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Abstract

The pressure stimulated current (PSC) technique was used in two variations, LSRT and SST for the investigation of the relations
governing stress rate dS/dz, electric charge release and the behaviour of the damage parameter D, when a rock sample is driven to frac-
ture by application of uniaxial compressional stress. It was verified that PSC originates from the change in the Young’s modulus rather
than from the change in the stress rate. The total charge released during stress application up to fracture reaches almost the same values
irrespectively of the stress rate, which is in full agreement with theory. It was also found that a proportionality exists between D and the

scaling factor 7y that correlates PSC peaks with the stress rate.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The material fracture phenomena, particularly those
concerning inhomogeneous materials, such as geomateri-
als, in association with transient electric phenomena,
attract the interest of the scientific community. The main
reason is that such phenomena are promising candidates
of earthquake precursors (Hayakawa, 1999; Hayakawa
and Fujinawa, 1994; Hayakawa and Molchanov, 2002;
Freund, 2002). During the development of the geomaterial
deformation, there appear mechanisms of generation of
electric signal emission and a number of researchers
acknowledge such mechanisms as related to crack genera-
tion and propagation in the Earth’s crust (Molchanov
and Hayakawa, 1995, 1998; Vallianatos and Tzanis,
1998; Tzanis et al., 2000). Although important similarities
exist between the fracture of a pristine rock and an earth-
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quake rupture, there are also important differences
(Turcotte et al., 2003).

In order to understand the mechanisms that produce
these electric signals, a number of laboratory experiments
of mechanical stress up to sample fracture have been con-
ducted on minerals and rocks (dry and saturated) (Nitsan,
1997; Ogawa and Miura, 1985; Enomoto and Hashimoto,
1990; Hadjicontis and Mavromatou, 1994; O’Keefe and
Thiel, 1995; Takeuchi and Nagahama, 2001; Freund,
2000). The laboratory studies on emitted electric signals
from rock specimens at the time of fracture, suggested that
these signals are produced by the piezoelectric effect of
quartz (e.g., Nitsan, 1997), electrokinetic effect due to
water movement (e.g., Ishido and Mizutani, 1981), point
defects (Varotsos and Alexopoulos, 1986; Hadjicontis
and Mavromatou, 1994), emission of electrons (Brady
and Rowell, 1986; Enomoto and Hashimoto, 1990), and
recently by moving charged dislocations (Molchanov and
Hayakawa, 1995; Vallianatos and Tzanis, 1998; Tzanis
and Vallianatos, 2002).
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Recently in a series of laboratory experiments conducted
on marble samples, we have confirmed that the application
of a uniaxial stress is accompanied by the production of
weak electric currents that have been described by the term
pressure stimulated currents (PSC) (Stavrakas et al., 2003,
2004; Vallianatos et al., 2004; Anastasiadis et al., 2004).

In the present work, we will consider an analysis of PSC
recordings that occur during experiments on different
applied stress modes. The results obtained under different
stress applications are discussed. A correlation of the
amplitude of the emitted PSC to the damage parameter
under abrupt stress application becomes evident.

2. Experimental techniques for PSC recording

There are two main experimental techniques for detect-
ing emitted PSC when applying uniaxial compressional
stress. The difference between these techniques is in the
temporal variation of the stress rate.

In the former technique, the uniaxially applied stress is
increasing linearly (i.e., at a constant rate) according to

S=a-t

where a is the stress rate. When 7 = 1= Sp.x/a, where Spax
stands for the ultimate compressional stress strength, the
sample fails. In a significant number of previous experi-
ments by Stavrakas et al. (2003, 2004), the stress rate, a,
has been varying between 0.1 and 0.3 MPa/s depending
on the fracture limit of the geomaterial. This experimental
technique, henceforth, will be referred to as low stress rate
technique (LSRT).

In the latter technique and while the sample is suffering a
constant uniaxial stress (Sy), an abrupt step-like stress
increase is applied for a short period Az and AS = Sy —
Sr where Sp4; is the final state of the applied stress
increase. We note that the final stress state Sy is constant
until a following stress increase is applied (see Fig. 1).
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Fig. 1. Description of the step like increase of the uniaxial compressional
stress.

