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Abstract

Reinforced concrete structures are generally well protected against the ad-
verse effects of a direct lightning strike. Nevertheless, when it occurs, the
electromagnetic field generated by the lighting current flowing through their
reinforcement can cause a malfunction of sensitive electronic devices. The
electromagnetic field can be estimated using full-wave methods, although the
accuracy of the estimation depends on the representatives of the model, which
is why experimental validation is essential. This paper presents the numeri-
cal model of a reinforced concrete structure where a current was injected to
emulate a direct lightning strike. Full-wave simulations are conducted using
TEMSI-FD and the results are compared to the measurements made at the
testing facility of EDF TEGG. The simulation results were in good agree-
ment with the measurements, especially when the soil was used as the return
path for the current.
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1. Introduction

A direct lightning strike can have diverse mechanical and electrical effects,
which is why structures are generally equipped with at least an external light-
ning protection system. The reinforcement of a building can be considered
as part of its protection system since the vertical rebars can work as down-
conductors, transporting the lightning current into the ground. However,
the current flowing through the reinforcement generates a transient electro-
magnetic field that may lead to an upset of sensitive electronic devices. In
industrial facilities, any temporary malfunction can quickly escalate into an
important issue.

Different approaches have been used to estimate the electromagnetic fields
generated by a direct lightning strike inside a reinforced concrete building
(see e.g., [1, 2, 3, 4, 5, 6]). If the components of the electromagnetic envi-
ronment are modeled appropriately, the most accurate results are generally
obtained using full-wave methods, such as the finite-difference time-domain
(FDTD) method and the method of moments (MoM). These two methods
have gained popularity in the lightning community due to their capabilities
to handle three-dimensional structures, cables, and wiring structures. When
modeling complex environments, the FDTD method is particularly advan-
tageous because the computation time depends on the discretization of the
domain and not on the number of elements.

Nevertheless, no matter how precisely we try to represent reinforced con-
crete structures in full-wave simulations, there will always be some uncer-
tainty. For example, the rebars forming the reinforcement have, in theory,
a circular cross-section. However, in reality, because of the ribs and the
markings, the rebars are not cylindrical. This is most likely negligible for
lightning-related studies; yet, the uncertainty of numerous insignificant vari-
ables could propagate and result in considerable errors.

Aiming to validate the representation of reinforced concrete buildings in
our simulations, we conducted experiments at the testing facility of EDF
TEGG. A good agreement between computations and measurements of the
magnetic field has already been observed in [7, 8, 9, 10]. The preliminary
results of the experiments at the testing facility can be found in [11]. When
the paper was written, the magnetic field probe had not been calibrated
and the simulations had been conducted using two different solvers in CST
Studio Suite [12]: a solver based on the finite integration technique (FIT) [13]
and a solver based on the transmission line matrix method (TLM) [14]. In
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the simulations, the concrete was not modeled, most of the interconnections
between the layers of the reinforcement were not considered, and the rebars
were represented as perfectly conducting wires. Also, we had adjusted the
current source based on a simple representation of the load. In this paper, we
study the distribution of the magnetic field, considering a more elaborated
model of the structure at the testing facility. The simulations are carried out
using TEMSI-FD [15], a solver based on the FDTD method, and the results
are compared to the measurements taking into account transfer function of
the magnetic field probe.

2. Testing Facility of EDF TEGG

Figure 1: Reinforced concrete structure at the testing facility of EDF TEGG.

At the testing facility of EDF TEGG, located in the south of France,
a reinforced concrete structure was built in 2016 to test the properties of
commonly used construction materials. As shown in Figure 1, the structure
consists of two adjacent walls perpendicular to each other over a 3.4 m × 3.4
m slab. The walls are 5 m in height and have a thickness of 50 cm. Note
that we have named the walls W1 and W2. The slab has a thickness of 40
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Figure 2: Reinforcement of an isolated footing of the structure.

cm and is supported by four symmetrical columns of 50 cm × 50 cm. Each
column is connected to an isolated footing of 1.5 m × 1.5 m (see Figure 2).
The footings are all connected to a raft foundation of 4.4 m × 4.4 m.

The walls and the slab have a double-layered reinforcing grid with meshes
of approximately 25 cm × 20 cm and 25 cm × 25 cm, respectively. As shown
in Figure 3, even though the layers are interconnected, the hoops are not
always periodically distributed. A more detailed view of the configuration of
the reinforcement is shown in Figure 4. The reinforcing grid of the footings
and the raft foundation also has meshes of approximately 25 cm × 25 cm.
Based on the impedance of the structure (see Figure 5), we can assume
that there is good contact between the rebars. Significant differences in the
resistance of reinforced concrete structures can be observed, even when the
rebars are wire-tied [16]. The impedance of the structure was measured using
a Bode 100 vector network analyzer (VNA).

