, i s  
convenient t o  use. In a l i t t l e  d i f f e r e n t  form it has 
been recommended i n  I E E E  Standard 8 0 . [ l ] .  

For t h e  usual high voltage switchyards t h e  value 
of t h e  ground res i s tance  of t h e  f e e t  obtained from 
equation ( 4 )  i s  very close t o  t h e  e f f e c t i v e  ground 
res i s tance  given by equation (16!. The per un i t  
difference,  E ,  i n  t h e  values obtained from equations 
( 4 )  and (16)  i s  

Table I - Analog model test data and results 

R e s i s t i v i t y  of water = 53 ohm-m. 
Ground res i s tance  of t h e  i s o l a t e d  foot,  Rf = 1583 ohms. 

S.No. Item I I1 I11 I V  v 

(1) Type of gr id :  
(2) HI cm.: 
(3) Ig, m A . :  
( 4 )  If, m A . :  

(5) v, vo l t s :  
(6) V f o ,  vo l t s :  
(7)  Ifgr a.: 
(8) Vfg, v o l t s :  

(12) v v o l t s , :  
( 5 i - ( 6 )  

Calculated, : 
(9) + (10) -2 (11) 

Pla te  P l a t e  P la te  Loop 
1 2  5 2 5 
1010 988 894 494 
9.02 6.23 5.74 12.8 

51.5 59.3 60.8 55.8 
37.4 50.4 53.6 36.1 
10.5 1 1 . 2  12.4 12.2 
16.6 16.5 1 6 . 1  19.3 

1581 1473 1298 1582 

51 60 68 113 

37 51 60 73 

1 4 . 1  8.9 7.2 19.7 

1563 1429 1254 1539 

1558 1431 1246 1547 

Loop 
2 
304 
8.7 

38.1 
24.6 
12.8 
20.2 

1578 

125 

81 

13.5 

1552 

1543 

Figure 4 - Analog test setup. 
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The ground resistance of the grid and the mutual 
ground resistance between the grid and the feet are 
both usually less than 1% of the ground resistance of 
the feet. Therefore, equation (23) can be simplified 
to 

e = 1 - l/(ab) (24) 

Table I1 gives the value of E in percent for a few 
representative values of H, p /p, G(Y) and d. Positive 
value of e shows that the vafue obtained from equation 
(4) is less than that obtained from equation (16). The 
error in using equation (4) in this case is on the safe 
side. This error is not likely to exceed 12%. When E 

is negative, the error in using equation (4) is not on 
the safe side. This can happen only under conditions 
which are not normally encountered in practice. These 
conditions are: 

(a) Depth of the grid is less than 0.3 m. 
(b) Ratio ps/p is less than 2. 
(c) Ground resistance of the station ground and the 

mutual ground resistance between the feet and the 
grid are not negligible as compared to the ground 
resistance of the feet given by equation (4). 

Equation (4) is easy to use. In practical cases 
it gives slightly lower value as compared to the value 
obtained from equation (16). The error is on the safe 
side and is small enouah to be considered insianificant 
in 

1. 

2. 

3. 

grounding practice. 

coNcLus1ms 

Current through the body of a person exposed to 
touch voltage in a high voltage switchyard is given 
by the touch voltage divided by the sum of the 
resistance of the body and the effective ground 
resistance of the feet. The effective ground 
resistance of the feet given by equation (16) is, 
for all practical purposes, the ground resistance 
between the feet and the grounding grid. 

In practice under normal situations ground 
resistance of the feet obtained in its simple form 
as recommended in IEEE Standard 80 and given by 
equation (4) is very close to the effective ground 
resistance obtained with equation (16). Equation 
(4) is convenient and easy to apply. In most 
practical cases it gives slightly lower value as 
compared to the value obtained from equation (16). 
The error is on the side and is small enough 
to be ignored in grounding practice. 

Unusual conditions under which equation (4) may 
give a higher value of the ground resistance of the 
feet as compared to the effective ground resistance 
have been identified and are given in the paper. 

safe 
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A human foot is usually represented by an 
equivalent circular plate. The foot can also be 
represented by an equivalent hemisphere. Ground 
resistance, Rf, of the equivalent hemisphere of radius 
bl, on the surface of the soil of resistivity ps is 
given by : 

Rf = ps/(2nbi) (AI) 

Radiuses of the equivalent hemisphere and the 
b respectively are related by 

b l  = 2b/n (A21 

When a large horizontal, conducting plate is 
located at a depth H the ground resistance of the 
equivalent hemisphere, Rf , can be determined with the 
use of the method of imagzs and is given by: 

equivalent plate, bl and 
the following equation. 

= -[- 's 1 - - 0.693] 
2n bl H 
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From equations ( A l )  , (A21 and (A31 

Rfg = B Rf (A4 1 

Where (Grid proximity f a c t o r ) =  1 - 0.693 (2b) / ( I H )  (AS) 

PLATE 
GRAVEL 
(rruncaied cone Model) 

I 

e. U 

Figure  B1 - -1 of a foot on the gravel layer. 

Figure B l  shows t h e  equivalent model of a foot on 
t h e  surface layer  of t h e  gravel overlaying a uniform 
s o i l .  The foot i s  represented by a c i r c u l a r  p l a t e  on a 
truncated cone representing t h e  gravel l a y e r . [ 4 ] ,  This 
cone has t h e  same r e s i s t i v i t y ,  p g ,  a s  t h e  gravel and 
i t s  height, h, i s  equal t o  t h e  thickness of t h e  gravel 
layer .  The radius a t  t h e  t o p  of t h e  cone i s  equal t o  
t h e  equivalent radius of t h e  foot,  b. From t h e  model 
t h e  ground res i s tance  of t h e  foot,  R f ,  i s  determined by 
adding t h e  res i s tance  of t h e  cone, Rc, and t h e  
res i s tance  of fe red  by t h e  s o i l ,  R,. 

P 
R f = R t R  = A  (B1)  c s 4b G(y)  

Rc = p,h/[nb(bth t a n  e l ) ]  (BZ) 

The res i s tance  offered by t h e  s o i l  is ca lcu la ted  by 
assuming t h e  bottom of t h e  cone t o  be a c i r c u l a r  p l a t e  
discharging current i n  t h e  s o i l .  

R s  = ~ / ( 4 b S )  (83) 

Where b, = b t h t a n  0 1  (B4)  

When a la rge  meta l l ic  p l a t e  i s  introduced a t  a 
depth H a s  shown i n  Figure B1, it i s  assumed t h a t  it 
does not a f f e c t  t h e  cone representing t h e  gravel.  
Therefore, RC i s  not changed. The presence of t h e  
p l a t e  however changes t h e  res i s tance  offered by t h e  
s o i l  from Rs t o  Rs9. From equations (A4) and (AS) 
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2bS R = RS (1 - 0.693 z) 
s9 

The ground res i s tance  of t h e  foot i n  t h e  presence 
of t h e  p l a t e  i s  then given by 

Rfg = R c  + Rsg (B6) 

From equations ( B l )  t o  (B6) 

Rfg  E B Rf 

Where B = [l - 0.693 2b L] nH p ,  G ( Y )  


