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It is the glory of God to conceal a thing, but the glory of kings is to search out a thing.
[Deut. 29:29; Rom. 11:33]

A prudent man perceives danger and seeks shelter, while the simple continue forward and
pay for it.

Proverbs 22, 3
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Resumen Xl

Andlisis y desarrollo de un sistema de proteccién personal portatil contra rayos

Resumen

Colombia tiene una actividad de rayos muy alta como se muestra en diferentes mapas de
rayos publicados. Cualquier actividad que se desarrolle a campo abierto durante una
tormenta, mas auln en lugares reconocidos como de alta actividad de rayos, en
determinadas épocas y temporadas, aumenta ain mas el riesgo de sufrir algun tipo de
lesion para las personas expuestas. Los lugares remotos y de dificil acceso alejados de
centros urbanos empeoran este escenario. Para el Ejército Nacional de Colombia se
reporta en un promedio de quince afios, hasta 48 soldados por afio victimas del impacto
de rayos. Para reducir el riesgo del rayo a la salud en la poblacion vulnerable que no puede
evitar su exposicion, se analizan los mecanismos mas probables de lesion considerando
algunos escenarios con modelos humanos existentes. Considerando que un refugio
portétil para la proteccién contra rayos requiere materiales livianos, se investigaron en el
laboratorio algunos tipos de tejidos electroconductores sometidos a corrientes impulsivas
tipo rayo con forma de onda estandar. Algunas muestras de tejidos conductores se
sometieron a varias corrientes de rayo subsecuentes y se analizaron, revelando algunos
cambios notorios en su superficie. A pesar de los cambios morfolégicos, entre los tejidos
ensayados, un tejido conductor tipo rip-stop (anti-desgarro) mostré6 un gran potencial y
resistié varias corrientes de impulso de rayo, sugiriendo su uso en refugios moviles para
personas. Se propone un modelo de refugio portatil basico al cual se le realizan ensayos
de laboratorio. Los resultados muestran que el modelo de refugio basico propuesto podria
proteger a los seres humanos contra el aumento del potencial de tierra (EPR T earth

potential rise) minimizando el riesgo causado por una descarga de rayo cercana.

Palabras clave: Proteccién contra el rayo, sistemas portatiles de proteccién contra el rayo,
tejidos conductores, ensayos de alta corriente, tiendas de campafia, refugios, tejidos

electroconductores.
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Analysis and Development of a Personal Portable Lightning Protection System

Abstract

Colombia has a very high lightning activity as shown in different published lightning maps.
Any activity that takes place outdoors in stormy weather, even more in places recognized
as having high lightning activity, at certain times and seasons, increases even more the
risk of suffering some type of injury for exposed people. Non-accessible places, such as
remote and backcountry locations, worsen this scenario. It is reported for the Colombian
National Army in fifteen-year averages, up to 48 soldiers per year victims of lightning
strikes. To reduce the lightning risk to health in vulnerable population that cannot avoid
their exposure, the most probable mechanisms of injury are analyzed considering some
scenarios with existing human models. As a portable shelter requires lightweight lightning
protection materials, some types of electroconductive fabrics against standard lightning
impulse currents were investigated in the laboratory. Some samples of conductive fabrics
were subject to several subsequent lightning-like currents and analyzed, revealing some
patterns changes on its surface. Despite the morphological changes, among the tested
fabrics, a ripstop conductive fabric showed great potential and proved capable of
withstanding several lightning impulse currents, suggesting its suitability for use in personal
mobile shelters. A model of a basic portable shelter is proposed and tested in the
laboratory. The results show that the basic shelter model can protect human beings against

the earth potential rise (EPR) minimizing the risk caused by a close lightning discharge.

Keywords: Lightning protection, portable lightning protection systems, conductive fabrics,

high-current tests, tents, shelters, electroconductive textiles.
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Introduction

Natural phenomenon of lightning is spectacular, but it can be very dangerous. Their energy
can let strong consequences in life, equipment and structures causing large social, natural,
and financial affectations both directly and indirectly. Thousands of lightning-caused victims
continue to be reported annually around the world, many of them plausible to prevent. In
developing countries, the lack of adequate information about the lightning phenomenon and
basic prevention measures are main aspects related to the large number of victims while
in developed countries, carelessness and outdoor activities for leisure, sport and duty are
the main responsible for the increasingly low mortality rates. In any case, mandatory or not,
the exposition in outdoor places during thunderstorm weather accounts for a great number
of injuries, many of them with fatal consequences. In Colombia, many soldiers serving in
the military have been involved in lightning-related accidents and it will be show that, on a
15-year average, for the army population almost one soldier died per month, and for every

four lightning-related accidents.

The interactions between lightning and living beings can produce different effects in the
victim, acting in several ways according to the pathway of the lightning current, the
exposition type of the body, and the strength of the electric current. Since the lightning
mechanism with most deleterious effects is the earth potential rise (EPR), also known as
step potential, to minimize the total risk caused by lightnings it is necessary to focus on this
mechanism to reduce its effects on the health of exposed persons. In this context, this
research work presents some background on lightning parameters of interest in the
protection of people as well as the main known effects of its currents, to propose, develop,

and test a shelter to the reduce lightning-caused risks.

The research question and objectives proposed for this research are cited below.

RESEARCH QUESTION
The purpose of this research is to study lightning injury mechanisms causing human

fatalities in outdoor activities and to evaluate possible ways to reduce the risk and
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consequences when exposure to it is mandatory, through a development of a personal
portable lightning protection system. Then, for this investigation arise the question about
how to protect with light and portable equipment the lives of human beings who should be
exposed to the lightning risk.

GENERAL OBJECTIVE

To analyze, design and evaluate systems, equipment or portable elements that could divert
lightning currents to protect human beings, to reduce the number of fatal accidents and
post-traumatic effects caused by lightning.

SPECIFIC OBJECTIVES

A To analyze existing human electric body models and compare them with some
observations of physiological effects of the electrical currents produced by lightning.

A To improve the understanding of lightning caused corporal injuries, intended to
assess the effects of the lightning currents flow through the human body.

A To propose and evaluate personal lightning protection equipment that could reduce
the post-traumatic effects, controlling the electrical current flow to safe levels through the

organism, avoiding permanent and fatal injuries caused by this phenomenon.

A Experimental validation of personal lightning protection systems.

This thesis has been structured in five main chapters. Chapter 1, Lightning phenomenon
and lightning protection systems, presents some key concepts and parameters related to
the lightning that can be applied to protect people against lightning currents. Moreover,
related standards and guidelines are also included. Chapter 2, Effects of lightning currents
on human beings, shows the known interactions between human beings and lightning
currents that can result in injuries ranging from minor to severe, some resulting in
permanent disability and even death. In this chapter are discussed models of human body
applied to lightning interactions mechanisms. Some reports regarding lightning-cause
injuries arising for the purpose of this work are presented in Chapter 3, Personal lightning
protection i Case reports T Requirements, as well as the scope and requirements that a

personal lightning protection system should have.

Chapter 4, Proposal of a personal lightweight and portable lightning protection system, is
the core of this research and shows a brief background on electroconductive fabrics, also

presenting some peer-reviewed published papers (several on conference proceedings and
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three in international journals) including other unpublished work regarding impulsive current
tests to prove the feasibility of a proposed basic shelter model. These papers are cited
throughout this document and tabulated in Chapter 4. Moreover, three projects currently
closed, developed in the frame of this thesis are also listed. Cover pages of the published
papers are also included as an appendix at the end of this work.

Finally, the Chapter 5, shows the conclusion and recommendations resulting from the

observations and consequent results of this work.






l1.Lightning phenomenon
protection systems

Lightning is a natural common event around the world that can cause injury or death to
living beings such as people, animals and vegetation, but it can also affect and destroy
buildings, structures and equipment every year. Most of lightning injuries and fatalities occur

in outdoor environments, rarely occurring inside robust buildings.

Following is presented some main aspects of the lightning phenomenon and systems

devoted to protecting against dangerous

1.1 Lightning phenomenon

Lightning maps reveal the uneven distribution of the lightning activity around the world, as
shown in Figure 1-1. The images were processed from the data of Lightning Imaging
Sensor (LIS) on board the NASA Tropical Rainfall Measuring Mission (TRMM) launched as
payload of the Microlab-1/OrbView-1 satellite in November 1997 for £38° latitude span. It
is shown the annual average flash rate density (FRD), local hour of maximum FRD, and
the month with the higher activity for the 16 years from 1998 to 2013. Figure 1-2 shows a
close-up of that total lightning observations from TRMM LIS (1998-2013) for the region
around Colombia where are placed three of the top-ten places with most lightning activity
in the world: Lake Maracaibo i Venezuela (9.75°, 1 71.65°) with 233 flkm'2a'ti s t he
top-ranked total lightning hotspot, Caceres i Colombia (7.55° 175.35°) No. 4 with
172 flkm2a'! and El Tarra i Colombia (8.85° 173.05°) No. 7 with 139 fl km'2a't [1].
IEC 62858:2019 defines ground strike point density NSG as the mean number of ground

strike points per square kilometer per year [2] fl km'2a'? herein related as FRD.

As it can be seen in lightning maps, the lightning activity is more common over land than
over oceans, since intense convection occurs more frequently above the continents, mainly
due to the air is heated more easily over the ground, increasing convective updrafts.

Lightning activity over the oceans is about one third smaller than over land [3]. Certainly,
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local hour and time of the year (month of the season) have a strong effect in the lightning

activity as shown in Figure 1-1 and Figure 1-2.

local hour

latitude (°)

0 20
longitude (°)

Figure 1-1. Total lightning climatology in very high horizontal resolution from 16 years (1998-2013)
of TRMM LIS total lightning observations for the latitude band of £38°: a) flash rate density FRD
(flashes km-a1), b) local hour of maximum FRD, and c) month of maximum FRD. Source: [1].

FRD (fl km™2 yr™")
local hour
month

Figure 1-2. Close-up of TRMM LIS total lightning observations (19987 2013) for Colombia region in

the intertropical zone: a) flash rate density FRD, b) local hour of maximum FRD, and c) month of

maximum FRD. Lake Maracaibo in Venezuela (9.75°, 1 71.65°) with 233 flkmi2aitistheEar t h<6s t op
ranked total lightning hotspot. Source: adapted from [1].
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Other global lightning activity maps, such as the Vaisala of the Figure 1-3, shows also that
lightning activity is less frequent as it approaches to the poles, concentrating most of the
activity around the Intertropical Convergence Zone, which concords to maps of Figure 1-1.

On the other hand, Figure 1-3 map shows some regions concentrating more than 128
lightning events km2a't, known as lightning hotspots. Moreover, Albrecht et al., identified
that 24 of the first 30 places with the most lightning activity are close to mountainous

regions, disclosing a correlation between lightning hotspots and topography [1].

Storm clouds (i.e., cumulonimbus clouds) are responsible of common lightning flashes
because of the inside electric charge separation and accumulation. The most accepted
theory about the in-cloud charge generation is the mechanism of collision of water particles
of snow pellets and small ice crystals in the presence of super-cooled water drops [4], [5].

Lightning books, such as of Cooray, and Rakov and Uman, develops and describe clearly

and deeply this and other theories about the lightning formation inside the clouds [3]i [6].

al Lightning Density =
Events / km? / yr

i 128 and up o N
Bl 96 to 128 . %%
Il 64 to 96 B

I 32 to 64
BN 16 to 32
4 12to 16
N 8to12
4to8
2to4
1to2
BN 05to1
0.25t0 0.5
B 0.1251t0 0.25
up to 0.125

Figure 1-3. Average global total lightning density from Vaisala GLD360 network, 20167 2020.
Source: Vaisala.

Air acts as an insulator until the electric field to which it is exposed exceeds the critical value
ofabouto p 1 V/m, at temperature of 293 K and atmospheric pressure of 1 atm, which
is called standard atmospheric condition. When the electric field over air exceeds the critical
value, the insulating behavior changes quickly into a conducting medium, making possible
the electrical current flow through it in the form of sparks [4].
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Lightning is related to the physics of electrical discharges as it is a giant electrostatic
discharge. Lightning flashes cannot be studied under controlled laboratory conditions. For
understanding the lightning process, mechanisms of electric spark are studied in laboratory,
since similarities have been observed between the small laboratory sparks and lightning
discharges, both as manifestation of electricity [3]. However, some artificial lightning flashes

induced by artificial means, such as rocket-triggered or tall structures, are also studied.

Lightning is a rapid high flow of electrical current from, to or inside storm clouds that
equalize their regions of accumulated positive or negative charges. It can be considered as
a very long electrical spark, greater than about 1 kilometer. Lightning generated in storm
clouds is characterized by a length of 5 to 10 km, but can reach more than 100 km [7]. On
April 29, 2020, the longest single flash was recorded, with a horizontal distance of
768 £ 8 km across the southern United States. The longest electrical sparks usually
generated in the laboratory measure 1 to 3 meters, with a maximum of 10 to 20 m [7].
Lightning events occur as cloud lightning (intra-cloud, or cloud-to-cloud) or as cloud-to-
ground lightning (CG). Cloud discharges are the most frequent type of lightning activity,
representing about 70-75 % of the total global lightning activity [6]. The remaining 25-30 %
are CG interactions that pose the greatest lightning danger to living beings.

A lightning that hits an object is referred as a
components of cloud-to-ground discharges. Typically, lightning flashes are composed of

more than one stroke. In the same f1l ash, strok
Asubsequent o, and the number of -movinggpioeess t o Amul t
termed Al eader 0-movainndg apnr ocpeveasr dd er med Areturn stroc
lightning stroke. Most of the lightning energy is transformed to produce the thunder, hot air,

light, and radio waves, leaving only 1 % to 10 % of the total energy at the strike point [8].

There are four categories of lightning flashes between cloud and ground (CG): downward

positive and negative flashes, and upward positive and negative flashes, as represented in

Figure 1-4. A complete description of the mechanism of the lightning flash is provided in

Cooray [3], and Rakov and Uman [5] between several others. Downward flashes are

believed the more representative of natural lightning, and upward flashes are primarily

associated more with the effect of tall artificial structures [9]. Cloud-to-ground lightnings

initiated by a negatively charged, downward-pr opagati ng 00| Fmudelrd6 6, as shi
a), represent approximately 90 % of all lightning flashes that strike the ground [4], [7],

connecting the positive charge center in the cloud with the surface of the earth.
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Figure 1-4. Discharge mechanisms of downward negative (a) and positive (b) lightnings, and upward
negative (c) and positive (d) lightnings; Only the initial leader is shown for each type. Source:
Adapted from Dehn [10].

1.2 Lightning parameters causing damage

Lightning, like any other natural weather phenomenon, is probabilistic in nature. Waveforms
and amplitudes can vary considerably from one flash to another [11]. Lightning parameters
have been investigated to determine characteristics and possible effects of this
phenomenon. A reliable synthesis was published within CIGRE activities on the Technical
Brochure TB 579 of the working Group WG C4.407 [8].

Although all the typical lightning parameters are important, four properties of the lightning
current can be considered the most relevant in producing damage: (1) the peak current, (2)
the maximum rate of change of current, (3) the integral of the current over time (i.e., the
charge transferred), and (4) the integral of the current squared over time, the so-called
action integral (sometimes also known as specific energy) [4]i [7]. These parameters are
commonly related to the first return stroke and subsequent strokes, with the current peak
value commonly referred as the most important parameter to engineering applications [6],
[7], [12]. On the other hand, continuing currents produced as long duration currents when
the return stroke current does not reach zero but continue to flow at a low level for some

hundreds of milliseconds [3] can cause forest fires and acute damage in living beings [7].

Although positive lightnings to ground has higher current levels than negative ones and
most deleterious effects, the latter are much more frequent (about 90 %) and therefore its
data more relevant for this research. Some typical parameters of negative flashes are
presented in Table 1-1. However, according to some lightning studies carry out in some
pl aces of Col ombia, the distribution of polari:
for negative and 33 % for positive ones, showing an uneven distribution of their values

according to the geographic site. From a study of 69 electric field signal measurements of
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lightning flashes carried out in Bogotéa - Colombia, only one signal was found associated to
positive polarity lightning, this is 1.5 % [13]. It has been suggested that the median value of
the peak current is more intense for intertropical zones, as shown in Table 1-2 [12], but the
data should be taken with care due the differences in measuring methods and times [14].

Table 1-1. Typical parameters of negative ground lightning flashes. Source: Adapted from Cooray
[4] with data from Berger et al [9].

Parameter Typical value or range
Duration of lightning flash 200¢ 300 ms
Number of return strokes per flash 3¢4
Time interval between strokes 40¢ 60 ms
Percentage of flashes with single strokes 20 %
Speed of stepped leaders 3x10m/s
Timeinterval between steps of stepped leaders 10¢mnn >4
The charge per unit length on the stepped leader (close to ground end) 0.001 C/m
Peak current in first return stroke 30 kA
Rise time of current of first return strokes p >a
Rate of change afurrent of first return strokes 10¢hn 1! k>4
Action integral for negative first strok€#//R 6x10A%a 02 NJ Wi
Action integral for negative subsequent stroK#¢/R 6x10A%2a 02 NJ Wi
Charge associated with first return stroke 5C
Speed oflart leaders 10" m/s
Length of dart leader 10¢70 m
Charge on dart leader 1C
Peak current of subsequent strokes 12 kA
Rise time of current of subsequent strokes noép >a
Rate of change of current of subsequent strokes 50¢mnn 1! k>a
Chargeassociated with subsequent strokes 1C
Percentage of flashes with continuing currents 30¢50 %
Duration of continuing currents 100 ms
Amplitude of continuing currents 100¢ 200 A
Peak current of Mcomponents 100¢ 200 A
Rise time oM-component current nnn >4
Duration of Mcomponent current 2ms

Table 1-2. Median values of the return stroke peak current taken from lightning research in some
countries of the world. Source: data from NTC 4552 [12].

Country Median value (kA)
United States of America 23
Swiss 30
Sweden 30
Poland 31
Malaysia 36
Brazil® 43
Zimbabwe (formerly Rhodesia) 42
Colombia? 43

(M Morro do Cachimbo, Minas Gerais, Brazil 1996.
@ Estimated value from electric field measurements at less than 100 km.
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In Colombia, the median value of lightning peak currents was estimated from electric field
measurements [12], while in Brazil, direct measurements were done at a lightning station
located on the top of Morro do Cachimbo mountain at 1430 m.a.s.l., through a 60 m high

instrumented tower [15].

Figure 1-5 shows the cumulative distribution probability of negative return stroke currents
for some countries placed in temperate zones (CIGRE, 1979) and in intertropical zones
(Colombia, Brazil, Malaysia, and former Rhodesia currently Zimbabwe). NTC 4552 states

that for Colombia and Brazil, the 50 % lightning current peak value is about 43 kA [10].
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Figure 1-5. Cumulative distribution probability of negative return stroke currents for countries placed
in temperate zones (Cigré) and in intertropical zone. Source: Adapted from NTC4552:2008 [12].

The lightning damage that someone or something suffers depends on the parameters of
the lightning discharge, the properties of the object or victim [5], and the characteristics of

the impact site.

Lightning strikes will often cause some damage that cannot be predicted before a physical
simulation, using high current tests in the laboratory. In the aerospace industry, some of
the studies on direct effects of lightning strikes over composite materials show the level of
damage, loss of mechanical properties and three modes of damage, namely: fiber damage
by reduction of length/diameter, resin deterioration by vaporization, and delamination by

separation of composite layers. Each of these damage modes is linked to a lightning
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simulation parameter: fiber damage to peak current of lightning strike, resin deterioration
area to electrical charge, and delamination projection area to the action integral of the
waveform [16].

1.2.1 Action integral

In a conductor subjected to an electrical current, heat is generated by its resistive

i mpedance due to Joule heating, al so known as ohr
current is high enough, the heat generated by the conductor itself could melt it. In lightning

research, the action integral, also called specific energy (or even prospective energy in [6]),

relates energy per unit resistance at the lightni
be dissipatedinalqr esi stor if the |lightning cur[lent were 1
Therefore, the action integral W/Ris related to amount of energy dissipated in a resistance,

@ 0 0Q0o =a- 1
Y

The integral limits O and t1 refers to the duration of the event or return stroke. The action

integral is measured in A°A o r q'1[3], [5]. A lightning protection applications, suitable

earthing system are needed to prevent hazard to life. For these systems, lightning damages

due to thermal effects is avoided selecting proper conductors, considering the highest

values from the statistical distribution of the action integral determined by the previous Eq.

11[3], [4], [17]. If energy is known, the increase in temperature of the object under study can

be calculated. Heating, melting, or even explosion of resistive materials and insulators

subjected to lightning currents are related to the value of the action integral [5]. Note that

the given value in Table 1-1 for W/R negative first return strokes of ¢ p T A2A (or J/q)

corresponds to the average percentage of cases that exceed 50 % for 101 strokes, data

taken by Berger et al. (1975), shown by Cigré WG C4.407 [8] in its Table 3.5.

To assess the maximum risk due to temperature rise, calculations often adopt fixed values
specified for the action integral, which are specified in the standards [18]. For example,
10 MJ/q is stated for the specific energy in Lightning Protection Level | (LPL I) according
to the IEC 62305-1:2010 [19].

On the other hand, on material-epoxy composite panels subjected to simulated lightning

impulses, a correlation between the type of damage and the applied current parameters
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has been presented [16], [20], [21]. Action integral has also widely used to correlate data
during studies of exploding wires [22].

1.2.2 Inductive impedance

Objects with an inductive impedance, such as wires and conductive materials, the peak
voltage V produced as result of a transient current through it will be proportional to the

maximum rate of change of the current di/dt as

w 0QX2o Eq. 2

where L is the inductance in henries of the object, i the current in amperes, and t the time.
In a lightning flash, the current could be direct or induced. For instance, if 1 m of conductive
material with an inductance L of 10 H carries a typical lightning current with rate of-rise of
di/dt= 10 A/s, across of that material can be generated 100 kV. In consequence, a fraction
of a typical peak lightning current can cause severe damage in equipment or living beings

by the generation of inductive voltage differences [23].

1.3 Lightning protection systems

Lightning flash to earth is a very high energy phenomenon, source of harm that may be
hazardous to living beings, structures, lines, and equipment [19], [24]. Lightning cannot be
avoided because they are probabilistic natural phenomena but reducing the risk their
harmful and deleterious effects can be reduced. According to international standard IEC
62305 fProtection against lightning 7 A | | ptlee rsdope @f a lightning protection system
(LPS) is to protect structures and equipment against direct lightning strikes and from
eventual fires and consequences of lightning currents, not necessarily causing ignition such
as surges in power lines. The lightning damages can range from catastrophic to minor.
Lightning protection measures must be implemented if required by local regulations or any

other directives.

