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Abstract. In this paper, we performed experiments of uni- features and it applies from the laboratory scale up to the
axial compression of granite samples and recorded time seearthquake rupture large scale.

ries of electromagnetic pulses during the evolution of the Also a power-law distribution of failures is found prior to
catastrophic fracturing process. The cumulative energy retotal failure and a log-periodic distribution of failure appear.
lease of the electromagnetic emission (EME) up to the criti- According to the statistical hierarchy model of discontin-
cal point at the moment of rupture was then calculated. It wasious damage, Moura et al. (2005, 2006) consider that “the
shown, that the validity of the proposed hierarchy models forfracturing process of stressed materials is analogous to a crit-
the catastrophic fracturing process of composite materials, iical phenomenon at a second order transition and the moment
analogy to critical phenomena, can be experimentally estabef rupture is similar to a critical point”. In the vicinity of the
lished not only via acoustic emission data, but via electro-critical point of rupture, the variations in free energy reflected
magnetic emission data as well. The above conclusion couldh energy release, can be characterised by power-law accom-
be a useful tool for the improvement of the earthquake pre{panying log-periodic oscillations related to complex critical
diction method, based on precursory electromagnetic signalexponent.

Moura et al. (2005, 2006) consider that during the fractur-
ing process of the stressed material, the cumulative energy
release is reflected by the acoustic emission. That’s why they
were concentrating on recording the bursts of acoustic emis-
_ ) . _ sion during their laboratory experiments. Their experimental
The discrete nature of the fracturing process in various COM;aqylts fitted with the curve they suggested after the extrapo-

posite materials, such as rocks that are subjected to continyzsinn of 3 mathematical relationship based on the theory of
ous loading, is of particular interest. As the material is underjsica) phenomena.

load, stress concentration develops around cracks and other 1o question now arises whether these theoretical models
defects and micro-fractures start to occur locally. The stres$,, pe verified not only for the acoustic activity, but for the
?s then _redistributed and transferred to oth_er neighbouringelectromagnetic activity which is emitted during the catas-
interacting elements, by analogy to percolation phenomenayqhic deformation of materials in the laboratory as well
Hence, the catastrophic fracture propagates in the bulk of th%Hadjicontis etal., 2004).

material, in an accelerating mode, until its total failure. In this paper, we show that our data — the electromagnetic

Newman et al. (1995) proposed a statistical failure modelgmjssjon from a granite sample undergoing catastrophic fail-
based on the discrete scale hierarchy in the fracturing prog e _ gre compatible to the proposed models.

cess. This model manifests self-similarity (multi-scaling)
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where P is the electrical polarization. The polarization is

Toroidal part of the electrical displacement
Coil _-Satmple
'\ - 3 D = eoE+ P @)
L1
* where E is the electric field. In non-conductive materials,
L | the displacement currents produce a magnetic fitldeter-
mined by the Maxwell equation:
- Load cell oD
- VxH = W (3)

Therefore, the polarization currents contribute to the mag-
netic field since they are a radical part of the displacement
currents. This magnetic field excites an alternative magnetic

; field in the core ring because of the electromagnetic induc-
ﬂmPhﬂl'E’Ef Memory tion, which is the curl of the solenoid electric fiellexcited
Fiap =107 52 ™ Recorder in the wire coil
mrratet oH
i VXE = —pop—— 4
at
wherepu is the magnetic permeability of the toroidal’s core.
The excited electric field produces a conductivity current
in coil wire
P J =oE (5)

whereo is the electrical conductivity of the wire. In this way,
Fig. 1. Block diagram of the experimental setup. the current/ produced in the coil wire is a direct response of
the EME signals produced by the plastic deformation of the
sample. These currents compose the analog signals that are

2 Experimental set-up being amplified and fed to the memory of a digital recorder.

Instrumentation that was particularly developed was used for

the detection and monitoring of the time series of electro-3  Results and discussion

magnetic pulses emitted during the uniaxial deformation of

rock samples and other crystalline materials. The system infigure 2 represents an example of a square amplitudes’ time
cludes a mechanical and an electronic part. The mechanicaeries of electromagnetic pulses. This time series represents
part is the hand-operated loading machine and the electronighe powerP (1) of the emitted electromagnetic signals cor-
part consists of: responding to the evolution of the fracturing process as the

1. a toroidal coil used as the sensor for the detection of©2ding increases gradually up to the total failure. Con-
the magnetic component of the electromagnetic signal$eauently, the cumulative electromagnetic energy released
emitted from the deformed sample. Using this toroidal £ (*) can be obtained by the integration of the power’s time

coil, we can eliminate the induced external noise, series
1
2. a low-signal amplification system with very high input _
resistance, E(@) = /P(u)du (6)

