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In this work, we propose to determine the apparent resistivity of heterogeneous ground
to several layers. To this end, we evaluate by the Matlab programming the model of ground
with two layers on the one hand and stress a relation allowing calculating the apparent resis-
tivity of the ground model to several layers on the other hand. These results confirm those
found by the finite element method and the relation suggested by IEEE [2000] which makes
simply the resistivity average of the various ground layers.
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1- INTRODUCTION

The protection of electric installations, people and goods requires a systematic
and global solution to minimize the risks related to transitory overpressures and other
disturbances. For example, no lightning conductor can collect and run out without
risk the energy of the lightning without an earthing reliable. Earthing in electrical
supply networks appears to be relatively simple; however it did not cease presenting
difficulties. Recent progress accomplished in electrical engineering and electronics of
power revealed new problems, which are not perfectly solved, because of the coexis-
tence of sensitive electronics components with installations that can produce short-
circuit currents of several tens of kiloamperes.

The study of the ground network behavior requires the preliminary analysis of
the distribution of the potential in the ground around the ground network. This distri-
bution is a function of the electric characteristics of the ground, in particular its resis-
tivity: this is why the design of the ground network of an electric installation must
begin with a study of the nature of the ground on which it will be carried out.

This work is justified by many damage caused by the short circuits and the
lightning these last years in the installations of great extent and in particular on the
transformers of the electrical supply network of SBEE (Société Béninoise d’Energie
Electrique). It aims to determine the apparent resistivity of an heterogeneous ground
to several layers.

2 - Method

2.1- Description of the four-point method

The most used measurement method of the apparent resistivity of grounds is that
of Wenner in which four electrodes are laid out on line and equidistant.

The measuring material is a traditional tellurometer. The two extreme electrodes
are those of current injection with measure I; the two power stations are the electrodes
of potential measure AV as it is shown in figure 1.

The point O of the resistivity measure is in the medium of a symmetrical system
between the potential electrodes. The distance a between the two adjacent electrodes
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is called "measurement bases"; the distance between extreme electrodesis "the trans-
mission line"; (it is equal to 3a according to Wenner method).

Figure 1: Four-point method of measurement of the ground resistivity

The general formula giving the value of the cumulated apparent resistivity of the
ground layers located under the point of measurement is simplified by the four-point
Wenner method. It becomes:

Po=27aR, (1)
pq. apparent resistivity in (€2.m); a : measurement base in (m); R : value of resistance
in (Q2), read on the tellurometer to obtain the balance of the galvanometer.

2.2 Application of the four-point method

2.2.1 Case of an heterogeneous ground with two layers

2.2.1.1 Analytical method [ 3.4 |

Let us admit a model of ground with two layers whose road base has a thickness
h and a resistivity p; while the sub-base is characterized by a resistivity p,.

Let us apply the four-point method to this model of ground with two layers of
figure 2.

°)

Inferior layer (g;)

Figure 2: Representation of the model with two layers
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We obtain then
1+4%" Lk L @)
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where p,, is the apparent resistivity of the model with two layers considered and k& the
reflection coefficient given by the relation K = (o, — p1)/( p2 + p1).

This equation is very significant and is the base of a certain number of calcula-
tion methods of the apparent resistivity of the ground.

2.2.1.2 Programming the analytical expression of apparent resistivity

To design earth electrodes economically, it is necessary to obtain the precise val-
ue of the ground resistivity. The aim set in this paragraph is to develop a numerical
method which could evaluate the apparent resistivity of a ground model with two
layers. This method based on the formula of the apparent resistivity previously estab-
lished is done in MATLAB.

The three parameters which characterize the ground model with two layers are
selected like input variables and the apparent resistivity is the output variable as it is
represented in table 1.