Even though lightning protection is needed in buildings, structures, and equipment to avoid
financial losses, the not always disclosed main objective of a LPS is primarily to protect
people's lives against lightning effects. Serious consequences, traumata or death can occur
when lightning strikes a place with people (or living beings), even more in gathering places

such as markets, schools, hospitals, and meeting rooms. To reduce the risk, it is necessary
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that all endangered structures are permanently equipped with effective protection systems
against lightning. Table 1-3 present a relationship between source of damage, type of
damage, cause, and type of loss, according to information given in IEC62305-1.

Table 1-3. Relationship between source of damage, type, cause, and type of loss due to lightning
strikes. Source: adapted from data of IEC62305-1 [19].

Source of damage Type of damage Cause Typeof loss

S1: Strike to D1:injury to living beings by step and touch voltages
structure electric shock resulting from resistive and
inductive coupling

L1: human life
L4:economic value

D2: physical damage such as current resulting in ohmic
- immediate mechanical damag heating of conductors, or due
to the charge resulting in arc L1: human life

erosion (melting) L2: service teublic
- fire, explosion, chemica overvoltage resulting from  L3: cultural heritage
release resistiveand inductive L4: economic value

coupling and to passage of
part of the lightning currents

D3: failure of internal systems lightning electromagnetic L1: human life
pulse LEMP L2:service to public
L4: economic value
S2:  Near the Da3: failure of internal systems lightning electromagnetic L1: human life
structure pulse LEMP L2: service to public
L4: economic value
S3:  To lines D1:injury to livindeings by touch voltages inside the
connected to the electric shock structure ) .
. . L1: human life
structure caused by lightning currents

—

transmitted through the 4: economic value

connected line

D2: physical damage such as fire  sparks due to overvoltage L1: human life

explosion andlightning currents L2: service to public
transmitted through the L3: cultural heritage
connected line L4: economic value
D3: failure of internal systems overvoltage appearing on L1:human life
connectedines and L2: service to public
transmitted to the structure  L4: economic value
S4: Near the lines D3: failure of internal systems overvoltage induced on ) .
- L1: human life
connected to connectedines and

L2: service to public

structure transmitted to the structure : .
L4:economic value

by LEMP

Prevention is always the best measure of personal lightning protection. However, the
exposition to lightning risk is unavoidable for many human activities [25], [26], as well as for
buildings and structures that are exposed to lightning strikes especially in places with high
lightning activity. To reduce the risk and effects of lightning currents, lightning protection
systems have been developed for the objects to be protected, as well as methods,
standards, and guidelines. Currently, regard to human and livingb ei ngdés pr ot

lightning, there are very few technical references or standards, particularly when are outside

ect

on
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of buildings. International lightning safety standards are intended to protect structures and
often do not consider the effects of currents on people and living beings. To date, there are
not standards on methods or use of equipment to reduce the risks of lightning for humans
exposed to them. About this, onlythe t echni c al reportprdcd@dsTR 62 7 :
forreduct i on of r i sk oamerges with anaoutlsok to prevéntion ef bghtning
strikes in people with some information about actions that could be taken to reduce the risk
[25], [26].

1.3.1 Basic principles and usual methods of lightning protection

To protect against lightning effects the living beings, structures, and equipment, lightning
protection systems (LPS) are used. Usually, LPS consists of both external and internal

lightning protection systems for protection to reduce physical damage and life hazard [19].

An effective external LPS are intended to: 1- intercept or catch the lightning currents,
2- conduct, and 3- disperse them safely into the ground [19], [27], [28]. Figure 1-6 shows a
representation with the parts of a lightning protection system. Since lightning currents could
reach up to some hundreds of kiloamperes, materials and components of LPS should be
able to effectively carry these currents. The function of the internal LPS is to prevent
dangerous sparking within the structure, using equipotential bonding or a separation
distance between the LPS components and other electrically conducting elements internal
to the structure [19]. A complete LPS must be an effective protection of structures against
physical damage and to avoid injury to living beings caused by touch and step voltages.
Therefore, its main objective is to reduce the flow of dangerous currents through bodies

[28] and the overvoltages that they could cause.

The part of an external LPS that intercepts the lightning currents is known as air terminals,
all of which form one unit of the system. Its dimensions and materials should be adequate
to prevent it from exploding or vaporizing when struck by a lightning with very large currents.
The air terminals dimensions are specified in the international lightning protection standard
[27], [29]. The currents intercepted by air terminals must be safely transported to the ground
by the LPS across the called down conductors. The placement of down conductors must
consider that the current flow along them could rise a high potential, depending on the self-
inductance and the impedance at the grounding point, and there should be no metal

structures nearby of these down conductors as a side flash could be generated [29]. When
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nearby metal structures cannot be avoided, they must be joined by connecting to the down
conductors to potential equalization. Reducing the impedance at the ground end of the
down conductors reduce the probability of occurrence of side flashes. On the other hand,
the current flow along down conductors generate magnetic fields varying in time. The
interaction of these magnetic fields can generate induced voltages with any other
conducting loops in the vicinity, perturbing or even damaging electronic equipment around.
Additionally, the induced voltages could generate small discharges or sparks between small
gaps in conductors. Then, down conductors should be arranged to minimize these
undesirable voltages, for example, by placing them symmetrically (at least two) around the
structure to divide the current and minimize the magnetic field inside (see Figure 1-6). All
air terminals and down conductors should be connected appropriately to each other and to
the grounding system. Several down conductors around an object to protect it, establish

the Faraday cage topology for lightning protection [29].

_— air termination

1(1)/2 ) 7([)

down conductor

N\

I(1)/4
; V()
///‘
Tx

Figure 1-6. Parts of an external lightning protection system (LPS) formed by air terminations, down
conductors, and the grounding system with a ring conductor. Source: author.

1(1)/4

“~—— Grounding system

The Faraday’s shield

The best procedure to protect a building or an object from lightning strikes is applying the
Faraday cage concept. Ideal protection from both the currents and the electromagnetic field
of lightning is inside of an enclosed metal structure with no holes, openings, or apertures,
including that associated with through penetrations by conductors, tubes, or pipes such as
those of power or communication signals. This type of closed conducting structure is known

as electrodynamic Faraday cage, Faraday shield, or most commonly Faraday Cage.
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Although this conductive enclosure concept is not practical since most structures need
penetrations or windows, a systematic approach can be used considering that
electromagnetic fields and time-varying currents are strongly attenuated when propagating
inside closed conducting cages [7]. Even though it is not practical to completely enclose a
building with a complete metal cage, and is not really common [3], a practical Faraday cage
can be achieved using a conductive mesh, known as the mesh method [6], moreover when

several surrounding down-conductors are used in the LPS.

The Faraday shield is a protection against electromagnetic fields that can be used against
lightning indirect effects when very sensitive equipment needs to be protected against
lightning electromagnetic fields induced by near strikes. In this work the use of a protective

mesh will be shown as a protection measure against lightning currents.
Protection measures

To minimize the risk and losses due to lightning, protection measures are required. To
reduce the risk according to the type of damage can include the protection measures listed
and described in Table 1-4 that form the complete lightning protection. The most suitable
measures of protection shall be selected by the designer and the owner of the structure to
be protected. Such measures must consider the type and amount of each damage, the
technical and economic aspects of the protection measures, and the results of a risk

assessment [6], [19].

Table 1-4. Possible protection measures depending on the damage type. Source: from data of [19].

We\ D1: Injury of living beings by D2:physical damage D3:failure of electrical and
measur electric shock electronic systems
1 adequate insulation of exposed  air-termination system earthing and bonding
conductive parts measures
2 equipotentialization by means of ¢ down-conductor system magnetic shielding
meshed earthing system
3 physical restrictions and warning earth-termination system line routing
notices
4 lightning equipotential bonding lightning equipotential isolating interfaces
(EB) bonding (EB
5 - electrical insulation (and coordinatedsurge protective

hence separation distance) devicesystem
against the external LPS

The entire IEC 62305 standard presents methodologies to ensure risk reduction and avoid
physical damage or life hazards and particularly IEC 62305-2 gives the criteria for risk
assessment and guidelines for selection of the most suitable protection measures, while

IEC62305-3 provides orientation on the use of materials, components, and equipment to
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conform a LPS. These materials can be considerably heavy, large or bulk in most of the
cases making it difficult to have an appropriate LPS in some places such as outdoor,
faraway, backcountry or not easily accessible locations, where it is very difficult the use of
such materials, leaving people activities in that situations exposed permanently to a
catastrophic risk [30].

In lightning protection, the safety level class of a lightning protection system (LPS) is
designed according to different protection levels related to lightning protection levels (LPL)
[4], [19], [27]. Table 1-5 reports the maximum values for the various lightning parameters

according to the level of lightning protection. The LPL corresponds to the class of the LPS.

Table 1-5. Maximum values for the four lightning protection levels. Source: taken from [19].

First positive impulse LPL
Current parameters Symbol Unit | I Il ‘ \%
Peak current / kA 200 150 100
Impulse charge QsHorT C 100 75 50
Specific energy W/R MJ/ q 10 5.6 2.5
Time parameters T/ T2 ps / us 10/ 350
First negative impulse* LPL
Current parameters Symbol Unit | 1] [
Peak current / kA 100 75 50
Average steepness di/dt kA/ us 100 75 50
Time parameters T/ T2 ps / ps 1/200
Subsequent impulse LPL
Current parameters Symbol Unit | Il 1] \%
Peak current / kA 50 375 25
Average steepness di/dt kA/ us 200 150 100
Time parameters T/ T2 ps / ps 0.25/100
Long stroke LPL
Current parameters Symbol Unit | 1] 1] v
Long stroke charge QLone C 200 150 100
Time parameters TLonG S 0.5
Flash LPL
Current parameters Symbol Unit | 1] 1] v
Flash charge QFLAsH C 300 225 150

The procedures used widely to protect structures from lightning flashes are conceived to
place air-terminals and to intercept adequately the lightning currents by the attaching

process of the down-coming stepped leader and the upward connecting leaders. These
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methods are the protection angle (or cone of protection), the electro-geometric, the rolling
sphere, and the mesh method. In these approaches some assumptions are taken which
are generally accepted to simplify the design process of the lightning protection system.
There is a vast technical, scientific, and commercial literature that develops these topics
clearly and very well [6]i [8], [10], [29], [31]. It is important not to lose sight of the fact that
protections should also act to protect against induced lightning currents such as produced

by power lines or metallic fences struck by lightning currents.

1.3.2 Standards and guidelines related to lightning

Lightning protection systems are considered the most useful measure against the risk
caused by lightning, which is why norms, standards, and guidelines have been developed
and adopted in many countries around the world. In Colombia, the Technical Regulations

for Electrical Installations (Reglamento Técnico para las Instalaciones Eléctricas | RETIE)

hasinc|l udedi ¢ hteniing protection requirementso

2015, which consider to follow and apply the recommendations of the international standard
series IEC 62305 and the Colombian standard NTC 4552 [32].

The main purpose of lightning protection systems is primarily to protect people's lives
against lightning currents. Standards such as the risk management document IEC62305-2,
used to calculate the potential risk against lightning to living beings as well as financial
losses in conventional structures, are ultimately intended to protect lives and properties by
reducing exposure to risk. The International classification of standards related to lightning
protection are identified as ICS 91.120.40 (ISO 91.120 Protection of and in buildings i 40
Lightning protection). The most relevant standards and guidelines related to lightning
protection are listed below in Table 1-6 , some of which have been introduced throughout
this chapter. The most relevant international standards related to lightning protection and
its effects are the set of IEC 62305, the set of IEC 62561, IEEE Std 1410, IEEE 998, and
NFPA 780 which include important definitions and criteria to be used in lightning protection
systems. Local standards most relevant to lightning protection for Colombia and Brazil are
the set of NTC 4552 and the set of NBR5419. NTC 4552 is a modified standard based in
the IEC 62305, as also the NBR5419 but the latter was supplemented with other elements

and local research.
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Table 1-6. Standards, guidelines, and norms related to lightning and lightning protection. Source:
IEC webstore [33], IEEE SA [34], ABNT Brazil [35], and ICONTEC Colombia [36].

Standard or guideline

Title

Brief description or reference

IEG623051:2010

Protection against lightningPart 1: General
principles

Provides general principles to be followec
for protection of structures against
lightning, including their installations and
contents, as well as persofi9]

IEG623052:2010

Protection against lightningPart 2: Risk
management

Applicable to risk assessment for a
structure due to lightning flashes &arth.
Its purpose is to provide a procedure for
the evaluation of such a risk. Once an
upper tolerable limit for the risk has been
selected, this procedure allows the
selection of appropriate protection
measures to be adopted to reduce the ris
to or below the tolerable limif24]

IEG623053:2010

Protection against lightningPart 3: Physical
damage to structures and life hazard

Provides the requirements for protection
of a structure against physical damage by
means of a lightning protection system
(LPS), and for protection against injury to
living beings due to touch and step
voltages in the vicinity of an LPS (see IEC
623051)[27]

IEG623054:2010

Protection against lightningPart 4:
Electrical and electronic systems within
structures

provides information for the design,
installation, inspection, maintenance and
testing of electrical and electronic system
protection (SPM) to reduce the risk of
permanent failures due to lightning
electromagnetic impulse (LEMP) within a
structure[37]

IEG504791:2018

Effects of current on human beings and
livestock- Part 1: General aspects

provides basic guidance on the effects of
shock current on human beings and
livestock It isnot intended for use by
manufacturers or certification bodies

IEC 60472:2019

Effects of current on human beings and
livestock- Part 2: Special aspects

describes the effects on the human body
when a sinusoidal alternating current in
the frequency range above 100 Hz passe:
through it

IEC TR 604721998

Effects of current on human beings and
livestock- Part 3: Effects of currents passing
through the body of livestocfwithdrawn,
replaced by IEC 6047192018

Replacedy IEC604791:2018 Provides
basic guidance on the effects of electric
currents oncattle for use in the
establishment of electrical safety
requirements

IEC TR 604742020

Effects of current on human beings and
livestock- Part 4: Effects of lightningtrokes

shows the differences of effects on huma
beings and livestock due to lightning
strokes versus those effects of electric
shocks derived from electrical systems
Includes worldwide lightning occurrences
and climatic effectsdirect or indirect
related effects to lightning injuries to the
human body and some safety procedures
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Standard or guideline

Title

Brief description or reference

IEC TR 604722007

Effects of current on human beings and
livestock- Part 5: Touch voltage threshold
values for physiological effects

provides touch voltageluration
combinaton thresholds relate to specific
environmental and contact conditions that
determine body impedance faome
current pathways

IEC 625611:2017

Lightning protection system components
(LPSQG)Part 1: Requirements for connectior
components

specifies the requirements and tests for
metallic connection components that form
part of a lightning protection system (LPS
[33]

IEC 6256:2:2018

Lightning protectiorsystem components
(LPSOG)Part 2: Requirements for conductors
and earth electrodes

specifies the requirements and tests for
metallic conductors (other than "natural”
conductors) that form part of the air
termination and dowrconductor systems
andmetallic earth electrodes that form
part of the earthtermination system

IEC 6256:B:2017

Lightning protection system components
(LPSG)Part 3: Requirements for isolating
spark gaps (ISG)

specifies the requirements and tests for
isolating spark gaps (ISf@8y lightning
protection systems

IEC 625614:2017

Lightning protection system components
(LPSOG)Part 4: Requirements for conductor
fasteners

deals with the requirements and tests for
metallic and normetallic conductor
fasteners that are used teetain and
support the airtermination, down
conductor and eartkftermination systems

IEC 62565:2017

Lightning protection system components
(LPSOG)Part 5: Requirements for earth
electrode inspection housings and earth
electrode seals

specifies the requements and tests for
earth electrode inspection housings
installed in the earth and for earth
electrode seals

IEC 625656:2018

Lightning protection system components
(LPSCG)Part 6: Requirements for lightning
strike counters (LSC)

specifies the requinments and tests for
devices intended to count the number of
lightning strikes based on the current
flowing in a conducto

IEC 625617:2018

Lightning protection system components
(LPSG)Part 7: Requirements for earthing
enhancing compounds

specifies the requirements and tests for
earthing enhancing compounds producing
low resistance of an earth termination
system

IEC TS 62568:2018

Lightring protection system components
(LPSG)Part 8: Requirements for
components for isolated LPS

specifies the requirements and tests for
insulating stanebffs, used in conjunction
with an airtermination system and down
conductors with the aim of maintaininthe
proper separation distance, and the
requirements and tests for insulating
downZonductors, including their specific
fasteners, able to reduce the separation
distance

IEC TR 62713:2013

Safety procedures for reduction of risk
outside astructure

It is not a standard but a technical report
with several advices and procedures
against risklt should be noted that so far
there are no means to avoid lightning.
However, by following some elementary
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Standard or guideline

Title

Brief description or reference

rules, people can be protected against its
deleterious effects

IEC 62793: 2D

Protection against lightningThunderstorm
warning systems

describes the characteristics of
thunderstorm warning systems (TWSs) ta
implement lightning hazard preventive
measures

IEC 616431:2011

Lowvoltage surge protective device®art
11: Surge protective devices connected to
low-voltage powersystems Requirements
and test methods

applicable to devices for surge protection
against indirect and direct effects of
lightning or other transient overvoltages

IEC 62858:2(L

Lightning density based on lightning locatio
systems (LLS)General principles

introduces and discusses all essary
measures to make reliable and
homogeneous the values bhtning
groundflashdensity NGand ground strike
point density NSG, obtained from lightnint
location systems (LLSs) in various
countries. Only parameters that are
relevant to risk assessment are considere

IEEE Std 1412010

IEEE Guide for Improving the Lightning
Performance of Eledtr Power Overhead
Distribution Lines

factors that contribute to lightningaused
faults on the line insulation of overhead
distribution lines and suggested
improvements to existing and new
constructions are identified in this guide

IEEE 998996

IEEESuide for Direct Lightning Stroke
Shielding of Substations

Design information for the methods
historically and typically applied by
substation designers to minimize direct
lightning strokes to equipment and
buswork within substations is provided.
Two appr@ches, the classical empirical
method and the electrogeometric model,
are presented in detail

SAE ARP 542013

Aircraft Lightning Environment and Related
Test WaveformgAerospace Recommended
Practiceq ARP)

the environment and test waveforms
defined in this SAE Aerospace
Recommended Practice (ARP) account fc
the best lightning data and analysis
currently available. The quantified
environment and levels herein represent
the minimum currently required by
certifying authorities, consistent witthe
approach applied in related lightning
documents

IEC 6006a:2010

Highvoltage test techniquesPart 1:
General definitions and test requirements

applies to dielectric tests with alternating
voltage; dielectric tests with direct voltage
dielectric tests with impulse voltage and
dielectric tests with combinations of the
above. This document is applicable to tes
on equipment having its highest voltage f
equipment Um above 1 kV

IEC 6006@:2010

Highvoltage test techniquesPart 2:
Measuring systems

applicable to complete measuring system
and to their components, used for the
measurement of high voltages during
laboratory and factory tests with direct
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Standard or guideline

Title

Brief description or reference

voltage, alternating voltage and lightning
and switching impulse voltages

IEC 6006(3:2006

Highvoaltage test techniquesPart 3:
Definitions and requirements for esite
testing

Applicable to orsite test voltages and in
service stresseslirect voltage alternating
voltage lightning impulse voltage of
aperiodic or oscillating shapswitching
impulse voltage of aperiodic or oscillating
shape

NFPA 780 ZD

Standard for the Installation of Lightning
Protection Systems, 2011 Edition

provides lightning protection system
installation requirements to safeguard
people and property from fireisk and
related hazards associated with lightning
exposure

IEEE Std-2013

Standard for higfvoltage testing techniques

Standard methods and basic techniques {
high-voltagetesting applicable to all types
of apparatus for alternating voltages, diret
voltages, lightning impulse voltages,
switching impulse voltages, and impulse
currents are established in this standard

IEEE Std 82013

IEEE Guide for safetyACsubstation
grounding

This guide is primarily concerned with
outdoor ac substations. These include
distribution, transmission, and generating
plant substations

IEEE Std 1582013

IEEE Guide for performing dtash hazard
calculations

This guide providesmathematical models
for designers and facility operators to app
in determining the ardlash hazard
distance and the incident energy to which
workers could be exposed during their
work on or near electrical equipment

IEEE Std 162000

Theauthoritative dictionary of IEEE Standart

It establishesan authoritative common

7th edition terms language that setsommontechnical
criteria
IEEE Std 532020 IEEE Standawkfinitions fortermsrelating Definitions and usage of terms used in the

to corona andfield effects ofoverhead
power lines

measurement and analysis of corona and
field effects of overhead power lines are
presented in this standard

IEEE Std 1043016
IEEE Std 10482021

IEEE Guide farotective grounding ofpower
lines

Guidelines are provided for Temporary
Protective Grounding (TPG) of electric
power lines to assist in protection of
workers from voltages and currents that
might develop at a denergized worksite
during maintenance of ac overhead and
underground, transmiion and
distribution lines, cables, and equipment

IEEE 142007

IEEE Recommended Practice for Groundin
of Industrial and Commercial Power Systen

The advantages and disadvantages of
grounded vs. ungrounded systems are
discussedMethods ofprotecting
structures against the effects of lightning
are also covered
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Standard or guideline Title Brief description or reference

FAASTDB019e 2005

Lightning and surge protectipgrounding
bonding and shielding requirements for
facilities and electronic equipment

The requirements of this standard provide
a systematic approach to minimize
electrical hazards to personnel,
electromagnetic interference and damage
to facilities and electronic equipmefitom
lightning, transients, ESD, and power faul

Local and regional standards

NTC 4120:1997
Colombia

Efectos de la corriente sobre los seres
humanos y los animales domésticesarte 1.
Aspectos generalg&ffects of current on
human beings and livestocRart 1 General
aspects formerlEC 479)

It is an equivalent standaraf the former
international standard IE€71-1:1987
(currently IEC 604%¢1:2018)

NTC 4552:2008
Colombia

Proteccion contra descargas eléctricas
atmosféricas (rayos). Parte 1: Principios
generales (IEC 623052006 Modified).

It is a modified ®ndard based on the
international standard IE623051:2006

NTC 4552:2008
Colombia

Proteccién contra descargas etdcas
atmosféricas (rayos). Parte 2: Manejo del
riesgo (IEC 623652006 Modified).

It is a modified ®ndard based on the
international standard IE623052:2006

NTC 4553:2008
Colombia

Proteccion contra descargas eléctricas
atmosféricas (rayos). PaB: Dafios fisicos a
estructuras y amenazas a la vida (IEC 623(
3:2006 Modified).

It is a modified standard based on the
international standard IEC 623@52006

NTC 4591:2013

Técnicas de ensayo a alta tension.

