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Abstract
As shown at the Laboratory of Rock Mechanics, electromagnetic radiation
(EMR) emitted by propagating fractures provides relatively accurate
information on the dimensions of the cracks emitting it. In this paper we
demonstrate that this method (i.e. EMR analysis) can also be
advantageously used for obtaining the exact time sequence of double or
triple pulses when they appear simultaneously and, hence, the sequence of
the relevant cracks. The method is first used to analyse the time sequence of
a triple fracture during failure and for a double fracture in relaxation of a
glass ceramic sample. The analysis is in good agreement with the actual
fractography of the sample. A similar procedure applied to fracture of chalk
enabled us to show that most large fractures are, in fact, double, and to find
the specific time sequences involved.
Keywords: electromagnetic radiation, multiple cracks, multiple pulses,
fractography

1. Introduction
It is established that fracturing excites electromagnetic
radiation (EMR) [1–7]. In recent years, EMR emanating in
uniaxial and triaxial compression of granite, rhyolite, chalk
and glass ceramics [8–13], and also during percussion drilling
of glass, PMMA, granite, Solenhofen and chalk [14], have
been investigated. Some progress has been made in building
a reliable model of EMR [11, 15]. The model is based on the
analysis of single pulses, each of them having the form [10]
given by the following equations (see figure 1)
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Here A0 is the maximum amplitude of the pulse, t0 is its onset
time and T is the time to reach the maximum value of the
amplitude; ω is the pulse frequency, τ1 and τ2 are the rise and
the fall times respectively. It has been shown [16] that the rise
and fall times of the same pulse are equal, τ1 = τ2 = τ . The
model implies that the time elapsed from the pulse onset to its
maximum, which is denoted by T  = T − t0 , is proportional
to the crack length L [10],
L = T  vcr

(2)

(vcr is the crack propagation velocity), while the pulse
frequency ω is inversely proportional to the crack width b,
πvR
ωc =
(3)
b
(vR is Rayleigh velocity) [10].
The latter formula is valid for a crack closed on both sides;
then its width equals half of a wavelength [10]. However, if the
crack is open on one side, the crack width is a quarter rather
than a half of a wavelength, namely
πvR
ωo =
.
(4)
2b
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2. Equipment and method

(a) A triaxial load frame (TerraTek stiff press model, axial
load up to 450 MPa). Its stiffness is 5 × 109 N m−1 . It is
combined with a closed-loop servocontrol with a linearity
of 0.05%, which is used for axial piston displacement
monitoring. The load is measured by a sensitive load cell
(LC-222M, maximum capacity 220 kN, linearity 0.5%
full scale). An axial cantilever (strain range about 10%;
linearity 1% full scale) is used to measure sample strain
parallel to uniaxial stress.
(b) A magnetic one-loop antenna 3 cm in diameter (EHFP-30
near field probe set, Electro-Metrics Penril Corporation).
It is electrically small and wound within a balanced
Faraday shield which makes its response to external
electric fields vanishingly small.
(c) Low-noise micro-signal amplifier (Mitek Corporation
Ltd, frequency range 10 kHz–500 MHz, gain 60 ± 0.5 dB,
noise level 1.4 ± 0.1 dB over the entire frequency band).
(d) Tectronix TDS 420 digital storage oscilloscope connected
by a general purpose interface bus to an IBM PC.
EMR is measured inside a thick-walled steel pressure
vessel to render the artificial noise level negligible. For this
purpose special radio-frequency filters are also used; power
supply for the amplifier is independent of the industrial net,
and special double-screen cables (Alpha wire corporation
Ltd) are used to connect the antenna via the amplifier to the
storage oscilloscope. The entire antenna–amplifier–storage
oscilloscope system is completely adjusted to an input–output
impedance of 50 . The antenna is placed 2 cm from the
centre of the loaded samples with its normal perpendicular
to the cylinder axis that was parallel to the maximal loading
direction (direction of crack propagation).
The loop antenna has no resonant frequency in the
frequency range we measure. In this range it is characterized
by a linear response of the form
A0
,
h

