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Abstract

The variation in soil structure has a great infleunce on the grounding grid performance.
This influnce can be measured in terms of ground resistance, touch and step potentials. The
addition of driven rods to the grid significantly affects the grounding grid performance. This
paper presents a comprehensive experimental study for the influence of adding driven rods on
the performance of grounding grids. The study is applied on three conslructed scale models.
The models have been performed to simulate a single-, double- and triple-layer soils. A

comparison between results obtained experimentally and that computed by mathematical

equations is introduced.

1. Introduction
Grounding has become one of the dominant problems of system design As the number
and complexity of ac substations increase, the need for accurate design procedures for the
grounding system becomes more important both from a safety point of view and for financial
considerations. The analytical techniques used have varied from those using simple hand
calculations to those involving scale models to sophisticated digital computer programs. The
safety of personnel working in a substation has always been of primary concern. With the

rising cost of the installation and of grounding systems, a re-evaluation of the design
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procedure is in order. The procedure is to design grounding systems for maximum safety
against both touch and step potentials. The “touch potential” is that potential, which an
individual would experence between feet and hands when touching a "grounded" piece of
equipment during a ground fault. “Step potential” is that experienced between an individual's
feet spread one meter apart. The grounding system must be so designed that under all fault
conditions the maximum tolerable touch and step potential not be exceeded. The analytical
techniques used for complex grounding systems are complicated and require some
simplifying assumptions to make the digital computer programs manageable {1].

The fault current during an earth fault has several alternate paths for returning to the
sources. A part of this current flows between the grounding system and the surrounding earth.
The remaining current may retun through ground wires or flow through a metallic path
consisting of the grounding system conductors and their connection to the neutrals of the
supply. The component of the fault current that flows between the grounding system and the
surrounding earth is called “grid current”. Only this component of the current is responsible
for creating dangerous voltages, within or around the station. The grid current may vary from
a few percent to almost 100 % of the earth fault current. It depends on the location of the
fault, configuration and parameters of ground wires and ground resistance of the station [2].

The fault of high current flows to substation grounding may be the phenomenon of
lightning or short-circuit to ground system. It causes potential difference which initiates
electrical current paths through human body. If the current is higher than the tolerable for
human, the result may vary from shock to death. Good design of substation grounding system
is achieved if the grounding system resistance is low with considerable touch and step
voltages tolerable for human {3]. A recent study illustrates that a series of serious failures had
taken place in China because the ground resistances of some substations did not meet required
values [4].

Grounding grid performance is highly dependent on soil structure. In the absence of
driven rods, grounding grids with uniform mesh size are quite efficient in soils having a thin,
high resistivity top soil [5]. Grids with small mesh size at their peripheries provide optimum
performance in uniform soils and soils with low resistivity top soils. Ground rods were found
to be effective only when a significant portion of their length is in contact with a low
resistivity soil [5]. Most studies prescnted at this topic are applied to a uniform soil structure
[1, 6]. In the work done by Caldecott (1], the water was used to represent the top layer and
ager for the bottom layver. The main disadvantage of this model is that the resistivity of the

media could not be closely controlled and maintained for a long time. In most previous
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studies, the scale models were constructed from galvanized iron, supplied by a 220 V ac
through a variac. In this paper the scale models are constructed from aluminum (non-magnetic
material) which is suitable for high frequency applications (impulse current test), with 220 V
ac power supply. A new suggested method, which provides main features for the influence of
driven rods on grounding grids by using scale models (single-layer, double-layer and triple-
layer soil for 16-mesh grounding grid with and without 25 dniven rods), is experimentally
analyzed. A series of experimental configurations for investigation are shown in Fig. 1. The
two constructed 16 mesh grids with and without 25 driven rods are consequently shown in

Fig.l-a, and Fig.l-b

a- 16-mesh grid with 25 rods b- 16 mesh grid

Fig.1 Grid types

2. Simulation of Single-Layer Model

2-1 Model construction

The scale model, of the electrolytic aluminum tank is used for the experiment, has the
dimension 0.95 m X 0.95 m X 0.70 m. The model was constructed in the High Voltage
Laboratory, Mansoura University, Egypt. Probes consisting of a copper wire were used to
measure the surface potential, where only the tip of the wire was touching the surface of the
water. The probes were supported on a "T'-shaped wooden frame, whieh is rested on the edges
of the tank. It could be moved across the surface of the electrolyte at a constant depth in a
straight line and in any direction. The grid conductors were made of copper wire with a
diameter of lmm, for a length scale factor of 100:1. Tap water was used as the elecirolyte,
which serves as an adequately conducting medium and represents homnogenous earth, Its
electric resistivity, as determined by measuring the total dissolved salts was 21.74 {2-m. This

model was supported below the surface of the electrolyte under tension so as to provide a
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horizontal configuration with the minimum distortion. The grid depth is changed by varying

the supported height {6].

