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Abstract—Lightning triggered from natural thunderclouds
using the rocket-and-wire technique was employed in order to
subject to direct lightning strikes the lightning protective system
of a test house at the International Center for Lightning Research
and Testing (ICLRT) at Camp Blanding, FL. The electrical circuit
of the test house was connected to the secondary of a padmount
distribution transformer located a distance of about 50 m from the
house. The transformer primary was connected to a 650-m long
unenergized underground power cable. The test house had two
ground rods, one for the lightning protective system grounding
and the other for the power supply system grounding. The two
rods were about 3 m apart and were connected by a metallic cable.
Lightning current was injected into the lightning protective system
ground rod, and the currents and voltages at different points in
the test system were measured. The waveshapes of currents in the
ground rods of the test house differed markedly from the current
waveshapes in other parts of the overall system. The ground
rods at the test house appeared to filter out the higher frequency
components of the lightning current, allowing the lower frequency
components of the current to enter the house’s electrical circuit,
that is, the ground rods appeared to exhibit a capacitive behavior
rather than the often expected resistive behavior. This effect was
observed for dc grounding resistances of the rods (driven in sandy
soil with conductivity of about 2 5 10

4 S/m) ranging from
more than a thousand ohms to some tens of ohms. The peak values
of 1) the current entering the test house’s electrical circuit, 2) the
current flowing to the distribution transformer secondary neutral,
and 3) the current flowing through the surge protective devices
at the test house’s service entrance were observed to be greater
than in either of the two scenarios suggested by the International
Electrotechnical Commission.

Index Terms—Ground rods, lightning, lightning protective
system, surge protective devices.

I. INTRODUCTION

WE examine two hypothetical scenarios suggested by the
International Electrotechnical Commission (IEC) for the

lightning current distribution in the electrical circuit of a res-
idential building equipped with a lightning protective system
when this system receives a direct strike. One of these scenarios,
suggested by IEC Technical Committee 81 (TC 81) responsible
for the lightning protection of structures (J. L. Koepfinger, per-
sonal communication, 1998), is illustrated in Fig. 1(a). As seen
in this figure, one-half of the total lightning current is assumed
to flow in the ground rod of the lightning protective system, one-
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(a)

(b)

Fig. 1. (a) Currents in different parts of the electrical circuit of a house
when it is struck by lightning, in percent of the injected lightning current,
as hypothesized by the International Electrotechnical Commission (J. L.
Koepfinger, personal communication, 1998). SPD= surge protective device;
LPS= lightning protective system. (b) Division of lightning current between
the structure’s earth termination (grounding) system, ETS, and services
entering the structure, as assumed by IEC 61 312-1 (1995) [1]. LPS=
lightning protective system.

quarter in the connected power supply system ground rod, and
the remaining one-quarter is assumed to enter the electrical cir-
cuit of the building. The latter current (25% of the total current)
is assumed to split equally between the surge protective devices
installed at the service entrance (12.5% of the total current) and
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Fig. 2. Overview of the International Center for Lightning Research and
Testing (ICLRT) at Camp Blanding, FL, 1997. UC= Underground Cable;
IS = Instrument Station.

the secondary neutral (12.5% of the total current). The other sce-
nario is found in the IEC standard IEC 61 312-1 [1]. According
to this scenario, illustrated in Fig. 1(b), one-half of the total
lightning current is assumed to flow to earth via the building’s
grounding system (including all interconnected ground rods of
the building), and the other half is assumed to enter the electrical
circuit of the building (in the absence of other metallic services,
such as metal gas pipes, entering the building). Thus, in the two
IEC scenarios, either 25% or 50% of the total lightning current
is assumed to enter the building’s electrical circuit and flow to
the distribution transformer’s ground and to other grounds in the
system. It is important to note that the IEC current distributions
illustrated in Figs. 1(a) and (b) assume that the current wave-
shapes in all parts of the circuit are the same. We show in this
paper that, for triggered lightning striking our test house, a con-
siderably larger fraction of the total lightning current, over 80%,
can enter the electrical circuit of the house, and further that the
current waveshapes in the ground rods (driven in typical sandy
Florida soil) of the test house differ markedly from the current
waveshapes in other parts of the test system.