h=

N Sω
,
c

(5)

where E is the field intensity, A0 is the measured pulse
maximum amplitude, the number of turns N = 1, S = π D 2 /4
is the loop area (D = 3 cm), and c is the EMR propagation
velocity; k is a geometrical factor which includes the solid
angle of the antenna at the crack, the attenuation of the radiation
in the material, etc.
The experiments were carried out on glass ceramics [18]
and chalk samples taken from Horsha Foundation in the Beer
Sheva syncline (south Israel) [19].
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The experimental compression system (see figure 2) consists
of the following:
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It has been proven that the analysis of single EMR pulses
presents information about the cracks they were emitted by.
In some cases, however, more complicated pulses, e.g. double
pulses or even triple pulses, are observed [17]. The objective
of this paper is to examine these complicated pulses in order
to understand their origin and to extract additional information
about cracks that they can provide.
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Figure 1. Experimental EMR pulse emitted from chalk with the
following fitted parameters: A0 = 0.041 ± 0.002 mV,
τ = 3 × 10−7 ± 0.27 × 10−8 s, t0 = −2.683 × 10−7 ± 9 × 10−10 s,
T = 3.4 × 10−7 ± 2 × 10−8 s, ω = 6.59 × 107 ± 1 × 105 s−1 .

Figure 2. Compression press: (a) the triaxial load frame, (b) the
sample stack.

3. Theoretical
Complicated EMR pulse shapes were analysed under the
assumption that each pulse is a sum of two (or more) pulses.
For example, in such an analysis a double signal consisting
of two single pulses is characterized by ten parameters:
two maximum amplitudes A01 and A02 , two rise and fall times
τ1 and τ2 , two frequencies ω1 and ω2 , two pulse onset times t01
and t02 and two times of maximum amplitude T1 and T2 . These
are evaluated by the least-square method, although actually
we can estimate most of the above parameters quite accurately
before we begin the fitting procedure.
The first step is a Fourier transform (see figure 3) from
which the two frequencies are estimated. These frequencies
actually remain almost unchanged during the fitting process.
The pulse onset times (t01 and t02 ) are obtained from the graph
of the signal versus time (e.g. figure 4): t01 is the x coordinate
of the point where the oscillations begin, and t02 is the point
where a deviation from a simple single pulse form is observed.
These parameters also experience only minor changes during
the fitting process.
The times to reach the envelope maxima are also estimated
from the same graph as the x coordinates of the points where the
pulse reaches its maxima: at least one of them is estimated quite
accurately. Maximum amplitudes assume a plus or minus sign,
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Figure 3. An example of frequency spectrum of a double pulse.
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Figure 4. Examples of actual double pulses in chalk: (a) sequence
of type (1), (b) sequence of type (2).

if the relevant oscillation starts in the upward or downward
direction. Their values are estimated as maximum heights.
Generally, the fitted values turn out to be somewhat greater
than this initial estimation. The (equal) rise and fall times τ1
and τ2 for the two pulses are estimated from the graph as the
times required for a pulse amplitude to decay by a factor e.
They can be estimated from the graph (figure 4), especially the
second one. Therefore, only two to four parameters, i.e. T2 ,
τ1 and, possibly, A01 and A02 are estimated somewhat less
accurately and need a more accurate least-square fitting. This
fact actually limits the possibility of being ‘trapped’ at a local
minimum in the least-square search.
Two types of double signal were observed:
(1) The first pulse begins at t01 and reaches its maximum at T1 ;

after the first pulse has passed its maximum, the second
pulse begins at t02 and reaches its maximum at T2 , i.e. the
second crack starts after the first one halts.
(2) The first pulse begins at t01 ; then, before it reaches its
maximum, the second pulse begins at t02 and reaches its
maximum at T2 ; only after that does the maximum of
the first pulse T1 occur. Thus, the implication is that the
second crack both starts and stops during the evolution of
the first one.
Let us consider, for example, a double pulse corresponding to
case (1). The equation describing this signal has the following
form:
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The appearance of a double pulse may indicate a fracture
process where either two cracks propagate sequentially or
crack development differs from a uniform propagation of
a rectangular crack, such as crack broadening.
More
complicated signals, e.g. triple ones consisting of three single
pulses, can be similarly described.

