International Journal of Rock Mechanics & Mining Sciences 39 (2002) 125–129

Technical Note
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1. Introduction
Numerous investigations have examined different
aspects of electromagnetic radiation (EMR) emitted by
fracture [1–6]. For example, it was noted that an
increase of Young modulus, strength, and loading rate
enhances the EMR amplitude [3,7–9]. Individual EMR
pulses were carefully investigated under uniaxial and
triaxial stiff compression [8–11]. An example of an EMR
pulse from chalk compression is shown in Fig. 1. It is
known now that a propagating crack consists of atomic
bond severage, which excites atomic (or ionic) oscillations along the crack surfaces. These oscillations
(Rayleigh-type waves) induce electromagnetic radiation.
Hence, each crack constitutes a source of an individual
EMR pulse. The EMR amplitude is a function of the
crack area [12,13]; the time from the pulse origin to the
maximum of its envelope, is proportional to the crack
length; the frequency of the EMR pulse is related to the
crack width [12,13]. An analysis of the EMR pulses
emanating during uniaxial compression [14] showed
that individual short pulses (of duration of 0.5–6 ms,
Table 1) are correlated with the stage of individual
micro-cracks formation; multi-pulse strings are correlated with the crack coalescence stage; and lengthy
pulses (of duration of 30–400 ms, Table 1) are correlated
with rock failure.
All these investigations were carried out in the
laboratory. Large-scale EMR studies prior to rockbursts
in mines and to earthquakes (EQ) are also registered.
Thus, Khatiashvilli [15] carried out an investigation of
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EMR in the Tkibulli deep shaft (Georgia) prior to an
EQ of a 5.4 magnitude. The registration point (at the
shaft position) was located 250 km from the EQ
epicenter. Prior to the EQ itself, an increase of intensity
of the lower part of the spectrum (1–100 kHz) and a
corresponding decrease of intensity of higher frequencies (100–1000 kHz) were observed. Nesbitt and Austin
[16] registered EMR in a gold mine (2.5 km depth). Frid
[17,18] observed EMR anomalies before rockbursts and
gas outbursts.
It is claimed [19] that an abnormally high-EMR level
occurs hours or even days before an EQ, after which
EMR decreases. Rikitake [20], analyzing 60 EQ events
measured in Japan, also showed that EMR is a ‘‘shortterm’’ precursor, with an estimated mean time prior to
an EQ of B6 h. It was assumed [21–25] that the
anomalies of EMR prior to an EQ were due to a
deformation of the Earth surface, which resulted in the
formation of micro-fractures and in friction of the
nearby rock blocks.
Parrot et al. [26], after a detailed consideration of a
large number of EMR–EQ investigations, remarked that
although the existence of EMR in relation to seismic
and/or volcanic activities were clear, EMR selection out
of a host of artiﬁcial signals remained a signiﬁcant
problem. Nevertheless, investigations of EMR as a
precursor to large-scale failure continue.
In this work, we present the results of our
EMR investigations on carbonate rock fracture
both in the large scale (blasting in an open
quarry) and in the micro-scale (drilling in the lab)
and show the similarities and dissimilarities of
these EMR results to our previous EMR laboratory
studies during regular compression tests in the
laboratory.
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Fig. 1. An experimental EMR pulse induced by chalk compression.

PC
2. Experimental details
2.1. Drilling

Fig. 2. Schematic diagram of experimental arrangement during
drilling.

Our drilling experiments were considered in detail in
Goldbaum et al. [27]. We provide here only a concise
account of the experimental procedure.
2.1.1. Rocks
The samples were chalk from Ramat Hovav (20 km
south to Beer Sheva, Israel [10,11]) and limestone from
Solenhofen (South Germany) [28].
2.1.2. Experimental arrangement [27]
EMR measurements during drilling were carried out
on cylindrically shaped samples 100 mm in length and
25 mm in diameter (Fig. 2) that were percussion drilled
(impact rate of 50 Hz). Drilling was carried out at about
the mid-length of the cylinder, perpendicular to the
cylinder axis.