It is an equivalentstandardof the

Colombia Definiciones generalesrgquisitos de ensayc international standard IEG)660-1:2010
(IEC 6006Q.: 2010).

NBR54191:2015 Prote¢do contra descargas atmosféricas Protection against lightningPart 1:

Brazil Parte 1: Principios Gerais General principles

NBR5412:2015 Protecdo contra descargas atmosféricas Protection against lightningPart 2: Risk

Brazil Parte2: Gerenciamento de risco management

NBR541%8B:2015
Brazil

Protegdo contra descargas atmosféricas
Parte3: Danos fisicos a estruturas e perigos
vida

Protection against lightningPart 3:
Physical damage to structures and life
hazard

NBR5419%8B:2015
Brazil

Protecdo contra descargas atmosférieas
Parte 4:Sistemas elétricos e eletrdnicos
internos na estrutura

Protection against lightningPart 4:
Electrical and electronic systems within
structures

NBR6938981
Brazil

Técnicas de Ensaios Elétricos de Alta Tens
Guia De Aplicagdo Papaspositivos De
Medicéo ithdrawn)

Highvoltage test techniqueg Guide to
application for measurindevices Related
to NBRIEC 600eDand NBRIEC 60020

NBRIEC 600602013

Brazil

Técnicas de Ensaios Elétricos de Alta Tens
Parte 1:Definicbes Gerais e Requisitos de
Ensaio

Highvoltage test techniquesPart 1:
General definitions and test requirements
Equivalent toNBRIEC 600602010

NBRIEC 600602016

Brazil

Técnicas de Ensaios Elétricos de Alta Tens
Parte 2:Sistemas de medigéo

Highvoltage test techniquesPart 2:
Measuring systems. EquivalentKBRIEC
600602:2010
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People can be protected against lightning deleterious effects following some basic
procedures. Although the technical report IEC / TR 62713: 2013 (Safety procedures for
reduction of risk outside a structure), presents lightning to the non-specialists in lightning
protection, it points out some recommendable actions in the presence of electrical storms,
as well as lightning protection measures to contribute to the prevention of lightning injuries
and damages, even though there are currently no means to avoid lightning strikes.

Concepts related to personal lightning protection will be discussed in the next chapter.

1.4 Concluding remarks

In this chapter some basic concepts and definitions about the phenomenon of lightning and
lightning protection systems (LPS) were introduced. It was shown the uneven distribution
of lightning activity determined by the mean number of ground strike points per square
kilometer per year over the world and how some areas have an increased activity along the
time. That activity is important to be considered in the design of lightning protections as
also the lightning parameters that can cause damage. These parameters are mainly the
peak current, the maximum rate of change of current, the integral of the current over time
or charge transferred, and the integral of the current squared over time or action integral,
concepts that will be use in following sections. LPS are intended to intercept, conduct, and
disperse safely into the ground the hazardous lightning currents. The Faraday shielding
concept serves as the basis for safe current diversion methods that will be used to the
development of this work. To minimize the economical and life losses, the international
standards and guidelines give guidance about principles to be followed for protection of

structures against lightning, including their installations and contents, as well as persons.

Although a risk assessment is a tool for determining the need and extent of protective
measures that may be required according to IEC 62305, as will be discussed later, damage
to people and loss of life may be considered unacceptable from the very beginning of any

study. Therefore, any measures taken to reduce the risk should always be considered.
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Technical reports show lightning-related mortality ranging from as high as 30 % to as low
as 5 %. Despite these varying rates, lightning remains a real hazard during outdoor
activities, mainly in places with increased risk due to its high lightning activity [38], [39].
Most of the lightning-caused fatalities and permanent injuries occurs in open outdoor areas.
This is true, but in the developed world for most of lightning injuries reported. For many
reasons, in developing countries this may not be true [40]. What is always true is that
lightning currents can have deleterious effects on the people, animals, and other living
beings when it crosses through their bodies.

This chapter will present information on the effects of lightning currents on the body, the
hazards and risk of direct and indirect lightning currents, the coupling mechanisms between
lightning and victims, and some outlook about models of the human body that could be
applied for research on lightning effects and protection, all from an engineering point of
view avoiding the use of highly specialized medical vocabulary or explaining it where

necessary.

2.1 Effects of lightning currents and damage to people

Considering the lightning currents and the impedance of living beings bodies with an
electrical linear behavior, then, these must obey the Ohm’s law. The body impedance
values depend on several factors such as the current path, touch voltage, frequency of the
current, duration of the current flow, moisture of the skin, pressure applied and temperature,
and surface area of contact [41]. Values of body resistance including skin range from 500 q

to 3000 q with the internal resistance of approximately 300 q [41]i [43].
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If a mean lightning current strike the head of a person the voltage from feet to head could
reach up to about 30 MV, considering a mean lightning peak current value of 30 kA, such
as that of Table 1-1, and a body impedance of about 1 kq. With this high voltage value,
most of the time a larger portion of the lightning current flows on the body surface, as a
flashover, avoiding the flow inside it. In homogeneous conditions, to produce an air
breakdown to spark formation it is required an electric field of 3 MV/m (30 kV/cm), i.e., for
a 1.8 m tall person, a voltage of more than 5.4 kV is enough to produce a flashover. On the
other hand, if it is considered an internal resistance of the human body of 300 q [43], the
voltage feet to head caused by a 30 kA lightning could be up to 9 MV, still enough to produce
an outside flashover. This effect is likely the responsible of many people have survived after
a direct lightning strike [39], [40], [43]i [45] as will be discussed below.

The danger to people mainly depends on the current path, magnitude, and duration of the
current flow, even though some injuries are not directly related to the path of the currents.
The impedance of a human body's pathway varies with the touch voltage, resulting in a
non-linear relationship between current and voltage. Therefore, the data on this relationship
is required. The admissible limit of touch voltage (i.e., the product of the current through the
path of the body T called touch current i and the body impedance) as a function of time is
the basic criterion of the danger. The parts of the human body (such as the tissues, joints,
muscles, skin, blood, etc.) present to the electric current a certain impedance composed

mainly of resistive and capacitive components [41], [46] but also inductive ones.

2.2 Lightning hazard and risk

Hazard and risk are concepts often confused with each other. According to the online

Oxford Dictionary,hazardfii s somet hing that can bedadgemger ous
iis the possibility of something happening that
or destroy soskéibBi hpe; pasedibility of something
in the future, a situation that could be dangerous or have a bad resul t[4@]. Figure 2-1

shows an adaptation of a graphical piece from European Food Safety Authority i EFSA

about the concepts of hazard and risk with an example for lightning [48]. According to the

Authoritative Dictionary of IEEE Standards Terms (IEEE Std 100-2000), ha z ar dthread A a

to the health, survival, or reproduction of an organism from some natural or artificial agent

oreventdo whi | e measuselof thie prob@hdlity of experiencing harm from one or more

hazards (e.g., accidents, toxic chemicals)o[49].
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Hazard VS. Risk

A Hazard is something that has the Risk is the likelihood of a hazard
potential to harm you causing harm

LIGHTNING

K

i

n
Lightning is a hazard Standing under a tree during a

thunderstorm is a risk

* o
- f EFSA s the keystone of EU risk assessment regarding food and feed safety. In dose collaboration with national
- e S a [ O] authorities and in open consultation with its stakeholders, EFSA provides independent scientific advice and

European Food Safety Authority dear communication onexisting and emerging risks.

fuwopean Food Satety Athrty, 2016, Ry authorsed, exceptfor purposes, rovided thatthe source s aknowlchyed www.efsa.europa.eu

Figure 2-1. Banner of EFSA about the difference between Hazard and Risk, here particularly for
lightning. Source: adapted from www.efsa.europa.eu [48].

In the Canadian Centre for Occupational Health and Safety website (www.CCOHS.ca), one
can found that fAa hazard is any source of potenti i
on something or someone. Basically, a hazard is the potential for harm or an adverse effect
(for example, to people as health effects, to organizations as property or equipment losses,
or to the environment) o, and on the ot her hand th
person will be harmed or experience an adverse health effect if exposed to a hazard. It may
also apply to situations with property or equipment loss, or harmful effects on the
envi r onfS@leAhazard is something that poses an immediate or long-term health
effects on the environment or people, while a danger is something that poses an immediate
physical or chemical effect. Then, hazard is more general than danger, and risk quantify
the probability of the hazard negative effect. The higher the risk, the worst the hazard effect.


http://www.efsa.europa.eu/
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As it was shown in the example of Figure 2-1, lightning strikes are a hazard, but when

someone is exposed against them in unsafe conditions they become in a risk. John

Jensenius, retired specialist on lightning safety of U.S. National Weather Service, stated

circa 2006 that: nAPeople are struck because t he
The wrong place is anywhere outside. The wrong time is anytimeat hunder st orm i s n
[51], [52]. The greatest risk for a person, in worst place and at worst time, could be to stay

outdoors near a tree or a tall structure in the interval before the approach and after the

retreat of a thunderstorm, in a season prone to a high lightning activity, within the time frame

of the day with the statistically reported highest lightning activity, and away from medical

support.

According to IEC62305-2, risk i s  value of grobable average annual loss (humans and
goods) due to lightning, relative to the total value (humans and goods) of the structure to
be protectedd , tmlerdbleriski s mdxieuniivalue of the risk which can be tolerated
for the structure to be protectedd[24]. The representative value of annual tolerable risk in
the standard for loss of human life or permanent injuries is 10'° a'%, this is the 10 % of the
risk value assumed for loss of cultural heritage, and 1 % of the risk value for loss of service
to the public and for loss of economic value. IEC62305-2 states that it is fthe responsibility
of the authority having jurisdiction to identify the value of tolerable riskd , t hen, it is
to adopt as Non-tolerable the risk of loss of human beings for lightning protection regardless

of the economic cost.

Some factors are determinant in assessing the risk of lightning injury as shown in Table 2-1
where the main factors that could be used to determine the risk of being injured by lightning

is summarized.

Table 2-1. Determining factors in the risk of being injured by lightnings. Source: adapted from [40].

Exposure

Lightning density, measureas flash rate density FRD
but in number of cloudo-ground flashes/square
km/year (CG flashes kfa)

Population density

Availability of safe areas ®scape from lightning

Existence of lightning safety guidelines

Knowledge of lightning safety guidelines

Compliance with guidelines
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2.3 Interaction mechanisms between lightning and
victims
Several lightning-caused traumata are recognized by the interactions with their victims as
coupling mechanisms, either electrical, nonelectrical, or a combination of both. Electrical
currents, heat production and concussive forces are the main ways of injury [26], [53].
Figure 2-2 lists the interactions of the lightnings that can harm living beings grouped
according to the main mechanism type. All these mechanisms include the effect of electric
current on the body tissues, burns due to dissipation of electrical energy as thermal energy,
mechanical trauma through a variety of mechanisms including being thrown due a
transmitted shockwave, flying debris (or shrapnel) from an object in the vicinity due to
shockwave or the direct strike, fall secondary to being struck or due to muscle contraction
reaction [54]. Indirectly, lightning may injure through fires, in forest or in house, falling

objects, or explosions [38].

( Mechanisms of lightning injuries )

Electrical Nonelectrical
Direct currents
1. Direct strike
2. Contact potential
3. Upward streamer
currents

Mechanical
6. Barotrauma

7. Shrapnel

8. Falls and secondary
falling object impacts

Combination of
both electrical and
nonelectrical

Indirect currents

4. Side flash or splash

5. Step potential (a.k.a.
earth potential rise
or ground currents)

EM radiation

Radiation
9. High energy radiation
10. Light

Lightning-ignited fires

N J

Figure 2-2. Mechanisms of lightning interactions that can injure living beings. Source: author.

2.3.1 Electrical mechanisms of lightning injuries

As electrical phenomenon, lightning has electrical mechanism of interaction with humans
and living beings. In technical literature it is possible to find that there are seven or eight
coupling mechanisms that have been identified to explain the interactions between lightning
and humans [55], [56]. There are five well-identified and recognized electrical-based
mechanisms of lightning interactions caused by direct and indirect electrical currents that
can produce different pathologies: direct strikes, contact potential, side flash or side splash,
step potential (also known as earth potential rise or ground currents), and upward streamer
currents [3], [55], [57]. These mechanisms are related to estimated number of fatalities in

developed countries, but there are not estimates for developing countries [38], [58]. Most
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lightning injuries involve at least one of these physical mechanisms and often some

combination of them.

a. Direct Strike. It occurs when the lightning flash directly strikes the body. Sometimes the
current at the base of the lightning channel cross into the victim body from the strike point
[4], [38] but it has shown that frequently it is formed an outside surface flashover. i T h e
surface flashover reduces the damage that would have occurred to the body if all current
had f | owe d[7]i That euitemdasrugtine discharge could have a fprotective effectd
by avoiding dangerous currents from entering the body [7], [45]. Direct strike most often
occurs in outdoors when people does not have a safe location to shelter. The head and
shoulders are the main targets of attachment when a lightning strikes directly a human
being [58].

Direct strikes are often thought to be the most likely lightning-cause fatalities, but there are
no studies on the relative fatality rate for each strike mechanism and the estimated death
occurrences is based on the examination of thousands of cases by physicians and
specialists. The figure most accepted for the frequency of fatalities by direct strikes

corresponds to 3 % to 5 % of all lightning deaths in developed countries [3], [38], [59].

Figure 2-3 depicts a sequence of the electrical situation to understand the interaction of
direct lightning with the human body presented in the book of Uman [7]. Lightning it is
assumed to start flowing between feet to head from the ground, increasing over time during
the upward-connecting leader phase. Here in this phase, the inside currents that enable
upward streamers are related as another cause of injury as will see below. During this
period of about 1 ms or more, the inside body current and voltage increase from zero to
100 A and from zero to 70 kV (Figure 2-3 a). Subsequently, the first stage of the return
stroke from 100 A at the end of previous phase up to 1000 A in takes a time of about 1 €s
(Figure 2-3 b). Assuming a critical electric field intensity of about 500 kV/m to breakdown
in a gap of the average human heigh, this is 1.8 m, a flashover through the air beside the
surface of the human body will be expected if the voltage between head and ground
exceeds about 900 kV (i.e., 500 kV/m x 1.8 m). If the person is wet as in a rainy case, the
electrical field intensity for breakdown may be lower by up to a factor of about two, lowering
the value of the breakdown voltage. Consi dering the body resistanc
1 4 0 Oandgaken the middle value of 700 q, a flashover at 900 kV corresponds to lightning
current across the body of approximately 1.3 kA (i.e., 900 kV/700 q) as shown in Figure
2-3c.
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Figure 2-3. Electrical aspects of a lightning strike to a human: (a) upward-connecting leader phase,
(b) initial return stroke phase, and (c) surface flashover at | = 1.3 kA and V = 900 kV and thereafter.
Source: adapted from Uman [7, p. 126].

In this flashover phase, the body current increases from 1 kA of the previous phase to 1.3
kA, allowing the breakdown besides the body surface, lowering the voltage and the current
body t he
rise to peak value, reaching tens of thousands of amperes, in Figure 2-3 ¢, up to 30 kA.

in the body. The surface flashover besidest h e occurs in return
The typical electric field along any arc, here formed through the air outside the body, is
about 2 kV/m. Thus, the flashover reduces the voltage head-to-ground from 900 kV to 3.6
kV (i.e., 2 kV/m x 1.8 m), lowering the inside current from a peak of about 1.3 kA to about
5 A (i.e., 3.6 kV/700 q) in a time around 1 ¢s, maintaining this value until the outside
flashover disappear. Therefore, it is very likely that the surface flashover has a protective

effect against lightning, preventing death as suggested on the works of [7], [45], [60], [61].

b. Contact Potential. Also, it is known as touch potential or contact voltage. It has been
estimated that contact injury occurs in about 3 % to 5 % of all lightning-caused fatalities
[38], [59]. It occurs when a person or animal makes direct contact onto an object struck by
a lightning. Between the ground, as the first contact point of the victim, and the contact or
hold point between both the struck object and the victim, as the second point, it is formed
a parallel impedance where the current divides, resulting in a voltage gradient. This
mechanism is common when a living being touch objects struck by lightnings that are good
conductors or not good insulators such as metallic structures, wire fencings, hard wired
telephones, plumbing or trees. Another unusual way of contact potential is through wet
ropes where lightning currents can go through and should be avoided as could be

equivalent in risk to conductive wires [62], [63].
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c. Side Flash. Also, it is known as side splash. This mechanism accounts for about 30 %
to 35 % of lightning-related fatalities. It occurs when a streamer jumps form a lightning
struck object such as a tree, structure, a pole, or building, down to a nearby victim, also
occurring from person to person. Then, the main current is diverted between the two paths,
like in the contact potential mechanism, in inverse proportion to resistance of each path.
The entire lightning current or a part of it may pass through the victim [58]. Standing under
or close to trees or other tall objects is dangerous and must be avoided during or near a
thunderstorm (approaching, during, and moving away). [3], [38], [58]. In someone standing,
for example near a tree, a side flash may hit any part of the body [58]. These electrical

coupling mechanisms between human and lightning are depicted in Figure 2-4.

Figure 2-4. Mechanisms of electrical lightning interactions that can injure humans: a) direct strike,
b) contact potential, ¢) side flash, d) earth potential rise, and e) upward streamer. Source: adapted
by the author from VDE e.V. [64] and from Cooper et al. [38].

d. Earth Potential Rise (EPR). Also known as step potential, step voltage, or ground
current, this mechanism has been estimated to cause death in approximately 50 % to 55 %
of all lightning accidents [59]. This occurs because soils are not perfect conductors but
consists of layers with finite resistance. However, it is assumed that lightning currents
injected into the ground travel through it as they would in a conductive material. If an
individual has points of contact with the non-ideal ground in the vicinity of the strike point,
a potential difference is set up between the contact points of the victim by the ground

resistance and the current flow [3]. It is said then that the voltage of the earth is raised [38].



64 Analysis and Development of a Personal Portable Lightning Protection

Assuming the soil as uniform and isotropic, the lightning current would spread out into the
ground uniformly around a hemisphere, as represented in Figure 2-5 (a), then the total
current passing through any hemisphere layer at a radial distance r will be the total current
applied by the lightning in the strike point [4]. Then, the current density J(t) for any

hemisphere at any time t at a distance r is given by Eq. 3,

00 Eq. 3

VO ——
¢l

Considering a homogeneous soil with a conductivity G, the electric field E(t) at any point on

hemisphere of radius r is given by Eqg. 4 and represented in Figure 2-5 (b),

bo oo Eq. 4

The potential difference V between two points separated a distance sin the direction of r is

given by Eq. 5, and its maximum value given by the peak current as shown by Eqg. 6.

W —I — i i —

0o . 0o L ™ p p Eq. 5
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O p p Eq. 6

E (1)

I(t) 1(n

a) b)

Figure 2-5. Schematic representation out of scale of (a) current density I(t) at a distance r and (b)
the electric field E(t) in a uniform and isotropic soil due to an electrical current. Source: author.

According to Eq. 6, these voltages in the ground decrease in magnitude with distance from

the strike point [42]. The closer the contact points are to the strike point, the greater the
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potential rise between those points. As shown in Figure 2-6, the potential on earth between
the victim contact points is higher near the location of a cloud-to-ground lightning strike. A
voltage of enough level between contact points can cause serious injury if currents flowing
inside the body pass through a vital organ. More damage it is expected as the distance
increase between these contact points. For example, head to heels in a lying down on the
ground, or front and rear legs of four-legged animals have greater potential values than
between the feet in a person who is walking. Considering the heart between the front legs
in cattle, a moderate lightning strike could produce enough potential difference in the path

of the currents to cause an infarction or any other serious injury [65].

In Figure 2-6 is represented out-of-scale the lightning strike point, the electric field funnel
inverted, the concentric equipotential lines, and three situations: a person lying down on
the ground, a person walking close to the strike point, and a person walking approaching

to the strike point but at a safe distance.

Lightning

22

Lines of current flow

Figure 2-6. The earth potential rise on the ground can produce the circulation of dangerous currents
inside the human body. The closer to the strike point, the greater the potential rise. The lightning
currents also can flow as surface arc discharges in some conditions as shown for a hill struck by

lightning and some pat hs cSowce:sauthohadaptedfiom @5],¢66]i mber 6 s

Additionally, current flow lines in surface trajectories are depicted for a case in which

lightning strikes the top of a hill and the current passes thorough the body of a climber.
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Commonly, the high resistivity of the rock and soil composition of upper part of mountains
and hills contribute to lightning currents flow as arc discharges along the surface [66].

As shown before, the soil type, the lightning peak current, the distance to the strike point,
and the contact points separation are the parameters to estimate the voltage produced.
However, despite not being included in the equation, the organism's body condition plays

an important role in the consequences of the injury.

Some estimated values of the potential difference between contact points for a 1.8 m tall
person with a 0.5 m step are provided in Table 2-2. We considered a typical current peak
value of 30 kA (from Table 1-1), an ideal soil with a typical conductivity of uplands of
0= 0.016 S/m [67], [68], and a safe distance as one that produces less than 200 V between
the 0.5 m step, that is, 30 m. Soils with lower conductivities lead to higher voltage values.
Only by taking a lowlands type soil, with a conductivity greater than upland ones, for
example of U= 0.120 S/m according to [68], a previously unsafe situation becomes safe.
On the other hand, this could help to explain why acute injuries are reported at upland
places [38], [39], [62], [69] where the soil is drier, resulting in less conductive sails.

Table 2-2. Some estimated values of earth potential rise Vpeakrelated to the situation of a 1.8 m tall
person regard to a strike point.

W at safe distance lying down on at unsafedistance
parameter to strike point the ground to strike point
G/ (S/m) 0.016 0.120 0.016 0.120 0.016 0.120
r/m 30 20 10
s/m 0.5 1.8 0.5
Ipeak/ A 30 000 30 000 30 000
Vpeak/ V 163 22 1232 164 1421 189

However, based on some mathematical circuit simulations for an average person in walking
position, it has been found that properties of different soils do not expressively affect the
possible harmful current that could reach the heart [70] as the main current flow between
feet. To prevent these currents through the body the use of dielectric shoes cannot be
considered an effective measure. Experimental simulations show that the dielectric material
of a shoebds sole is not an enough protection ag:
potential could overcome the dielectric strength of the sole material, particularly around the

seams or joints of the sole with the upper, allowing current flow through the body [71].