II. EXPERIMENT

In 1997, the University of Florida conducted an experiment
at the International Center for Lightning Research and Testing
(ICLRT) at Camp Blanding, Florida, to study the distribution
of lightning current in the electrical circuit of a test house. This
electrical circuit was connected via a 50-m underground 600-V
triplexed cable to the secondary of a 20-kVA distribution trans-
former located in instrument station 1 (IS1), as shown in Fig. 2.
The 600-V cable was excavated in 2001, and about 40 pinholes
were found in the insulation of its neutral conductor. Thus there
is evidence that some current bled off the cable between the test
house and IS1 during direct lightning strikes to the test house.
The primary of the transformer was connected to a 650-m long
underground 15-kV, coaxial power cable (one of three shown
in Fig. 2), as illustrated in Figs. 3, 7, and 11. The 15-kV cable
had an insulating jacket and was run inside a buried PVC con-
duit. The cable was open-circuited at instrument Station 4 (IS4),

and the neutral of the cable was grounded at IS1 and IS4. The
test system was unenergized. The test house had two ground
rods, one for the lightning protective system grounding (node
A) and the other for the power supply system grounding (node
B). The two rods were about 3 m apart and were connected by
a braided metallic cable. Since the length of each of the rods
was either 3 or 15 m, equal or greater than the separation be-
tween them, there was mutual influence between the rods. The
measured conductivity of sandy soil at Camp Blanding is about

S/m. Lightning was initiated from natural thun-
derclouds using the rocket-and-wire technique (e.g., Rakov et
al. 1998 [2]), and lightning current was injected, via the tower
launcher (see Fig. 2) and a 19-m metallic cable, to the ground
rod of the test house’s lightning protective system (node A). Five
flashes, each containing one or more return strokes, were trig-
gered, and their currents were injected into node A, as illustrated
in Figs. 3, 7, and 11. Optical observations show no evidence of
ground surface arcing from the rods at nodes A and B.

Currents and voltages were recorded with Macrodyne
lightning transient recorders (LTRs). LTRs are single-channel
recorders with 7-bit amplitude resolution (128 quantization
levels) and 5- MHz sampling rate. The LTR stores the digitized
input signal into memory only if the input signal changes by
more than two quantization levels. This effectively reduces the
amplitude resolution by a factor of two, down to 6 bits (64
quantization levels). The effective sampling rate at which data
are actually stored into memory is variable depending on the
rate of change of the input signal. Portions of the signal with
higher rates of change are stored into memory at a rate up to
5 MHz, while portions of the signal with lower rates of change
are stored into memory at a lower rate. When the input signal
is zero or nearly dc, the rate is minimal 76 Hz. LTRs do not
have pre-trigger memory nor can they be triggered externally.
Trigger thresholds are set individually, and thus, LTRs trigger
independently of one another. The alignment of the LTR wave-
forms is done after the data have been recorded, by examining
the entire waveform of each data file and identifying common
features in different data records. A more detailed description
of the experimental set-up and the salient characteristics of the
instrumentation are found in Fernandezet al. [3].

Three different configurations were tested, as specified in
Table I and illustrated in Figs. 3, 7, and 11. These configurations
were designed to examine the effects of the variation of the re-
sistance of the ground rods at the test house and at IS1 and the
presence or absence of MOV surge protective devices (SPDs)
at the test house watthour meter. The General Electric watthour
meter had two internal 6-kV spark gaps connected between the
phase conductor and the neutral. When SPDs (EFI Electronics
Corporation Home Guard, mounted at the base of meter) were
present, they were connected in parallel with the spark gaps, as
seen in Figs. 3 and 7. Although results are presented only for
one stroke (identified in Table I) for each configuration, these
are representative of the overall data set.

III. RESULTS

Currents and voltages at various points of the test system are
presented in the following format: for each system configura-
tion, an electrical diagram is given (see Figs. 3, 7, and 11) on
which current measurement points are indicated by a circle la-
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Fig. 3. Electrical diagram of test configuration 97-A (see Table I).