Table 1: Input and output variables

Input variables Output variable
Resistivity of the road- base 71
Thickness of the road- base /4 Apparent resistivity of ground p,
Resistivity of the sub-base 2

Numerical implementation
Code

clear all;

cle;

syms has Rol Ro2 H

a=input(' gives the value of a: ');

Rol=input(' gives the value ofP1; ";

Ro2=input(' gives the value ofP2; ";

h=input(' gives the value of H:");

k=(Rol-Rol)/(Rol+Ro02);

for n=1:1000

g=(k*n)/sqrt(1+(2*n*h/a)"2);
f=(k"n)/sqrt(4+(2*n*h/a)"2);
tn)=(g-D);

end

S=sum (t);

Roa=Rol*(1+4.*S)

2.2.2- Case of an heterogeneous ground with several layers

This ground modeling to several layers requires numerical or graphic methods
because the analytical methods are limited.

In order to reach a more realistic modeling scheme, we propose to break up the
heterogeneous ground with N layers into grounds models with two layers as
represented on figure 3. So, pai, Pur ..., Pam — 1) are the apparent resistivities of the
ground models with two layers respectively (p1, p2, 1), (02, p3, 1), (03, pa, h3), ...,
On-1, P Pn); Where hy, ho b3, ..., h,, are the depths of the various layers of the
ground such as it is indicated in figure 3.
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One can also regard the ground as uniform instead of ground in several layers
with different resistivities. The apparent resistivity p, of the ground assumed to be
homogeneous can, in this case, being found by the relation 3:

EP:z P sy Pa,t pagt pagt ot A gy
Pa = n—1 - n—1 ' (3:}
3- Results of simulation and validation

3.1- Case of a heterogeneous ground with two layers

For the validation of the calculation method of the apparent resistivity in the case
of the ground model with two layers, two simulations series were carried out. The
results of these simulations are consigned in tables 2 and 3.

For the following simulation, while fixing the distance a between the electrodes
with 4 meters, we will carry out a variation thickness of the road-base.

Table 2: Results of simulation for a = 3

apparent | apparent | Apparentresis- | Error expressed
Input variables | resistivity | resistivity | tivity of ground | as a percentage
of ground | of ground | by usingthe | compared to the
by [4] by [4] code analytical results
o =y h | Analytical | F.E.M Code
a=3
100 100 2 100 100,60 100 0,00
100 200 2 127,135 126,60 127,135 0,00
100 300 2 143,156 142,18 143,156 0,00
100 400 2 153,83 152,57 153,834 -0,003
100 500 2 161,502 160,00 161,502 0,00
500 100 2 291,49 291,06 291,487 0,001
500 200 2 358,59 357,85 358,588 0,001
500 300 2 413,87 412,93 413,871 -0,0002
500 400 2 460,32 459,01 460,330 0,002
500 500 2 500 49910 500 0,00
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Table 3: Results of simulation for a = 4 and H variable between 3 and 4

Input variables apparent apparent Apparent resis- | Error expressed as a
resistivity | resistivity | tivity of ground | percentage com-
of ground |ofground |by using the pared to the analyti-
by [4] by [4] code cal results

pr | p» | h | Analytical [FEM Code
a=4

100 100 |3 |[100 100,08 100 0,00

100 200 |3 [122,59 122,20 122,598 -0,0066

100 300 |3 |135,73 134,85 135,738 -0,0066

100 400 |3 |144.41 143,03 144,414 -0,003

100 500 |3 |150,06 148,81 150,064 -0,003

100 100 (4 |[100 99,39 100 0,00

100 200 |4 |[113,44 112,18 113,439 0,0009

100 300 |4 121,03 119,04 121,034 -0,003

100 400 (4 |[125,96 125,86 125,961 -0,0008

100 500 |4 129,43 126,88 129,434 -0,003

One can notice that in tables 2 and 3 the errors of results found by simulation
compared to the analytical results are practically nulls. These results are more accu-
rate than those found in [ 4 ] by the finite element method.

With relation 2, we find a regular variation of p, with respect to a, distance be-
tween two adjacent electrodes like it is shown in figures 4 and 5. The resistivities @4

and p, take the values 100 Q and 200 € respectively.
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Figure 4: p, = f(a) for ground model with two layers (m = g

Let us look at curves in figures 4 and 5, one can note that:

e when resistivities increase with respect to the depth, the apparent resistivity of the
ground increases with respect to the distance a between the two adjacent electrodes.

o if resistivities decrease with respect to the depth, the apparent resistivity of the
ground also decreases with respect to the distance a between the two adjacent elec-
trodes.