An effect of the EPR is the surface arcing on the ground, due in part to high currents and

ionization processes that lead to discrete breakdowns and filamentary arc [66], [72] over
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the non-homogeneous ground. As soils are commonly non-homogeneous with several
layers, upper stratum conducts the lightning currents and can flows as surface arc
discharge. In rocky soils the resistivity can be very high, suitable for current flow as surface
discharges, and even if the surface is wet, the probability becomes higher [66]. It has been
seen lightning arcs flowing over ground surface and some similar effects reproduced in
laboratory [72]. EPR can injure multiple victims at a time by the process itself and it is often
found in arcs around the cloud-to-ground strike points. Large groups of humans and
animals have been injured by EPR, some linked to surface arcing, on remote wilderness
settings, baseball fields, at racetracks, in hiking or camping, and during military operations
[55], [65], [73], [74].

e. Upward streamers. The last identified form of electrical injury from lightning is through
a connecting leader current [4] also known as upward streamers, that can be considered
an early phase of a possible direct current as shown above (Figure 2-4). As a stepped
leader approaches above the ground, multiple connecting leaders can rise from various
grounded objects or from the flat ground in response, toward the stepped leader moving
downward. Commonly only one of these upward streamers makes the connection with the
stepped leader and the ground. Figure 2-7 shows an image section of a photograph taken

in southern New Mexico, USA of a 114.8 kA lightning attachment obtained with a total

exposure time of about 10 s [75].

sl O . o

Figure 2-7. Image magnification of a lightning attachment photograph taken in southern
New Mexico, USA, showing at least 12 unconnected upward leaders in the form of branches
emanating from the ground. Source: [75].

This image displays approximately 12 positive unconnected upward leaders in the form of
white branches around the attachment to the ground. Although the current amplitudes in

upward streamers are not precisely known, it is estimated that in well-developed positive
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leaders these currents range from ten to hundreds of amperes, more than enough to cause
injury. Even when a ground termination is more than 200 m away, each upward streamer
could reach more than 100 A [75].

There is a classic photo, shown in Figure 2-8, used commonly to warn people about
lightning risk. The photo captures two brothers with their hair standing on end just moments
before being struck by lightning. It was taken on August 20, 1975, as they were descending
from the top of Moro Rock, at an elevation of about 2000 m.a.s.l. in Sequoia National Park,
California, USA [76]. The younger one suffered full thickness burns in her back and elbows
and his brother was unharmed. Another man who was near the place lost his life by the

same lightning event.

As shown in Figure 2-7, upward streamers do not always connect with downward leaders
to form the lightning channel. However, they can injure people despite its relatively low
current, but may be high enough to impair some bodily functions [23]. An incident with some
similarities to that of the brothers, involving a lightning strike that injured a five-man crew
leaving one dead was investigated by Cooper in 2002 [77], in which a weak upward
streamer could explain the reported events.

© Michael McQuilken

Figure 2-8. Two brothers minutes before they were struck by lightning on Aug. 20, 1975. Both
brothers survived but the younger one with third-degree burns. Source: [78].

Figure 2-9 shows the published lightning fatality rates per year for several countries [79]
and a chart of estimated primary lightning fatalities in a developed country where the use

of lightning protections system is a common practice in buildings and structures [38]. It is
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clear that the figures do not benefit the least developed countries, although the statistics

should be taken with care.
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Figure 2-9. Published annual lightning fatality deaths for top 11 countries (a), fatality rates per million
people (b), and primary lightning fatalities in a developed country (c). Source: (a) and (b) adapted
from data of [79] and (c) from [38].

2.3.2 Non-electrical mechanisms of lightning injuries

Most lightning-caused injuries and deaths are not due to direct strikes currents but to the
indirect effects of flashes that strike other and more prominent targets, and to the secondary
effect of lightning-induced fire [4], [40], [57]. Mechanical, lightning-ignited fires, and
radiation effects of lightning can be considered as non-electrical mechanisms of lightning

injury as shown previously in Figure 2-2.

Barotrauma. The channel temperature of a lightning strike can raise above 25000 K in a
few microseconds, increasing the pressure around the lightning channel to several

atmospheres (1 atm = 101.325 kPa) resulting in shock waves by the expansion of the air.
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The rapid outward movement of air like an explosion, can be enough to knock a close living

being down in the proximities, or cause impact injury to their internal organs.

The explosive overpressure creates a force that can hit a person or any close object after
the lightning strike, causing injury as would a fall or other concussive shock, affecting or
damaging internal organs or leaving musculoskeletal injuries. Also, this mechanism can
cause a person to be thrown away or the secondary fall of objects that can indirectly cause
traumatic injuries.

Shrapnel. In this case, it is produced an explosion possibly produced from enclosed
moisture in materials that expands rapidly by lightning impulsive currents that can cause
heating resulting in a vapor explosion, then, material as flying debris or shrapnel is blowing
away outward from the bulk mass. For example, lightning strike can blast shrapnel from a
tree bark, or blunt material from bricks or masonry, producing penetrating trauma into a
person in the path of the ejected material. Penetrating injuries due to lightning strike blast
are extremely uncommon. However, these "shrapnel” injuries cannot be discarded when

people are exposed to nearby lightning strikes [80].

Light and high energy radiation. The lightning channel is a very strong source of visible
and ultraviolet radiation, and has recently been shown to give rise to X-ray and gamma
radiation that appears to play a role in the leader propagation [81]. The strong radiation
from the lightning channel can cause medical problems to the eyes, with cataracts being

the most common long-term injury related to lightning.

Lightning-ignited fires. The secondaries fires produced by lightning strikes cause
damages and losses to people, property, and nature. For the period from 2007 to 2011, the
U.S. National Fire Protection Association (NFPA) reported an average of 9 people deaths,
53 injured, losses of $ 451 million in direct property damage per year in USA [82]. Lightning-
ignited fires accounts for approximately half of all wildlands fires in Western North America
[83], [84]. Lightning fires are most prone in the summer months, during the heat waves, in
the late afternoon or early evening [82]. In the Amazon forests, lightning fires are less likely
even when lightning strikes trees, as the humidity is so high and the treetops so thick that

the flames usually die out on their own [85].

In buildings and human structures, type and materials have an important effect against

lightning fires, as expected. Older and unprotected farm barns commonly have not
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conductive paths to ground, resulting in instantaneous ignition of current paths when
lightning currents travels through the roofing, siding, and framing flammable materials [57].
In developing countries, particularly in non-urban areas, most buildings are made with
materials such as mud and straw, masonry, cardboards, and wooden materials for the
walls, with thatch roofs or tile sheet metal roofs, many times without an appropriate
fastening. Such structures with easily flammable materials can catch fire when lightning
currents pass through them [26], [40], [86]. On the other hand, isolated and ungrounded
metallic roofs (such as sentry boxes, shacks, or gazebos) are not safe against lightning
discharges [69] which can act as floating electrodes that could also induce fires inside the

shelters.

2.3.3 Lightning-caused injuries

An injury can be defined as a bodily lesion at the organic level, resulting from acute
exposure to energy (mechanical, electrical, thermal, chemical or radiation) in amounts that

exceed the physiological tolerance threshold [87].

There are several lightning-related pathologies, as reported in media, technical, and
medical literature regarding a wide range of injuries directly or indirectly linked to lightning
phenomenon. The field of study of the effects of lightning on health is known as
keraunomedicine (root from Greek word keraunosi @ U} U g anBaging lightning). Cooper
and Holle [40] present a compendium of information on lightning injuries from more than 35
years of medical observations and analyses, and many reports from own and other several
sources, codified by signs and symptoms. Kitagawa, Andrews, Cooray, Uman, Jensen, and
others [3], [6], [7], [23], [60] have also present valuable information about lightning effects

on humans and living beings.

The most common and intuitive lightning-caused injuries on humans are death, superficial
burns, and rupture of the eardrum. However, there are many different types of injury to
heart, ear, eye, nervous system, paralysis, psychological, impact or blunt trauma,
penetrating injuries, and others that may result in short-, medium-, or long-term disability.
In Table 2-3 are synthetized some of the most common injures that lightning can cause to

humans and that could also harm animals, related to lightning coupling mechanism.



72 Analysis and Development of a Personal Portable Lightning Protection

Table 2-3. Some lightning-caused injures, and sign and symptoms manifestation in humans related
to the coupling mechanism between lightning and human. Data from: [6], [40], [54].

Lightning coupling mechanism
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Skin lesions resulting from lightning currents can be thermal lesions such as linear,
punctate, or other thermal injury, and keraunographic markings over the skin such as
feathering lesions or Lichtenberg figures, also known as ferning patterns. Figure 2-10
shows some images related to lightning skin injuries. Lichtenberg figures (Figure 2-10
number 5) are not usually present in people struck by lightning, may remain for several

hours and disappear without specific treatment without no known residual effects [88].

Burns are very often associated with lightning strikes and can be since superficial to full
thickness, with superficial burns commonly observed. Linear burns as partial thickness
occur by vaporization of sweat consequence of lightning-currents flow over the wet skin
(Figure 2-10, 2), as was reported in the case of a soldier injured by a lightning strike in a
semi-undergrounded shelter [39], [69]. Clustered circular burns and punctate burns (Figure
2-10, 4) are due to current flow to and from deep tissue to exits the body, and in the input
and output lightning current points. Full thickness burns are infrequent, estimated to occur
in less than 5 % of all lightning injuries, but can occur when metal objects or synthetic fabrics
are overheated and melts, burning the skin [38], [39], [54], [69], [88] (Figure 2-10, 1 and 3).

":

Figure 2-10. Skin lesion by lightning currents. The numbers represent the skin lesion type: 1- thermal
by overheated metal in contact, 2- linear burns, 3- superficial to full thickness, 4- punctate, 5- ferning
patterns. Source: a) to e) adapted from [39], [69], and f) adapted from [89].

Blunt injury by barotrauma is not uncommon and can occur either caused by a person
being thrown due to massive instantaneous contraction of extremities from by the crossing
current or by the explosive force resulting from the powerful shock wave consequence of
the suddenly superheat of the air surrounding the lightning channel and their posterior rapid
cooling [54]. The shock wave can cause concussive injury such as eardrum rupture, organs
contusions, and abnormal accumulation of air between the lungs and the chest wall which
is known as pneumothorax. In addition, it can lead to multiple forms of trauma from
secondary falls or strikes with other objects, with the possibility of many other injuries such
as bone fractures, cervical spine injury and internal bleeding [40], [54].
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Ocular and auditive injuries can occur if the current passes through the head or the strong
radiation produced by the lightning channel is enough to produce damage. Also, blunt or
blast trauma, vasoconstriction, or heat damage are common sources of eye and ear
damage. Cataracts are the most common ocular injury. Injury to the audio-vestibular system

could be produced by either barotrauma or electrical mechanisms.

Tympanic or eardrum membrane rupture is common, founded in 50 % to 80 % of people
struck by lightning. Hearing loss is common but temporary, as also tinnitus, vertigo, or facial
nerve paralysis [6], [40], [54].

Cardiac arrest can lead to death after a lightning strike due to cardiac and respiratory
arrest, common in direct strikes. Usually, victims can have an asystolic arrest due to an
immediate and simultaneous depolarization of all myocardial cells, with posterior returning
of sinus rhythm and spontaneous circulation. A second cardiac arrest may occur because
of continued paralysis of the medullary respiratory center when proper and opportune
treatment is not given to the victim. Commonly, at the time of the injury, the cardiac arrest
is the only cause of death. However, in developing countries, indoor lightning-ignited fires
could be the most common cause of death [40], [54].

Keraunoparalysis which is a transient paralysis of muscular structures in the line of the
current whose cause remains unclear, belongs to pathophysiological effects defined as
fstimulatory or inhibitory effects which lead to reversible or irreversible dysfunction of the
affected structures of the organismd accor di ng -4[90] It i€aSsodated as @
neurologic problem these pathophysiological effects that can be of long duration due to

stimuli beyond common physiological levels.

This temporary paralysis is more common in the lower limbs, and is linked to vascular
spasm and instability of the sympathetic nervous system that arise from near the middle of
the spinal cord [54]. Keraunoparalysis of the lower limbs associated to fires can be an
explanation of many lightning-caused deaths on houses and buildings conformed or

containing easy flammable materials common in developing countries [26], [40], [86].

According to Andrews [6], [23], some nonelectrical injuries, also known as remote injuries,
could be have origin in chemical disturbances and also could be a common feature of
electrical injury. Since most of these symptoms are not associated with the current path,

the cause of these symptoms is not well known.
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2.3.4 Multiple Casualties

Often, a single lightning event can cause multiple casualties in humans and animals and
can even result in death. Multiple fatal and non-fatal casualties caused by lightning can
often be attributed to side flashes or earth potential rise, and even upward streamers.
However, reliable reports of such incidents are infrequent [26], [40], [44], [66], [73], [77].
Large groups of humans or animals are at risk of lightning injuries in remote wilderness
settings, sports fields, racetracks, hiking or camping, and during military operations. These
incidents can be attributed to various mechanisms, some of which are also associated with
surface arcing [53], [62], [70], [71]. Injuries in multiple casualties cover a wide range of
traumata, from stunning and minor lacerations, passing by burning marks, and even death

of several individuals.

Commonly in developed countries, most lightning injuries occur in one or two people at a
time, while in developing countries there are several reports of entire families, school
classes, and several people of communities being injured or even killed by a single lightning
event. Many times, in developing countries, most places where people gather for church,
rituals, work, and other activities do not provide lightning protection [26], [40].

Certain human activities in their call of duty are obliged to exposed themselves to the risk
of lightning causing multiple casualties. For the years from 2003 to 2013, the Colombian
Army reported internally several incidents with multiple injured soldiers, some of which with
several direct fatalities caused by the same lightning strike: 8 events with two fatalities, 3
events with 3, and 1 event with 4 dead soldiers, all of these between 14:45 h to 2:45 h [91].
This time have the highest lightning activity registered for the rainiest months in Colombia,
between March to November and with the consequent problems for the transportation of

victims to the appropriate medical care centers.

In the framework of this research, a paper about multiple casualties by a lightning event in

Col ombi a elnghtning Ineédent with Muitiple Natives Injured in the Sierra Nevada

de Santa Marta, Colombia i Description of Scenariod0 wa s p r & she r2@1e d

International Symposium on Lightning Protection (XV SIPDA) in Sao Paulo, Brazil [26]. In
this paper was reported the tragedy caused by a single lightning event in which 11 native
people were killed and another 15 seriously injured. The showed scenario suggests that
the most probable lightning interaction mechanisms were the ground currents (aka earth

potential) associated to subsequent keraunoparalysis, and a lightning-ignited fire started on
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the thatch-roof of the traditional ceremonial house where the indigenous people were
gathered. Barotrauma and shrapnel also contributed to the injuries reported. This case with
severe injuries caused by lightning fits in the explanation of this traumata in developing
countries according to [86], where the combination of keraunoparalysis and flammability of
housing construction materials highlights the differences with lightning injuries reported for

developed countries.

Moreover, a rare case of a woman in pregnancy and her partner struck by a lightning event
was analyzed and presented at ICLP - SIPDA 2021 (35" ICLP & XVI SIPDA) [51]. In this
paper, the deleterious effect of the lightning ground currents on the fetus head by the fetal
position inside the womb during the third trimester of pregnancy is proposed. Commonly,
at the beginning of the third trimester of pregnancy, the fetus turns its body head downward,
exposing the forming brain to dangerous currents that could flowb et ween it s

by the earth potential rise produced by a lightning strike.

On the other hand, in 2017 also were presented two papers in XIV SIPDA at Natal, Brazil,
one with the analysis of a case in which a single lightning strike caused the death of an
entire herd of 83 cattle [65], and the other one with a statistical study related to lightning
fatalities on the cattle industry of the Colombian eastern planes region. The most probable
lightning mechanisms associated to the cattle deaths were the side flash and the ground

currents [65].

The uninjured or less injured victims play a primary role in the attention and rescue of
lightning victims. In stormy weather or imminent lightning activity, braking up large groups
into smaller ones and spreading them out decreases the number of potential victims. While
this strategy may increase the risk of someone being struck, it also enhances the

opportunity to provide assistance to those who might be affected [73].

2.3.5 Disability Caused by Lightning

The disability resulting from a lightning-caused injury is a serious problem that can become
permanent [40]. The main cause of the disabilities is nervous system injuries linked
sometimes to psychological disorders. Most of the injuries are associated with lightning
currents that cross the tissues, but there are others not directly related to the crossing of
currents such as secondary reactions manifested in emotional, behavioral, and personality

changes probably due to biochemical imbalances [6]. Personality changes can often lead

mot her 6s
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to neuropsychological disabilities, which can strain or even breakt he sur vi v
relationships [40].

Many survivors of lightning strikes cannot or are unable to return to their previous activities,
with the significant consequences for both the individuals concerned and their families [4],
[6]. Permanent disability in any form can affect up to 74% of lightning survivors [54].

It was shown inourpaper e Revisiting ae ahse 0f lightning-caused trauma in a
pregnant womand pr e s e nt eSIPDA 2021 thak & single lightning event left
temporary disability in a man and a woman in pregnancy, but a permanent disability in the
baby born after the incident due to brain development damage [51], resulting in significant
consequences in their social relationships, lives, and family.

2.4 Models of human body

There is currently a lack of technical literature available about paths and magnitudes of
electric current through the human body [92] and particularly for lightning currents. There
are no International Standards dealing with models of human bodies directly or indirectly
affected by lightning currents, nor unified reference values that can be used as those
existing for main currents at 50 or 60 Hz [93]. Table 1-6 shows the international standards
related to lightning, where the entirely informative Technical Report IEC TR 60479-4:2020
fEffects of current on human beings and livestock - Part 4: Effects of lightning strokeso
focuses on showing differences in the effects on human beings and livestock due to
lightning strokes versus those effects of electric shocks derived from electrical systems;
also includes some worldwide lightning occurrences and climatic effects information, direct
or indirect related effects to lightning injuries to the human body, and some safety
procedures. The Colombian standard NTC4120:1997 adopted the former IEC 479-1:1994
(with later updates up to the current IEC60479-1:2020), that shows a human body model
based in internal impedances, illustrated in Figure 2-11. This simplification is used to
represent some basic current paths for contact cases in industrial environments, including
some information for direct currents and for alternating currents at larger frequencies than

the commercial one.

or

o
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2.4.1 Electric impedance models

The electric model used by Andrews [94] for the human body, used in several research
works [70], [95], [96] is based on a set of resistive and capacitive impedances intended for
lightning interaction modelling, as shown in the example of Figure 2-12 with the Roman et
al. model t hat i ncl ud ensodela Misbdh cete a. snodel nmplieles aan
additional inductance placed in the torso [96] as shown in Figure 2-13 Other models
proposed for low power and electrostatic discharge applications use another point of view.
Amoruso and Lattarulo (2007) [97] developed a model based in multiple ovals to represent
the human body when exposed to very low frequency electric fields. They also consider the
superposition of effects on different parts of the modeled body. This model of lumped
parameters for each body part considers not just the resistive and capacitive effects but
also the inductive effects. In this way, it is possible to carry out more accurate electric

current transient analysis that could be used for lightning currents in the human body.

100

\
/ ‘ \
\
/ \\\
! N\ ‘D
\
/ \ \
{ 144 ')
) \ 1 {
=g ¢ f
\ /
‘gleza / \ |
1 [ B\ L
al - b) i
[EC 140913

Figure 2-11. Impedance model of the human body showing the internal partial impedances in
relation to the hand-foot path (a) and simplified diagram of the internal impedances (b). In (a), the
value coming from outside, as skin impedance, must be added to internal impedance for currents
entering at that point. In (b) Zip is the internal partial impedance of an upper or lower limb. Source:
adapted from IEC 60479-1 [41].

IEC 96205

The Sachse et al (2000) anatomic human body model [98] is based in the processing,
segmentation and classification of digital images, leading to a 3D model of the electrical
conductivity of the human body. This human body model, which uses the finite difference
method for numerical calculation of applied problems such as heart electrophysiology,

could also be extended to more broad studies, including lightning accidents.

ce
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MODEL 1 | MODEL 2

R1 1.60 1.6GO

R2 10 kQ 10 kQ

R3 300 0 20 0

R4 200 Q 2000

R5 10.MQ 10.NQ

R6 150 O 150 Q

(o] 10 pF 10 pF

C2 0,25 pF 0,25 pF

C3 100 pF 100 pF s

Figure 2-12. Roman et al. electrical human body model based on Andrews work [94] including a
shoe model, used for mathematical simulations. Source: [95].

It has been shown, in animal experimentation, that body tissues could influence the
pathway of currents of less than 1 mA, but larger currents act as if the body behaves like
an structureless gel, with no preferred paths for the current, flowing along the shortest path
from contact to contact [44]. However, the human body is composed of several fluids and
tissues, each with different frequency-dependent electrical properties and the situations in
which impedance and lumped models provide valid results is small, since the
electromagnetic properties of the human body are nonlinear, dynamic as time-varying,
temperature dependent, distributed, and inhomogeneous [99]. Given the complexity of the

human body and their tissues, more accurate models are required.

The area of study of the dielectric properties of human and animal tissues belongs to
applied and basic science whose results are used in electromagnetic dosimetry (EM
dosimetry). This area of study also comprise the simulation of EM exposure and the
calculation of the internal fields that appear in the exposed tissues and structures [100].
Therefore, the simplified electrical human body models based on impedances cannot give

information about how current is distributed within the body and its organs, tissues, and
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fluids. On the other hand, practical measurements are difficult to realize and restricted to
animal and phantom experiments [97].
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Figure 2-13. Misbah et al. electrical human body model that adds inductances in the torso of the
model and the shoe6P6l.i mpedance. Source:

The effects of DC voltages and AC mains voltages on the human body have been
researched, documented, and considered in relevant standards. This is not the case for

impulsive voltages and currents signals such as those from lightning strike [101].

Despite evolution of human models towards computer-based models, traditional human
models based on resistances or impedances are still of interest today when evaluating risk

of electrocution and for Electrocardiogram (ECG) potentials analyses [102].

2.4.2 Computer based models

Models of the human and animal bodies, such as physical, mathematical, and
computational based, have been used extensively to provide representations of the body
in many situations for research in a wide range of fields. However, the complexity of the

human body, its tissues and possible pose configurations that occur in nature cannot be
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reproduced by mathematical models nor by physical phantoms in practice. The so-called
anthropomorphic phantoms are used for physical measurements, dosimetry of ionizing
radiation, car crash-tests, robotics, and medicine [103].

Models based on computer modeling are mathematical representations of human and
animal anatomy to be used in biometric and biomechanics research, and nowadays, also
in studies on the effects of electromagnetic fields. Computational human models are used
in a wide range of fields such as dosimetry calculations for medicine applications, radiation
protection, to study the effects of low frequency electromagnetic fields on human health,
and physical measurements [104]. Until recently, the use of anatomically and electrically
refined heterogeneous human models was viewed with caution but, results from different
institutions using in-silico phantom models have become more congruent. It is very likely
that standardization based on the results of these more accurate human model calculations
will be adopted in the near future [105], [106].