TABLE I
DESCRIPTIONS OF THETESTEDSYSTEM CONFIGURATIONS

beled with an A followed by a number, and voltage measure-
ment points are indicated by a circle labeled with a V followed
by a number. Measured low-frequency, low-current values of
ground impedance, which we refer to as dc resistances, and the

peak value of injected lightning current are specified. The in-
jected lightning current was determined by the summation of
the measured current flowing in the ground rod at node A and
the measured current flowing from node A to node B. The total
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lightning current peak measured at the tower launcher, mounted
on top of an 11-m high wooden tower, was somewhat larger
than the injected current peak, presumably due to flashovers to
ground from the metallic cable connecting the rocket launcher
to node A. Arrows in Figs. 3, 7, and 11 indicate the direction of
negative charge flow. In this paper, we focus on testing the va-
lidity of the IEC-suggested divisions of lightning current, as il-
lustrated in Figs. 1(a) and (b). However, for configurations 97-A
and 97-B, we present for completeness all current and voltage
measurements obtained. No data are available for the current in
the ground rod at IS4 (A15), but it is probably not much dif-
ferent from the current entering the cable neutral at IS1 (A13),
since the cable had a polyethylene jacket and was inside PVC
conduit. Each current waveform (see Figs. 4, 5, 8, 9, and 12)
is labeled with the measurement location identification symbol
given in the electrical diagram (see Figs. 3, 7, and 11). The cur-
rent waveforms are grouped in two sets. The first set includes the
injected lightning current and currents A1, A3, and A4 (A1 and
A3 for configuration 97-B). The second set includes current A4
and all other measured currents. Note that the positions of some
measurement points for configuration 97-B differ from those for
configurations 97-A and 97-C. Measured voltage waveforms for
configurations 97-A and 97-B are shown in Figs. 6 and 10, re-
spectively. Both current and voltage waveforms are displayed
on a 200 s time scale.

A. Configuration 97-A

In this test configuration, shown in Fig. 3, the ground rod
at the test house that simulated the lightning protective system
grounding (node A in Fig. 3) and the ground rod that simulated
the power supply system grounding (node B in Fig. 3) each had
a length of about 3 m. Ground rods at IS1 and IS4 each had
a length of about 6 m. The dc resistances, which are relatively
high, of the two ground rods at the test house, as well as the resis-
tances of the ground rods at IS1 and IS4, are given in Table I and
in Fig. 3. The dc resistance of the ground rod at node A (1550)
was almost a factor of three higher than that at node B (590),
possibly due to inhomogeneity of soil in the vicinity of the test
house. Note that IEC 61 024-1 [4] contains no requirement for
the value of grounding resistance of an ordinary building for
which protection level III/IV is selected. Such buildings are only
required to have at least two ground electrodes, either vertical
of 2.5 m length or horizontal of 5 m length, regardless of soil
conductivity. Injected lightning current, currents to ground at
the test house, and current into the house’s electrical circuit are
shown in Fig. 4.

The total lightning current measured at the tower launcher
had a negative peak of about 17 kA, a 10–90% risetime of about
1 s, and a half-peak width of 60s. The injected lightning
current, shown in Fig. 4(a), had a negative peak of about 14 kA.
The current to ground at the first ground rod (node A in Fig. 3)
in Fig. 4(b) has a negative peak of about 2.8 kA, with a 10–90%
risetime and a half-peak width of 0.4 and 0.9s, respectively.
The current to ground at the second ground rod (node B in Fig. 3)
in Fig. 4(c) has a negative peak of about 1.8 kA and a waveshape
which is similar to that of the current in the first ground rod. The
current that flowed into the electrical circuit of the test house,

(a)

(b)

(c)

(d)

Fig. 4. Current versus time waveforms for configuration 97-A (see Table I).
(a) Injected lightning current [A1+ A2]. (b) Current to ground at node A
(1550
) [A1]. (c) Current to ground at node B (590
) [A3]. (d) Current
entering the test house’s electrical circuit [A4].