2.1.3. EMR measurement
EMR was measured in the frequency range 1 kHz–
50 MHz with 1 mV sensitivity throughout by a one-loop
magnetic antenna 3 cm in diameter, which is electrically
‘‘small’’ and exhibits negligible response to foreign
electric ﬁelds. The antenna was placed at a distance of
3 cm from the drilling hole. External electromagnetic
disturbances were decreased by the two following
methods: the sample together with the antenna were
placed in a grounded Faraday cage, and the plane of the
antenna was aligned perpendicular to the drilling
direction, so that the inﬂuence of electromagnetic
disturbances emitted by the motor of the drilling
machine was minimized. All EMR signals were electrically ampliﬁed, digitized and collected at a triggered

Table 1
Properties of EMR pulses excited by compression, drilling and blasting
Process

Compression
Drilling
Blasting

Pulse duration

Pulse frequency

Pulse strings’ duration

Short

Lengthy

Short

Lengthy

0.5–6 ms
0.3–1.5 ms
o3 ms

30–400 ms
10–800 ms
—

o10 MHz
10–25 MHz
2–8 MHz

>15 kHz
>5 kHz
—

o30 ms
2–60 ms
0.3–0.5 s
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PC hard disk. The data were analyzed after test
completion.
2.2. Blasting
2.2.1. Rock
Blastings were carried out in Turonian age limestone
from an open quarry near the village Omarim, located
about 25 km north-east of Beer Sheva (Israel).
2.2.2. Method
Two blasts of 5 and 1.4 t of explosion material,
respectively, were performed. In each blast one slope of
the quarry was exploded. The slopes heights are of
about 11 m and of lengths of about 100 and 20 m,
respectively.

of signals having durations of 0.3–1.5 ms, Table 1),
signals arriving in short strings (string duration
of 2–15 ms—second group, Table 1) and extended
signals of larger duration (up to 60 ms—third group,
Table 1). The individual EMR signals correspond to
single micro-cracks (from 0.005 mm2 up to about
0.05 mm2 in area) while signals of the second and
third groups are related to overlapping of such microcracks. The fourth group of EMR signals [27] possibly
originates from lengthy fractures (up to several centimeters in area).
Figs. 4a and b show two examples of EMR signals of
the second and third group observed during drilling of
Solenhofen limestone and Ramat Hovav chalk, respectively. Note that the shapes of the EMR strings
emanating from these rocks are similar to each
other, the only difference lies in their durations that
were of about 10 and 60 ms, respectively. Zooming in on
both signals shows that they consist of numerous
individual signals of frequencies of 10–25 MHz
(Table 1). Fig. 5 shows an example of a string of three
individual EMR signals from chalk drilling. A comparison of Figs. 1 and 5 shows that shapes of individual
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2.2.3. EMR arrangement
A magnetic one-loop antenna (Electro-Metrics Penril
Corporation) 0.5 m in diameter was used for the
detection of the EMR. A low-noise micro-signal
ampliﬁer (Mitek Corporation Ltd, frequency range
10 kHz–500 MHz, gain 6070.5 dB, noise level
1.470.1 dB throughout) and an analog-to-digital converter connected to a triggered PC completed the
detection equipment. We placed our magnetic antenna
in front of the blasted slope at a distance of about 100 m
from it (Fig. 3).

3. Research results
3.1. Drilling
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could be classiﬁed into four groups [27]. The ﬁrst three
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Fig. 3. Schematic diagram of experimental arrangement during
blasting.
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Fig. 4. Two examples of EMR signals observed during drilling of
(A) Solenhofen limestone and (B) Ramat Hovav chalk.

A. Rabinovitch et al. / International Journal of Rock Mechanics & Mining Sciences 39 (2002) 125–129

128

0

Voltage, mV

Voltage, mV

20

-20

0

-2

-40

176.6

177.0

177.4

177.8

t, µs

41.5

42.5

43.5

t, µs

Fig. 5. Three individual EMR signals from chalk drilling.

Fig. 7. An individual EMR pulse induced by blasting.