Electromagnetic computer models of the human body can help to understand the
mechanisms and effects of lightning strikes and allow to gain insight into the distribution of
critical currents inside the body by considering the electrical properties of various organs
and tissues. Several computer models have the option of configuring various poses, which

was digitized from an originally rigid position.

The Visible Human Project (VHP) addressed by the U.S. National Library of Medicine
(NLM) created a complete image dataset of cross-sections of the human body. The project
was first planned in 1986, began in 1991 and was completed in its first stage with a male
model in 1994 and a female model in 1995. Each model used a cryopreserved cadaver that
was cut transversely into thin slices, of 1mm for the male and 0.33 mm for the female. Each
sliced image of the entire body was acquired and digitized through computed tomography
(CT) and magnetic resonance imaging (MRI) [107]. Each two-dimensional pixel data from
such images can be extended into the third dimension, becoming cuboid volume elements
called voxels (volume pixels). Voxels can be used to create three-dimensional
representation of the shape and composition of the entire body and the internal human
organs [108] as shown in Figure 2-14. The smaller the voxel size the better and more
accurate the representation of the organs and tissues. The computational human models

are also called voxel models or voxel phantoms.
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The dielectric properties of several human and animal tissues, both in vivo and in vitro,
were measured at typical body temperature, in the frequency range of 10 Hz to 20 GHz by
Gabriel et al., developing a parametric model of the variation of the dielectric properties of
biological tissues as a function of frequency [100], [109], [110]. That dielectric properties of

each tissue can be assigned to corresponding voxels in the computational human model.

The complex relative permittivity of any material or tissue can be used to obtain the
dielectric properties of any material or tissue according to:

4170

Figure 2-14. From transverse scanned images of the Visible Human Project, 2D pixels are extended
to 3D representation becoming voxels. Source: adapted from visiblehumanproject.com and [108].

. . Eq. 7
-1 - Q -7 Q+ d
where - is the relative permittivity of the material or tissue, dependent on frequency,
" is the total conductivity of the material,
- is the permittivity of the vacuum,

1 is the applied frequency.

Dielectric properties are determined by the relative permittivity and total conductivity of the
material, which are frequency dependent for biological tissues. Dielectric properties of most
human tissues in the range of 10 Hz to 100 GHz were estimated in the Gabriel et al. work
[100], [109], [110]. These dielectric properties can also be consulted in the website of the
Foundation for Research on Information Technologies in Society (IT'IS) [46] giving the
frequency range. The tissue database can also be visualized as a frequency chart, as
shown in Figure 2-15. The U.S. Federal Communications Commission (FCC) also has a
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tool on its website to calculate dielectric parameters of body tissues for frequencies
between 10 MHz to 6 GHz (www.fcc.gov/general/body-tissue-dielectric-parameters).

The electrical parameters, such as the permittivity and the electrical conductivity, function
of the applied frequency of the tissues under consideration commonly are taken from the
outcomes of the research of Gabriel et al. [100], [109], [110]. In that work, the dielectric
spectrum of a biological tissue extending from 10 Hz to 100 GHz was modeled as the
summation of four dispersion regions. Figure 2-15 shows two screenshots of the Tissue
frequency charts for bile and muscle up to 100 MHz, illustrating the electrical parameter
differences between the two tissues.
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Figure 2-15. Tissue frequency charts for bile (up) and muscle (down) up to 100 MHz. Source: from
https://itis.swiss/virtual-population/tissue-properties/database [46].
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Several of computer-based body models consist of files optimized for modeling in third-
party commercial platforms, such as ABAQUS, ANSYS, CST, or MATLAB, using the Finite
Element Analyses (FEA) method. Some of these models are listed in Table 2-4. The results
of the electromagnetic modeling simulation commonly are expressed for electric potential
(volt), power density (watt per volume), or current density (ampere per area) in the body.

Table 2-4. Some voxel computational based models of the human body for electromagnetic
simulations.

Model name Note References
HUGO Human Bod From Dataset of National Library of MediciB&.tissues. [101], [107],
Model Resolution up to 1 mm3, includes poser software. [108]

CST Voxel Family  From Dassault Systemes. Seven models (a baby, a child, an

men, and four women). Up to 135 tissues and organs. Resolt [111], [112]
>1 mms.

Virtual Populaton CNR Y L ¢1 L{ C 2Rl bf (8haman modalsiudk

(ViP) and Vizoo than 300 tissues and organs per model and a resolutior [113], [114]
0.5mm3. Compatible with a Poser tool.

Austinman and From The University of Texas at AusResolution up to Inms.

Austinwoman Free available to the public under some conditions [115]
https://sites.utexas.edu/

Zubal phantom From Yale University School of MediciAdultmalehuman torso
(head, neck, and trunlgriginallyobtained fromx-ray computer [116], [117]

tomographydata segmented into about 50 different tissue type
and resolutionabout 1 mm?3

G a o @2 doctoral dissertation shows the development of the HUGO Body Model, a

voxel-based human body model intended for electromagnetic applications with posable or

adaptable postured capabilities [108]. The Gaoés wo r ke ergile buwan bodi a t

model can be simplified as a single wire with different electric potentials at two ends. In this
wire model as expected, the equivalent current through any cross section has the same
value, with the posture of the human body having almost not influence on the electrical
resistance, therefore in the current value of the equivalent circuit [108]. This means that the
models of the human body as a whole, despite the different postures that it may adopt,
have almost the same electrical resistance, in that work around 3.5 kq . hisTresult is
approximately in line with standards IEC 60479-1, IEEE Std 80, and IEC 62713 [41]i [43],
as it was shown previously in section 2.1. The model and some results of current density

of Gaobdbs wor Kigae2€l6.s hown i n
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Current Density Lx

11,52

Min: 8/ Max: 98893

Current Density
Abs
80
91120 A/N"2 at 442 /7 76.6667 / -697.

~ Current Density
abs : :
49 L

| 14361.6 A/n"2 at 15.7778 / 39.5833 / 18.42°

Figure 2-16. Hugo model (a) and current density for hearth (b), stand (c), and step (d) positions with
contact surfaces at the base of the feet. Source: [101], [108].

2.5 Results and discussion

Lightning as source of injuries has several coupling mechanisms with humans and living
beings, some electrical and others non-electrical. Lightning direct strikes are not the most
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dangerous mechanism, but currents diverted through the soil. Ground currents cause more
than 50 % of all lightning-related fatalities, and together with side flashes and upward
streamers mechanisms may be responsible for more than 90 % of all fatalities. Lightning
currents can cause evident injuries such as wounds by burns and permanent disability, but

also many non-obvious ones such as long-term neurological disorders.

Therefore, acting on the most severe lightning related injure mechanisms will help to reduce
the lightning risk significantly and should always be considered. Despite the economic
costs, it is feasible to reject the risk of loss of human lives and take all the measures that

minimize it.

Models of the human body based on circuital impedances help to estimate values of
currents for very basic and limited paths in some configurations, currently of interest for
assessing the risk of electrocution and ECG analyses. As the human body is complex with
many tissues with different electrical parameters, the voltage and currents inside the body
are difficult to estimate to understand the effect of such currents in the health. The
permittivity and electrical conductivity of the human tissues are frequency dependent and
are different for each tissue showing that they are not linear, i.e., pure ohmic systems.
Computer based models from digitized body (or parts of it) into small voxels, can
reconstruct conditions in a more realistic and accurate way considering the different tissues

with their electrical characteristics suitable for desired simulations.

Therefore, 3D computational models that consider electrical properties of tissues are more
appropriate for simulating the path and intensity of lightning currents in the organism. Using
the results of a Hugo model simulation, was possible to theorize that lightning ground
currents have a strong risk in the fetal neurologic development when the head is turned
down and placed in the current path, particularly close to the time of birth around the ninth

month of gestation.

2.6 Concluding remarks

Among all known interactions between lightning and humans, the ground current
mechanism is responsible for approximately more than 50 % of all lightning fatalities, being
the most lethal. Despite the direct strike has been considered the worst lightning injury
mechanism in the popular beliefs, actually accounting for about 3 % of all lightning-related

deaths, surface flashover associated to direct strikes has been shown to have some
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protective effect by preventing currents from entering the body. This concept can be applied
to personal lightning protection systems.

On the other hand, basic impedance models and computational models of the human body
help from the rough assessment of electrocution risk to the analysis of the behavior of
tissues against the spectral components of lightning currents and their paths inside the
body.
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Most of the efforts to implement lightning protection have been made to protect buildings
and structures such as places of habitation or gathering, historical heritage, and others of
economic or special interest. Although the ultimate interest of lightning protection systems
is to protect human life and its activities, there is a lack of information about personal
lightning protection required in locations far away from typical LPS, bulk buildings, or any
other effective lightning protection measure.

Many backcountry and "remote" places of the world are prone to high lightning activity
where people develop their activities alone or in relatively small groups. It is desirable to
have an easy-to-use and lightweight personal lightning protection system for use by
National Armies and other security forces, agricultural workers and other isolated workers
in temporary basis, outdoor sportsmen, and others. Numerous patents have been filed with
lightning protection ideas, many of which have no technical or scientific basis beyond the

application of some basic low voltage insulation concepts.

This chapter will briefly present some case reports and related information on lightning-
human incidents of our authorship, where the effect of lightning coupling mechanisms on
the human body is analyzed. Information on personal lightning protection measures taken
from current technical literature, patents, other available sources, and from our research
will be presented. Other information on the skin effect, the scope of lightning protection
systems, and the justification for personal lightning protection will be discussed. Finally, the

requirements for personal protection against lightning currents are proposed.

3.1 Reported cases of people struck by lightning

The Colombian National Army (Ejército Nacional de Colombia i EJC) is a population

particularly affected by lightning strikes, with a relatively high number of personnel affected
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by this phenomenon, with consequences ranging from mild to severe and even death. The
lightning-cause mortality rate for the Colombian Army population for 2005 was
approximately 8.4 per 10 000 people, equivalent to 840 per million or 10 times that of
Malawi (as shown in Figure 2-9). For 2008 it was 2.0 per 10 000 people, and for 2017 it
was 2.4 deaths per 10 000 people. Figure 3-1 shows the reviewed annual statistics of
lightning-cause injuries and fatalities in the Colombian National Army between 2003 and
2017 obtained from the Directorate for the Preservation of the Integrity and Security of the
Colombian Armyi DIPSE (Direccién de preservacion de la integridad y seguridad del

Ejército de Colombia) data.
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Year 2003 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | Total

Non-fatal | 36 17 44 41 29 35 30 34 51 23 21 66 78 6 48 559 | 373 | 31
Fatal 12 6 18 8 9 19 20 4 15 9 13 13 10 1 8 165 | 11.0 | 0.9
Total | 48 23 62 | 49 38 | 54 50 38 66 32 34 79 88 7 56 724 | 483 | 4.0

Figure 3-1. Statistics for lightning casualties at Colombian National Army (Ejército Nacional de
Colombia - EJC) between 2003 and 2017. Source: data from DIPSE-EJC [91].

To put these figures in context, The Table 3-1 summarizes the average lightning deaths in
EJC, and in the Latin America region between 2003 and 2014 according to data from
fiGrupo de Eletricidade Atmosférica (ELAT) do Instituto Nacional de Pesquisas Espaciais
(INPE)0O of [H8lazi

It is interesting to see in the Colombian Army statistics (Figure 3-1) the change between
2015 and 2016, where for 2015 there is an increase in lightning incidents, while for 2016
the lowest level of lightning accidents and deaths was recorded. Both years 2015 and 2016
coincides with the crisis and final agreement of the peace process in Colombia, which
consequently reduced the number of operations in the open field and therefore, the
population exposed to the risk of being struck by lightning. This suggests that, as Professor
Francisco Roman mentioned in an interview, "the best lightning protection for army

population is peace".
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Table 3-1. Lightning fatalities in 11 countries of Latin America region and Colombian National Army
between 2003 and 2014.

Lightning Fatalities in Latin America Region 2003 - 2624
N T Ayerage mortality rate Average a'lrlmual mortality
fatalities/(10 000 people.year) fatalities/year
Colombian Arm{? l 5174 H 36
Cuba l 0.059 B s
Panama | 0.049 B 17
Per( | 0.023 | 68
Colombia \ 0.016 |j
Uruguay | 0.015 I 5
Paraguay 0.009 l | 6
Bolivia 0.007 I 7
Brasil 0.007 L 130
Venezuela 0.005 [} 13
Argentina 0.004 [ 13
Ecuador 0.003 I 5
Note (1) ELAT research data for 11 countries between 2000 and 2014
Note (2) DIPSE data related to the Colombian Army population of 2005 and 2008.

In the frame of this research work, based on own work and analysis of data and information
of the DIPSE, two non-fatal lightning events in the Colombian Army and some of their
effects were related, presented as papers at the International Symposium on Lightning
Protection (SIPDA 2015) and at the International Conference on Lightning Protection (ICLP
2016) [39], [119], [120]. Also, the analysis of these two cases with some computer
simulations were reported and published as a journal paper in the Electrical Power System
Research Journal (EPSR) [69].

On the other hand, other two papers were presented. One of these two articles reports a
case of multiple injuries caused by a single lightning event in the Sierra Nevada de Santa
Marta - Colombia, and the other, an analysis of a case of trauma caused by lightning in a

woman in pregnancy.

Section 2.3 has presented the known mechanisms of lightning-victims interaction related to

the cases of the events discussed below.

3.1.1 Scenario analysis of two lightning survivors cases [39], [69]

In this work that was presented at a congress (SIPDA 2015, [39]) and published as a journal
paper (EPSR 2017, [69]), two non-fatal lightning events in which the victims survived
without obvious permanent disabling traumata are reported and discussed. Both events
have important similarities despite having occurred in two places far from each other and

at different times. The two victims were Colombian soldiers, and it was observed that the
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metal objects carried by the men intercepted the lightning currents leaving burns on their
skin. It is quite possible that there was an interaction between these conductive objects and
the indirect lightning currents, that could have maintained a pathway for the lightning
currents on the outside of the victim's skin surface preventing them from entering and

affecting the internal vital organs of the soldiers.
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Figure 3-2. Schematics of the two reported cases where a) represent the dug-out shelter and b) and
c) the hilltop sandbag shelter views. Source: [69].

It was shown that shelters dug into the ground, as well as ungrounded conductive roofs can
allow the intensification of the electric field inside the shelter, enabling the inception of
streamers that can follow as side-flashes. In both reported cases, the side-flash was the
most probable coupling mechanism between the victims and the lightning currents.
Considering this mechanism, the current could have been split and a part of it, passed
through the victim's body. The large part of the current flowed through the metal accessories
worn by the soldiers, some of which melted and burst, although it was only a fraction of the

total lightning current.

As the lightnings strikes were not direct strikes in both scenarios, then, the diverted current
that were coupled with the human bodies was even much smaller than the lightning channel
could have been, but sufficient to melt the metal pieces. Therefore, the reported cases show
that it is possible to divert dangerous high-level lightning currents away from the body to

minimize the health risk.

3.1.2 Lightning strike with multiple injured in the Sierra Nevada
de Santa Martai Colombia [26]

The tragedy caused by a single lightning flash on October 5th, 2014, in which 11 indigenous

people died and 15 were seriously injured inside a ceremonial house was analyzed from a

technical point of view to know the most probable causes. 40 men were gathered inside an
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Unguma, a large traditional ceremonial hut-style building made of flammable natural
materials and thatched roof, on a stormy night when a lightning struck one of its two central
poles. According to the tribal chief who was leading the meeting, the lightning caused a
central column to explode, sending splinters into the air, one of which struck him in the face.
It is probable that the stroke started a fire in the upper part of the thatched roof and the
current crossed from the pole to the ground. Therefore, the main interaction mechanism
that could have caused the tragedy was described as ground-currents, causing

keraunoparalysis between other effects, preventing some people from escaping the fire.

Using electromagnetic computer simulations of a lightning strike in a simplified model of the
ceremonial house, the ground potentials were calculated to estimate the energy through a
basic human body model located at eleven places inside the building. The safe limit value
of 20 J tolerable for the human body, suggested by Dal z i expednzents [28], [42], [121]

was exceeded close to the stuck poles for different resistivity soil values.

It was remarked that prevention is the best measure to reduce the lightning risks. However,
awareness alone is not sufficient to reduce lightning risk [40], [122]. Awareness and
warnings may be useless if safe places are not available [40]. Unfortunately, there are many
dwellings and human activities particularly in backcountry and faraway places, that
permanently expose people to the risk caused by lightning.

3.1.3 Lightning-caused traumas in a woman in pregnancy [51]

The case scenario was described initially by Galster, Hodnick, and Berkeley [123]. Other
elements were taken from media and video reports. The event took place in New Mexico,
in the southwestern United States (U.S.A.), one July at around 9:30 pm. A pregnant woman
and her husband were standing near a tree at the front of a house, preparing to go inside
because a thunderstorm was approaching, when a lightning flash struck them. The woman
(22-year-old) was about to give birth to a female baby, as she was in her ninth month of

pregnancy. The man was 32-year-old.

No major complications were found after the primary hospital assessment, beside slight
tachycardia in the woman and in the well-developed fetus. On the next hour, the right flank
and lateral thigh of the womand skin showed transient Lichtenberg figures. After three
hours an emergency cesarean section was performed, due to decreasing fetal activity and

tachycardia. The procedure resulted in the birth of a live female baby. Magnetic resonance
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on her first and second day of life revealed diffuse cerebral dysfunction with abnormal
activity, diagnosed as a diffuse cortical injury without history in her family. For feeding, the
baby required the placement of a gastrostomy tube.

After a week, the woman was still feeling pain in her calves and spasms in her lower back.
The man still had not regained hearing in his left ear and needed a cane to stabilize himself
due to vertigo attacks. After one year of follow-up, the baby had marked developmental
delays, unable to sit, crawl or swallow, and still required a feeding tube. A subsequent
neurodevelopmental assessment of the girl at 4 years and 5 months of age revealed

profound global deficits that predicted severe permanent disability [124].

Some Ga o 0 presenedinthetfpaper [101] were used in our study about this lightning-

caused trauma case [51], where was hypothesized thatthep osi t i on of the fetusod:s
nine-month inside the womb and the lightning currents between both feet of the pregnant

woman causes a permanent disability in the baby. It was shown that pelvic area, around

the bladder maybe the most probable area of the body to occur a serious injury as shows

the highest values of current density. Long term disabilities manifested by the born baby

would be consequence of the intense electrical currents that disturb the normal

development of the brain by altering the usual low level electrical activity.

The given hypothesis to explain the trauma, considering the fetal position according to the
development inside the maternal womb is represented in Figure 3-3, showing the path of
the current due to the difference of electrical potential between two feet by ground current,
crossing the fetal head.

.

Figure 3-3. The path of the lightning ground current on a pregnant woman in her third trimester,
close to the delivery time, is the most likely cause of permanent disabilities in the baby after birth.
Source: [51].

b)
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3.2 Technological Surveillance

Considering the need for personal protection against lightning currents, several attempts to
achieve this goal have been presented in the technical, scientific, and industrial literature,
as well as in the media. Some of the principles used in these proposals are completely
unaware of the extent of lightning currents and the real capacity of insulating materials

against the intensity that such currents can reach.

A search for registered intellectual property protection was carried out through the patent
databases Espacenet and Google Patents. The search criteria initially used yielded some
results, some of which were considered to be supported by actual protection mechanisms
and are presented in Table 3-2. The three most relevant patents for the purpose of this
research are detailed below. The keywords used were: "lightning personal protection”,
"lightning protection clothing" and "lightning protection tent". In an additional search, other
terms such as fabric, shelter, garment, thunder, wear, structure, and shock protection were
included, yielding more than 7000 results. In general, it was observed that the related
patents with personal lightning protection use one of two main protection approaches: (1)
galvanic isolation of voltages associated to lightning currents and (2) Faraday Cage
shielding protection, employing either highly insulating materials technology in the former,
or technologies that employ good conductive materials in the latter.

3.2.1 Lightning protection proposals with a technical basis

Around 1970, J. Wiesinger developed a personal protective cage at the high-voltage
laboratory of the Technical University of Munich (advised by Prof. H. Prinz). It consists of a
wire mesh held by four supports that surrounds the person, even on the ground. The
protective cage in the form of a tent could be disassembled and placed in a small and handy
4 kg package. This solution was investigated in the high-voltage laboratory in Munich under
the conditions of the natural lightning current flow and was considered as a complete
protection in the event of lightning strikes in the cage [125]. The development of this idea
surely led to the patent application granted in 1970 in Switzerland as CH496869A
Notunterkunft, insbesondere Zelt (Emergency shelter, especially tent) and in the USA as
US3547136A Emergency shelter in the form of a tent or the like, with Expired i lifetime
status. Figure 3-4 a) and b) shows two drawings from these applications patents. This

proposal also considers a conductive base for the protection against step voltages.
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Table 3-2. Representative worldwide patents related to personal protection against lightning.

Patent Info. Abstract Status
CH496869ASwitzerland A tent, or a shelter similar ta tent, where means are provided to
US3547136AUSA protect the occupant, or occupants, against lightning bolts, which ter
1970 in the form of a Faraday cage and the components constituting the ¢ 197012-15

are conductively connected to ground, or adapted to be connected t¢  Expired
Emergency shelter in the ground, and which generally comprises a metal frame and a cover th
form of a tent or the like  preferably conductive for electricity and a metallic base or floor.

DE102006057439A1
Germany 2008

Lightning protection for A metal plait or braid is integrated into articles of clothing, tents and

individuals, integrated sleeping bags. The braid is made of steel fibers or other suitabial.me 200806-19
into clothing, tents and The braid runs along and transversely around the fabric. In this way Withdrawn
sleeping bags, comprises protective Faraday cage is formed.

braided metal threads

incorporated into fabric

to form Faraday cage

The invention provides a shielding tent comprising a support frame &
shielding fabric covering the support frame, wherein the shielding fat
internally contains compound fabric which is prepared by weaving
copper, nickel and iron ternary superfine allmetal fibers prepared
from copper,nickel,and iron ternary superfine alloy granular metals
through a chemical liquid phase deposition technique. Compared wit
the prior art, the invention has the beneficial effects of efficiently
improving the shieldingffect of the shielding tent on outside
electromagnetic wave interference.

CN101956481A
Ching 2011 2011-01-26
Pending

Shielding Tents

A cardiopulmonary protection garment also includes a grounding
member providing a movable connection between the conductive bo
shield and a local ground plane. Various configurations of the basic
garment are contemplated, including a hooded jacket, habdencoat,
padded vest, rain poncho, and the like. In various embodiments, the
grounding member is a straike tail attached to the electrical body
shield at an uppeend andhaving a weighted lower end for maintainini
a sliding contact with the ground. In other embodiments, the lower el
is attached to a wearer's shoe.

