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In 1997 an experiment at the Camp Blanding center for lightning
testing [1] challenged the view that ground rods are essentially
resistive. What that experiment found was that lightning current
waveshapes in a building grounding system and those entering the
electrical circuits of the building were considerably different. That was
at odds with IEC 61312-1:1995 [1] assertion that they should be the
same, based on work done at power line frequencies. The conclusion
of the Camp Blanding experiment was that for lightning, the ground
rod had an impedance with a reactive component in addition to the
resistive one.
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So how do we take into account the impedance effects for
lightning? Well it turns out not to be so simple. Professor
Leonid Grcev, who with his students have conducted extensive
studies of grounds, has found that a simple modeling of a
ground rod as an R-L-C circuit doesn’t give correct results, due
surge propagation effects, which cause a deviation from simple
R-L-C behavior during the rise-time of the surge. So the
challenge is to determine what this deviation is.
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Considering normal grounds (those not chemically treated or
otherwise enhanced), Grcev has shown that they can be characterized
in terms of Effective Length leff, and Impulse Coefficient A [3]. The
impulse coefficient is the ratio of peak voltage across an actual
ground rod to the peak voltage across a purely resistive ground rod in
response to a surge. It shows how the impedance of the ground rod
affects the expected peak voltage due to a surge, relative to what it
would have been if the ground rod were purely resistive.
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The first thing to consider is the ground rod effective length, which is the length of the ground
rod below which the ground rod is primarily resistive, with a possible capacitive effect, and
above which the ground rod will have inductive effects. [ will be used later in the discussion of
the Impulse Coefficient (which is needed to determine the peak voltage).

1_
lof = Tﬁ (L)
Where
a = 0.025 + exp[—0.82(p - T1)"%°7] (2)
L =0.17 + exp[—0.22(p - T;)?>>] (3)

p = soil resistivity in ohm-m (not the usual ohm-cm) and T, is the zero-to-peak rise time of the
lightning current pulse.
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MIL-HDBK419 Table 2.3 [6] shows a range for average soil
resistivity of 100 to 50,000 ohm-cm (1 to 500 ohm-m). CIGRE
TB549 Table 3.5 [7] shows a range of front durations T, of 1.1
usec for the average subsequent stroke to 18 psec for the
maximum first stroke. Considering those values, the pT, product
could reasonably range from 1 to over 10,000 ohm-m-psec.

We can use (2) and (3) to make a plot of | 4 vs. pT,, as shown in
the next slide
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This Figure shows the variation in
the effective length of a ground rod
with the product of soil resistivity
and the zero-to-peak time of the
surge.

As an example, for a pT, product of
200, ground rods shorter than 13 m
will have capacitive effects, and
longer than 13 m will have inductive
effects
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Impulse Coefficient

In general, if the length s of the ground rod is less than |
the ground rod is primarily resistive, generally with a
capacitive effect. If the length s of the ground rod is greater
than | ¢ the ground rod will have inductive effects.

What is the consequence of the reactive effect? Well that’s
what the Impulse Coefficient A determines.
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A=as+f | (4)

where the impulse coefficient A =Z/R, R is the ground rod resistance, Z is the effective ground rod

impedance, s is the length of the ground rod, a is calculated from equation (2) and B is calculated
from equation (3).

For A > 1, the ground rod has an effective series inductance in addition to its resistance. In this

case the peak voltage will be A times bigger than it would have been if the ground rod were purely
resistive.

For A < 1, the ground rod has an effective parallel capacitance in addition to its resistance. In this

case the peak voltage will be A times lower than it would have been if the ground rod were purely
resistive.

From (4) the effect of the ground rod reactance can be calculated. As an illustration, take the four

cases of pT,, = 100, 300, 1000 and 10,000 and use (4) to plot A vs. length of rod. The result is
shown in the next slide.
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For ground rods < 10 m the low value of the impulse coefficient means that
the peak voltage across the ground rod will generally be less than would be
calculated for a purely resistive ground rod. For example, for a 2 m rod the
ratio of peak voltage to the peak voltage across a purely resistive ground rod
is in the range 0.2 to 0.4, depending on the pT, product.

Remember that the impulse coefficient is relevant only during the rise-time
period. So during the surge decay, the voltage across the ground rod is
determined primarily by the native impedance of the ground rod.
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Peak voltage (the point of this whole discussion)

The peak voltage developed across the ground rod is given by

Voeak = Zlroa (4)

Where |, is the peak current captured by the ground rod, and Z is the ground rod
effective impedance.

To calculate the ground rod current we need to calculate the fraction of the lightning
current | _ captured by the ground rod. IEEE Std 142 [5] shows that 99% of the
current flowing in the ground rod is captured in a volume having a radius of twice a
ground rod length s, as illustrated in the next slide.
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The angle 0 subtended by the ground rod is
given by

0 = 2arcsin(2s/d) (6)

Where s is the length of the ground rod and d is
the distance from the lightning strike point to
the edge of the cylinder representing the ground
rod outer effective extent.

Note that the arcsin is not defined for arguments
greater than 1, so there are two cases for
equation (6): Case 1 where d ranges from 2s to
infinity, and case 2 where d ranges from 2s to O.
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For case 1, if the arcsin is in degrees, then the fraction f; of the lightning current I _, captured
by the ground rod is

f1 _ Zarcls;r;(%s) _ arcsgiz(%) (7)

For case 2, the fraction f, of the lightning current Imax captured by the ground rod is

arcsin(l—i)

2= 90 = (8)
SO Iroqg = Imax(f1 + fz), which Is
arcsin(Z2 arcsin 1—i
Lroa = Imax {[ 9O(d)] + [ 95 25)” (9)

Remember that in calculating /., the first term in equation (9) is only valid for d greater than
2s, and the second term is only valid for d less than 2s.
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The peak voltage is calculated from equation (5). The effective impedance Z
of the ground rod to be used in equation (5) can be calculated from Dwight’s
(4] equation multiplied by A:

z= i (3) 1] (10

where a is the diameter of the ground rod

Substituting equations (9) and (10) in equation (5)

Aplmax[arcsm(d)+arcsm(1—— ] [ln (45) - 1]

18071s (11)

Vpeak —
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As an example of the calculation of the peak voltage,
consider a 12 kA 4.5/77 subsequent surge from
TB549 [7] impinging on a 10 m ground rod 2.5 cm in
diameter in soils of 50 ohm-cm, 200 ohm-cm 600
ohm-cm and 3000 ohm-cm. For these cases, the
next slide shows the peak voltage V., as a function
of the distance from the lightning strike.
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As a note, the grey streaks in this
picture show a region where the
ground is ionized due to the high
electric field caused by a
lightning strike. In this area p is
highly variable and basically
unknown, so calculations of
peak voltage in this region are
essentially invalid.

As an estimate, calculations are
likely invalid in the first 6 m from
a lightning strike.
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Summary

The usual assumption that ground rods are purely resistive is actually not what is observed in
the case of lightning. Particularly for the relatively short ground rods generally in service,
during the rise-time period the ground rods look like a time-varying impedance with a
significant capacitive component. The result is that for these commonly used ground rods the
peak voltage due to a lightning strike is often significantly lower than would be the case for a
purely resistive ground rod.

Whether the peak voltage is higher or lower than for a purely resistive ground rod depends
on a number of variables, including the surge waveform, the ground resistivity, the length of
the ground rod, and the distance the observer is from the lightning strike point. The peak
voltage across the ground rod can be calculated, based on estimates of these variables.
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