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ABSTRACT

The emission of electrical sighals during application of mechanical stress
to brittle geo-materials (the so-called pressure-stimulated current; PSC)
can provide significant information regarding the mechanical status of a
studied rock sample. PSCs originate as a result of the opening of cracks
and microfractures in rock. In this study, such electrical sighal emissions
are detected and studied when rock samples are subjected to step-wise
mechanical stress, increased from low stress levels o, up to higher stress
levels o, This increase is performed at high stress rates and consequently
the stress is maintained practically constant for a long period. During this
time, the applied stress reaches its maximum value, and the emitted PSC
decays gradually and relaxes back to a minimum value. The conducted
experiments suggest that the characteristics of the relaxation processes of
the PSC depend directly on the high level of the applied stress that is
maintained constant after the application of each stress step. Analysis of
the macroscopic parameters that characterize the relaxation phenomenon
of the PSC provides clear information regarding the proximity of the
applied stress to the fracture limit of the rock sample.

1. Introduction

Laboratory experiments have shown that electromagnetic
[Ogawa and Miura 1985, Molchanov and Hayakawa 1995,
Nitsan 1997] and electrical [Hadjicontis and Mavromatou
1994, Freud 2002, Vallianatos et al. 2004, Eccles et al. 2005,
Baddari et al. 2011] signals are emitted during the application
of varying mechanical stress to brittle materials. These
signals arise as a result of the nucleation and propagation of
micro-fracture events. Several physical mechanisms have
been proposed to interpret the emission of electrical signals
when a material is subjected to mechanical stress. These
include: piezoelectric effects [Nitsan 1997], electrokinetic
effects [Ishido and Mizutani 1981], emission of electrons
[Brady and Rowell 1986], point defects [Varotsos and
Alexopoulos 1986], and motion of charged dislocations
[Molchanov and Hayakawa 1995, Vallianatos and Tzanis
1999a, Vallianatos and Tzanis 1999b, Vallianatos et al. 2004].
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In recent laboratory experiments, PSC signals have been
recorded following various experimental modes relating to
applied mechanical stress, and for series of brittle material
samples, including marble [Anastasiadis et al. 2004, Stavrakas
et al. 2004, Anastasiadis et al. 2007], amphibolite [Triantis et
al. 2007], and materials based on cement [Kyriazopoulos et
al. 2010, 2011a, 2011b].

The methodology applied to record PSC emissions
incorporates connection of an ultra-sensitive electrometer
to capture the electrical signals emitted, using a pair of gold-
plated electrodes mounted collaterally on the stressed sample.
This technique has been described as the PSC technique
[Anastasiadis et al. 2004]. To date, studies of electrical signals
recorded using the PSC technique have led to a number of
findings. Studies on rock samples [Stavrakas et al. 2004] and on
cement-based materials [Kyriazopoulos et al. 2011a] have
shown that upon application of a monotonic axial stress at a
constant stress rate, PSC emissions are detected when the
mechanical stress applied becomes greater than the yield stress
value, and the sample enters the non-linear region of its
stress—strain behavior. During this experimental procedure,
the PSC signal reaches its maximum value slightly before the
failure of the sample.

Other studies have shown that the emitted PSCs are
clearly related to mechanical strain, which can be used as a
damage indicator. Considering the memory phenomenon
that appears in acoustic emissions during cyclic mechanical
loading (i.e. the Kaiser effect), similar phenomena have been
reported in terms of PSC emissions that have shown that
repetitive mechanical loading cycles generate gradually
lower PSC emissions [Anastasiadis et al. 2007].

It has been shown experimentally and supported
theoretically that when a brittle geomaterial is subjected to
gradually increasing mechanical stress at a constant rate up
to its fracture, the total electric charge that is released is not
affected by the applied stress rate [Triantis et al. 2006].
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Using the above-mentioned experimental technique, it was
shown that when the mechanical stress applied to a sample
exceeds the yield stress value, the electric charge released
and the mechanical strain are linearly related [Triantis et al.
2008]. The experimental verification of this linear
relationship appears to support the theoretical predictions
of the moving charged dislocation model. This supports the
existence of a proportionality between the electric current
density and the strain rate, which provides a good
interpretation of the underlying mechanisms of electrical
signal emission [Slifkin 1993, Vallianatos and Tzanis 1998,
Tzanis and Vallianatos 2001].