3.2- Case of an heterogeneous ground with several layers
The validation of this relation is done and compared to that proposed in IEEE
[2000]. It makes simply the average of the various resistivities of the ground with
several layers,
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Figure 5: p, = fia]) for a ground model with two layers (@ = g:)

The values puny, Por)y Pacs)s---» Painy Of N various layers of the ground measured by
the method of the four electrodes are resistivities.

Model of ground with three layers with 4, =2 and 4, =5
Table 4: Apparent resistivity for a ground with three layers

Variables Outdistance | Apparent resistivity | Apparent resistivi-

between two | obtained by the ty obtained by the
adjacent elec- | relation (3) relation (4)
trodes [IEEE ,2000]

Py Pa Pa a

100 100 100 3 100 100

100 200 300 3 166,0554 200

100 200 300 4 174,655 200

200 100 50 3 125,5861 116,66

200 100 50 4 115,2872 116,66

200 100 50 6 101,2153 116,66

Model of ground with four layers with /2, =2, 7, =5 and 4; = 10
Table 5: Apparent resistivity of a ground with four layers

Variables Outdistance | Apparent resis- | Apparent resis-
between two | tivity obtained | tivity obtained by
adjacent by the relation | the relation (4)
electrodes 3) [IEEE ,2000]
5] Pz Pa P a

100 100 100 | 100 3 100 100

100 200 300 | 400 3 210,9755 250

100 200 300 | 400 4 217,0445 250

400 300 200 | 100 3 283,778 250

400 300 200 | 100 4 275,7077 250

1000 | 500 200 | 400 4 448,6107 525
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Figure 6: Variation of the apparent resistivity according to a for a model
with three layers with ;=2 and ;=5
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In tables 4 and 5, it is indicated:

e when the resistivities of the various layers of ground increase with respect to
the depth, the apparent resistivity of ground also increases with respect to the distance
a between the adjacent electrodes of measurement,

e when the resistivities of the various layers of ground decrease with respect to
the depth, the apparent resistivity of ground also decreases with respect to the dis-
tance a between the adjacent electrodes of measurement.

Figures 4 and 5 justify more these remarks. What is not the case of the results
obtained by the relation 4 which gives the same value for any resistivity variation of
different ground layers even if the distance a increases. The following figures 6.a, 6.h
and 6.c show the variation of the apparent resistivity of the ground model with three
layers for example according to the structure of the ground. On the curves in figures
6.a, 6.b and 6.c, we remark that:

e when the resistivity increases with respect to the depth, the curve of the appar-
ent resistivity is increasing,

o if the resistivity decreases with respect to the depth, the apparent resistivity is
decreasing,

e when the variation of the resistivity is not monotonous in depth, that of the ap-
parent resistivity changes direction.

4- Discussion

The percentage of error compared to the relation of [IEEE, 2000] varies from
1.17% to 16.97%. Nevertheless, this calculation method of the apparent resistivity has
the advantage of approaching the real physical situation which can be applied to
grounds with several layers and different resistivities; it is validated in comparison
with the results obtained by the relation of [IEEE, 2000] which is nota model since it
makes simply the average of the resistivities of the various ground layers. We think
that our results are more realistic since they take into account the reflection factors of
the adjacent layers, the depth of each layer, the variation of the resistivities (increas-
ing or decreasing) according to the depth and the distance between two adjacent elec-
trodes of measurement. When the variation of the apparent resistivity according to the
electrode spacing of measurement changes direction once, we retain that the ground is
heterogeneous and present a ground model with three layers: it is a necessary and
sufficient condition.

5- Conclusion

The design and the realization of a ground network must always begin with a
study of the nature of the ground in which it will be carried out. The determination of
the apparent resistivity of a heterogeneous ground, when its parameters are known, is
the fundamental base in the process of realization of earthing.

Our work constitutes a significant projection in the case of a heterogeneous
ground with several layers. The decomposition of this ground in models of ground
with two layers enabled us to elaborate a model of calculation of the apparent resistiv-
ity which takes into account the reflection coefficient between two layers of different
resistivities.