4. Results and discussion
Two EMR pulses emitted by cracks in glass ceramics are
analysed. The first pulse is a triple one. This triple EMR
signal consists of a main, relatively long and strong pulse
of low frequency, onto which two small pulses of higher
frequencies are superimposed (figure 5), implying that during
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Figure 5. Experimental triple pulse emitted by a crack in glass
ceramics (solid curve) with the fitting curve (dashed curve). Fitting
parameters are: T1 = 96 µs, ω1 = 1.15 × 105 s−1 (corresponding to
the main crack); T2 = 20.4 µs, ω2 = 8.125 × 105 s−1 ,
T3 = 15.3 µs, ω3 = 9.42 × 105 s−1 (these two correspond to smaller
cracks). The origins of the secondary pulses are shown by arrows.
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Figure 7. Double pulse emitted by a stress-relaxation crack in glass
ceramics; its fitting parameters are: T1 = 84.6 µs,
ω1 = 4.22 × 105 s−1 , corresponding to the earlier, smaller crack,
and T2 = 20.4 µs, ω2 = 3.39 × 105 s−1 , which corresponds to the
larger crack.

(a)

(b)

Figure 6. (a) Photograph of the crack in glass ceramics which
emitted the triple pulse shown in figure 5. Initial striae on the main
crack are marked by 1 and the striae continuations by 2 and 3.
(b) Enlarged view of the two striae continuations. The striae
continuations are misaligned with respect to the initial striae, and
therefore the distinction of 2 and 3 is not very clear.

the propagation of the main crack two smaller cracks were
initiated and halted one after another. The transparency of
glass ceramics makes it possible to check this suggestion
fractographically. A photograph of the main crack which
is marked extensively by striae (numbered 1) is shown in
figure 6(a) revealing, indeed, the presence of two striae
extensions (numbered 2 and 3) besides those on the main crack
(figure 6(b)). To calculate the crack dimensions from EMR
signals, equations (2) and (3) of [18] were used. Those describe
the relations between T  and L and between ω and b for glass
ceramics: T  = 8.15 × 10−7 L; ω = 2593 700/b. The directly
measured dimensions of the main crack (no 1 in table 1) are
93 mm × 18 mm, while the values calculated by EMR signals
are L 1 = 118 mm and b1 = 22.5 mm respectively. The
measured dimensions of the smaller cracks (nos 2 and 3 in
table 1) are 20 mm × 2 mm and 24 mm × 1.5 mm, while the
calculated values are L 2 = 25 mm, b2 = 3.2 mm, L 3 = 19 mm
and b3 = 2.8 mm respectively.
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Figure 8. Photograph of the crack in glass ceramics which emitted
the double pulse shown in figure 7.