0

3. aload cell for measuring the mechanical load. ) i ) )
Figure 3 depicts the integral of the square amplitudes of the

The analog signals are fed to the memory digital recorderabove time series, versus time, which is analogous to the cu-
The block diagram of the system is shown in Fig. 1. mulative electromagnetic energy release, in arbitrary units.
The toroidal sensor consists of a ferrite core with a coil The multi-step character, which appears in the experimen-
wire distributed along it, as is shown in Fig. 1. The sample,tal curve of the released electromagnetic energy in granite
mounted in the centre of the coil, produces polarization cur-(Fig. 3), reveals the discrete nature of the fracturing pro-
rents when being plastically deformed. The densityof  cess. A careful consideration, of the two small figures in

these currents is described by the main Fig. 3, also reveals fine discrete scale hierarchy
9P and self similarity in accordance with the theoretical hier-
Ip =" (1) archical failure model of Newman et al. (1995). If such an
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1.0 S of a critical phenomenon, which abides by the hierarchical
] model, near its critical region.
0.8 4 According to Moura et al. (2005, 2006), if we define the
- dimensionless time as
©
9 4 fe—t
%1 0.6 = [ (7)
N fe
£ 044 and the dimensionless energy release as
o
P4
E(x)
0.2 fx)= 5 8
4 C
0.0 —_— wherer. is the critical time of rupture and the total en-
0 10 20 30 40 50 ergy released during the whole fracturing phenomena, then
600 Time (sec) in the critical region the dimensionless energy release can be
described by the equation
f(x) = 1+ai1x®coqwinx + @) 9)
400 -

which could be accounted for as the real part efd;x* +
aze'¥x**i® whereay, ap andg are unknown control param-
eters andr andw are the real and imaginary part of the com-
plex critical exponent = o +iw.

Outside the critical region, the extrapolated form of the

200

Square Amplitudes (Arb. Units)

equation is
0 * _ o i h(x)y cx®cogg(x))e™
0 10 20 30 40 50 f¥(x) =cogcx”sing(x)e"")e (10)
Time (sec) Whereg(x) = psin(wlnx — ®) andh(x) = pcoSwinx +¢).

The above equation is used for the fitting of the experimental
Fig. 2. Upper: mechanical load versus time. Lower: the squaredata, as discussed later.
amplitude_s time serie; of electrorr_\agneti_c emission pulses during ag explained in detail by Moura et al. (2005, 2006), the
the evolution of fracturing process in granite. parameters;, » andp are in correspondence with the sam-
ple’s heterogeneity, disorder and induced damage. In partic-
ular the quantityx is a structural parameter, which depicts
the sample’s heterogeneity. Smaller values aforrespond
to a lower disorder of the material, therefore, it is expected
to bea — O for pure crystals. The parameteris simi-
lar to a damage variable which reflects the transportation of
stress in cracks or defects and how these interact. For in-
stance, whew values are higher than abaut log-periodic
oscillations can occur far from the critical point. Concern-
ing the parametep, its role is the control of the amplitude
of the log-periodicity correction. Paramejemust abide by
the restriction of
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in order to have a positive value for the energy release and,
Fig. 3. The cumulative electromagnetic energy release versus timetherefore, a physical meaning of the mathematical calcula-
up to the moment of rupture, in granite under continuous loading. tion.

Using the equatiory™*(x), we performed a fitting in our

data of cumulative electromagnetic energy release (Fig. 4),
assumption is valid, the cumulative energy release will ex-in analogy with the work of Moura et al. (2005, 2006). The
hibit a log-periodic behaviour, a characteristic feature of crit- results of the fitting were satisfactory and the corresponding
ical phenomena. Therefore, the obtained experimental datparameters values werez = 1.067, w = 1.440, p = 0.445,
will verify the equivalent laws that describe the behaviour which are in good agreement with the physical conditions
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1.0 , . " T : . : T : . Our experimental results on electromagnetic emission, as
they are shown in Fig. 3, indeed seem to be in accordance
with the final computed results of the hierarchy model pre-
sented by Newman et al. (1995).

The validity of the proposed model by Moura et al. (2005,
0.6 . 2006), in analogy to critical phenomena, can be experimen-
tally established not only via acoustic emission data, but via
electromagnetic emission data as well.
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In this work, we wanted to see if the cumulative energy re-

leased by the emitted electromagnetic signals during gran-
ite deformation is in accordance with the hierarchical model

proposed by Newman et al. (1995) and respectively de-
scribed by the same power law for the energy released by
the acoustic emissions, as proposed by Moura et al. (2005,
2006).
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