shown in Fig. 4(d), has a negative peak value of about 14 kA.
This current waveform apparently represents an injected light-
ning current which has been “filtered” by the two ground rods.
The ground rods apparently removed primarily the higher fre-
quency components of the lightning current, allowing the lower
frequency components to flow into the house’s electrical circuit.
Interestingly, the peak value of current in the higher-resistance
rod at node A is appreciably higher than that in the lower-re-
sistance rod at node B. The amplitude of the “filtered” current
waveform [Fig. 4(d)] is essentially the same as the amplitude
of the injected lightning current waveform. Thus the ground
rods appear to act as shunt capacitors that appreciably degrade
the front of the current waveform entering the service entrance
[compare waveforms in Fig. 4(a) and (d)] but do not much influ-
ence the peak current value, the current peak remaining essen-
tially the same (within the measurement error of 15 to 20%) in
this particular case. Note that in studies of the transient behavior
of grounding systems the capacitance of grounding electrodes in
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(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 5. Current versus time waveforms for configuration 97-A (see Table I).
(a) Current entering the test house’s electrical circuit [A4]. (b) Currents through
SPD’s [A5]. (c) Current through 6-
 load resistor [A7]. (d) Phase current X1 in
transformer secondary [A8]. (e) Transformer secondary neutral current X2 [A9].
(f) Current from secondary neutral X2 to primary neutral [A11]. (g) Primary
neutral current to cable [A13]. (h) Current to ground at IS1 (250
) [A14].

high-conductivity soils, which is not the case at Camp Blanding,
is usually neglected (e.g., Rakotomalalaet al., 1994 [5]).

The current injected into the service entrance [Fig. 5(a)] splits
between the SPDs, the load resistors, and the service entrance
neutral X2. The SPD current in Fig. 5(b) exhibits a bipolar wave-
form with a positive peak of about 4.7 kA followed by a negative
peak of about 3.2 kA. The current through the 6-load resistor
in Fig. 5(c) has a negative maximum peak of about 3.6 kA, some
oscillations [unresolved in Fig. 5(c)], and a very short overall du-
ration of about 2 s. This short current pulse corresponds to the
narrow positive spike in the SPD current [Fig. 5(b)]. The phase
current X1 in the transformer secondary, shown in Fig. 5(d), has
a negative peak of about 4.7 kA and appears to decay to zero at
about 140 s. The phase currents in the transformer secondary
converged in the transformer secondary neutral. The neutral cur-
rent X2 in the transformer secondary, shown in Fig. 5(e), ex-
ceeded the upper measurement limit of 6.1 kA. The waveform re-

(a)

(b)

(c)

Fig. 6. Voltage versus time waveforms for configuration 97-A (see Table I).
(a) Voltage between phase X1 and neutral X2 in the test house [V1]. (b) Voltage
between phase X3 and neutral X2 in the test house [V2]. (c) Voltage between
phase X1 and neutral X2 at the transformer secondary [V3].

mained saturated for30sand decayed in thesamemanner as the
phase current X1 in the transformer secondary [Fig. 5(d)]. The
current from the secondary neutral of the transformer to the pri-
mary neutral in Fig. 5(f) has a negative peak of about 14 kA, and it
is similar in shape to the phase current X1 in the transformer sec-
ondary [Fig. 5(d)]. The primary neutral current to the 15-kV un-
derground cable in Fig. 5(g) (probably similar to current flowing
to ground at IS4) has a negative peak of about 4.8 kA. This cur-
rent is also similar in shape to the phase current X1 in the trans-
former secondary [Fig. 5(d)]. The current to ground at IS1 in
[Fig. 5(h)] has a negative peak of about 7.9 kA. At 50s, the
ratio of currents to ground at IS1 [Fig. 5(h)] and into the 15-kV
cable neutral [Fig. 5(g)] is approximately 2:1.