The second double pulse analysed here (see figure 7) was
emitted by the stress-relaxation crack of the same sample. This
crack consists of two parts (figure 8); the smaller one (no 1
in table 1) appeared earlier (its measured dimensions were
7.5 mm × 3 mm), while the dimensions of the larger one (no 2
in table 1) were 15 mm × 4 mm. The dimensions obtained by
a calculation from the EMR pulse are L 1 = 10 mm, b1 = 6 mm
for the first crack and L 2 = 25 mm and b2 = 8 mm for the
second. Note that by ‘crack length’ we imply the dimension
in the crack propagation direction, while ‘crack width’ is the
dimension normal to its propagation. Thus, the crack length is
not always larger than the crack width.
For the above two signals, the correspondence for lengths
is good, as well as for the widths of the first pulse. The
measured and calculated values of the widths of some of the
smaller cracks differ by a factor of 2. This difference may
be due to the fact that here the cracks were open on one
side (see equation (4)), and thus b1 = b1 /2 = 3 mm and
b2 = b2 /2 = 4 mm respectively, which correspond exactly to
the measured widths. Unfortunately, the question whether the
crack is closed or open on one side cannot be solved by means
of EMR alone; so an uncertainty of a factor of 2 in defining
crack widths still remains. Thus, with the exception of the
widths of smaller cracks, we can characterize quite well two
types of crack superposition, triple and double pulses, where
our calculations are verified by fractographic measurements.
While in glass ceramics the striae formed by mixed mode I
and III loading [20] are sharp and continuous (figure 6(a)),
in grainy materials (e.g. rocks, metals) these features are
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Table 1. Complicated cracks in glass ceramics (shown in figures 3 and 5): dimensions measured and calculated from the fitted parameters
of the triple EMR pulse shown in figure 2 and the double EMR pulse shown in figure 4. For the triple pulse, crack no 1 is the main crack,
while cracks nos 2 and 3 are small side cracks. For the double pulse, the subcracks are numbered 1 and 2 in the order of their appearance.
Crack
no
Signal from figure 6

1
2
3

Signal from figure 4

1
2

Dimension

Measured
(mm)

Calculated
(mm)

Length L 1
Width b1
Length L 2
Width b2
Length L 3
Width b3

93
18
20
2
24
1.5

118
22.5
25
3.2 (b2 = 1.6)
20
2.8 (b3 = 1.4)

Length L 1
Width b1
Length L 2
Width b2

7.5
3
15
4

10
6 (b1 = 3)
25
8 (b2 = 4)

Table 2. Selected EMR parameters of the double EMR pulses emitted during uniaxial compression failure of chalk and calculated areas of
the emitting cracks. (Note that T  is related to crack length, while the pulse frequency is related to crack width.) The last column shows
loading conditions: A, uniaxial (σ1 = 47.6 MPa, σ3 = 0); B, uniaxial (σ1 = 45.2 MPa, σ3 = 0); C, triaxial (σ1 = 47.6 MPa,
σ3 = 1 MPa) [20].
Pulse no
(single pulse no i)

Beginning
t0i (s)

End Ti
(s)

Ti (s)

Frequency
ωi (s−1 )

Area
(cm2 )

Pulse
type

Loading
condition

1(1)
1(2)
2(1)
2(2)
3(1)
3(2)
4(1)
4(2)
5(1)
5(2)
6(1)
6(2)
7(1)
7(2)
8(1)
8(2)
9(1)
9(2)
10(1)
10(2)
11(1)
11(2)

0
9.66 × 10−6
0
1.026 × 10−5
0
8.97 × 10−6
0
4.37 × 10−6
0
1.08 × 10−5
0
3.3 × 10−6
0
2.59 × 10−6
0
5.82 × 10−6
0
2.1 × 10−6
0
2.18 × 10−6
0
2.04 × 10−6

7.82 × 10−6
1.026 × 10−5
8.52 × 10−6
2.296 × 10−5
4.07 × 10−6
4.536 × 10−5
3.35 × 10−5
1.331 × 10−5
7.2 × 10−6
1.976 × 10−5
1.564 × 10−5
6.51 × 10−6
1.446 × 10−5
6.99 × 10−6
4.93 × 10−6
9.62 × 10−6
1.38 × 10−6
3.33 × 10−6
1.55 × 10−6
3.33 × 10−6
1.29 × 10−6
3.29 × 10−6

7.82 × 10−6
7.46 × 10−6
8.52 × 10−6
1.27 × 10−5
4.07 × 10−6
3.64 × 10−5
3.35 × 10−5
8.94 × 10−6
7.2 × 10−6
8.97 × 10−6
1.564 × 10−5
3.22 × 10−6
1.446 × 10−5
4.4 × 10−6
4.93 × 10−6
3.8 × 10−6
1.38 × 10−6
1.23 × 10−6
1.55 × 10−6
1.15 × 10−6
1.29 × 10−6
1.25 × 10−6