Figure 3: Interconnections between the layers of the reinforcing grid in wall W2.
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Figure 4: Configuration of the reinforcement of the structure.

The radius of the rebars forming the reinforcing grids varies between 4
mm and 10 mm. In the walls and the outer layer of the slab, we mostly find
rebars with a radius of 8 mm, whereas the rebars in the inner layer of the
slab have a radius of 10 mm.

Figure 5: Impedance of the structure measured using a VNA.

At 16 m from the structure, a grounding point for the equipment was
created by burying a meshed copper network of 1 m × 1 m at a depth of
1 m (see Figure 6). Using the three-pole method to measure the ground
resistance of the grounding point, we obtained values between 8.5 Ω and
12.15 Ω, depending on the distance between the electrodes. Similarly, since
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the soil at the facility is not homogeneous, using the Schlumberger method
to measure the resistivity of the soil, we obtained values between 47 Ω·m and
56 Ω·m.

Figure 6: Grounding point created for the equipment.

3. Experimental Setup

A 25-meter-long copper braid was connected at the top center of wall
W1 to emulate a direct lightning strike to the structure (see Figure 7). The
angle between the wall and the braid is approximately 73◦. At the other
end, the braid was connected to an EMC Partner IMU3000 test system. The
current generated by the test system and injected into the reinforcement was
measured using a Pearson 110A current monitor.

The IMU3000 test system generates surge impulses as defined in the IEC
61000-4-5 standard [17]. The waveform of the open-circuit voltage has a
front time of 1.2 µs and a time to half-value of 50 µs. The waveform of the
short-circuit current has a front time of 8 µs and a time to half value of 20
µs. The peak voltage at the output was set to 4 kV.

Two different configurations were considered for the return path:

• Case A: A low-resistance return path was created by means of three
25-meter-long copper braids. As shown in Figure 8, the braids were
connected at the bottom of wall W1. In this case, a 10 Ω resistance
was added at the output of the generator to reduce the front time of
the current injected into the reinforcement.

• Case B: The IMU3000 test system was connected to the grounding
point described in the previous section to use the soil as the return
path.
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Figure 7: Copper braid used to inject a current into the reinforcement of the structure.

Figure 8: Experimental setup in case A.

As shown in Figure 9, the magnetic field generated by the current flowing
through the reinforcement was measured at 18 observation points behind wall
W1 using a unidirectional magnetic field probe. Half of the points were 15
cm away from the wall, and the other half, 60 cm away from the wall. The
9 points at each distance are designated by letters A to I (see Figure 10).
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The magnetic field probe was connected to an optical Messtechnik U1/14-
30M-Iv transmitter that amplified the signal by 24 dB and transmitted it to
a Yokogawa DL9240 oscilloscope.

Figure 9: Measurement of the magnetic fields behind wall W1.

Figure 10: Points at which the magnetic field was measured.
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3.1. Magnetic Field Probe

To the best of the authors’ knowledge, the magnetic field probe had a sen-
sitivity of approximately 4 mV/(A·m−1). To verify, we estimated the transfer
function of the probe using the stripline at the XLIM Research Institute and
a VNA. The setup is shown in Figure 11. As shown in Figure 12, the probe
behaves as a high-pass filter, attenuating the low-frequency content of the
magnetic field. The latter implies that some information was lost and we
cannot entirely reconstruct the signals that we had measured. Hence, we
will have to focus on the peak-values of the magnetic field to compare the
results of the simulations and the measurements.

Figure 11: Experimental setup for the estimation of the transfer function of the magnetic
field probe.

4. Numerical Model

The numerical model of the experimental setup at the testing facility is
shown in Figure 13. The volume of the analysis space is set to 25.5 m × 8 m
× 9.8 m, and to assume an open space, all the external surfaces are defined
as perfectly matched layers (PML)[18]. The volume is divided into uniform
cells of 10 cm × 10 cm × 10 cm.

The soil is modeled as a homogeneous dialectic material with a relative
permittivity of 10 and a resistivity of 50 Ω·m. Since the structure was built
in the last 10 years, one would expect the concrete to have a moisture con-
tent of about 5.5%. Thus, the concrete is modeled as a dielectric material
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Figure 12: Transfer function of the magnetic field probe.

with a relative permittivity of 8.6 and a conductivity of 0.005 S/m. These
values correspond to the static values estimated by Sandrolini et al.[19] for
an extended Debye model.

All the conductors are modeled as thin-wires [20]. The linear resistance
of the wires is calculated as 1/(π× r2×σm), where r is the radius of the wire
and σm is the material’s conductivity. The conductivity of copper and steel
is set to 59.6×106 S/m and 8.33×106 S/m, respectively.

