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Abstract The directionality of electromagnetic radi-
ation from tensile fracturing is calculated within our
previously proposed model and shown to agree with
experimental observations in the field. The best loca-
tions and orientations of measuring antennas are pre-
sented.
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radiation

1 Introduction

The phenomenon of electromagnetic radiation (EMR)
emanating from propagating fractures (FEMR) has
recently been extensively referred to in the literature
(See e.g. Wang et al. 2015) conceivably due to the
fact that EMR from fracturing can be of great impor-
tance both for earthquake (Wang et al. 2015) and mine-
collapse (See e.g. Song et al. 2016) forecasting and
for deciphering geological tectonically stress directions
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(Krumbholz et al. 2012). Seismic (acoustic) informa-
tion of calamities such as earthquakes and mine col-
lapses appears simultaneously with their occurrences
and not prior to them. Therefore seismic signals can-
not be used as forecasts of such events. On the other
hand, since FEMR is emitted already at the early stages
of both earthquakes and mine collapses, that is before
the catastrophe occurs (between hours and days pre-
viously (King 1983; Mogi 1985; Johnson et al. 1994;
Leeman et al. 2014; Balasco et al. 2015), its detection
can possibly provide a forewarning of their impending
occurrences. The existing deterrent in using it as a fore-
cast seems to be the difficulty to distinguish between the
relevant FEMR and the electromagnetic existing back-
ground. In our former publications we have provided
both experimental qualifications of the actual EMR
emanated from fractures as well as a basic physical
model of its origin. One of these features is the direc-
tionality of the FEMR, which was scarcely touched
upon there. In addition to the forecast detection prob-
lem, this characteristic is the main attribute of FEMR
needed when measuring tectonic lithospheric stresses.
Their directions are of importance for tectonic analyses
in structural geology and for geo-engineering planning.

Following its publication (Frid et al. 2003; Rabi-
novitch et al. 2007), our model of FEMR has found a
wide acceptance (e.g. Greiling and Obermeyer 2010).
However, the model did not relate to the directionality
of the radiation. We have therefore decided to add here
a brief exhibition of this important feature. A short pre-
sentation of our model of FEMR is initially provided
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both for completeness; and correspondingly to make
it more approachable to scientists in these fields and
to avoid some misunderstandings which have already
occurred. This presentation is then followed by a dis-
cussion of radiation directionality.We concentrate here
on brittle tensile (and uniaxial stress) fracturing, delay-
ing the treatment of shear cracks to future publications.

2 The FEMR model

As a crack is created in a material, the chemical bonds
between atoms (ions) are severed. Each ion, on both
newly created crack sides and of both charges, is hence
detached from its equilibriumposition,which is located
at or close to the crack side. In order to regain stability,
the ions oscillate with decaying amplitude around these
positions. Some ions of opposite charges find them-
selves at a certain time on both flanks of a crack side,
thus creating a surface dipole there. These oscillating
surface dipoles on both crack sides constitute the EMR
sources.

Figure1 depicts our model. It portrays five stages
1–5 in fracture growth. The two solid lines (in arrow
shape) describe (exaggerated) profiles of the fracture
walls (Fig. 1a). Here L is the final fracture length.
Stages 1–4 occur during fracture growth, where the
fracture length increases up to its maximum value,
while stage 5 depicts the case post fracture termination.
These stages are shared in Fig. 1a, b and d. Figure1b
schematically demonstrates the changes in the surface
dipoles amplitudes during the 5 stages. The solid, heavy
line depicts here a profile of the upper wall of the frac-
ture on which are drawn the dipoles amplitudes in solid
thin lines, while the dotted line relates to the lower wall
on which the dipoles amplitudes were not drawn, for
clarity. These amplitudes cover the whole crack sur-
face. Shown are only amplitudes at single locations A,
B, C, D. These amplitudes decay with time both along
the crack length from its tip and (as seen in stage 5)
following crack growth termination.

Figure1c is a schematic 3D enlargement of the sur-
face dipoles in positions B, C, D on both crack walls
of stage 4 of Fig. 1b.

Figure1d relates the 5 stages of crack growth and
dipoles development with the EMR pulse envelope
structure (dot-dashed curve in Fig. 1d). The arrows 1–5
correlate to the positions on the envelope of the 5 stages.
The oscillating dashed curve describes the EMR ema-

nating by the dipoles movements, showing the changes
in amplitudes. The point t0 is the fracture initiation; T
is the time period between crack initiation and its ter-
mination; The oscillation angular velocity is w(2π/w

is the oscillation period).
One could argue that due to the different times of

beginning of oscillations at different parts along the
propagating crack, their contributions to the total oscil-
lating dipole is going to be modified, since different
times cause different oscillating phases and different
decays. In the Appendix it is shown that, at distances
far from the crack itself, the modification is expressed
only by a change of amplitude and an addition of a con-
stant phase to the oscillations. At shorter distances (not
treated here) a muchmore elaborate analysis is needed.

