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The aim of the paper is to analyze the influenceetdécted geoelectrical models on
the correctness of a simple grounding system pedoce estimation. A compari-
son of different multilayer soil models used to gaie grounding system re-
sistance was made as an alternative to typicabumifand two-layer soil concep-
tions. Experimental tests of a simple groundingesysare described. Preliminary
measurements were conducted at the new open-airalmioy belonging to
Rzeszow University of Technology (RUT), Poland. Hinaneasurements of soil
resistivity with the use of different methods andhe same time, the ground re-
sistance measurements of simple grounding systam pexformed. Using the ex-
perimental data, a different multilayer soil modeisre proposed and the ground-
ing resistances of the same grounding system warguated. In case of impact
excitations characteristic for lightning curreritse potential distributions around
the analyzed grounding system are shown for ttect multilayer soil, and then,
the obtained simulation resulteere compared with the case of the corresponding
uniform soil.

1. Introduction

Proper measurement and interpretation of soil dawigtics are important
for the designing and monitoring of grounding sgsteusually done for over-
voltage protection purposes. In accordance Yiliththe total resistance and po-
tential distribution estimation is necessary taed®sine hazardous step and touch
voltages and potential at different points of ifiateon. It is indispensable to
find equivalent geoelectrical representation of Boiany computer simulation.
Resistivity measurement is a primary task in deteation of geoelectrical
models. The parameter is strongly dependent on nfactprs as changeable
weather conditions (temperature, moisture, seaswmil)fype and measurement
method. Because of that, it is important to appnoaach data set individually
and take possible impacts into consideration [2]pfesent, grounding system
studies are based on uniform or two-layer soil ngderecise analyses of com-
plex lightning protection systems (LPS) require enaaccurate estimation
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of grounding resistance for low and high frequeoognponents of the lightning
current waveform. In the paper different multilaygeil models are investigated
and compared considering the grounding systemtaess. Measurements of
grounding system resistances were conducted atdhetest site of lightning
protection belonging to Rzeszow University of Temlogy (RUT), Poland [3].
The open test site was built basing on experiefttairedduring cooperation
with the lightning research group from Universitly Florida, Gainesville [4].
The area was divided in two parts (Fig. 1). Theeanmomplex part is equipped
with a transformer station, a power line and a esise model. The house mod-
el is connected with the transformer by an undenggocable. Intentionally
it was designed to conduct research of currentiloigion in LPS of a typical
real scale building and interaction with power syst mainly for usage of over-
voltage protection [4]. The results of already domeasurements and analysis
have shown new technical capabilities in lightningrent distribution studies.
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Fig. 1. Top view of the test site of RUT with indied soil resistivity and grounding resistance
measurement profiles (dashed lines)
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Another application of the test site is investigatof the nature and physics
of typical grounding systems. The terrain with pgesf C and D is situated in
non-urbanized area (Fig. 1). Neither buried metafiuctures nor power system
facilities exist there. Preliminary measurementswatd no influence of nearby
groundings. The experimental data were comparesiimalation results regard-
ing resistance and potential distribution arourel ghounding system in one of
typical configurations used practically. Note ttieg size of the above mentioned
zone is about 45 m in the diameter, so the curfomgng around Point P2 (Fig.
1) were not disturbed. More detailed informationtba configuration and fea-
tures of the facilities at the test site in Hutadby can be found in [5].

2. Measurement setup

Presently, resistivity characteristics of typicalls are well known. Unfor-
tunately, there is lack of data obtained with aggilon of several measurement
methods simultaneously (Fig. 2). Therefore, différgariations of the four-
electrode method of measuring soil resistivity weramined. The method is
based on the voltage and current ratio obtainen freeasurements with probes
buried in the ground at specific spacings. In cds&/enner method, as the most
practical approach, the spacings between probegharsame. Schlumberger
proposed an arrangement where distances of adjewertt and voltage probes
are equal. This modification is useful when sewiytifor large probe-spacing
should be increased. This method was applied tetpse soil volumes at dif-
ferent depths for several particular current prgpacings. Moreover, further
generalization of the method was done as showngnZ- It should be empha-
sized that each data set consists of several theavimeasurements obtained for
different probe spacings along both lines C andrIg.(1). The measurement
results were used for computer simulation.