The radius of the wires representing the braids is calculated from their
cross-sectional area. The resistance and inductance of a flat braid are lower
than those of a round conductor of the same cross-sectional area. Yet, we
consider these differences to be negligible and set the radius to 7 mm.

The meshed network of the grounding point is represented by a grid with
meshes of 10 cm × 10 cm. The grid is formed by wires with a radius of 2
mm.

Only the vertical and horizontal rebars are considered to represent the
reinforcement of the structure. The double-layered grid of the walls is as-
sumed to be symmetrical and identical. The radius of the wires is set to 8
mm. For the double-layered grid of the slab, we used wires with radii of 8
mm and 10 mm. At the edges of both the walls and the slab, the layers of
the reinforcing grids are interconnected at every intersection. The layers are
otherwise interconnected at one out of two intersections. The columns and
the footings are represented using wires with radii of 5 mm and 10 mm. The
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(a)

(b)

Figure 13: Numerical model of the experimental setup at the testing facility (a) Case A.
(b) Case B.

raft foundation is represented using wires with a radius of 6 mm.

4.1. Voltage Generator

The IMU3000 test system is modeled as the circuit in Figure 14. The
pulse voltage source in the circuit starts at time zero and takes 9 µs to rise
from 0 V to 4240 V. This circuit reproduces the 1.2/50 µs voltage surge with
a peak-value of 4 kV at open-circuit conditions and the 8/20 µs current surge
into a short-circuit.
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Figure 14: Model of the voltage generator implemented in TEMSI-FD.

Preliminary simulations were carried out in TEMSI-FD before implement-
ing the model of the test system. Instead of the circuit, a voltage surge with
a Gaussian waveform was defined to compute the impedance of what would
be the load connected to the terminals of the test system. Note that in these
simulations, the 10-Ω-resistance added in case A was not modeled.

Figure 15 shows that the simple representation of the load suggested in
[11] is not accurate. In case A, the resistance could indeed be neglected
and in case B, the resistance computed is of the same order of magnitude.
However, the difference between the inductance in case A and case B is 21.66
µH, which proves that there is more to calculating the impedance of the
return path than we expected. The coupling between the braids should not
be neglected in case A.

Figure 15: Impedance at the terminals of the generator computed using TEMSI-FD.

Nevertheless, and without modifying the parameters of the circuit, when
the model of the test system was implemented, the currents computed using
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TEMSI-FD were in good agreement with the currents measured at the testing
facility (see Figure 16). At least for the high-frequency part of the response,
we could expect to obtain similar values.

Figure 16: Current injected into the reinforcement of the structure.

5. Results

5.1. Simulations

The magnetic fields computed at the observation points are shown in
Figure 17. It is important to note that these fields were computed in the
middle of the FDTD cell; thus, they are an approximation of the fields at
the positions defined in Figure 10.

It is well-known that when a current flows through the reinforcement of
an enclosed structure, the front time of the magnetic field generated inside
the structure is significantly longer than the front time of the current. Since
the structure at the testing facility only has two walls, the waveforms of the
magnetic field and the currents are alike.

It is also interesting to observe that the overall tendencies are similar,
although the currents injected into the reinforcement are different in cases
A and B. In general, the y-component of the magnetic field is predominant
because the current flows downwards. Yet, the z-component of the magnetic
field is higher at points C and F, probably because of the partial current
flowing towards wall W2 before heading down to the ground.

Figure 18 shows that even in case A, where the braids are connected at
the bottom of wall W1, there is a current flowing toward wall W2, and still,
an important part of the current is diverted to the outer vertical edges of
the walls. Because of the current displacement phenomenon, there is a high
magnetic field at points A, D, and G. One would then expect the field to be
as high at points F and I; however, Figure 19 shows that the magnetic field
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(a)

(b)

Figure 17: Magnetic fields computed using TEMSI-FD.(a) Case A. (b) Case B.

strength (
√

H2
x +H2

y +H2
z ) decreases with the distance to the top of the wall

at points which are close to the corner. This is because of the superposition
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of the fields generated by the currents flowing through the walls. Notice for
example that the field at 60 cm is higher than at 15 cm at points F and I.

Figure 18: Current distribution in the reinforcement of the structure.

The peak-values in Table 1 highlight the main difference between the
fields computed in cases A and B. As expected, the peak-values of the mag-
netic field in case B are generally lower because the amplitude of the current
injected into the reinforcement is also lower. Nevertheless, the proportions
are different at the points close to the slab. Close to the slab, the fields in
cases A and B are comparable, probably because of a higher current flowing
through the slab in case B.