All measured voltage waveforms are shown in Fig. 6. The
voltage between phase X1 and neutral X2 in Fig. 6(a) has a pos-
itive peak of about 2.4 kV. Then it remains at about 550 V for
130 s and finally decays to nearly zero. The voltage between
phase X3 and neutral X2 in Fig. 6(b) has a positive spike of
about 700 V and exhibits a plateau at about 750 V lasting for
100 s or so. It appears that the SPDs at the test house watthour
meter operated. The voltage between phase X1 and neutral X2
at the transformer secondary, shown in Fig. 6(c), appears as a
sequence of two bipolar pulses the first of which has a nega-
tive peak of about 4 kV (likely clipped). The time separation
between the negative peaks of the two pulses is about 11s.
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Fig. 7. Electrical diagram of test-system configuration 97-B (see Table I).

The major result from this test is the observation that the
current waveshapes in the ground rods at the test house differ
markedly from the current waveshapes in other parts of the
system. The rods had a length of about 3 m and were driven in
typical sandy Florida soil whose measured conductivity was
about S/m. The bulk of the lightning current appears
to have been forced into the distribution system earthing (ground
rods at IS1 and IS4), with the ground rods at the test house taking
the primarily higher frequency components associated with the
initial rising portion of the injected lightning current.

B. Configuration 97-B

The major difference between test configuration 97-B and
configuration 97-A is the lowered ground rod resistances at the
test house, at node A from 1550in 97-A to 41 , at node B
from 590 in 97-A to 76 , and at the transformer in IS1 from
250 in 97-A to 69 . The dc resistance of the ground rod at
IS4 remained the same, 124. The lowering of the resistances
of the ground rods was accomplished by increasing the length
of each of these rods. The lengths of the two rods at the test
house were increased from 3 to about 15 m and the length of the
rod at IS1 from 6 to about 12 m. The test-system configuration
97-B is shown in Fig. 7. Note that there are a few changes with
respect to configuration 97-A shown in Fig. 3. In particular, the
total current entering the test house was not measured in config-
uration 97-B, but it can be estimated by subtracting current A3
from current A2. Also, instead of measuring currents through
the load resistors, currents flowing along X1 and X3 toward the
transformer (A6 and A7) were measured.

Injected lightning current and currents to ground at the test
house are shown in Fig. 8. The total lightning current measured
at the tower launcher had a negative peak of about 19 kA, a
10–90% risetime of 0.6 s, and a half-peak width of 57s.
The injected lightning current shown in Fig. 8(a) had a negative
peak of about 14 kA. Similar to configuration 97-A, currents

(a)

(b)

(c)

Fig. 8. Current versus time waveforms for configuration 97-B (see Table I).
(a) Injected lightning current [A1+A2]. (b) Current to ground at node A (41
)
[A1]. (c) Current to ground at node B (76
) [A3].

to ground A1 and A3 exhibit appreciably narrower waveshapes
than does the injected lightning current. Note that, as opposed
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(a) (f)

(b) (g)

(c) (h)

(d) (i)

(e)

Fig. 9. Current versus time waveforms for configuration 97-B (see Table I). (a) Test house neutral current to the transformer [A4]. (b) Currents through SPDs
[A5]. (c) Test house phase current X1 [A6]. (d) Transformer secondary phase current X1 [A8]. (e) Transformer secondary neutral current X2 [A9]. (f) Transformer
secondary phase current X3 [A10]. (g) Current from secondary neutral X2 to primary neutral [A11]. (h) Primary neutral current to cable [A13]. (i) Current to
ground at IS1 (69
) [A14].

to configuration 97-A, the peak current in the higher-resistance
rod at node B is lower than in the lower-resistance rod at node A.
The peak current entering the house’s electrical circuit is about
93% (versus essentially 100% for configuration 97-A) of the
injected lightning current peak. All other measured currents are
shown in Fig. 9, and all measured voltages in Fig. 10. Similar to
configuration 97-A, at 50 s the ratio of the currents to ground
at IS1 and into the cable neutral is approximately 2:1.