2-2 Main steps of the experiment
The electrical connection of the measuring system is shown in Fig.2. A 220 V, 50Hz ac

supply is used and the tank is grounded. From the applied voltage and current readings, the
orid resistunce was calculuted. The grid was positioned at 2 cm depth. The probe holder was
aligned over the centerline of the grid. The potential values are recorded by using voltmeter
V), at intervals of 2 cm startiing from the grid center and ending at appraximately 10 cm
outside the grid. Due to the symumetry, only one quarter of the grid was investigated [6]. The
length of the modeled driven rods was 3 em, The applied voltage and current were recorded in
addition to the surface potential profiles. The potential profiles were recorded along lines
paralle] to the side of the grid, and along lines parallel to the diagonal of the grid. The profiles
are designated by the distance of that profile from the centerline profile or from the diagonal
profile. The locations of the profiles were chosen such that maximum and minimum potentials
throughout the grid could be determined. Grid resistance is inversely proportional to the scale
factor of the model If a length scale factor of 100 is used, the resistance measured on the
model will be 100 times that which would exist in the full-scale situation for the same ground
resistivity.

A 16-mesh gnd 20 ecm X 20 cm, with 25 driven rods of length 3 ¢m located at each

junction of the gnid conductors, is used to examine the effect of adding driven rods to the

grounding grid.

®
Ton

220 ¥V AC
&
I I
PROBE Grp |
— ‘:'_‘j""““‘
WATER (21.74 obin-m)
11 Can haght

Fig.2 Experimental layoul for single layer model
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2-3 Experimental results
Typical measured profiles for the 16-mesh grid are shown in Fig.3-a for the normal

profiles. Whereas, the results for the normal profiles with 25 driven rods are shown in Fig.3-b.
The results for the diagonal profiles are shown in Fig.4-a (without driven rods) and Fig.4-b
{with 25 driven rods). The surface potential is given as a percentage of applied grid voltage.
From these figures, the maximum and minimum potentials throughout the grid could be
determined.

From Fig.3 and Fig.4, it can be concluded that the addition of driven rods decreases the
grid resistance (0.3944 0 before adding the rods and 0.334 Q after adding 25 rods). The

maximum values of touch and step potential also decrease as illustrated by Table 1.

Surfaca potential % of grid veliags
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Fig. 3 Normal profiles of surface potential for 16-mesh grid in single-layer soil
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Table-1 Single-fayer percentage fonch and step potentinls
: Fercentage [ouch |miunii;'l-| Yo 1 r Perceninge step potential Yo
i Curve il Reductitm Curve 2 hails Reduetion
o, = hmesh griv in tuuch na. 1 v mesh prid in &1
, 16 mesh grid with 25 romls potentinl 16 mesh grid N2 aid P';;;,,:i‘;,
T 39 18 10.26 A 517 4.7 19.34
| "8 | = I 16.00 B 6.26 5.17 15.82
| = keSS = i
C | 59 4.60 21.02 C 6,96 57 17.96
D .95 6.51 27.26 [0} 4.66 4.56 2.14
E 15.8 1.9 23.2) E 3185 .06 3.92
F | x5 | 6.96 F 223 | L 12.69

2- 4 Comparison between experimental and theoretical results

A comparison betwecn experimental and theoretical results of the grid resistance is

carried out. The grounding resistance for the grid can be calculated mathematically using
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equaiion A-1 in Appendix A, Whereas, the mesh potential can be compulted as a percentage of
the grid polential rise by equation B-2 (Appendix B).