3 Radiation directionality

To demonstrate the directionality of the fields consider
a brittle cylinder under a uniaxial stress (Fig. 2a).Above
a certain stress a crack develops in its interior into two
crack sides each of area a = Lb each containing its
oscillating dipoles.

Consider a single dipole of magnitude p0 in the z-
direction (Fig. 2b), oscillating with a single frequency
ω, i.e.:

p = p0sin (wt) ẑ, (1)

where ẑ is a unit vector in the z direction. As a result
of this oscillation, both a magnetic B and an electric
E, fields are radiated. Most of the measuring devices
are located relatively far from the crack, at distances r
where r � λ. Here λ (see below) is the wavelength of
the radiation, which in our case λ ≤ b, the crack width
Johnson et al. (1994). Therefore, the only parts of the
radiation fields presented here will be those of the far
(so called wave, e.g. Lorrain and Corson (1970)) zone.
Note that, since in our case dipoles are spread on all
crack area and λ is of the order of the crack width, the
following treatment pertains only to cases where the
distance between the measuring device and the crack-
source is much larger than crack dimensions.

Each crack area a contains dipoles of average den-
sity ρ per unit area, pointing in the same direction, z,
which is perpendicular to the crack sides (Fig. 2a). The
magnetic and electric fields radiated by them are as
follows.
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Fig. 1 Model of EMR
induced by tensile fracturing
of brittle materials. a Five
stages, 1–5, in fracture
growth. Solid lines (in
arrow shape)—exaggerated
profiles of fracture walls;
L-final fracture length.
Stages 1–4 occur during
fracture growth; stage
5—post fracture termination
case. These stages are
shared in Figs. 1b and d.
b Schematic changes in
surface dipoles amplitudes
during the 5 stages. The
dipoles cover the whole
crack surfaces. Solid
line—profile of upper
fracture wall; Thin
lines—dipoles amplitudes at
single locations A, B, C, D;
Dotted line—profile of
lower wall on which the
dipoles amplitudes are not
drawn, for clarity. c
Schematic 3D enlargement
of surface dipoles in
positions B, C, D on both
crack walls of stage 4 of
Fig. 1b. d Locations
(arrows) of the 5 stages of
Figs. 1a–c at the EMR pulse
envelope structure
(dot–dashed curve in
Fig. 1d): Dashed
curve—EMR emanating
from dipoles movements;
t0—fracture initiation time;
T—period between crack
initiation and termination;
w—angular velocity;
2π/w—oscillation period

The magnetic field B (Greiling and Obermeyer
2010) at a distance r from the crack and at an
angle ϑ to the normal to the crack surface is
(Fig. 2b):

B = − [Qρa/r ] sin ϑ sin (wt − r/c) ϕ̂, (2)

where Q = cp0/4πλ2; c—the velocity of light; ϕ̂—a
unit vector in the ϕ direction; w = 2πc/λ
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Fig. 2 EMR from tensile fracture of cylinder under uniaxial
compression. a The cylinder under uniaxial stress, σ1; Dashed
line: fracture location: dimensions Lxb. Dipoles perpendicular
to fracture surface. b Coordinate system (y pointing out of page)
describing the directions of E andB at a distant location. Fracture
in the (x, y) plane. p: the combined dipole moment.Dashed line:
the change of amplitudes of the electric and magnetic fields with
θ(∼ sin θ). E is in the −θ̂ direction and B is in the −y direction.
⊗—the ϕ direction

The electric field (Lorrain and Corson 1970), E, at
a distance r from the crack and at an angle ϑ to the
normal to the crack surface is (Fig. 2b):

E = −[Q1ρa/r ] sin ϑ sin (wt − r/c) ϑ̂, (3)

where Q1 = p0/4πελ2; ϑ̂ is a unit vector in the ϑ

direction and ε is the dielectric constant of themedium.
Either the magnetic or the electric radiation can be

measured by an appropriate antenna (King 1958).
To measure the magnetic field, e.g. a loop antenna

is needed. Let its area be S. The detected potential V
is proportional to:

∮
E · dl = −∂/∂t

∫ ∫
B · dS, (4)

where the latter integration is carried out on the antenna
surface (King 1958). An additional potential can be
obtained by the radiation influencing the antenna’s
cables (neglected here). Thus:

V = − [AS/r ] sin ϑ cos
(
wt − r

c

)
cos(n̂ · ϕ̂), (5)

where n̂ is a unit vector perpendicular to the antenna
and A is a constant.