5.2. Measurements

As discussed in section 3.1, the low-frequency part of the signal measured
using the probe is not representative of the magnetic field. For example,
the zero-crossing one can observe in Figure 20 is not consistent with the
phenomenon. Hence, to compare the peak-values of the magnetic fields, we
apply the transfer function of the probe to the magnetic fields computed using
TEMSI-FD. First, we use the Matrix Pencil method [21] to extrapolate and
approximate the response in the frequency domain. Then, we multiply the
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Figure 19: Magnetic field strength at 10 µs in case A.

response by the transfer function of the magnetic field probe. And finally, we
perform an inverse Fourier transform and detect the maximum amplitude.

The values obtained for the y-component of the magnetic fields are shown
in Figure 21. Note that the amplitude is given in millivolts. Given that the
probe is unidirectional, only the y-component of the magnetic fields was
measured at all the observation points. If we divide these values by the
corresponding peak-values of the computed magnetic fields, we obtain an
average of 4.13 mV/(A·m−1). As we had previously assumed, the probe’s
sensitivity is indeed around 4 mV/(A·m−1) at the frequency of interest.

The values calculated in cases A and B are on average 4.68 mV and 2.09
mV higher than the values measured at the testing facility. We could then
suppose that, considering a sensitivity of 4.13 mV/(A·m−1), the fields com-
puted using TEMSI-FD are overestimated by approximately 1.13 A/m and
0.5 A/m in cases A and B, respectively. This already shows a considerable
improvement compared to the results presented in [11]. However, since we
are comparing small values, the relative error is still non-negligible: 29.6%
in case A and 13.7% in case B.

A small part of the error can be attributed to the size of the FDTD cell.
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Table 1: Peak-Values of the Magnetic Fields Computed Using TEMSI-FD.

Point Case A (A/m) Case B (A/m)

Hx Hy Hz Hx Hy Hz

A15 -4.79 7.15 1.34 -2.61 5.11 1.73

A60 -5.21 5.30 2.57 -2.93 4.03 2.31

B15 -1.97 9.17 1.16 -0.97 6.14 1.77

B60 -1.70 6.95 2.57 -0.92 4.90 2.38

C15 4.02 6.21 10.90 2.36 4.43 7.64

C60 2.83 5.36 6.75 1.61 3.95 5.15

D15 -5.13 12.77 2.25 -2.97 8.43 2.62

D60 -6.56 7.67 1.96 -3.96 5.59 2.40

E15 -1.05 5.13 1.96 -0.72 3.90 2.14

E60 -2.05 4.64 1.85 -1.46 3.63 2.04

F15 -0.69 1.65 2.22 -0.53 1.39 2.12

F60 -1.28 1.66 2.10 -1.07 1.40 2.03

G15 -5.23 11.99 0.80 -3.44 10.33 1.87

G60 -6.73 6.96 0.53 -4.69 7.14 1.83

H15 -1.19 4.70 0.21 -2.37 4.69 0.86

H60 -2.37 4.23 0.21 -1.91 4.40 0.82

I15 -0.83 1.46 0.36 -1.66 1.59 0.59

I60 -1.66 1.47 0.34 -1.51 1.59 0.55

A smaller cell might increase the accuracy but it will definitely increase the
computation time. Finding the right balance is not always straightforward.
The higher error in case A is probably due to our representation of the
flat braids as thin wires with a circular cross-section. Since the electrical
parameters of the soil are know to be frequency-dependant (see e.g. [22]), it
is reassuring to find a lower error in case B. We can therefore assume that
our representation of reinforced concrete structures in FDTD simulations is
appropriate, and keeping in mind that there will always be uncertainty, it
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can be used for lightning-related studies.

Figure 20: Signals measured using the magnetic field probe at 60 cm in case A.

6. Conclusion

This article presented the numerical model of a reinforced concrete struc-
ture at the testing facility of EDF TEGG. A current was injected into the
reinforcement of the structure to study the magnetic fields generated by a
direct lightning strike. Full-wave simulations were carried out using TEMSI-
FD, where all the conductors of the electromagnetic environment were mod-
eled as thin-wires.

The current distribution in the reinforcement of the structure showed that
the return path defined for the current influences the results, although other
phenomena play an important role. The lowest magnetic fields were observed
in the corner formed by the walls because of the superposition of the fields.
The highest magnetic fields were observed close to the outer vertical edges of
the walls because of the displacement phenomenon. Since the currents flow
mainly towards the ground, the y-component of the magnetic fields was the
strongest.

There was a good agreement between the simulation results and the mea-
surements made at the testing facility, especially when the soil was used as
the return path. As long as the main rebars forming the reinforcing grids
are modeled, a good estimation of the magnetic fields can be obtained using
TEMSI-FD. The accuracy of the simulations could be improved by reducing
the size of the FDTD cell or adapting the characteristics of the wires used
to represent the flat braids.
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(a)

(b)

Figure 21: Peak-values calculated from the simulation results compared to the peak-values
measured using the magnetic field probe at the testing facility.(a) Case A. (b) Case B.
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