C. Configuration 97-C

Configuration 97-C is identical to configuration 97-B except
for the absence of SPD’s at the watthour meter. Configuration

97-C was field tested before configuration 97-B but is presented
last because we chose to illustrate first the influence of dc
grounding resistance while SPDs were installed at the meter.
The test-system configuration 97-C is shown in Fig. 11. Al-
though the SPDs were absent, the built-in protective spark gaps
were present and apparently operated providing a path for the
current to flow through the phase conductors to the transformer
secondary. Further, there is video evidence that there were
sparks in and around the service panel during this test, and the
meter incurred considerable physical damage. Injected light-
ning current, currents to ground at the test house, and current
into the house’s electrical circuit are shown in Fig. 12. The total



582 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 17, NO. 2, APRIL 2002

(a)

(b)

(c)

Fig. 10. Voltage versus time waveforms for configuration 97-B (see Table I).
(a) Voltage between phase X1 and neutral X2 in the test house [V1]. (b) Voltage
between phase X3 and neutral X2 in the test house [V2]. (c) Voltage between
phase X1 and neutral X2 at the transformer secondary [V3].

lightning current measured at the tower launcher had a negative
peak of about 12 kA, a 10–90% risetime of about 0.46s, and
a half-peak width of about 32s. The injected lightning current
shown in Fig. 12(a) had a negative peak of about 9.8 kA.
Similar to the previous two configurations, the ground rods
appeared to filter out the higher frequency components of the
lightning current, allowing the lower frequency components
to enter the house’s electrical circuit. The amplitude of the
“filtered” current waveform [Fig. 12(d)] is about 81% of the
amplitude of the injected lightning current waveform. At 50s,
the ratio of currents flowing to ground at IS1 and into the cable
neutral is approximately 3:1 versus 2:1 for configurations 97-A
and 97-B.

IV. DISCUSSION

A summary of selected peak currents, measured at the test
house for the three different configurations (see Table I), is given
in Table II. Note that the SPDs were absent in configuration
97-C, and that the built-in spark gaps apparently operated. Also
included in Table II is the IEC-suggested current distribution il-
lustrated in Fig. 1(a) as well as the current assumed to flow into
the house’s electrical circuit in the IEC-suggested current dis-
tribution presented in Fig. 1(b). For the IEC distributions, the
peak value of the injected lightning current is assumed to be
100 kA [4], which corresponds to a severe lightning discharge.
It is important to note that the IEC distribution implies the same
current waveshape in the different paths, so that current peaks

add to 100%, whereas our measurements indicate that the cur-
rents in the ground rods at the test house significantly differ in
shape from the currents in other parts of the circuit. As a re-
sult of that and for other reasons, the measured current peaks in
Table II do not add to 100%. As seen from Table II, the peak
value of the current into the test house is from 81 to 100% of
the injected current peak, whereas the IEC hypothesized either
25% [Fig. 1(a)] or 50% [Fig. 1(b)].

The two IEC scenarios illustrated in Figs. 1(a) and (b) are for
the case when “individual evaluation is not possible” [1]. Such
individual evaluation is sometimes done assuming that the cur-
rent division is determined by the low-frequency, low-current
ground resistances of the system (the injected current divides
as the inverse dc grounding resistances in the system). This ap-
proach, although clearly invalid for the initial, fast-rising portion
of the lightning current, is consistent with the IEC assumption
that the currents in different parts of the system have the same
waveshapes. We now consider the distribution of current as a
function of the dc grounding resistances in the system, com-
puted using the IEC approach by A. Rousseau, and show that
this distribution is inconsistent with the experimental data. We
will discuss the influence of inductance in the next paragraph.
There were four ground rods in the system, two at the test house
and one at each IS1 and IS4. Table III gives distributions of
peak currents (in percent of the injected current peak), for each
test-system configuration, computed by A. Rousseau, together
with measured peak current distributions. Recall that the dis-
tance between the two rods at the test house is 3 m, between the
test house and IS1 50 m, and between IS1 and IS4 650 m.