A power-law for the time-to-failure relationship that is
based on irreversible thermodynamics describes the
cumulative energy release of PSC as failure approaches. All
of
emissions and seismicity, and also the form of the power

the aforementioned similarities between acoustic

laws, suggest connections with fracture phenomena at much
larger scales This implies that a basic general mechanism is
'actively hidden' behind all of these phenomena [Vallianatos
and Triantis 2008]. Furthermore, interesting results have
been extracted from preliminary experiments of the
application of sequential abrupt stress that increases up to
the failure of samples of rock [Vallianatos et al. 2004] and
cement-based materials [Kyriazopoulos et al. 2011a].
Comparison of PSC signals recorded for these two types of
samples has shown clear similarities regarding their
qualitative macroscopic characteristics, but significant
differences regarding their quantitative characteristics: PSC
emissions recorded from cement-based materials are
significantly greater than those from rock materials.

In the present study, high-rate sequential stress steps
were applied to amphibolite samples and their corresponding
PSC emissions were recorded. As it is known that the PSCs
emitted are related to the damage caused in the bulk sample,
an attempt was made to correlate the qualitative
characteristics of the PSC emissions, of the applied
mechanical stress, and of the consequent damage that was
caused to the sample. The main objective of this
experimental study was to determine the upcoming fracture
of the samples through the study of the macroscopic
characteristics of the electrical signals.

2. Amphibolite: the samples

The samples that were used in the present study were of
fine-grained amphibolite rock. The materials were extracted
from a depth of ca. 6.0 km at the drilling site of the German
KTB continental deep drilling program [Lich et al. 1992]. The
compositions of the specific types of amphibolite included
the dominant minerals of hornblende, plagioclase and
garnet, together with minor quartz and biotite. These
compositions were supplemented by Ti-phase ilmenite (1%-
3%), opaques, K-field spar, apatite, and some zircon. The
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porosity of the samples was less than 1% vol. [Lich et al.
1992, Nover et al. 1995].

The samples used were shaped in a cylindrical form of
25-mm diameter and 60-mm height. The fracture limit was
calculated to range between 49 MPa and 53 MPa.

3. Experimental techniques

PSC signals were detected when the samples were
under continuous mechanical stress that varied from low to
a high levels, when close to fracture. The axial stress was
increased through abrupt stress steps. Specifically, a
procedure of seven abruptly increasing stress steps was
applied. This technique has been termed the 'abrupt rate-
step stress' technique [Kyriazopoulos et al. 2011a], and can
be described in detail as follows.

The temporal description of a stress o(t) can be
described with the following mathematical expression:

0, = constant for t <t
o(t)=|o +b(t—1t) for t; St <t +A =ty (1)
oy=o0,+Ac for t>ty

The sample is taken to an initial constant uniaxial stress
level, o, . The application of this stress at this o, value lasts
for a time interval t; whereby the PSC electrical signal can
attain its minimum possible value (background). Then, a
stress increase of Ao follows at an optimal constant
increase rate of b = A0/ with the sample taken to a higher
stress level 0. At each stress step, the pressure increase from
the low level o, to the higher level o, takes place at a fast
rate (ca. 3.5 MPa/s). The sample remains at this higher level
o, for considerable time, so that the PSC signal can again
relax to its lowest possible level.

The application of sequential stress steps (whereby the
level 0, of one step then becomes the o, of the next stress
step, and so on), leads to the development and detection of
PSC signals that reflect the whole range of the mechanical
behavior of each sample.