The resistance obtained from the scale model i1s 39.44 Q (the full scale resistance value is
0.3%4 Q using the scale factor). The comparison results are shown in Table 2. [t is noticed
that the value of the resistance obtained from the experimental model is close to thul obtained
mathematically. The deviation percentage 15 about 1.68 %

Table 2 Comparison between models and theoretical results

Grounding grid resistance ({1)

| %% Touch

| . : .
Scale Equation | “%HResistance Seale | Equation teu tid)
| = ol E
| model | A-1 | deviation | model | B-2 il 4
! = e S S ~ | devintion
0.394 | 0.401 175 | 895 9.926 9.83
- — — —_—

3. Double-Layer Model

3 -1 Muodel construction

The dimensions of the used constructed aluminum tanks are 095 m X 0.95 m X 0.70 m
{or the bigger tank and 0.91 r1 X 0.91 m X 0,495 m for the smaller cne. Water with diffeiunt
conductivitics values is used as the electrolyte, which serves as an adequately conducting
medium. The water resistivity can be changed by adding adequate amount of salt. The electric
resistivity of each layer is obtained by measuning the total dissolved salis. Armangement is
made to keep the bigger tank on the floor and support the smatler tank on it. The bottom of
the upper tank is about 4 cm below the top of the lower tank. The upper tank sides are isolated
with a PVC sheet with a height 30 ¢cm from its bottem so that the current passes only through
the base of the tank. The resistivities of the water are 21.74 Q-m and 20 Q-m for the lower

and upper one, respectively. The layout of the system 1s shown in Fig. 5

3-2 Experimental results

The effective grid resistance can be obtained by measuring the voltage applied to the
model and the current flowing through the electrolyte. The potential profiles were recorded by
the same way mentioned In the single layer model. The maximum and minimum potentials
throughout the grid were determined.

Table 3 illustrates the effect of adding driven rods to the grounding grid. Adding driven
rods decrease the grid resistance from 0.5617 10 0.2688 Q. The maximum values of touch
potential decrease between 33.5 to 42.9% and that for step potential decrease between 5.13

1o 45.37%.
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Fig.§5 Experimental layout for double-layer model

Table 3 Double-laver percentage touch and step potentials

' Percentage touch potential % Reduction I Percentage step pofentizl %, Reduction
Curve | . Curve |
| 16- mesh i) no. 16- mesh lnstep
b 16- mesh e potential A 16- mesh L potential
| i grid with grid ,;ru_l with
il 25 rods 15 rods
! !
| A 3.398 124 34.08 A 292 | 7 513 |
B 1.91 i 1.79 38.49 B 2.69 2.48 7.80
C 621 .85 38.98 C 346 2.195 36,56
D 9.22 554 39.91 D .27 124 45.37
E 16.5 9.41 42.9 E 1.77 .16 3447
F 31,07 20.66 335 F 1.82 1.23 32.41

3-3 Comparison between experimental and theoretical results

In this case the grounding resistance can be calculated mathematically using equation

A-2. Whereas; the mesh potential can be computed as a percentage of the grid potential nise

by using equation B-7. The measured resistance is ecuivalent to 0.3617 ¥ compared with

0.3766 Q, for the theoretically calculated, with a percentage deviation of 4.13%. The

measured touch potential rise has the value of 11.1% whereas; the calculated one is equal lo

9.927%.
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3-4 Grid depth effect

To examine the gnd depth effect on both the step and the touch polentials, the system
was tested for two different values of the gnid depth, namely 2 c¢m and 7 cm. Figure 6
represents the normal (Fig. 6-a) and diagonal (Fig. 6-b) profiles of the surface potential for the
tested !6~mesh grid. The results shosw that increasing the grid depth from 2 ¢m 1o 7 ¢m icads
to increase in both the percentage touch and step potentials. Table 4 demonstrates the

combined effect of grid depth and adding driven rods on both the touch and the stcp potentials
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Fig, 6 Grid depth effect on surface potential for the double-fayer nodel,
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Table 4 Grid depth effect on touch and step potential (double-layer model)

I Pereentage touch % Perceniage step o
i Grid potential Reduction Grid potential | Reduction
- depth | 16-mesh | MM | in touch depth | 16-mesn | 6™ | in step
' grid g;: ,::;: potential rid ‘;',f',‘;f;," potential
. 2em 3.398 224 34.08 2em 2.92 2.77 5.3