US9301558B2
US 2013 201604-05
to
203502-05

Active

Cardiopulmonary
lightning protection
garment

Disclosed is a thunderbolt shielded garment for human body made ¢
insulative materials of high resistivity and high breakdown field
strength, which is characterized in that the head, the shoulder, the cl
andthe back of the thunderbolt shielded garment adopt douldger
CN2707052Y structure; the connection region of the head and the body of the
Ching 2005 thunderbolt shielded garment and the connection region of the two
sleeves and the body adopt bonding structure, and the boggiarts
Thunderbolt shielded are connected through hot pressing. Matched with thunderbolt shielc
garment for human body footwear, the thunderbolt shielded garment for human body of the
utility model can effectively prevent lightning attack. The utility mode
has the advantages of low cost of masds and easy bulk production.
For the user, the thunderbolt shielded garment for human body can
simultaneously functions as raincoats.

200507-06
Expired

PURPOSE: To provide a wear excelledibithing comfort, making a

body action ready and free, making it possible to move freely and
JPH06235103A capable of reducing the damage caused by a thunderbolt.
Japan 1994 CONSTITUTION: This thungesofing wear 1 is composed of plural 199408-23

pieces, i.e., a jacket 2, pants 3, a haglbves 5, socks 6 and shoes 7a  Granted
Thunderproofing wear footgear and the respective pieces 2 to 6 and the shoes 7 are each 1

of a conductive material. The respective pieces 2 to 6 and the shoes

are mutually connected through conductive connecting members 9 ti
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Patent Info. Abstract

Status

13. The reistance and the inductance from the top of the thunder
proofing wear 1 to the other end part thereof are controlled
NBaLISOGAGBSte G2 XpnyYm | yR Xm>1

JP2010522281A

Japan 2010

To prevent electric shock

clothing

The present invention relates to integrated protective overalls for
working on highvoltage lines in the current supply (5), this protective
overalls comprises a first conductive layer, the surface area is the
surface area othe overall (5) approximatglequal, are obtained from
coated polymeric fibers in silver. Overalls of the present invention m:
also include a second layer that is stably connected to the first layer.

201007-01
Pending

CN204169092U
China 2015

Lightning protection
raincoat of new structure

The utility model belongs to the technical field of garments and relate
to a lightning protection raincoat of a new structure. The lightning
protection raincoat comprises a round cap, long sleeves and rainco
bodies, the raincoat bodies are connected through zippers, and the
zippers extend to the lower edge opening of the round cap from hemr
of the bottoms of the raincoat bodies. The lightning protection rainco
is characterized in that the natural saggleggth of the two long
sleeves is smaller than the length of the raincoat bodies, a raincoat r
body formed by the long sleeves and the raincoat bodies comprises
inner raincoat main body layer, a cavity layer and an outer raincoat r
body layer, annflation hole connected to the cavity layer is formed in
the hem of the bottom end of the raincoat main body, an air plug hav
the same pore diameter as the inflation hole is correspondingly
arranged in a matched mode, and the air plug is in threadeshection
with the inflation hole.Two metal membrane layers between the outet
raincoat main body layer and the inner raincoat main body layer can
effectively lead leaked electricity or thunder and lightning into the
ground, and therefore people can Ipeotected.

203502-05
Expired

US20150189925A1

US 2015

Simplified

cardiopulmonary
lightning protection

garment

A cardiopulmonary protective garment for providing limited protectiot
from lightning is fabricated of a waterproof/breathable fabric, such as
GoreTex TM laminate or equivalent. The garment keeps a wearer's
body dry and supports a lightning flashover etvezhen moist or wet on
the outside, protecting the cardiopulmonary system. Strips of an
electrically conductive fabric, such as Shieldex TM or equivalent, car
attached in various arrangements on a posterior outer surface of the
garment for igniting aapid flashover. The conductive strips also provi
attractive design details. In some embodiments, an inner heat shield
and flame resistant layer, made of a fabric such as NOMEX TM or
equivalent, can increase protection against burning caused by ligitn
and a flashover. Other embodiments may include a grounding strap
electrically connected to the conductive strips for carrying charge to .
local ground plane, such as the Earth; a chipedrape of water
absorbing fabric having an electrically conduetiatement attached to a
posterior side in general alignment with the wearer's spine; and a
water-proof backpack having electrically conductive elements
positioned to promote rapid flashover.

201507-09
Abandoned

The invention relates to personal equipment for protecting against

WO02019115569A1 events attributable to lightning strikes, in particular for use outside
International, 2019 objects provided with external ligning protection. According to the

invention, there is provision for a foldable or rollable base made of a

Personal equipment for  conductive material or a material having a conductive coating, which
protecting against events base has dimensions that, in the laidt or rolledout state, ensure that
attributable to lightning  a peson seeking protection is sitting, crouching, lying or standing on

strikes

base such that step voltages between body parts or extremities of th
person are avoidable.

201906-20
Granted




98 Analysis and Development of a Personal Portable Lightning Protection

It could be considered that other relatively recent patent, the W02019115569A1 Personal
equipment for protecting against events attributable to lightning strikes, may complement
the previous one as claims that through a somewhat flexible base made of a conductive
material or a material having a conductive coating, ensures that a person lying, crouching,

sitting, or standing on that conductive base would be protected against step voltages.

The patent DE102006057439A1 Integrierte Blitzschutzvorrichtung fur Kleidung, Zelte und
Schlafsacke (Integrated lightning protection device for clothing, tents and sleeping bags)
was declared as related to lightning protection for individuals, integrated into clothing, tents
and sleeping bags, comprises braided metal threads incorporated into fabric to form a
Faraday cage. Figure 3-4 c) and d) shows the drawings of this patent. The braid, of steel
fibers or other suitable metal, runs along and transversely around the fabric. In this way a
protective Faraday cage is formed. This principle can be applied to closed clothing, tents,
sleeping bags and to outdoor equipment. With an elastic metal mesh, the article is designed
in such a way that people are protected from lightning. The patent (in disposal status) claims
that fto avoid a lightning strikeq thin metal strips or threads (preferably of stainless steel or

other suitable metal) are sewn into the fabric lengthways and across [126].

CH496869A, US3547136A

Figure 3-4. Drawings of the patents CH496869A (US3547136A) and DE102006057439A1. a) and
b) depict a unipersonal shelter with an outside conductive frame with additional elements for comfort
and weather protection. ¢) and d) represent a braid of steel or other suitable metal integrated into
articles of clothing, tents and sleeping bags. Source: [126], [127].
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Another patent, the No. CN101956481A Shielding Tents, registered in China with current
status as pending, is a model of protective tents with conductive compounds weaving in the
fabric (for example steel alloys, nickel, copper) through chemical deposition that improves

electromagnetic interference shielding.

In an additional search performed in google search engine, other than the patent
registrations, it was found that Polish Industrial designer Kamila Jania together with Konrad
Sobolewski from Warsaw University of Technology (Politechnika Warsawska in Warsaw,
Poland) designed, developed and performed some tests to a model consisting of an exterior
lightweight metal structure that conducts lightning currents and would provide protection to
occupants [128], [129], in similar way to the proposal of Patent No. CH496869A
(US3547136A). Figure 3-5 shows images of this proposal that was tested in a high-voltage

laboratory at 1 MV and with a high current surge generator up to 55 kA to simulate the

effects of a direct strike.

Figure 3-5. Lightning protection tent designed by Kamila Jania and tested at the Warsaw University
of Technology, that consider the conductive structure as a measure of protection. Source:
https://www.designboom.com/design/kama-jania-bolt-tents-lightning-strike-protection-01-21-2016/

In 2018, two patents were granted to our research group (Electromagnetic Compatibility of
Universidad Nacional de Colombia) for the development of protections against lightning for
camping tents or similar and hammocks based on the Faraday cage concept, proposing
the use of conductive materials, peripheral cables, and grounding rods to divert lightning
currents to earth. In this way, lightning currents can be prevented from entering the body of
the users. Table 3-3 shows some details of these two patents related to portable lightning

protection, one for a tent and the other for a hammock.
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Table 3-3. Universidad Nacional de Colombia patents related to lightning personal protection.

Patent Info. Abstract Status
Corresponds to a temporary lightning protection tent or shelter in
15131006 Colombia epvironments with unfgvorable conditiops of.atmos.pheric electri'c .
2018 discharges for populations exposed to lightning strikes, framed in hig
voltage engineering and in theo-called physics of gas discharge,
Portable lightning specifically in the field of atmospheric electri_c diS(_:harges. The tent o
protection device for temporary shelter adequately conducts_the Ilghtnlng current to the 201802-06
camping tents ground and prevents the current from C|.rculat|ng through the human  Granted
(Dispositivo portatil de bo.dy. by meas of a portable anq IlghtwelghF dewcg that af:ts.on the
proteccién contra rayos principle of a Faradqy cage, using conductive fabrics for_ indirect curr
en tiendas deampaia that do not have braided metallic conductors, but a matinductor
peripheral cable for direct currents and tent supportissthat also serve
as grounding rods.
Corresponds to a transportable travel or camping article transformab
into a stretcher or hammock to bessembled outdoors, capable of
. withstanding atmospheric discharges without prejudice to the user
;giglOOQ,Colombla receiving any lightning strike, framed in high voltage engineering anc
the Gas Discharge Physics, specifically in the field of Atmospheric
. . Electric Dischaes. The hammock properly conducts the lightning 20180206
Portable lightning Granted

current to the ground and prevents the current from flowing through
the human body by means of a portable and lightweight device that i
on the principle of a Faraday Cage, using conductive fabrics foedhdi
currents that do not have metallic conductors braided, but a single
multiconductor cable for direct currents and grounding rods.

protection device for
camping hammocks

3.2.2 Again, the Faraday Cage

The concept of a Faraday cage is commonly used for shielding purposes against
electromagnetic fields in low power applications. In principle, the best lightning protection
is provided by a Faraday cage around the target to be protected. Such a cage consists of

a closed metal shell of sufficient conductivity, in which the target to be protected is enclosed.

It is known that common safest places against lightning are inside safe buildings or hard-
topped metal vehicles [7], [38], [130] that divert the currents outside protecting inside acting
as a Faraday cage. Safe buildings are those that have a sturdy structure and walls, able to
safely divert the lightning currents, then, preferably with wire meshing, metallic framing,
metal piping, or metal roofing connected to ground enclosing the space, better in a group

of buildings.

However, theoretical perfect lightning protection provided by a perfect Faraday conductive
structure with no discontinuities has limited practical value [7]. Nevertheless, this Faraday
concept is used in some way by all the patents referred to in the previous section,

regardless of gaps, penetrations, and windows that might ultimately limit its use.
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Previously, in section 1.3.1, it was shown that mesh method with several down-conductors
can be viewed as a Faraday cage. In addition, according to IEC 62305-3, the conductive
steel reinforcement in concrete of a building form the ftageo required for the potential
equalization of the internal LPS when used correctly [27].

To create a personal shield and provide protection when working at high voltages, metallic
filaments and conductive wires can be used interwoven in complex shapes in a garment.
Such a garment would provide a Faraday cage to the wearer so within it, any electrical
potentials that might appear tend to zero and minimal or no currents are induced in the
wearer's body. Thus, the interwoven conductive surface mesh can provide direct external
paths for electrical currents around the body [131] in the way that was related in patent
DE102006057439A1.

An interesting mathematical development of the Faraday Cage concept was done by
Chapman et al. [132] particularly in a 2D model configuration where it is shown that the
Faraday shielding effect depends, as expected, upon the number of wires and its diameter,
but it is weaker than one would expect. The greater the number and diameter of the wires,
the greater the shielding effect. Therefore, a cage with many small diameter wires covering
the protection area could provide the same shielding effect as some larger diameter wires.
If this is considered, together with the current-carrying capacity of the conductors, the
objective of protecting against lightning currents would be fulfilled, allowing the use of

flexible and lightweight materials as will be shown in this research.

3.2.3 Skin depth and electrical parameters

Inside electrical conductors, electromagnetic waves do not propagate uniformly on all the
conductive material. On the surface of the conductor the current density is highest
decreasing exponentially with the distance from the surface. Skin depth is considered as
the distance from the surface at which the current density is reduced by ‘Q of its surface
value, that is approximately 37 %. Equation 8 gives the relation of skin depth U for a good
conductor [133] which can be rewritten as Eq. 9 showing the frequency dependance for a

specific conductive medium.

Eq. 8
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" Eqg. 9
“ "Q“

where ) is the skin depth,

is the magnetic permeability of the specific medium with

‘ the permeability of free space 1 pm (d ,and"
the relative permeability which is dimensionless,

i is the conductivity or the inverse of resistivity of the medium,

1 ¢ "Q is the frequency of the electromagnetic wave.

Lightning emits significant electromagnetic energy in the frequency spectrum from less than
1 Hz to about 300 MHz, with a peak in the frequency spectrum near 5i 10 kHz [134]. This
means that lightning current has several frequency components capable of causing
damage in the human body tissues according to their electrical properties and frequency
response. It is important to note that at the base of the lightning channel, the current can
cause more damage at ground surface. Figure 3-6 shows the time domain signal and
frequency spectrum of a standard lightning current waveform of a typical first return stroke
with plotted components up to 5 MHz.
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Figure 3-6. Time domain lightning waveforms a) and frequency spectra of currents b) for a typical
first 30 kA and subsequent 12 kA return strokes at channel-base. Source: [135].

Many electromagnetic coupling calculation methods are based on frequency-domain

analysis. When a single frequency is used for calculations, it is obtained by the sine wave

that gives the same steepness (maximum derivative) and peak amplitude. This frequency
is124kHzfor first strokes with meFdrisabsequdntstrdkesk A and
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Accordingly, the skin depth is an important concept to consider the materials to use in
lightning protection and eventually in the human body models related to lightning currents.

Returning to Eq. 9 since skin depth is directly proportional to the resistivity ” and inversely
to the relative magnetic permeability * , the lower the resistivity and the higher the
permeability, the lower the skin depth. * and magnetic susceptibility ... are related as
show in Eq. 10 [133]. The units of ... are dimensionless and its data may be easier to find
in material tables. Table 3-4 shows data of electrical parameters related to skin depth for
copper, aluminum, silver, nickel, and an alloy with approximately 52 % copper and 48 %

nickel, taken from materials properties tables or interpolated from them.

‘ p .. Eg. 10

Table 3-4. Electrical parameters related to skin depth for four metals and a copper-nickel alloy.

parameter copper aluminum silver nickel 52Cu:48Ni
"1 rﬁ&l' 1.673 2.6% 1.586 6.840 50.000
‘ 0.9999%1 1.00002 0.99980 600.000000 13.41600

from data and interpolation of [137], [138]

Figure 3-7 shows the log-log plot of skin depth (Eqg. 9) for signal frequencies between 10 Hz
and 10 MHz for the materials in the Table 3-4. Nickel shows an effect about ten times lower

than the other materials considering its high permeability despite its higher resistivity.
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Figure 3-7. Skin depth vs frequency plot for four elements and a copper-nickel alloy
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3.3 Scope of any lightning protection

The former IEC 61024 standard stated that the primary function of a lightning protection
system (LPS) is to protect lives and property from the destructive effects of lightning. The
current IEC 62305-3:2010 standard sets out requirements for the protection of a structure
against physical damage by a lightning protection system (LPS), and for protection against

injury to living beings due to touch and step voltages in the vicinity of an LPS [27].

As shown in section 1.3.1, any basic lightning protection system (LPS) includes air
terminals, down conductors, and a ground system. These elements are bolted or welded
together to form a conductive path for lightning currents. A LPS can intercept lightning
currents and direct them safely to the ground. The ground system consists of a conductive
rod, set of rods, or a bare wire surrounding the structure to be protected, buried in the
ground. This g r o u n dng dlectfoded also equalize the potential on the ground surface
and help to intercept electric arcs that could be produced along or under the ground surface
toward the shelter from lightning currents outside the ring. If any of these three elements of

a LPS is missing, the structure should be considered unprotected from lightning [139].

Thus, there is no fundamental difference between the scheme protection of people and the
protection of structures [125] because in both cases the main function is to prevent currents

from entering the protection target or inducing dangerous voltages.

However, for personal protection it is important to consider two main components of
lightning currents: short and long duration components. The short duration components of
lightnings are not necessarily lethal when interacting with human beings. Technical
experience and medical observations show that current flow through the body is not
necessarily fatal when lightning strikes a human being, particularly in lightning current
impulses. Lightning accident reports and technical literature show that some conductive
elements could help protect people from death by diverting currents and preventing a
significant fraction of them from crossing through the body [7], [39], [61], [69]. External burn
marks on the skin of the victims and in nearby objects suggest the formation of external
sparkover with a protection effect as depicted in Figure 2-3. Paradoxical as it may seem,

the sparkover can prevent death.
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On the other hand, long duration lightning components, known as continuous currents, can
maintain amplitudes of about 100 A for a few milliseconds to a few hundred, despite less
common can cause death [7], [125] and a LPS must provide protection against them.

3.4 Justification of lightning protection for personal use

It is possible to perform a full risk assessment on any particular structure in any place to
determine if a lightning protection is needed [7]. Therefore, a protection for personal use to
minimize lightning risks must consider current statistics and knowledge related to lightning
phenomena, in the way IEC62305-2 does, particularly to prevent human losses. However,
in the lightning risk assessment, places with no very high lightning activity can easily exceed
the tolerable limit for human losses even using warning systems intended to reduce the
exposure time [118], [140].

Considering lightning maps only for continental lands of Colombia, most than 85 % of all
places have a lightning activity above 8 strokes km year*. About 20 % of all territory have
a lightning activity above 64 strokes km? year® most in backcountry and faraway places
with practically no lightning protection infrastructure. Now, considering the IEC 62305-2 to
evaluate the lightning risk for that 85 % of the country, for a person working in open fields
one third of his time and an indirect lightning stroke, the calculated risk for this person is
abouto ¢ 1t p T per year, which is 320 times higher than the typical value of the tolerable
risk for loss of human life or permanent injuries suggested in the standard (Tolerable risk
Rt for L1 = 10° year?). Although fit is the responsibility of the authority having jurisdiction
to identify the value of tolerable riskd[24], the risk value obtained is far from the tolerable

risk, being totally unacceptable.

On the other hand, considering a lightning activity of 6.8 strokes km=2year? for Brazil,
supposing a person working in the open field that can be affected by a 20 meters away
lightning strike, and who is also exposed one third of the hours of the year, the annual risk
calculated for this person is ¢ Y tp 1, which is 280 times greater than the acceptable
risk, then, in most of Brazil people in the open are exposed to unacceptable risks related to
lightning discharges [141]. The tolerable risk vs. the assessed risk, shows that many people
in all the world are exposed to unacceptable levels, and it is necessary to implement any

measures to mitigate that risk.
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Figure 3-8. Lightning stroke density map for Colombia with a 20 km grid from GLD360 v2.0 of
Vaisala dataset for 2012 to 2016. Source: Vaisala / R. Holle (personal communication).

We are of the opinion that any loss of life is unacceptable and therefore any measure that
can be taken to reduce the risk is valuable. Where no avoidable risk is desired, any lightning
protection measures should be taken regardless of the outcome of any risk assessment

[24]. A portable personal lightning shelter could reduce the risk of lightning strikes.

3.5 Basic requirements of lightning protection for
personal use

Prevention and planning should always be kept in mind as primary measures of lightning
protection. "If people would plan ahead, keep an eye on the sky and get to a safe place
sooner, there could be many fewer deaths and injuries" says John Jensenius, a lightning
safety specialist with the NOAA [76].
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On the other hand, there are some signs that may warn of the imminence of a lightning
strike that cannot be ignored such as hair standing on end and tingling skin. In this case,
shelter should be sought immediately. If that's not possible, it is recommended to adopt a
squat position [94], [142], preferably on the tips of the toes with both feet joined together,
minimizing the contact with the ground and becoming the smallest possible target.
According to numerical simulations, that position can reduce the lightning exposure to a
direct strike and to an aborted leader by 50 % and 70 % respectively [142]. In many human
activities in faraway and backcountry places, it may be not possible to leave the area, so

having a personal lightning shelter would further reduce the risk.

Considering the multiple cases of materialized catastrophic risk caused by lightning, some
of them referenced in this work, the primary lightning fatalities as the most dangerous
coupling mechanisms, statistical data of lightning activity by time, season, and place,
existing alarm and warning systems, the availability of advanced lightweight materials with
good electrical properties, it is possible to formulate some basic requirements for lightning
protection schemes intended for personal use in remote locations far away from reliable

lightning protection systems as follows.

I.  Lightning Safety Training

1. Study, learn about lightning hazards and be prepared.

Read and understand lightning risks, injuries, and known injury mechanisms.
Consider all safety information available from reputable sources such as the
National Weather Service of NOAA, or the ELAT of INPE from Brazil.

4. Since conventional lightning protection is not available in the open field, always keep
in mind the 30-30 rule: the first 30 refers to the seconds from the time lightning is
seen until its thunder is heard at the beginning of a thunderstorm. If the count is 30
seconds or less, lightning is about 10 km distant or closer, indicating that a person
is in danger and should seek safe shelter. The second 30 s refer to the time elapsed
in minutes to reach the end of the storm after seeing the last lightning or hearing the
last thunder and the person must remain sheltered [38].

5. Be trained in first aid and cardiopulmonary arrest resuscitation (CPR) techniques.

I1. Plan before outdoor activities,
6. Be informed well in advance and adequately of the historical lightning activity at the

site for the season, month and throughout the day. Avoid travel, trips, and activities
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10.

11.

12.

13.
14.

15.

in open places with recognized lightning activity moreover if it is an area close to
lightning hotspots.

Avoid thunderstorm weather. Check and take advantage of lightning information
tools and weather reports before the displacement to the target location. Consult
current weather forecasts of the site you plan to visit and modify your plans if
necessary.

Consider the environment, geographical factors, and the safest places, avoiding

dangerous ones according to primary lightning fatalities mechanisms.

During unavoidable activities in open field and backcountry places [63], [143]i [145]
With thunderstorm developing, approaching, or clearance, avoid or leave places
with increased risk such as mountain tops, ridgelines, tall and isolated trees, water
bodies (creeks, boggy grounds, rivers, lakes, seas, and their beaches), caves, cliffs,
and rocky overhangs.

Do not stay in shelters with ungrounded electrically isolated metallic roofs (such as
sentry boxes, newsstands, kiosks, gazebos, and sheds) as they are not safe against
lightning discharges [69].

Stay away from metallic fences, long conductors, and other conductive structures.
Also, stay away from wet items (such as ropes) that can conduct electricity.

In the event of signs that may warn of the imminence of a lightning strike such
tingling skin, hair bristle or standing on, crackling sound or unknown buzz, or ozone
smell, adopt a squat position a.k.a. lightning position: sitting or crouching with knees
and feet close together to create only one point of contact to avoid ground potentials.
Use an insulating material as the base can reduce the ground potential rise effect.
Do not lie on the ground.