The above-mentioned resistivity measurement methedse described
more precisely in [6]. Moreover, some practical hjemns of Wenner and
Schlumberger methods were presented including emm@mization techniques.

In case of grounding system resistance estimatien fall-of-potential
method was applied. An arrangement of experimesglp is presented in Fig.
3. Resistance measurements were conducted foraseyreunding rod depths
varied from 0.1 m to 1.5 m. Also potential charaste&s were collected indi-
rectly for this configuration. The potential was asared at the ground surface
by changing the position of the inner probe frorh @ to almost 40 m. During
this measurement the grounding rod depth was 1 Additionally, the potential
measurement was done in four perpendicular dinrestibut no differences were
observed.
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Fig. 3. Grounding resistance and potential measemeéprocedure. Note
that grounding depthas well as potential probe spaceagere varied
3. Geoelectrical soil model selection

A comparison of different multilayer soil modelstiwva typical uniform and
horizontal two-layer approach was the general peepaf the entire simulation.
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Computer analysis was conducted in CDEGS. The pask& powerful set of
integrated engineering software tools designedneyae accurately the prob-
lems involving grounding, electromagnetic fieldslamathodic protection. Three
CDEGS interfaces were used: RESAP, MALZ and HIFRERQRESAP mod-
ule was applied to the interpretation of measumdrssistivity data and deter-
mination of equivalent ground structure models[8hthe module and its com-
putation algorithms were presented in detail atsdtie multilayer approach. As
an alternative to RESAP, Matlab program dedicatedy¢oelectrical ground
model estimation was prepared. At present, thafate is able to determine
structure consisting of horizontal layers of nanided thickness and resistivity
factor. The layers are grouped in volumes callatkgzoThe number of layers in
each zone and the zone depth should be definelaebyser. These features give
good opportunity to adjust the density of layersh®e particular grounding sys-
tem configuration. The already obtained resultswsti@t the multilayer concep-
tion can be more accurate than uniform or two-laedels in grounding system
resistance estimation [5, 9].

Considering ground resistivity measurement, coordmg data sets ob-
tained for profiles C and D differ insignificantlyLherefore, the results were
averaged, which implies no horizontal resistivigriation. In order to obtain
more credible geoelectrical models, especially tfeg upper soil layers, the
Wenner method, the Schlumberger method and the r&emethod data was
combined. Consequently, in case of the Schlumbdrgseed simulation also the
Wenner measurement was taken into account. Theajenethod-based models
were computed with the application of all data setsnput. The simulation pro-
ceeded without any external restrictions. Bothstesty as well as layer thick-
ness were determined by CDEGS module completelg.rébults relative to the
uniform and horizontal two-layer conception arespréged in Fig. 4, and various
multilayer models were compared in Fig. 5. Matlabutations of twenty-layer
soil structures were also included in the same axis