4. Discussion
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Fig. 6. An EMR string induced by blasting.

EMR pulses excited by drilling is similar to that
measured during compression, where however single
pulse frequencies never exceeded 10 MHz (Table 1
[9,10]).

3.2. Blasting
Fig. 6 shows B5% (in time) of the EMR record that
was observed during blasting. A detailed analysis of the
EMR record shows that the main frequency of the
observed pulses lies in the range 2–8 MHz (Table 1), and
that the intervals between individual pulses are of about
1–5 ms. The shapes of individual pulses (Fig. 7) that were
formed by a digital expansion of Fig. 6 are very similar
to those observed during compression and drilling
(Figs. 1 and 5). Our analysis shows that it is only the
durations of the EMR records that were different. The
durations of the EMR records from blasts were similar
to those of the explosions themselves B0.5 s for the
more powerful blast (5 t) and B0.3 s for the second one
(1.4 t).

The experimental results are summarized in Table 1.
We now consider the unifying properties and dissimilarities of the different processes. As is known [29],
when stress waves propagate through a brittle material,
a population of micro-defects are generated and
extended. In drilling and blasting the rock is deformed
under dynamic conditions, which create high-intensity
stress waves. A stress wave of sufﬁcient amplitude (like
those created during blasting or drilling) can initiate
rock fragmentation at the expense of wave energy [30].
A fragmentation process, such as in drilling or blasting,
where numerous cracks are created, is the origin of
strings of EMR pulses. A larger stress wave energy leads
to a larger fragmentation volume in the rock and, hence
to a larger duration of these strings. Therefore, EMR
pulse strings, which represent a small volume of rock in
drilling are much shorter (2–60 ms, Table 1), than those
induced by blasting (B0.3 and 0.5 s, Table 1). In
comparison, during compression (strain rate 105 s1),
where these strings stem merely from crack coalescence,
the duration of each EMR string never exceeded 30 ms.
Zooming in on the EMR strings induced by blasting
shows that both the amplitude and the frequency of
individual pulses are different from those obtained in
drilling and in compression. Nevertheless an overall
comparison of EMR signals, excited by compression,
drilling and blasting shows their basic shape to be
invariant to the dynamic/quasi-static loading mode.
Note that this basic shape was shown previously to be
invariant to the fracture mode [10]. The similarity of
shape of single EMR pulses, induced by these three
processes, therefore enables us to analyze the EMR
signals induced by drilling and blasting by the same
model we developed earlier for compression [10]. This
model allows us to calculate the dimensions of the crack,
which was the source of the measured EMR signal. As
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we noted above, the time from pulse origin up to its
envelope maximum T 0 is proportional to the crack
length, while crack width is inversely proportional to the
EMR frequency f ¼ oX2p [10,12,13]. Hence, the ratio
T 0 =o is proportional to the crack area S: Our analysis
shows that the time from EMR pulse origin up to its
envelope maximum T 0 induced by blasting ranges
between 0.01 and 0.5 ms. The o value of the signals
ranges between 16 and 50  106 s1. Hence their ratio
T 0 =o will be of about 0.06–1  1014 s2. The analysis
[11] showed that the proportionality coefﬁcient between
T 0 =o and crack area S was B3  107. Hence, crack
areas induced by blasting include a major fraction
whose area is estimated to be of about 0.02–0.3 mm2.
Note that cracks of similar areas are created at the
beginning of compression loading [10].
As noted by Rossmanith et al. [29], the net of
fractures induced by blasting can be divided into three
zones: a crush zone (near the borehole) of short
uniformly distributed radial cracks; an intermediate
zone, where short cracks from the crush zone extend;
and an outer zone with long radial cracks. Comparison
of estimated crack areas (see above) with this model
shows that our EMR signals are induced by cracks from
the two ﬁrst zones (crush and intermediate) and can
indicate the beginning of a dynamic large-scale failure.
These results are similar to those obtained for the origin
of quasi-static (compression) and dynamic (drilling)
failure in the lab, where EMR pulses were observed
along the whole process of failure from the origin of
cracking up to rock collapse [10,27].
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