The experimental set-up of the mechanical parts that
were used to apply the uniaxial compressional stress has
been presented in detail in previous studies [e.g. Triantis et
al. 2007], and only the essential details are given here (see
Figure 1). The electrical signal is detected by recording weak
electric currents using a sensitive electrometer. The electric
current is captured through a pair of gold-plated electrodes
that are attached to the sides of the sample that is under
mechanical stress. Teflon sheets of 2-mm thickness are
placed on both the upper and lower surfaces of each sample,
as electrical insulators. To perform the electrical
measurements, a sensitive programmable electrometer was
used (Keithley 6514). The experiments were conducted in a
Faraday shield to prevent the measurements from being

affected by electrical noise.
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4. Experimental results and discussion

Several experiments were carried out using the above-
described experimental technique and representative
experimental results are presented here. A sequence of
seven stress steps was applied (see Figure 2a), starting
from a low axial stress level of 6 MPa (the low-stress state
o, of the first stress step) up to 49 MPa, which was close
to the fracture limit (o) of the samples. It can be noted
that the high stress level of the seventh stress step was 48.8
MPa. The attempted application of an eighth stress step
was not accomplished, as the sample failed at 49.35 MPa
(0.55 MPa higher than the stress level o, of the seventh
stress step).

The exact values of these 0, and o, levels of each stress
step for this sample are given in Table 1. Figure 2b shows the
temporal recording of the PSC signals with respect to the
sequence of the seven abrupt stress steps.

During each stress step, when the abrupt transition from
0, to o, occurred, the consequent PSC excitation was
recorded. The PSC signals show a peak, practically at the
moment t, where the stress reaches the o, levels. The PSC_
of each of these stress steps are given in Table 1. Then the
PSC signals decreased to reach the relaxation levels. The mean
values of these relaxation levels are referred to as PSC,;,,.
These values corresponding to each stress step as the PSC, ;|
were calculated and are given in Table 1.

During the periods after the stabilization of the stress at
the high level at each stress step, the PSC relaxed following
the exponential law:

’ t, ’
psc(t’) = psc,.,. - exp(— 7) for 0<t' <, (1), @
wheret’ =t — t,, T is a relaxation time constant, and tisa

characteristic time parameter up to which the PSC signal obeys
the exponential law of relaxation described in Equation (2).
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Figure 1. The experimental apparatus, as installed to capture the PSCs
emitted during the application of the mechanical stress.
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Figure 2. Recording (a): The sequence of the seven stress steps. Recording
(b): The corresponding temporal variations in the PSC emissions recorded.

01 49.35 MPa PSC, .« PSC_in
Step o, (MpA) oy (MpA) T(s) t.(s)

op— oy (MPa) (pA) (pA)
1 6.69 11.05 38.30 0.73 3.20 7.4 0.011
2 11.13 16.07 33.28 0.87 3.90 8.1 0.014
3 16.07 24.03 25.32 1.14 5.30 10.2 0.022
4 23.99 30.08 19.27 1.47 7.00 12.1 0.035
5 30.08 35.66 13.69 1.90 8.10 13.4 0.057
6 35.82 42.70 6.65 2.67 12.10 19.0 0.105
7 42.71 48.80 0.55 3.81 16.74 24.5 0.301

Table 1. The o, and o, levels of the seven sequential stress steps, with the corresponding values of the macroscopic characteristics of the PSC

signals recorded.

209



TRIANTIS ET AL.

100 - "
+step 7 :iy
xstep 6
astep 5
ostep 4
ostep 3
10 ostep 2
xstep 1

PSC- t' (pA -5)

0.1 -
100.0 1000.0
t'(s)

0.1 . 1.0 10.0

Figure 3. The seven PSC signals with respect to time ¢t ([PSC(t )] - t"vst").
The time scale t" =t —t,, where t, is the time when the PSC signal reaches
its maximum value. The dotted curves correspond the the best exponential
fitting according to Equation (2) The PSC signals deviate from the
exponential law after a time t, which is characteristic for each stress step.

This exponential relaxation of the PSC signals during these

periods can be verified from the plot of [ PSC(t”) |- t' versus t’

for each of the seven PSC recordings for each corresponding
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Figure 4. (a) PSC
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stress step (see Figure 3).