Experimental studies must be conducted in order to better measure the error
made in the analytical establishment of this model.
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ONNPEAEJIEHUE UCTUHHOI'O YAEJBHOI'O COITPOTHUBJIEHUSA
PASHOPOJHOI'O I'PYHTA B 3BABUCUMOCTHU OT YNCJIA EI'O CJIOEB

Xoynaenaxo C., ApemxonoyH Jx., Buanoy A.
Yuueepcumem oe’ Abomeni-Kanasu, Komony, Benun

B craThe cnenaHa mombITKa ONpeaeIeHUs] UCTUHHOTO YIEIBHOI'O CONPOTUBIEHUSI MHOTO-
CJIOIHOTO Pa3sHOPOMHOI'O IPYHTa. ABTOPHI alpoOUPOBaIM MPUMEHEHHE MporpaMmbl Matiabd
Ha IpuUMepe TPyHTa U3 ABYX CIOEB, HO C APYroil CTOPOHBI, IPUBEACHHBIE COOTHOMIECHHS IAI0T
BO3MOXKHOCTb ITOJICYUTATh UCTUHHOE 3HAYCHHUE YIEIFHOIO CONPOTHUBIICHUS TPYHTA U3 OOJb-
nrero yucia cioeB. [lormyueHHbIe pe3ynbTaThl ObUIM CPaBHEHBI C AHAIOTMYHBIMU JAHHBIMH,
MOJTy4eHHBIMU ¢ oMompio MKD npyrumu aBTopamu. Terneps JIerko MoACUUTaTh IS TIPUMe-
HEHUS CpeHME 3HAUECHUs YIEIbHOTO CONMPOTUBIICHUS TPYHTA U3 PA3JIMYHBIX CIIOEB.

KIIFOYEBBIE CJIOBA: ucTHHHOE yAElIbHOE CONPOTUBJIEHHUE TPYHTA, PAa3HOPOIHBIN

TPYHT, MHOTOCJIOHHOCTb.

PacyeT TOHKuX yripyrux obosiodek

AHAJIM3 HAC COEPUYECKHUX OBOJIOYEK
TPEXMEPHBIMHU 3JIEMEHTAMMU

C.H. JKVIIOB, x.m.u., c.h.c.
N.X. KUSIMOB, unorc.
@I'FYVH PAH Uncmumym mexanuku u mawunocmpoenus KazHI|

Pa3zsum nooxo0 mooenuposanus MacCugHvlx U mMOHKOCMEHHbIX DNEMEHMO8 KOHCMPYK-
YUtl CIOJNCHOTL 2eoMempulY, 3A0AHHBIX 8 CRePULecKUx KOOPOUHAMAX TMPEXMEPHBIMU KOHEUHbl-
mu 2nemenmamu. TpexmepHvitl 06vexm 3a0aemcs napamempamu eOUHUYHO20 Kyba, KOmopulii
pasbusaemcs Ha KoHeuHwle dNemenmbl. Pewenue ¢ snemenme npedcmasnsiemcs 6 ude um-
MEPROTAYUOHHO20 IPMUMNOB020 KYOUYeCKo20 CNIaina mpex nepemennvix. Beinonnen ananus
HANPAXCeHH0-0eOPMUPOBAHHO20 COCMOAHUA MOHKOCMEHHOU CQepuyecKoll 000104KU ¢
JIOKANLHBIM YenyOneHuem.

KJIFOUEBBIE CJIOBA: cdepuueckas 000104Ka, METOA KOHEYHOTO dJIEMEHTa.

Beeoenue. [Ins obecnieuenus 6e30macHoil pabOThl KOHCTPYKIIUH U COOPYKEHHH
HEOOXOIMMO COBEPILCHCTBOBATh KaXK/BIH ATAIl €ro CO3/aHUs: CO3/IaHHE MaTepHaa,
TEXHOJIOTHH, IpoeKTa U T.A. Oco0yro poib B 3TOH IENOYKE MIPaeT BO3ZMOXXHOCTH
OLICHKU MPOYHOCTH U HAJISKHOCTH 3JICMEHTOB KOHCTPYKIUN U 00BEKTOB MCCIICI0BA-
HUS B IIEJIOM.
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