As seen in Table III for configuration 97-A, there is an agree-
ment between the computed and measured percentages of peak
current into the test house and into the ground rod at node B,
while the measured and computed percentages of peak current
into the ground rod at node A differ by a factor of 5. Further-
more, the division of current between the two rods at the test
house predicted by the ratio of their dc grounding resistances is
reverse with respect to the observed division. For configurations
97-B and 97-C, the computed and measured divisions of current
between the two ground rods at the test house are similar (partic-
ularly for configuration 97-B), but the computed percentage of
current into the house is considerably (by a factor of 2 to 3) lower
than observed. Thus the dc grounding resistances do not control
the distribution of peak currents in the test system, as also evi-
denced by the very different waveshapes of currents measured
in different parts of the circuit. Specifically, the currents that
flowed in the two ground rods at the test house appeared as rel-
atively narrow pulses (particularly for configuration 97-A), sug-
gesting that predominantly higher-frequency components of the
injected lightning current entered these two ground rods. As fur-
ther discussed below, this indicates a capacitive behavior of the
rods. Bejleriet al. [6], who studied lightning strikes to a buried
counterpoise connected to three 2.4-m vertical ground rods, re-
ported that currents in the vertical rods exhibited considerably
narrower waveforms than the injected lightning currents. The
observation of very different current waveshapes in different
part of the system indicates that current peaks are not suitable
for the examination of current sharing. We suggest that charge
transfer might be a better quantity for such an analysis, since
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Fig. 11. Electrical diagram of test-system configuration 97-C (see Table I).

(a)

(b)

(c)

(d)

Fig. 12. Current versus time waveforms for configuration 97-C (see Table I).
(a) Injected lightning current [A1+A2]. (b) Current to ground at node A (41
)
[A1]. (c) Current to ground at node B (76
) [A3]. (d) Current entering the test
house’s electrical circuit [A4].

charge is determined by the integration of current and, there-
fore, is independent on current waveshape.

It might appear that the narrow current pulses observed in the
ground rods at the test house could be also explained if one as-
sumed these rods to be purely resistive and to be separated from
the remote ground rods by a large inductance. Indeed, when
a lightning current is injected into a resistive ground rod con-
nected to another ground rod via a large inductance, the higher
frequency components characteristic of the initial rising por-
tion of the current waveform are blocked by the large induc-
tance from flowing toward the “remote” rod and, as a result, are
forced to flow into the “local” rod. For the later portion of the
lightning current waveform that is characterized by relatively
low frequency components, the inductance presents a smaller
impedance, and, therefore, the lower-frequency components are
allowed to flow toward the “remote” rod. In this view, at later
times the division of current between the ground rod at the cur-
rent injection point and the remainder of the system is deter-
mined by grounding resistances in the system (e.g., Birklet al.,
1996 [7]). This inference from the R-L circuit representation of
the system is inconsistent with the experimental data presented
in this paper, as we discuss next. After some tens of microsec-
onds or less (after some microseconds for configuration 97-A),
currents in the ground rods at the test house are essentially zero,
while appreciable current, of the order of kiloamperes, flows
into the system at 200s and beyond. For configurations 97-B
and 97-C, if the ground rods were purely resistive, they would
be conducting a larger current than the current flowing toward
IS1 and IS4 at later times, because the total resistance of the
two ground rods at the test house (41in parallel with 76 ) is
smaller than the total resistance of ground rods at IS1 and IS4
(69 in parallel with 124 ). Further, the results of our EMTP
modeling, with all inductances in the test system being taken
into account, show that the narrow current pulses observed in
the two ground rods at the test house cannot be reproduced if
these rods are represented by resistors.
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TABLE II
SELECTED PEAK CURRENTS(ABSOLUTE VALUES) MEASURED AT THE TEST HOUSE FOR THETHREE DIFFERENT CONFIGURATIONS

VERSUS THEIEC HYPOTHETICAL CURRENT DISTRIBUTION SHOWN IN FIG. 1(a)

TABLE III
SELECTEDPEAK CURRENTS(IN PERCENT OFINJECTEDPEAK CURRENT) MEASURED AT THETESTHOUSE FOR THETHREEDIFFERENTCONFIGURATIONSVERSUS

THE THEORETICAL CURRENTDISTRIBUTION DETERMINED BY LOW-FREQUENCY, LOW CURRENTGROUNDING RESISTANCES, COMPUTED BY A. ROUSSEAU