Some type of personal lightning shelter would be desirable to further reduce the risk
of injury from lightning strikes. Although a lightweight shelter is desirable, if
available, a vehicle with metal roof and frame or a metal cargo container [122] can
serve as lightning shelter.

Select a suitable campsite to install the shelter based on the terrain conditions and
the lightning knowledge to reduce the risk of being affected by direct or indirect
lightning currents. Avoid exposed open fields, top of hills, ridge tops, water, or flood -

prone areas.
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16. If possible, it is advisable to divide groups of people into smaller ones and spread

out about 30 m from each other.

IV.  Basic requirements for personal lightning shelters

17. At least, the shelter must protect against the more lethal lightning effects: ground
currents (a.k.a. step potential or earth potential rise), side flashes, and upward
streamers.

18. The shelter must divert the lightning currents away from the body.

19. Suitable dimensions for at least one person to be protected from the elements (sun,
wind, rain, etc.) and the lightning currents.

20. The shelter must be lightweight and portable.

21. The fabric of the shelter must be tear-resistant, withstand heavy use, harsh
environmental conditions, and weathering.

22. Easy, fast, and convenient to set up.

23. Although laboratory experiments cannot fully simulate the conditions under natural
lightning [6], [146] at least the shelter model must be tested under standard

laboratory conditions with standard lightning current waveforms.

3.6 Results and discussion

Prevention is always the pinnacle measure of personal lightning protection [25], [26], [38],
[40]. However, as the exposition to lightning risk is unavoidable for many human activities
developed in far away and backcountry places with lightning activity, such as in the
Colombian National Army, in agricultural works, and in some sports, it is desirable to have
a personal lightning protection system. Many patents filled to attempt personal protection
against lightning currents in outdoor conditions highlight the interest in and need for such a

protective measure, which is not covered by current lightning protection standards.

As there are not lightning protection systems for people exposed in outdoor areas, the
better solution to avoid lightning injuries and death in thunderstorm conditions is to follow
procedures that take away people from open areas and put them into protective structures
or shelters. IEC/TR 62713:2013 deals with safety measures for risk reduction outside large
structures [43] but does not consider the use of appropriate shelters for the unavoidable

outdoor human activities that demand them.
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Any avoidable loss of life is unacceptable, and any measure taken to reduce the risk is
worthwhile. All lightning protection measures should be taken regardless of the outcome of
risk assessments. Even in relative low lightning-activity outdoor locations the risk is not
taken seriously until it materializes. As it was shown, even in developed countries or in
unlikely places as dug-out shelters, the lightning currents together with lack of prevention
can cause permanent disability, death or social stress. Any technical or scientific-based
measure to avoid the coupling of lightning currents with human beings can contribute to
reduce the risk and its consequences. It is important to consider all potential causes of
damage such as the skin depth of lightning currents, to consider the most suitable materials
to use in lightning protection and, eventually, for the human body models related to lightning

currents.

There is no fundamental difference between lightning protection of people or structures as
in both cases the objective is to prevent exposure of the target to dangerous voltages or
entering currents. However, protect human beings in outdoor condition with reliable
lightning protection systems must involve the training, planning, and taking of measures to

minimize unavoidable risks.

3.7 Concluding remarks

There are many tools to help to reduce the lightning risks such as lightning maps, lightning
early warning systems, awareness and training, weather forecasts, and statistical analyses.
However, these devices are not enough to minimize lightning risk in far away and isolated
locations. Awareness and warnings may be useless if adequate shelters are not available.
A portable personal lightning shelter could further reduce the risk of lightning strikes even
more if proper prevention measures are taken including education, planning and the use of

al | tools and measures to avoid Aavoidable riskso
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To propose a lightweight and portable lightning protection shelter for personal use in
outdoor conditions according to the presented basic requirements, some lightweight
materials that could be used as part of a lightning protection system were investigated.
Electroconductive fabrics (ECF) are textile materials with the ability to conduct electrical
currents with the advantages of fabrics such as flexibility, strength, and low weight. A brief
introduction to the types of electroconductive fabrics will be presented below. As will be
shown, the very low resistivity of some electroconductive fabrics (ECF) is an important
characteristic for their potential use as part of lightning protection systems.

Considering that ground currents is the most dangerous injury mechanism caused by
lightning strikes, the electroconductive fabrics could help reduce the potential rise by being
used as an equipotential surface forming a Faraday cage. To evaluate this, some
electroconductive fabrics with interesting electrical characteristics were tested in Laboratory

by applying several 8/20e s st a n d a r ah sanples rofethese snaterials. Although
natureds current wave shapes very rarely f
is a wave shape adopted by several standards to simulate and study the effects of lightning

in the laboratory [6].

Asaresult of t hi s wo ligkthing dmpufsa Puerent Testston sdme d
Electroconductive Fabrics0 wa s s ubmi tdumal of tApplied Research and
Technology and accepted after a careful second round of peer review made by experts in
the field. This accepted work, with a previous version uploaded to the arXiv and Hal pre-
print repositories [147], [148], serves as a basis for this chapter with other also peer-
reviewed papers published in several specialized congresses in lightning protection such
as International Conference on Lightning Protection i ICLP and International Symposium
on Lightning Protection i SIPDA.
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T he p &esonal pfotection against lightning using electroconductive fabricsosubmitted
and presented to the ICLP 2022 describes laboratory tests done on a proposed lightning
survival shelter made from an electroconductive fabric (ECF).

Finally, additional work related to tests on electroconductive fabrics is presented.

4.1 Electroconductive fabric types

There are several ways to weave textiles and to produce many types of electroconductive
fabrics (ECF). The difference between ECF and ordinary fabrics is that ECF use conductive
materials in the fibers and yarns of which they are composed. This will be discussed later.
Meanwhile, some types of textile patterns used to manufacture ECFs will be presented

below, with main information from [149] and laboratory observations.

Weaving. The process of interlacing two yarns so that they cross at right angles to produce
a fabric. A woven fabric is composed of warp yarns in the longitudinal direction and weft
yarns interlaced in the crosswise direction. The warp and weft yarns may be or not of the
same type, material, and size. In the ECF each fiber of a yarn may have a core of insulating
material coated with a conductive material, alloy, or composite. Figure 4-1 shows this type

of fabric and others that will be presented below.

Knitting. It is a process of constructing fabrics by interlacing loops of one or more yarns.

In warp knitting the yarns commonly run parallel to the selvedges, lengthwise in the fabric.

NonWovens. They are fabrics that are broadly defined as structures forming sheets or
webs, bonding together separate fibers or filaments (and by perforating films) mechanically,
chemically, or thermally. Fibers forming a non-woven fabric may be randomly oriented
throughout the fabric or in a particular direction. To achieve improved strength, elongation,
or any other mechanical properties, multiple layers can be combined. By varying fiber
diameter, density, orientation and additional mechanical processing, porosity can be

controlled.

Hybrid. As the name suggests, hybrid fabrics include more than one type of structural fiber
in its construction into one or more layers. For example, in a woven hybrid fabric one fiber
may run in the warp direction (longitudinal) and a second fiber type in the weft direction
(crosswise). In each warp or weft direction it is also possible to use a combination of

different fiber types. Although hybrid fabrics are most found in knit fabrics, this process is
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also used in non-woven, weaving, and braiding fabrics. Typical hybrid combinations in
medical applications include Polypropylene/Polyglycolic acid, Polypropylene/Polylactic
acid, and Polyester/Nitinol [149].

Braiding. A braid is a complex pattern formed by intertwining several strands (three or
more) of flexible materials such as textile fibers or wires. Generally, the braids are long and
narrow, with each component strand equivalent to zigzagging through the overlapping
mass of the others. Complex braids can be formed from an usually odd number of strands
to create a wider range of structures (such as wider ribbon-like bands, broad mats, hollow
or solid cylindrical cords) [149].

DL LTI 0 e

NonWovens Hybrid

Weving | Knitting Braidig

Figure 4-1. Optical micrographs of five types of textiles that can be used for electroconductive
fabrics. Source: adapted from atextechnologies.com [149].

Table 4-1 below summarizes some key characteristics of textiles that can be found as
electroconductive fabrics. Depending on the materials and processes used to manufacture
non-woven fabrics, they can be somewhat fragile and brittle or, on the contrary, very strong,
depending on the application. Woven fabrics without any special pattern and especially

knitted fabrics can easily fray, unraveling the cut edges.

Table 4-1. Some key characteristics that can be found in electroconductive fabrics.

. Characteristic
Fabric type — : = - - —
Dimensional Flexibility Elongation Porosity Strength Fabrication
Woven stable medium low controlled high (warp easy
and weft)
. . . easy .
Knitted flexible high controlled controlled . medium
unraveling
Norrwoven stable low low controlled met:l(;svm to easy

Braided flexible high high controlled high complex
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4.2 Lightning impulse current tests on electroconductive
fabrics 12 [147], [148], [150]

On the search of lightweight lightning protection materials that can be used as part of
Lightning Protection Systems (LPS), we investigate some types of electroconductive fabrics
by applying several lightning impulse currents in laboratory. Samples of four commercially
available electroconductive fabrics were analyzed: two rip-stop, a plain-weave, a
nonwoven, and additionally a carbon-impregnated polymeric film. Under laboratory
conditions, each sample was subjected to several lengthwise subsequent lightning-like
currents of 8/20 ps waveform, recording both voltage and current signals. Optical and
scanning electron microscope observations were performed after tests, revealing some
patterns or morphological changes on the fabric surface. Despite these changes, the
investigated conductive fabrics withstand the several lightning impulse currents applied.
Results suggest that some conductive fabrics could be used in personal mobile shelters, to
protect human beings against the earth potential rise caused by a close lightning discharge.

4.2.1 Introduction

The uneven distribution of lightning activity on the planet, as shown in the global lightning
maps, let in evidence that some places in the world have very high levels of lightning
activity. In these places, the population could be more prone to suffer injuries caused by
lightning. The top 100 places of the world with the highest lightning activity have a lightning
density in a range between 83.45 and 232.52 flashes km=2a [1]. Many fatal accidents show
that people who are involved in outdoor activities or open fields are more vulnerable to the
risk of lightning strikes, as reported both in the media and in technical literature. [69], [151]i
[153].

To reduce the risk of death caused by lightning strikes on living beings and damage in
structures, buildings, installations and their contents (IEC 62305-1 2010), several
techniques intended to intercept direct lightning flashes and to conduct and disperse their

currents safely into the earth have been developed [28]. To mitigate the aforementioned

1 Authors: J. A. Cristancho, J. E. Rodriguez, C. A. Rivera, J. J. Pantoja, L. K. Herrera, F. Roman.

2 A preliminary version of this paper was uploaded in the pre-print repositories arXiv and Hal [147],
[148]. The paper entitled "Lightning Impulse Current Tests on some Electroconductive Fabrics" [150]
was published and available on 2023-04-30 in the Journal of Applied Research JART, submitted on
2021-05-13, and accepted on 2022-09-22.
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lightning threats, a lightning protection system (LPS) must be the capability to effectively
capture and safely divert hazardous lightning currents towards the ground. For fixed
external building protection, the IEC62305 and NFPA 780 standards [19], [154] recommend
the use of some materials and components that in most of the cases are heavy and bulky.
Nevertheless, in some outdoor, faraway, backcountry or not easily accessible locations, the
use of weighty materials and equipment is almost impossible, constraining the possibility to
have acceptable LPSs. This condition makes some human activities to be permanently

exposed to the catastrophic risk of lightning.

In the research field of technical and industrial fabrics, the electroconductive fabrics (ECF)
show great potential of application on several industries [155]i [157] but until now, there is
a lack of information about their use in power or lightning applications. The electrical signals
applied on ECF are low power rated, such as in electromagnetic interference (EMI)

shielding applications [158] or in strain sensing applications [159].

In this paper, it will be shown that some ECF, subjected to high current impulses in the
laboratory, could withstand natural atmospheric lightning impulse currents (LIC) enabling
its use in personal lightning protection and power applications. Electrical tests and
measurements were performed on some ECF, as well as microscopy observations to
analyze the behavior of the fabrics when divert high currents. It is proposed a possible
alternative use of some ECF as components of a lightweight LPS technology for use in
tents, portable lightning shelters, and other power applications, stablishing some

parameters that limits the current or energy level in the used fabrics.

4.2.2 About electroconductive fabrics

ECF are fabrics with the ability to conduct electrical currents, using conductive materials in
their constituent fibers and yarns. According to the weave pattern they can be woven,
nonwoven or knitted. Woven fabrics consist of interlacements of yarns in mutually
perpendicular directions, interlacing or interweaving warp-and-weft yarns. On the other
hand, nonwoven fabrics are produced by the bonding or interlocking of fibers with
mechanical, chemical, thermal, or solvent methods, or combinations thereof [156], thus
giving a random structure. Knitted fabrics are made up of a single yarn, looped
uninterruptedly, producing a braided appearance. The weave structure, pattern and the

number of yarns depend on the fabric type. Only woven and nonwoven ECF were used for
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this research. Figure 4-2a shows optical micrographs of four ECF utilized in this research,
and Figure 4-2b a warp cross section of a rip-stop ECF (also used in this work), revealing
48 weft yarns of the fabric. Each yarn has an average 15 pm diameter with an outer
conductive layer of about 1 pum thickness. Commonly in woven textiles, warp yarns are
more stressed than the weft ones since the former are stretched to receive the interlaced

ones of the latter.
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Figure 4-2. Optical micrographs of electroconductive fabrics tested in this research. a) Surface
sample of four electroconductive fabrics where the color difference between F1 and other ones is
due to an illumination effect; b) Warp cross-section of an electroconductive rip-stop fabric showing
48 weft yarns cramped along warp filaments, where in the zoomed image it is possible to identify
some inner insulating fibers with their outer conductive shell.

4.2.3 Sheet resistance

ECF are not homogeneous structures with isotropic electrical current distribution. Electrical
modeling of conductive fabrics is complicated, since the material must be treated as a
combination of resistors in series and parallel connections considering the interlacing
filaments [160]. An electrical model of the whole ECF could be treated as a very large-scale
symmetric network of basic yarn interconnected sections. The entire model can be reduced
to multiple single yarns connected in parallel [161] which in the end can be taken as a
uniform conductive sheet. The electrical resistance of a full symmetric grid corresponds to
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that of the basic electric model, which mainly depend on the material, pattern, and geometry
of the conductive elements. The electrical resistance value will also depends on several
external factors, such as temperature, humidity, pressure or dimensions [160], [162].

Considering the conductive fabric surface as a thin film conductor [161], the sheet
resistance is frequently used to refer to the electrical resistance of a full symmetric grid, i.e.
a square of fabric independent of the side length. This is different from the bulk resistance
used for wires conductor specification. Considering the regular three-dimensional
resistance R of a conductor, Eqg. 11 describes the mathematical model of the resistance for
a conductor square of sides W and thickness t, in the direction of a current |, going through
the cross-sectional area A.

y oD o o Eq. 11
51 Qb B 66 o
Eg.11li s valid only for a square of fi4igshecm

called sheet resistance Rsh, then R is independent of the size of the squared sample [163].
Despite the unit of electrical resistance in the International System of Units (SI) is the ohm
(q), in the conductive films industry it is commonly expressed in units of ohm per square
(q / orq kg which expresses that the resistance is measured on a square of material of
side w and it is independent of its side length [164], [165].

4.2.4 Overview of lightning impulse tests

A lightning flash to earth is an electrical discharge of atmospheric origin between cloud and
earth consisting of one or more strokes [19]. Cloud-to-ground lightning effects depends
mainly on the high current amplitudes developed when the unbalanced opposite charges
between clouds and ground are neutralized. When a lightning strikes the ground directly or
through a tall object, the currents are radially distributed on the earth in all directions from
the striking point to the exterior. Despite of fact that lightning currents could reach more
than 200 kA, for negative first strokes the global lightning median return-stroke peak current
is about 30 kA and typically 12 kA for subsequent strokes [8]. For some countries such as
Brazil, Colombia and Zimbabwe (former Rhodesia), the average lightning peak value is

about 42 KA [8], [13]. Lightning current density diverted into the ground still hazardous to

nduct o
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life and health even at distances of several meters from the strike point, although it is
inversely reduced to the square of the distance.

Impulse voltages with front durations varying from less than one up to a few tens of
microseconds are considered as lightning impulses [166]. To assess the effects of lightning
currents over equipment and materials, standardized lightning-like impulse currents (LICs)
are generated in laboratory to simulate natural lightning impulses.

Parameters of lightning impulses currents (LICs). The peak value I, the front time
T1 and the time to half value T2 are basic parameters of the standardized wave shape
typically used in laboratories to simulate the effects of LICs on lightning protection systems
T LPS i components [19] as shown in Figure 4-3a. Commonly, in a lightning impulse the
time T2 is less than 2 ms. For example, a current waveform 4/10 ps of 20 kA (or 20 kA 4/10
us) refers to a surge of current of 20 kA peak with 4 ps of front time and 10 ps of tail time
up to its half value.

When an electrical current flow through a resistive material, heating is produced due to the
Joule effect. To estimate the energy dissipated by the ECF as joule heating due to each
applied current pulse, the instantaneous power applied over the fabric should be
considered. The following expressions Eq. 12 and 13 are used to evaluate the energy after

each current impulse:
00 o J ‘O Jy JGb6 O0 Y Eqg. 12
0 00QO0 YD "000QO0 Eqg. 13

where P is the power, Veis the measured voltage between electrodes, | the current applied,

R the resistance of the conductive fabric, E the energy, and t is the time.

4.2.5 Materials and methods

Fabrics used as samples under test. To determine the structural characteristics that provide
conduction of high current levels, the objects under test (OUT) were samples of
electroconductive fabrics with different weave types and manufacturing techniques: rip-stop
(named as F1), rip-stop with a side layer coated with a flame-retardant UL94V-0 composite

(F2), plain-weave (F3) and a nonwoven fabric (F4).
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Figure 4-3. Experimental setup. a) Definitions of a laboratory standard lightning impulse current
(LIC) signal with its parameters according to IEC 62305-1; b) test bench setup schematic of the
Lightning Impulse Current Generator (LICG) used and a sample of electroconductive fabric fastened
by the two copper clamp electrodes; and c) procedure for LIC tests over electroconductive fabrics

and film.
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In addition to these, a conductive polymeric film (F5) was tested. F1 to F4 are
electroconductive fabrics (ECF) produced with yarns of the same characteristics by the
same manufacturer. The material F5 is a polymeric film impregnated with carbon black from
other industry.

Fabric types F1 to F4 were selected because the material type and weave pattern are easily
available from different manufacturers in the market, broad commercial offer, low price
(comparatively with other ECF), and wide use in electromagnetic shielding. Despite the
material F5 is not a fabric or textile but a conductive film, it was tested to assess their ability
to withstand lightning-like currents and compare it to that of conductive fabrics.

The structure of each yarn of the ECF follows the structure observed in Figure 4-2, made
from fibers of an insulating polymeric core covered with a conductive material layer. The
inner fiber is a monofilament made of polyester, constituting 65 % of the entire yarn. The
manufacturer data sheet gives the composition of the remaining 35 % outer conductive
layer as 57 % Cu - 43 % Ni alloy. The UL94V-0 level flame-retardant coating composite of
the fabric F2, covers one side of a conductive rip-stop fabric of the F1 type. The main
characteristics of the ECF samples are summarized in Table 4-2. Parameters of the tested
electroconductive fabrics and film. The presented sheet resistance unit is given in ohm per
square (q/T).

An optical microscope Olympus BX-41 with U-CMAD3 was used to observe the samples
before all the tests. Also, a Scanning Electronic Microscope SEM Tescan Vega 3 SB, with
secondary electrons (SE) and backscattering electrons (BSE) detectors, was used to
observe some selected sections. In addition, the samples were weighed in an analytical

Sartorius Entris 2241 1S balance scale.

Lightning impulse current generator setup. The LICs were generated by a Lightning
Impulse Current Generators (LICG). 8/20 us current waveforms generated by the LICG
were used (T1 of 8 us and T2 of 20 us). High amplitude current impulses with that

waveshape are considered standardized lightning impulse currents.

The schematic setup of the LICG is represented in Figure 4-3 b. By changing the distance
between spheres of the spark-gap, it is possible to control the LICG charging voltage, hence

the peak amplitude of the applied current pulses.
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Table 4-2. Parameters of the tested electroconductive fabrics and film

Item Unit F1 F2 F3 F4 F5
Weave , Rip-stop _ Polymeric
pattern type Rip-stop with ER® Plain Nonwoven fi

Areal 2 245.0 = 130.0 £

density® g/m 90.0+10.0 10.0 10.0 90.0+10.0 238.0+10.0

Thicknes®  mm 0.10+0.01 0.16+0.02 0.15+0.02 0.08+£0.01 0.10+0.01

Sheet
©
resistance K KX nds X nd, X nds X no < 31000
Resistivity xMdn XX p®n X MM®PEX mndp)XK nodn <311:112i
_ impregnated
Conductive type Ni-Cu Ni-Cu®@ Ni-Cu Ni-Cu with carbon
material
black
Core polymeric
material type polyester polyester polyester  polyester film

(&) Uses a side with a coating layer of Flame Retardant level Ui®ddmposite.

(b) The value after + sign is the specification limit,and t er O or < sign i ndi
specification.

(c) Slunitisthe ohm, buhe commonunitt s ed f or t he s loeepersquarsg/ $t a

Current is measured with a Rogowski coil with integrator, and voltage with a High Voltage
Probe with a 1000:1 ratio. To record these signals, the two channels of an Agilent
DSO06104A oscilloscope with ground isolation are used. The ECF samples as objects under
test (OUTSs) are fastened by two copper clamp electrodes to provide physical support and
electrical contacts between the current generator and the fabric sample, as shown in Figure
4-3 b. In this setup, the OUT must have enough low impedance to allow the conduction of
the current impulse mainly because the resistance of the fabric sample is part of the LICG

discharge circuit.

Procedure. The procedure for testing the ECFs against lightning currents is depicted
graphically in Figure 4-3 ¢, conducted by means of a LICG over three samples of each four
ECFs and one polymeric film similar to the methodology presented in [30]. Three squared
pieces of 10 cm x 10 cm of the five materials Table 4-2 were trimmed identifying their warp
orientation (fabrics F1 to F4 and the film F5). Each sample was named and marked

according to its material followed by sequential number, e.g. sample F2-3 corresponds to
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a sample 3 of the fabric sample F2, and F5-1 corresponds to a sample 1 of polymeric film
(F5). Optical microscopy and weighed of the samples were done.