The simulation results show that on the basis efsdime input data differ-
ent geoelectrical models can be computed indepdigddime models obtained
from CDEGS with the application of the Wenner, Sohtberger and General
theoretical rules are varied regarding both ragigtand layers thickness. It can
be easily seen from Figs. 4 and 5 that there isimple relation between inter-
electrode spacing (average spacing between cuarahtpotential probes) and
computed resistivity profiles. Especially, in cadeseneral two-layer model the
curve shape and the measurement data vary corsliglefae uniform and two-
layer horizontal models are not diversified as mashthe multilayer models.
The results from the Schlumberger and General ndedine very close. Consid-
ering the two-layer models, the main differencthis top layer thickness, which
is greater in case of the Wenner method and lessGkneral method. It
should be emphasized that the resistivity of the leyer is about six times
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Fig. 4. Typical uniform and horizontal two-layeragdectrical soil models obtained
from CDEGS. Notice logarithmic scale of both axes
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Fig. 5. Comparison of multilayer geoelectrical swibdels done using RESAP and
dedicated Matlab program. Horizontal axis: interetdlode spacing for measurement
data, depth for geoelectrical models
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greater than the bottom one. The disproportion h#aae influence on grounding
system resistance reduction. An interesting resast obtained from the compar-
ison of models based on the Wenner method of catipat (Figs. 4 and 5).
Despite the technical capability of maximum twelayer fit only two-layer
model was proposed. Moreover, tor, defined by CDEGS as the maximum
acceptable root mean square between the measuiedrtththe corresponding
values generated from the computed soil modelédk about 4.5%t means
that this was decidedly the most accurate simuiafibore complex geoelectri-
cal structures were obtained using the Schlumbenggrthe General data. Some
similarities are observed between the models. ¢h ease the order of resistivity
is comparable, for Schlumberger deep conductancatiems are present. Theo-
retical multilayer curves were computed with thelaation of Matlab. Two
cases are considered in respect of logarithmichdegle: equadnd varied layer
thickness. The next assumption was the Wenner iceeff K = 0.75 which
means that the resistivity computed for particellectrode spacing is present
at the depth oka = 0.7% [10]. The models were both exported to CDEGS as
twenty-layer and used for the grounding systemgoerance simulation.

4. Grounding system resistance and potential distoution analysis

Further simulation was conducted in another CDE@8ute, MALZ. The
obtained geoelectrical models were imported tontleelule. Typically MALZ is
used to analyze and design grounding systems foAGi4nd HVDC power
stations, substations, transmission line towersoadesign anode beds for ca-
thodic protection installations up to 3 MHz. Grourgl system resistance was
computed for all geoelectrical models individuaipd then compared with
measurements (Fig. 6). In order to obtain groundisistance special procedure
was used. The fall-of-potential method was implet@eémas shown in Fig. 3. The
resulting measurement curve was identified asteagis between the grounding
and a specified point at the ground surface. Fstiadtes between 20 and 25 m
resistance become constant and the value is dedmgdounding resistance. The
curve can be directly rescaled by the current tem@l relationship with the
application of Ohm'’s law. A similar operation waarformed in theoretical sim-
ulation done in MALZ where the measurement setugigaration of the fall-of-
potential method was implemented. The outer eldeBavere simulated as 1 A
current source at 128 Hz. The potential probes wefed by profile points
where potential should be computed. This currehtevavas selected to get the
simplest scaling factor between potential and t@ste. Grounding system re-
sistance based on typical uniform and two-layer el®dre strongly underesti-
mated. The use of simple models can caes®us problems during a grounding
system design process. Moreover, overvoltage protedevels could not be
determined properly. More complex twenty-layer medi better but still some



12 G. Karnas, G. Mastowski, R. Ziemba, S. Wydekkailik

discrepancy is observed, especially near the graumthce. In Figure 6 two
additional models are shown: the uniform structuih the resistivity of 195
Qm and twenty-layer soil with the Wenner coefficiaritk = 0.63. The total

resistance computed with the application of the ef®avas equal to the meas-
ured one.
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Fig. 6. Potential distribution at the ground suefan low-frequency range. Ground potential is
considered under assumption of zero potential®@fjiounding system. Therefore, potential values
at distance of 25 m can be considered directlyasrgling resistance

The following simulation was based on the same oreasent setup as the
one above-mentioned but the length of buried grmgntbd was changing (Fig.
3). The measurement results were presented irvFIgue to better conductance
of the bottom layer the grounding resistance dee®avith depth. Generally
multilayer models are closer to the real functibart the uniform soil ones, es-
pecially when the grounding system length is reédyi short. Some differences
are observed at the depths corresponding to thedaoies of layers. When the
rod reached the soil volume of better conductahes tgrounding resistance
decreased immediately. It is clearly visible footlayer models with extremely
high resistivity difference.
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Fig. 7. Influence of varied multilayer soil modes the change of grounding system resistance
with depth