We now discuss the suggested capacitive behavior of ground
rods. Grcev [8] theoretically showed that a capacitive behavior
should be expected, above a so-called characteristic frequency,
for relatively short ground rods in relatively-low-conductivity
soils. For frequencies below the characteristic frequency,
grounding impedance is independent of frequency, that is, is re-
sistive, while for frequencies above the characteristic frequency
the grounding impedance either increases (inductive behavior)
or decreases (capacitive behavior) with increasing frequency.
The characteristic frequency decreases with increasing soil
conductivity and with increasing grounding electrode length.
For soil with an electrical conductivity of S/m (a factor of
4 higher than the measured soil conductivity at Camp Blanding)
and a relative permittivity of 10, the characteristic frequency
decreases from about 500 kHz to about 5 kHz as the length of
the grounding electrode increases from 2 to 128 m, with the

electrode’s behavior changing from capacitive to inductive at a
length of 16 m [8]. However, the capacitive behavior described
above is expected only for the initial rising portion of the
injected current waveforms [Figs. 4(a), 8(a), and 12(a)], while
the observed essentially zero current in ground rods at the test
house at later times suggests a capacitive behavior of these rods
also during the tail portion of the injected current. It appears
that the impedance to ground at the test house at later times
is much higher than the impedance seen looking toward the
rest of the system, regardless of the fact that the dc grounding
resistances of the two rods at the house varied from more than
a thousand ohms to tens of ohms. The results of our EMTP
modeling show that the narrow current pulses observed in the
two ground rods at the test house can be reproduced if the
capacitances of these rods are set at some tens of nanofarads,
although some current continues to flow through the rods at
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later times. These values of capacitances are about a factor of
200 larger than those computed using the standard formula for
capacitance of a vertical ground rod (e.g., Mataet al. (2000)
[9]), as if there were a thin layer of dielectric (of the order of
0.1 mm for dry sand or 0.02 mm for air) between the metallic
rod and the surrounding better conducting (wet sand) soil.

V. RECOMMENDATIONS

The experimental results presented in this paper are for sandy
soil of relatively low conductivity. It is important to conduct
similar experiments for other types of soil. It is possible that
for higher-conductivity soils the apparent capacitive behavior of
the ground rods will be less pronounced. It is not clear why such
capacitive behavior is not seen in currents flowing to ground at
IS1 and IS4. Further, it would be interesting to test the effect
that chemicals which are sometimes added to the soil around
the grounding electrode to make the soil more conductive would
have on the behavior of the grounding electrodes under lightning
surge conditions. Finally, other grounding electrode geometrics
(including ring electrode) should be tested.

VI. SUMMARY

The grounding system of a test house was subjected to
triggered-lightning dicharges for three different configurations,
with the house’s electrical circuit being connected to the
secondary of a transformer in IS1, about 50 m distant. The
primary of the transformer was connected to the underground
cable which was open-circuited at IS4. The cable’s neutral
was grounded at IS1 and IS4. The division of lightning current
injected into the grounding system of the test house among
the various paths in the overall system was analyzed. The
ground rods at the test house appeared to filter out the higher
frequency components of the lightning current, allowing the
lower frequency components to enter the house’s electrical
circuit. In other words, the ground rods exhibited a capacitive
rather than the often expected and usually modeled resistive
behavior. This effect was observed for dc resistances of the
ground rods (in typical Florida sandy soil) ranging from more
than a thousand ohms to some tens of ohms. The peak value
of the current entering the test house’s electrical circuit was
found to be over 80% of the injected lightning current peak, in
contrast with the 25% or 50% assumed in two IEC-suggested
scenarios. Also, the percentages of current flowing a) to the
transformer secondary neutral and b) through the SPDs were
observed to be approximately a factor of two to four greater
than those assumed in the IEC hypothetical scenario illustrated
in Fig. 1(a). Since the current waveshapes may differ consid-
erably throughout the system, charge transfer is apparently a
better quantity than the peak current for studying the division
of lightning current among the various paths in the system.
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