Each sample, placed lengthwise to the surface of the fabric in the warp direction and
connected to the circuit through copper clamp electrodes, was subjected to a set of at least
four subsequent LICs, starting from 5 kA, increasing in leaps greater than 2 kA with time
intervals of 5 minutes between each test.

Fabric samples are tested with consecutive 8/20 us LICs, starting from 5 KA in increasing
leaps estimated to be larger than 2 kA, up to the maximum current that the generator can

drive with the actual impedance given by the fabric sample.

To observe and compare the impedance behavior of each ECF sample, it is measured and

recorded both voltage and current signatures across the OUT on the clamping electrodes.

To investigate the variation of the conducting fabricbs r esi st ance after the a
successive LICs, this sub-procedure is followed: from the first 5 kA LIC recorded data, we

only take the first cycle of both the measured voltage drop and the current. The maximum

current value and its corresponding voltage datum are selected from this data set and the

dynamic resistance is <calcul ated Ikocedaeasns of Oh m
followed for each consecutive current test of each fabric sample. Then, it is calculated and

tabulated the pseudo electrical resistances, and generated plots of voltage vs. current. In

addition, the energy of the first positive semi-cycle of each applied LIC is estimated using

equations (3) and (4) and the energy vs. current characteristic is plotted.

The polymeric film (F5) was also tested in a similar way but only with a first single LIC of
5 kA due to it ignited and melted along the test electrodes contacts before allowing other
trials. For this, F5 is not studied like the fabric samples, and it does not appear in most of

this paper.

After the LIC test, the samples were observed in the microscope and weighed again to
compare the fabrics before and after the tests and to analyze how the fabrics were changed
by the high current flow. Additionally, some small sections trimmed out from the samples
were examined through the SEM Microscope, with an acceleration voltage of 20.0 kV, to
increase the observation capacity for identify the structure of involved materials, and to get

more details of the changes over the fabric surface. To estimate the change in the elemental



Chapter 4. Proposal of a lightning protection system for personal use 123

composition of the surface, Energy Dispersive Spectrometry (EDS) analyses were
performed over a sample of rip-stop conductive fabric (F1), before and after lightning tests.

4.2.6 Results and Discussion

Optical microscopy before tests. Figure 4-2a shows micrographs of the untested
fabric samples. F1 and F2 correspond to rip-stop type, F3 to plain-weave type and F4 to
nonwoven conductive fabric type. F2 has the back side coated with a flame-retardant
composite that increases the temperature strength, as well as the fabric thickness, stiffness,
and weight. The picture of the coated polymeric film F5 is not included in the Figure 4-2

since its homogeneous surface image does not provide significant information.

Lightning impulse current (LIC) tests. Figure 4-4 shows representative samples of
each one of the ECF and the coated polymeric film after the application of the last LIC.
Regarding to the F5 polymeric film (Figure 4-4 q), with the first 5 kA test, it ignited and
melted along a test electrode contact, as it can be seen in Figure 4-4 g, avoiding further

testing and thus no data results can be provided.

The current and voltage signatures of the first and the last LIC applied to one of the samples
of each of the four studied fabrics are shown in the upper part of Figure 4-4, beside each
picture. Figure 4-4 b, e, and h correspond to the first impulse; Figure 4-4 c, f, and i, to the
last impulse. Figure 4-4 k is the applied current signal to the F4-3 sample (i.e. the sample
3 of fabric 4) while Figure 4-4 | is the voltage drop across it, shown inverted due to the
measurement system connection. After applying the LICs on each test sample, some
patterns appeared on the fabric surface, particularly close to the electrodes as shown in
Figure 4-4 a, d, g, and j. Horizontal patterns perpendicular to the current direction can be
noticed in these pictures, the latter indicated by yellow arrows.

For all fabric samples of each type, the first cycle peak current value and its corresponding

voltage datum of each LIC test were plotted giving a current-voltage (I-V) characteristic as

shownin Figure4-5at o d. These characteristics correspol

of the material to the crossing current.
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Figure 4-4. Photographs of tested electroconductive fabric samples showing some current and
voltage signals. Images of rip-stop F1-1 (a), rip-stop with flame retardant (d), plain-weave (g) and
nonwoven (j) conductive fabric samples after lightning impulse current (LIC) indicating the direction
of the current flow with yellow arrows. Next to them are both current and voltage signatures of the
first and the last impulse as follows: plots (b), (e), and (h) correspond to the first applied impulses,
while (c), (f), and (i) to the last ones. For the nonwoven fabric sample F4-3, the current (k) and
voltage () signatures are shown separately, the latter with negative polarity by the acquisition system
connection. After LIC tests, some marks particularly perpendicular to the current flow appear in the
fabric sample surfaces. In addition, both sides of each tested electroconductive fabric samples F1
(m), F2 (n), F3 (0), F4 (p) and the polymeric film sample F5 (q) are shown after the last applied
impulse. The fabrics (samples F1 to F4) show marks in the front and back surfaces and the film
(sample F5) shows the cut caused by the melting of the electroconductive surface. Note the flame-
retardant composite in the back surface of the F2 (n) with a scratch pattern that is perpendicular to
the direction of the current (vertical for all pictures).
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For the first three impulses of all the current-voltage plots presented in Figure 4-5, an almost
linear behavior is noticed, which indicates a constant electric resistance value for those

|l evels of the current. Therefore, thepilsdsy namica

was calculated using the |-V data, as it is shown in the plots of Figure 4-4(b, e, h and k), as

wel | as Ohmés | aw. T h ees abtaired rgthee fabriessin asderalingc e

order are: 15 mq for F1, 19 mq for F2, 30 mq for F4, and 57 mq for F3.

The application of the fourth LIC produced a considerable variation in the electrical behavior
on all tested ECF, particularly for the F3 plain-weave fabric. The most evident change
observed in the sample F3-2 shows an erratic behavior compared with the other three
samples. On the other hand, for the F4 fabric, the last applied LIC of 19 kA, produced
changes of about 33 % and up to 96 %. This large variation was not expected from the

projections of the previously three measured values of the fabric electrical resistance.

Energy estimation. The energy applied by the first positive semi-cycle of each LIC was
estimated using equations (2) and (3). The average resistance obtained from the first three
LICs of Table 4-3 is considered as the fabric resistance. The energy in joules related to the
applied current in kiloamperes on each weave pattern is plotted in Figure 4-5 e.

Table 4-3. Average resistance in mq for the first three lightning current impulses of each fabric
sample, average for fabric type, and uncertainty for 95 % of confidence for each weave type.

Sample Fi1-1 F1-2 F1-3 | F2-1 F2-2 F2-3| F3-1 F3-2 F33 | F4-1 F4-2 F4-3

Resistan 15 15 16 15 17 24 56 47 68 29 28 34
Rave,age[ mq ] 15 19 57 30
uncert. 1 5 12 4

After the second applied LIC, a progressive slight change in the color of the fabrics was
noticed. From the original silver color, the surface acquires a soft dark tone after each
impulse. This suggests overheating of the material probably due to the joule heating effect
produced by the application of high LICs, which could even sublimate the thin conductive
metallic layers when the current density surpass a critical value. LICs applied with enough
high amplitude can produce loss of conductive material layer in some areas changing the
fabric structure. This phenomenon increases the ECF electrical resistance and therefore
the dissipated energy in the conductive material when a successive impulse is applied. In
a previous work, the critical LIC amplitude for the sublimation and break-down of a dog-tag

metallic chain (i.e. pearl-like necklace) was estimated in 17.4 kA peak for a 8/20 ps
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waveform [119]. For the tested fabric samples, the higher the lightning current impulse
amplitude, the more the effect on the fabric surface was observed.
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Figure 4-5. Voltage-Current graphs of the LIC tests on the electroconductive fabrics F1 to F4 (a to
d) and Energy-Current averages plot of the subsequent LICs tests over the fabrics (e). Three
samples of each fabric were tested with four subsequent increasing LICs for samples F1 (a), F2 (b)
and F4 (d), and five impulses for sample F3 (c), where the sequence tests are represented by the

colored lines (blue 6, red T, green &), one for each sample. Note that horizontal and vertical scales
are different in all graphs.

The Energy vs Current characteristic (Figure 4-5 e) shows an evident difference for the
plain-weave F3. This plot reveals a similar behavior for the fabrics F1, F2 and F4, and that
the plain-weave electroconductive fabric F3 dissipates more energy, even at lower current
values. This is consistent with their electrical resistance presented in Table 4-3, where for
F3 it presents the highest value of the four fabrics evaluated. Figure 4-5 also shows a clear

particular behavior for F3 (Figure 4-5 c) after the third LIC, indicating a strong change in its

electrical resistance and conduction mechanism.
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SEM observations. To assess the morphology changes on the OUT fabrics after the
LICs, some selected samples were observed by means of the Scanning Electronic
Microscope (SEM). The magnification was increased over some scratches on the surface

as shown in Figure 4-6.

The secondary electron image detection (SEI) of the SEM microscopy (Figure 4-6 m and
5n) allows easy identification of the conductive and non-conductive materials, mainly
because the atomic number of metal atoms are greater than those of isolating organic
compounds. The dark areas of the non-conductive polymer filaments contrast strongly with

the clear areas of the conductive metallic coating.

Under the conditions described, SEM micrographs show optically that the woven fabrics
(samples F1, F2 and F3) would better support the high-currents flow than the nonwoven
one (F4). F4 nonwoven fabric surface (Figure 4-6 j, 5 k, 5 I) has regions that endure worse
the high-currents flow despite to their electrical response and visual aspect. This might
suggest that the woven fabrics have a better performance to endure the current flow, i.e.,
the most ordered and straight the weave the more its capacity to drive impulsive currents.
However, this observation could depend on the length, geometry, the material, and the
production technique of the fibers in nonwoven fabrics. Furthermore, the F3 plain-weave
with a pattern like that of the rip-stop fabrics F1 (Figure 4-6 a, 5 b, 5 ¢) and F2 (Figure 4-6 d,
5e, 5f) but with a loose weave, shows a greater resistance and consequently greater
energy dissipation. Although further research on knitting fabrics, this work does not address
this weave type, as it has a more intricate weave pattern that changes the yarn paths.

Therefore, lower performance would be expected.

Using the SEM Energy Dispersive Spectrometry analysis (EDS), the elemental composition
of the conductive surface layer was estimated over a sample of F1 rip-stop fabric. The EDS
semi-qualitative chemical analysis identified a composition of 55%Cu i 45%Ni on a non-
affected spot area of the fabric surface, as shown in Figure 4-6 m. Similarly, on the
observation region of the surface of the sample F1 after lightning current tests, it was
identified an elemental composition of 44% Cui 36 %Nii 16 %071 4 %C, as shown in Figure

4-6 n, where carbon and oxygen are two basic elements of the inner polyester filaments.
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Figure 4-6. SEM micrographs and SEM-EDS chemical elemental composition. The SEM
micrographs (at HV 20.0 kV) of the four fabric samples after the lightning impulse tests show the
change in the conductive surface of the four tested types: a), b) and c) rip-stop F1; d), e) and f) rip-
stop with a side coated with a flame-retardant F2; g), h), and i) plain-weave F3; j), k), and ) nonwoven
type F4; and SEM-EDSs show semi-qualitative chemical elemental composition analyses before (m)
and after (n) lightning tests on a sample of the rip-stop fabric F1.

The resistance value of the electroconductive fabric is a key parameter of the ECF intended
to drive lightning currents. The elemental composition of the yarns conductive layer defines
the resistivity, therefore the resistance. According to the SEM-EDS analysis (Figure 4-6),
the tested fabrics in this research are made from yarns with a conductive layer of copper-
nickel alloys in a concentration of approximately 55 % Cu and 45 % Ni. Bundling many
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yarns from materials with enough low resistivity can lead to weaves with low resistance

able to withstand lightning currents.

Carbon fibers, carbon nanotubes CNT, graphene-coatings, and other non-metallic
conductive materials based on organic compounds have relatively high resistivities
compared with metallic ones, such a copper, leading to high resistance values and
therefore, high energy dissipation in form of heat. The polymeric carbon-coated film F5,
shows that it cannot withstand even a single 5 kA LIC, because the heat generated melt
the material itself along one of the contact electrodes.

Loss of materi al and frable 44skowsithe weigrasaverage i

taken for the three fabric samples before and after tests, revealing an average loss of
approximately 0.8 % for F1 (ripstop), 23.2 % for F2 (ripstop + flame retardant), 0.4 % for F3
(plain weave), and 0.7 % for F4 (nonwoven). Because of the melting and sublimation of the
outer metallic layer of the yarns, the conductive material is lost in some regions of the fabric
surface. In this case the polyester base material of the filament core is exposed and can be
recognized as some dark patterns presented in previous figures. This loss of material

results in mass loss.

Table 4-4. Mass loss in 10 cm x 10 cm electroconductive fabric samples before and after tests

Before After Difference .
Sample [mg] Std. Dev. [mg] Std. Dev. [mg] &
F1-Avg 828.3+0.3 4.4 822.1+0.3 6.2 6.2+ 0.6 0.8
F2-Avg 2389.4+0.2 52.1 1836.1 £ 0.5 137.0 553.3+ 0.7 23.2
F3-Avg 1204.6 £ 0.1 6.8 1199.4 £ 0.6 7.0 52+0.7 0.4
F4-Avg 7919+ 0.5 29.8 786.1 £ 0.2 30.1 58+0.7 0.7

In particular, the F2 samples show the greatest loss, also due to the release of small pieces
of the flame-retardant layer composite, following the pattern of scratches left on the ECF
surface as shown in Figure 4-4 n. The final damage of the flame-retardant coating
composite on the back side, and the surface marks on F2, suggest that this composite help
to increase the physical strength of the fabric against lightning current damage, possibly
due to the increased capacity of the coating to support higher temperatures. However, the
composite layer could increase the electrical resistance compared with sample F1, as

shown in Figure 4-5 and Table 4-3, because it decreases the heat release capacity of one
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side of the fabric. Additionally, the composite layer increases the stiffness, mass, and
thickness of the ECF, hindering its manageability.

As shown through micrographs of Figure 4-2 and Figure 4-6, the metal layer on the yarn of
the fabric forms a net of tubes that can conduct LICs. This conductive network may
gradually be lost by melting due to the intense currents. Despite this, the fabric continues
conducting subsequent lightning impulse currents through the remaining paths but losing
more of the metal coating, in some cases until the non-conductive inner polyester core is
exposed as shown in Figure 4-6. The SEM micrograph of Figure 4-6 | even reveals molten
polyester of the core outside the little tubes formed by the conductive sheath of the
nonwoven fabric. The mass change, which resulted from the melting and loss of material
after lightning tests, presented in Table 4-4, does not suggest any relation with the capacity
of the electroconductive fabric to withstand the laboratory lightning currents. The F2 rip-
stop fabric with flame-retardant layer had the greatest mass loss (23.2 %), while the F3
plain-weave, which had the worst electric result, had the lowest loss (0.4 %). This result
may be more related to the mechanical effect and would only indicate the loss of material
ejected in the air. It does not necessarily mean that the lost material left the weave, as it

could remain tangled up in the fabric yarns, as Figure 4-6 (c, e, f, i, and I) shows.

The metallic outer layer of the yarns was overheated by the Joule effect, causing horizontal
scratches that were perpendicular to the current flow. Even though the exact mechanism
of how horizontal marks are produced is not totally clear, but it is possible to give an
explanation by thinking the electroconductive tested fabrics as networks of conductive
tubes. When a lengthwise current flows through a single tube, and this tube experiences a
change in direction, the current density inside increases or decreases according to the
change to which it is subjected, analogous to a pipe that transports liquids. Where the
current density increases, the heating increases because of the Joule effect and,
conversely, when the current density decreases, the heating decreases. As the fabric has
a regular symmetrical array, the pattern of scratches appears crosswise to the current flow.
This agrees with the observation of the previous paragraph that relates ordered and straight
weaves with increased capacity to drive impulsive currents. According to this, it is possible
that a perfectly smooth, plain and straight nonwoven fabric (similar to F4) with most long
fibers oriented lengthwise to the current flow could withstand higher electric currents despite
their fragility. Therefore, both the weave pattern and the fabric structure have an important

effect on their response against LICs.
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Considering the fabric as a simple homogeneous conductive surface, the loss of material,

due to the conduction of a high lightning current, leaves some scratches or
asperitieso that constrain the conduction of tF
in similar way to the interface between two bulk electrical contacts. Figure 4-7 shows a

sequence representation of the crosswise asperities on the conductive fabric surface. The
remaining fAcontact pathso after the LIC test
electrical current flow of subsequent discharges, as lightning flashes could have more than

a single stroke [167].

Crosswise asperities produced after tests on the conductive surface of the fabrics maintain
the ability to conduct electrical currents but increase the resistance of the material, as
shown in Figure 4-5 for the four fabric types, where its resistance value has a considerable
change after the third lightning impulse current. For these fabrics, ohmic behavior can be

considered until the third LIC whose current value depends on the fabric itself.

electrical current flow

current / —
directio /%

fabric surface

surface
scratch

a) )

fabric surface

Figure 4-7. The lightning impulse currents (LICs) produce a scratch pattern on the fabric surface
(a) perpendicular to the current direction, easy visible in the SEM image (b). The scratches left on
the conductive fabric surface after LIC tests, can be considered as crosswise asperities as shown in
the free interpretation of the formed contact interface (c).

However, the sample F3-2 (sample 2 of the fabric F3 i plain-weave) shows a strong
variation after the 8 kA impulse, reducing the current value but increasing the voltage. At
8 kA gives a resistance of 69 mq and for the next peak value of 7.5 kA gives a resistance
of 141 mq_. A higher current value was expected at this point, but the output current of the
generator setup is determined by the impedance of the fabric. This unexpected point in the
F3-2 response shows that the F3 fabric has a critical value of current conduction since it

also occurred for F3-1 and F3-3 despite the little shift of their response.

For subsequent discharges, the scratch is in itself an interface between neighbor

conductive areas with discontinuities or gaps that determines the paths that can effectively
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conduct subsequent currents. As it is represented in Figure 4-7c, the remaining conductive
paths continue driving currents, while open ways and gaps cannot do it. However, in
absence of these remaining conductive paths and with enough high electric field, the air
dielectric strength of the gap distance between conductive meeting areas breaks down,
conducting the currents through the surface. The dielectric strength of air depends on the

shape and size of the electrodes, temperature, pressure, and moisture of the air. Under

homogeneous conditions, at atmospheric pressur e,

for air, the breakdown voltage of a 10 um gap is less than approximately 350 V (i.e. 35
V/um) [168].

These changes suggest that there is more than one conduction mechanism in the ECF.

Conduction mechanisms and LIC endurance of the tested electroconductive
fabrics. The obvious conduction mechanism is the flow of current through the material of
the conductive surface itself, as inferred for the first three impulses. For subsequent
discharges above the third, the scratches become interfaces between neighbor conductive
areas, with gaps and bridges, determining the paths that could effectively conduct new
currents. The remaining conductive paths continue to carry new currents. On the other
hand, in absence of conductive paths in the crosswise asperities, the electric field can be
high enough at the open meeting areas or gaps, breaking down the air strength and
producing small discharges (sparks) that bridge the gaps, enabling the conduction of

successive lightning currents through the electrical discontinuities.

For fabrics F1, F2 and F4, the resistance behavior displayed in the Current-Voltage
characteristics of Figure 4-5, extends to higher current values suggesting that, at least
electrically, these fabrics support better LICs than F3. Despite more measurements are
needed, the first three impulses tests for all tested fabrics show an approximately linear
ohmic resistance behavior (as the voltage follows the current signal and the plots I-V show
a somewhat linear trend), after which the yarns change their structure enough to modify
permanently the weave, implying an alteration in the electrical current conduction
mechanism in a similar way to mentioned previously. From the outcomes of our
experimental tests, there is not enough evidence to conclude that subsequent LICs below
a critical peak value can produce progressive damage in the fabrics. Conversely, it can be

said that after the third current impulse, suggested as a critical value, the scratches are
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more marked and the damage is progressive, as each time fewer and fewer conductive

paths remain.

Woven type textiles comprise weave patterns according to its final use. The samples of the
four tested weaves show a tendency to begin to burn up more easily crosswise,
perpendicular to the current flow, and left on the surface fabric a pattern of horizontal
scratches. In the nonwoven fabric F4, as shown in Figure 4-4 and Figure 4-6, the horizontal
melting effect is marked not only as lines but also as large areas following a perpendicular
pattern.

The rip-stop fabric has a special weave array with a reinforcing technique that makes them
mechanically resistant to ripping and tearing. Conversely, the tested nonwoven fabric
appears more fragile with a paper-like brittle feature. Despite the similar energy-current and
voltage-current characteristics against lightning impulses between F1 and F4, fragility is an
undesirable attribute.

Considering only the visible and electrical effects of the lightning currents on the tested
fabrics and discarding the mechanical ones, the rip-stop weave has proven to be a tough
material with better performance to support lightning impulse currents like those produced

by electrical atmospheric discharges.

Furthermore, considering the lightning parameters given in Tables A.1 and A.3 of
IEC62305-1 [19], the 50 % value of a typical first negative stroke corresponds to a current
of 20 kA peak and it has a probability P=0.8. This suggests the possibility to conform
lightweight and portable LPS with electroconductive fabrics according to the results of the
LIC tests. Additionally, it is very important to remember that both direct and indirect lightning
impulse currents from natural atmospheric discharges can cause injuries. In fact, a larger
number of fatal accidents are caused by step potentials, despite their relatively low current
intensities, but sufficient to produce cardiorespiratory arrest [169]. Further study is

necessary on this subject to have more accurate information.

4.2.7 Conclusion

Four types of electroconductive fabrics and a carbon-impregnated polymeric film were
tested in high-voltage laboratories to assess the effect of lightning currents on them.

Lightning impulse currents (LIC) of 8/20 ps waveshape were generated and used in the
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laboratory to simulate natural lightning strikes. Consecutive LICs with increasing amplitudes
greater than 5 kA, were applied to 10 cm squared samples of rip-stop, plain-weave,
nonwoven electroconductive fabrics, and over a polymeric carbon impregnated film. The
tested fabric samples withstood the trials with the progressive increasing currents up to
18 kA, but not the carbon impregnated film which could not withstand even the 5 kA current.
For each fabric tested, a constant ohmic resistance behavior was observed since the
voltage follows the applied current, up to a certain critical value of the applied LIC, after
which the current-voltage characteristic changed. Therefore, two mechanisms of electrical
conduction on the fabric surface are proposed here. The microscopy inspections reveal that
the pattern of scratches left by the LICs on the fabric surfaces are due to the melting of the
outer conductive layer of the fabric yarns. The outcomes suggested that from the four tested
electroconductive fabrics, the rip-stop is the better weave type for potential application in
lightweight and portable Lightning Protection Systems to mitigate lightning risks in outdoor

applications such as tents and mobile shelters.
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