The value t at which the maximum of the function
[Psc(¢')]- ' is reached corresponds to the time constant T.
Through best fitting to Equation (2) (Figure 3, dotted
curves), the times t, can be estimated for each of these
seven PSC signals. These values of T and t, are given in
Table 1.

Both the presentation of the PSC signal recordings and
the recorded values given in Table 1 lead to the conclusion
that the macroscopic characteristics of the PSC signal
depend on the high level o, of each stress step, such as for
PSC__, PSCpin

Figure 4 shows the behaviour of the above-mentioned
quantities as functions of o, — oy, It is important to note
the following: PSC___and PSC_. of the PSC signals appear
to be related to o, — o, through an empirical law of the

and the relaxation parameters (T and t,).

form: A-exp[—a(o — 0,;)], where A and a are constants. This
empirical law appears to be validated when o, — o}, has
values greater than approximately 10 MPa. When o, — o,
<10 MPa, the sample is practically in the nonlinear region
regarding its mechanical properties, and the values of PSC,_
and PSC,;, gradually deviate from this exponential law. This
behavior arises as the crack formation and propagation that

is caused by the abrupt stress increase are facilitated by the

level of the applied mechanical stress (i.e. higher than the
yielded stress), which is high enough to produce further cracks
and extend the existing cracks. That is the reason the recorded
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Figure 5. Recording (a): PSC excitation when the amphibolite sample was
under high levels of mechanical stress close to fracture (o, — o).
Recording (b): The corresponding behavior of the mechanical strain of
the sample. The PSC excitation appears to be directly related to the
corresponding abrupt increase in the strain.

PSC shows higher relaxation times and higher PSC, ;.

It is interesting to observe the dependence of the
relaxation time constant T on 0, — 0. This constant follows
alinear law for values of 0, — 0}, >10 MPa, while for o, — o,
<10 MPa the corresponding values significantly deviate from
this linearity and increase as 6, — 0, reaches a minimum.
Similar behavior is seen for the characteristic time duration t,,
which is related to the time during which the PSC signal
follows the exponential relaxation given by Equation (2).

Finally, there is another interesting observation
regarding the study of the PSC signals, especially in the
region where the o, of the stress step is close to the fracture
limit of o, of the sample. While the PSC signal tends to
return to PSC_ ., sudden PSC excitation occurs (in the form
of peaks; see Figure 5, recording (a); the peaks appeared
between 800 s and 900 s). The appearance of these peaks is
related to the fluctuation in the strain rate (see Fig. 5,
recording (b)). This has also been observed experimentally
for cement samples [Kyriazopoulos et al. 2011a]. The
appearance of these PSC peaks under this constant stress
regime and following previous step stressing predicts the
forthcoming sample failure. The appearance of such sharp
peaks at this stage reflect the irreversible accumulation and
coalition of macrofractures, to create the final stage of
fracture that breaks the sample.

5. Conclusions

When conducting laboratory experiments on fine-
grained amphibolite rock samples using the abrupt rate-step
stress technique, electrical signals, known as PSCs, are
emitted and can be analyzed. The analysis of these PSCs
shows that their macroscopic characteristics, such as the

PSC, ., the PSC ;.

t,), depend strongly on the higher level, o, , of each stress step.
Thus, this technique can provide information (and is a

and their relaxation parameters (T and

potential tool) towards rough estimation of fracture limits,
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although without damaging the sample. This can be
achieved for a known type of material (e.g. rock), if
systematic calibration is available, through the calculation of
the various values of these macroscopic characteristics for a
set of stress levels. Consequently, when a mechanical stress
step that corresponds to the higher stress level o, is applied
to a sample that has never suffered any mechanical stress
previously, the macroscopic characteristics of the PSC
recorded can lead to estimation of the proximity of o, to
the fracture limit, Op

Another conclusion that is reached in the present study
is that the development of new PSC current excitations for a
rock sample that has relaxed following the application of a
practically constant stress indicate the proximity of the
applied stress to the fracture limit.
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