To obtain the maximum potential by a loop antenna,
it is required that: (1) The antenna be located in the
plane of the crack (perpendicular to the dipoles) and (2)
The normal to the loop area be in the ϕ̂ direction (see
Fig. 2b) so that the area of the antenna is perpendicular
to the induced magnetic field.

To measure the electric field e.g. a line antenna is
needed. Let its length be l. The detected potential V is
proportional to: l Et , whereEt is the part of the electric
field tangential to the antenna. Thus:

V = −
[
A1

r
l

]
sin ϑ sin (wt − r/c) cos(l̂ · ϑ̂), (6)

where l̂ is a unit vector in the antenna’s direction and
A1 is a constant.

To obtain the maximum potential by a line antenna
measuring the electric field, it is required that: (1)
Again, the antenna should be located in the plane of
the crack (perpendicular to the dipoles) and (2) The
antenna is lying in the ϑ̂(or the induced E) direction
(see Fig. 2b).

Stress field directions in the earth lithosphere (recent
stresses) have been measured by FEMR methods
(see e.g. Greiling and Obermeyer 2010; Lichtenberger
2005, 2006). For a stress causing tensional (which,
under compressional load, is called extensional) frac-
turing, a single direction, where the detected EMR is
maximal, is observed. An example to the exact mea-
surements in a tunnel in the Upper Rhine Graben
(URG) is given in (Greiling and Obermeyer 2010) and
is redrawn (modified) here (Fig. 3). The recent stress
direction is approximately 110◦–290◦.

The figure clearly demonstrates the field-amplitude
dependence on sin ϑ . The principal EMR direction was
identified with the maximal compression in the earth,
which corresponds to σ̂1 in Fig. 2a.
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Fig. 3 (Modified Fig. 3 of
Greiling and Obermeyer
2010). Experimental
measurements of EMR to
discover paleo-stress
directions in the URG

4 Conclusion

The FEMR at distances much greater than the crack
dimension is composed of oscillating electric andmag-
netic fields. Both fields are proportional to the second
power of the frequency w and to the changing com-
bined dipole-field amplitude which is proportional to
the crack area; both decay as 1/r and depend on ϑ as
sin ϑnamely their maximum is located in a plane per-
pendicular to the dipoles or in the plane of the crack.
The electric field points in the direction of −ϑ̂ while
the magnetic field points in the direction of −ϕ̂ (see
Fig. 2b). A loop antenna should therefore be situated
such that the loop plane is perpendicular to ϕ̂ and a
line antenna be situated in the ϑ̂ direction. The recent-
stress σ 1, being in the crack direction, is in the ϑ = 90

◦

orientation.

Appendix

Let t be the time since the beginning of the crack and
assume the crack propagates at a constant velocity, v.
Consider the crack at time t when its length is x = vt .
The contribution to the dipole moment, p at this time
from a strip of length dx ′ and width b located at x ′ and
having a dipole moment of a constant density ρ (Fig. 4)
is:

dp = Re{2bρexp[−μ(x − x ′)/v]
× exp

[
iω

(
x − x ′) /v

]}dx ′ (7)

The factor of 2 comes from the two crack sides; μ is
the decaying constant (in S−1) and the time elapsed
between its creation and the “present” is

(
x − x ′) /v .

The total oscillating dipole moment as seen from a dis-
tant location is the integral on x ′ of dpfrom x ′ = 0 to x :

p = Re

{
2bρ exp

(
−μx

v
+ iωt

)

×
∫ x

0
exp[(μ − iω)x ′/v]dx ′

}
(8)

Fig. 4 Schematic onewall of the crack at time t (= x/v) showing
x and x ′

Yielding

p = Re

{
2bρv

(μ − iω

[
1 − exp

(
− (μ − iω) x

v

)]}
(9)

Or

p = Aexp (−μt) sin(wt + ϕ) + B (10)

where

A = 2bρv√
(μ2 + ω2

B = 2bρμv

μ2 + ω2 (11)

And ϕ = arctg (μ/w).
At distances where r � λ the only contributions to

the radiation comes from p̈, the second time derivative
of the total dipolemoment.Thus B is of no consequence
and the oscillation is only modified by a change of
amplitude and a constant phase addition.
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