Finally, the proposed models were tested for ligigrcurrent distribution
using the HIFREQ. Typical current waveform defimedhe CDEGS was inject-
ed to the grounding system. The potential distiiisutvas analyzed at the time
point of 5us after stroke origin when the maximum value i<hea (Fig. 8).
Additionally, the measured potential scaled updiheby 10 kA low-frequency
current was presented. The conducted simulatioo® shat the dependence of
grounding system resistance on the frequency ssthem 1% for the bandwidth
up to several megahertz. The potential functiodifferent for various geoelec-
trical models. For this particular instance, intcast to the low-frequency range,
the simple soil structures as the Wenner uniforrthertwo-layer are most accu-
rate. The simulation results are comparable withrtteasurements. Despite the
conformity with grounding resistance (Fig. 6), ttitted uniform 195Qm and
the multilayerk = 0.63 models give considerably overestimated ltesiihe
values at the ground surface close to the buriddare almost two times greater
than the correspondingesult for low-frequency. Theoretical multilayerust-
tures also give overestimated values. The reastheiselatively high resistivity
of several simulated top layers increasing soilstasce just above the ground-
ing system.



14 G. Karnas, G. Mastowski, R. Ziemba, S. Wydekkailik

1600 -
—— Measured resistance
" —— Wenner uniform
&

--------- Schlumberger uniform
......... General uniform

1400 - Wenner 2 layer horizontal
= = = Schlumberger 2 layer horizontal
General 2 layer horizontal

Wenner multilayer
Schlumberger multilayer

1200 =— - = General multilayer
i e Multilayer theoretical const
\ . Mulltilayer theoretical varied
Uniform fit 195 Qm

Multilayer fit k = 0.63

1000 +— v
i

Ground resistance [Q]

Grounding rod length [m]

Fig. 8. Potential distribution at the ground sueféar 5/20 us 10 kA lightning current surge inject-
ed directly to the grounding system

5. Conclusions

The research done at the test site provided opmtyrtéor comparison of
the simulation results with the measurements. Erfopned simulation allowed
to check the influence of different geoelectricadderls on the resistance and
potential distribution of typical grounding syste@onsidering lightning condi-
tions, the uniform, the two-layer and the multileyapproach were used for
grounding system resistance estimation and potatis&ibution computation.
Under certain conditions, the two-layer horizomaddel is a reasonable com-
promise between precision and simplicity of sailisture. The results for both
slow- and fast-current sources show significaniugrice of the assumed geo-
electrical model on performance of the entire goioigp system.
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ANALIZA PROSTEGO UKLADU UZIEMIENIA POGR AZONEGO
W GLEBIE WIELOWARSTWOWEJ

Streszczenie

Celem artykutu jest analiza wptywu wybranych modgloelektrycznych gruntu na popraw-
nos¢ symulacji prostego uktadu uziemienia. Szczegotamgilizie poddano typowe modele jedno-
rodne oraz dwuwarstwowe, a ngsiie porownano je ze znacznie bardziegatoymi koncepcjami
gruntu wielowarstwowego. Uzyskane rezultaty odwiesido wynikdw eksperymentalnych. Po-
miary wykonano na poligonie badawczym w HuciegBgrnalezacym do Politechniki Rzeszow-
skiej. Rezystywn& gruntu na terenie poligonu uzyskano trzema metad#éfennera, Schlum-
bergera oraz ogdinczteroelektrodow Jednoczéie zmierzono rezystancpraz rozktad poten-
cjatu wokot badanego uktadu uziemieggo. Na podstawie zebranych wynikéw zaproponowano
kilka modeli geoelektrycznych gruntu, dla ktéryaipowiednio wyznaczono rezystancje uziemie-
nia. Dokonano réwnieanalizy obejmujcej rozktad potencjatu generowanego rozptyweadpr
udarowego typowego dla wytadoivgiorunowych. Uzyskane rezultaty poréwnano z wymika
dla gruntu jednorodnego.
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