7 em 18.45 17.489 520 7em 3.05 2.84 6.88

4. Triple-Layer Model
4-1 Model consiruction

In this ease the used aluminum tanks dimensions are 0.95m X 0.95m X 0.70 m, 0.91 m
X091 m X 0493 m and 0.86 m X (.86m X 0.50 m. Water with different conductivitics is
used ns the electrolyte. The water resistivity is changed by adding adequate amount of sult
The upper and middle tanks’ sides are Isolated with a PVC sheet with a height 30 em from the
bottom of the tanks. The resistivity of the lower, middle and top tanks are 21.74 Q-m, 20 Q-m
and 17.86 Q-m réspm:i?ely. The layout of the system is shown in Fig. 7.

i
N

20V AC

()
T A

PROBE

GRID

THREE ———————>
WATER PLUS SALT
(1188 ohm-m)

15 Cm beight

WATER PLUS SALT
(30 ohm-m) |
14 Cm might

WATER (21,74 chm-m)
12Cm beghe

Fig. 7 Experimental layout for triple-layer model
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4-2 Experimental results

The main steps of the experiment were repeated for this case. The effective grid
resistance, potential profiles, and the maximum and minimum potentials throughout the grid
were recorded. The addition of driven rods will decrease the grid resistance (from 0.3245 Q 0
0.299 Q). The results are summarized in Table 3.

Equation A-2 1s used to calculate the grounding resistanee and equation B-7 1o calculate
the mesh potential a percentage of the grid polential rise, The measured resistance is
equivalent to 0.345 Q compared with 0.3384 O with a percentage deviation of 1.91%. The

comparison between measured and calculated results are shown in Table 6

Table 5 Triple-layer percentage fouch and step potentials

[ _]‘_eTen!ug; touch Percentage step
potential | o l_.._, __potential 1 )
Curve | 16 mesh '%.Reductmu Curve j# F.{-_-ducuon‘

I [ 16- L in toueh 16- | 16-mesh in step

no. mesh _ ".'J‘nd _ | potential ‘ ne- mesh | grid with | potential
l grid | ":‘;hdfﬁ | grid | 235 rods |

A | 239 | 51 | 368 | | A | 280 ] 227 18.84
B | 2195 | 135 38.53 B[ 349 | 274 | 2143
[ € | 610 366 | 4002 | | € (423 ] 291 | 3104
| D | 897 | 517 | 4228 | | D | 236 | 137 | 3947
T E | 1474 | 827 | 4385 E_ | 144 7 085 | 4043
| F | 2810 | 1822 | 35.18 F | 166 | 1076 | 352

Table 6 Comparison between experimental and theoretical results (triple-fayer model)

I Grounding grid resistance (£2) | % Mesh (touch) potential
¥ T i 1)
Seale Equation | % Resistance | Scale Equation /;;1;2:';7
model A-1 deviation model B-2 potent
. ‘ deviation
0345 | 03384 | 195 108 | 9.927 8.79

5. Comparisen Between the Three Scale Models
Earth potentials, touch and step voltages are very sensitive to the soil structures in the
vicinity of the grounding systems. For low surface soil resistivity the eanh surface potentials
tend to reach the gnd potential leading to low touch and step voltage values (triple-layer
model). In this case the current tends to flow laterally away from the grid center rather than
downwards. For a higher surface layer resistivity the surface potentials are low because the

current tends to flow downwards away from the grid center rather than laterally (single-layer
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and double-laver models). The touch and step voltages are expected. (o be higher in single

and double-layer models. The results are demonstrated in Table 7.

Where: - The percentage of touch and step decreasing for triple-layer model are higher than

for double-layer model.

- The percentage of touch and step decreasing for double-layer model are higher

than for single layer model.

The resistance vatues are greatly dependent on the location of the grid in the layer. When

it is located in a low resistivity layer, the grid resistance is low as shown in Table ¥,

Tabie 7 Percenfage touch and step patential decreasing for the three scale models

% }gnligi!p—ui-n touch potential

[ % Reduction in touch step ?(-nl-.u'i;ﬂ

| Curve | Single | Double | Triple , Curve One | Double | Triple
no. laver | layer laver no. layer | layer | layer |
A [1026 [ 3408 [ 368 | A [ 1934 | 513 | 1884 |
| B | 1600 | 3849 | 3853 | B 1582 | 7.80 | 2143
| € TEJ.UE—JFJS.% | 30.02 C | 1796 | 3656 | 3104
"D | 7824 | 3991 | 42.28 | D | 214 | 4537 | 394
E | 2323 | 429 | 43383  E_ | 392 | 3447 |
F | 65 | 335 | 3518 F_ | 1269 | 3241 |

Table 8 Grounding grid resistance for the three scale models

Grounding grid resistance (£2)

Single-layer | Double-layer J Triple-layer

| 0.394

0.362

6. Conclusions

0.345 i

o This paper presents a comprehensive experimental study for the influence of adding

driven rods on the performance of grounding grids.