432 750
236 950
406 800
233 750
309 250
184 200
232 050
463 750
389 750
241 800
435 100
904 700
463 350
936 000
730 300
504 350
2046 000
1170 000
2030 000
1210 900
2106 700
1191 400

1.8
3.15
2
5
1.3
19
14.5
1.9
1.85
3.7
3.6
0.36
3
0.5
0.67
0.75
0.07
0.1
0.08
0.1
0.06
0.1

(1)

A

(1)

A

(1)

A

(2)

A

(1)

A

(2)

B

(2)

B

(1)

B

(1)

C

(1)

C

(1)

C

divided into many microcracks, sharpness is lost and replaced
by a fussy morphology. Therefore, in such grainy materials
the identification of specific cracks becomes difficult or
impossible. Accordingly, in chalk samples no clear correlation
between specific cracks and EMR pulses was possible, and
resort to the correlation obtained for glass ceramics (figures 5–
8) was made as a method to interpret the EMR results there.
In the compression experiments on chalk, double pulses
frequently emanated near the peak of the stress–strain curve.
The same analytical method as presented above was applied
to 11 double pulses obtained from deformed chalk samples
(figures 9(A)–(C)). Each pulse is depicted by two black
arrows, their beginnings and ends corresponding to the times
of the initiation and termination of the cracks respectively.

Thus, the length of each arrow gives the time duration
of the corresponding crack propagation and is, therefore,
proportional to its length. The width of each arrow is inversely
proportional to the frequency and is, therefore, proportional
to the corresponding (EMR calculated) crack width. Note
that for eight pulses the second part begins after the first
one ends, which corresponds to case (1) (see also table 2);
an example of this sequence is shown in figure 4(a). In the
remaining three pulses (4, 6, 7 in table 2) the second part starts
and terminates before the first is over, which corresponds to
case (2); an example of this sequence is shown in figure 4(b).
The parameters of the pulse shown in figure 4(b) are: A01 =
0.01 mV, A02 = 0.009 mV, τ1 = 8.77 µs, τ2 = 1.17 µs,
ω1 = 4.35 × 105 s−1 , ω2 = 9.05 × 105 s−1 , t01 = −5.31 µs,
1843
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Figure 9. Description of all double pulses observed in chalk: each
double pulse is shown by two black arrows corresponding to the
single pulses constituting the double pulse; dashed horizontal lines
separate the pulses emitted by different chalk samples denoted by
(A)–(C). Triple and double pulses emitted by glass ceramics (see
also figures 5 and 7) are also shown for comparison by grey
arrows (D).

t02 = −2.02 µs, T1 = 10.32 µs, T2 = 1.2 µs. It also turned out
that the three shorter signals (nos 9–11 in figure 9) were emitted
by the sample under triaxial compressional loading, namely a
confining radial stress acting normal to the axial stress, while
in two other samples the loading was uniaxial. For the sake of
comparison, figure 9 also shows the signals emanating from
glass ceramics (by grey arrows).
All double pulses in chalk correspond to cracks with
calculated areas ranging from 20 mm2 to 20 cm2 . That is,
they are emitted by ‘large’ cracks (‘small’ cracks are those
with areas below 1 mm2 ). Moreover, they occur at late stages
of the sample loading. Reciprocally, none of the pulses from
large cracks is single, leading to the conclusion that all large
cracks in chalk are, in fact, double. This result, as well as
the order and exact timing of the pairs of cracks can only be
gleaned by EMR.

5. Conclusions
Extension of the model of EMR to complex cases has been
presented. It is shown that complex EMR pulses carry
information about crack propagation details, such as the time
sequence, in addition to crack dimensions. The EMR analysis
is therefore a useful tool for understanding complex fracture
processes, which can shed light on multiple fracturing, as well
as on narrowing or broadening of propagating single fractures.
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