» The addition of driven rods to grounding grid decreases grid resistance, both the

maximum value of touch potential and step potential for the three laboratory models.

» The grounding resistance is greatly dependent on the location of gnd in the layer.

s Increasing the grid depth leads to the increase in both the touch and step potentials,

e The comparison between the experimental results and the theoretical one was very

closed.

e The scale models can be effectively used for studying and verifying the simulation of

grounding grid performance.
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Appendices
Appendix A: Ground resistance equations in multi-layer soil

A-1 Ground resistance equation in uniform soil
The calculated value of grounding resistance for a grid buried in a uniform soil is given

by original paper in [8]:
Rg= £ *[0.25 Vz/4 + (1/L) *[(1/ 2 T) * In ((0.165 x AL}/ (2.718x D,) J] * [1-{{2.256xh) / V4)]

(A-1)

where:
Al Mesh side length (m)

Total grid conductor length (m}

Overail area of the grid (m?)

Depth at which the grid is buried (m)

Conductor diameter (m)

Resistivity of the soil (2 -m)

= The grid resistance buried at a depth “h™ in uniform soil ( £2)

LI A I I |

L RETEE
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A-2 Ground resistance equations in double layer soil
In a double-layers soil structure, equation (A-1) is modified due to reflection between the

two soils interfaces by original paper in [8]:

Rg=R;-R, (A-2)
Where: .
R;; = Resistance of the grid buried at a depth “h” in the upper layer of two-layer soils
R,=pi x I (1-K) / (2 * 3.14 (b, +h,)) (A-3)

p1 and p2 = Resistivities of the two layers, Q-m
k = Reflection coefficient and equals to k= (pr-p1)/ (p2tp1) (a-4)

h, and C, are given by:

he=C, yd4/27 (n (1-k)) * C, (A-5)
Cp=(k-1)/2k (A-6)

hj is the height of the upper layer and C_ is shape factor and is 0.9 for square grids.

Appendix B: Touch and step equations in multi-layer soil

The maximum mesh potential is found at the point within the grid boundary where the
surface potential is lowest. The mesh potential is then the potential between this point and the
gnd; it is in fact.ihe touch potential, Epuen that would be expenienced by a person standing at
this point and touching some apparatus connected to the grid. It is generally found in the
corner mesh at a point in its center of the mesh. The maximum percentage value of Eygyen is
given by [6]:

Esouen= ((Vgria - Vimin) / Vgria) * 100 (B-1)

where, Vi, is the minimum surface potential.

The maximum step potential Eyp occurs along the diagonal just outside the grid where
the slope of the recorded surface potential against distance is maximum. Both mesh and step
potentials are normalized to the grid potential so that the results may be compared to the full-

scale case [6).

B-1 Touch potential equations in uniform soil
The mesh potential can be calculated mathematically as a percentage of the grid potential

rise by original paper in [8]:
Yo Emuh=4rp ko ki * 100/(]+4rp) (B-2)
where;

(™ = radius of circular plate in meters having the same area as that occupied by the grid.
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Km and k; = Mesh and current correction factors. respectively; their values are obtained by:

K, = [In ((d; /16*b*d,) + ((d+2 h)? / 8d*d,) - (W (4 d,)) + (k/ks) * In ( 8/ (3.14(2n-1))] / (2*3.14)

(B-3)
K=0.656+0.172 *n (B-4)
d = the spacing between parallel conductors,
m and n = number of parallel conductors.
k;; and k, are calculated by : .
ky=1/@n)®'™ (B-5)
kp =(1+h)05 (B-6)

B-2 Touch potential equations in double-layer soil
By taking the non-uniformity correction factor due to different soil resistivities, equation

(B-2) is modified to [8]:
% Egest =4 1y Co Ky ki * 100/ (I+ 4 1) (B-7
where: Cn= th;r-lon-unifonnity correction factor for mesh voltage and is calculated by:
Co= (p2lpn)© (B-8)

_0.075* Qog(V 1 1)) b <Jd B-9
X= { 0 h oz J4 62