The aforementioned temporal variation of the stress, S,
as recorded during this experimental procedure can be
described in a good approximation by the following
equation.

S = constant for t < t;
S(t) =< S +b(t—t) for ¢, <t <ty
Si+1 = constant  for ¢ > £

A good estimation of the stress rate, b, could be obtained
experimentally near " = (#; + f;+)/2. This step-like stress
technique hereafter called SST is important to expose
PSC in both elastic and plastic deformation ranges of the
material deformation. Typical values of the stress rate, b,
are always greater than those of the stress rate, a, of the
LSRT technique.

3. Theoretical remarks

The stress, S, on the material is given as a function of the
strain, ¢. For the linear elasticity range it can be stated that

S=Y,-¢ (1)

where Yj is the Young’s modulus of the undamaged mate-
rial which is constant in the elastic range. When the stress
takes values that lead further than the (linear) elastic range
then microcracks occur. For a prescribed stress, S, the
strain, ¢, is greater than the value given by Eq. (1). Accord-
ingly, we write (Turcotte et al., 2003)

S:Yeff‘s (2)

where Y.q is the effective Young’s modulus and it is no
longer considered as constant. In the plastic range the
Young’s modulus becomes progressively smaller while
stress increases. An approach to this process is to introduce
a damage parameter, D, so that (Krajcinovic, 1996; Lemai-
tre and Chaboche, 1990)

Yr = Yo(1 — D) (3)

The damage parameter, D, quantifies the deviation from
linear elasticity, thus describing the rate of generation of
microcracks. In general 0 < D <1. When D = 0, linear elas-
ticity is obtained with Eq. (1) valid, but when D = 1, failure
occurs. The damage parameter depends mainly on the ap-
plied stress D(S).

During an abruptly increasing stress on a brittle mate-
rial a theoretical model has been qualitatively described
by Slifkin (1993) and further developed by Vallianatos
and Tzanis (1998, 1999) and Tzanis and Vallianatos
(2002) in order to explain current production due to stress
in non-piezoelectric and non-electrokinetic materials. The
model is met in the literature as moving charged disloca-
tions model (MCD). According to this model the observed
transient electric variation is related to the non-stationary
accumulation of deformation. The expected emission of
pressure stimulated current, 7, is proportional to the strain
rate, (de/dr). Thus
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(1) if the Young’s modulus Y = Y, = constant (see Eq.
(1)) then

ds

(i) if Y= Yg (see Egs. (2) and (3)) then
1 ds 1 ds
Yar & “T-D dr ®)

Based on the above, when the LSRT technique (dS/
dt = a = constant) is applied and Eq. (1) is valid no signif-
icant transient PSC should be observed. When the stress
exceeds the elastic limit (see Eq. (2)), microcracks (i.e. dam-
age) begin to form; further increase of the stress causes the
microcracks to multiply and propagate while the material
deforms non-elastically and PSC emission is detected.
When applying the SST technique, it is possible to detect
PSC even in the case where the geomaterial is stressed in
the linear range. This can be done for high stress rates.
When the technique is applied in the non-linear
range (Egs. (2) and (3) valid) PSC is emitted and its mag-
nitude is a function of the damage parameter, D, (see Eq.

(3)).

1 x

4. Experimental details

In the described experiment, Dionysos marbles collected
from Mt. Penteli, Attica were used. The Dionysos marble is
mainly composed of calcite (98%) and other minerals (2%
approximately). Its content in quartz is very low, about
0.2%. Its density is 2.7 g/cm® and its porosity is approxi-
mately 0.4%.

Table 1 contains the characteristics of the samples used
for the experiments as well as a short description of each
experimental technique followed. The sample code corre-
sponds to the following information. The MD corresponds
to Dionysos Marbles the number that follows describes the
rock mass that the samples were extracted from. The last
letter encodes each sample separately.

The stressing system comprised a uniaxial hydraulic
load machine (Enerpac-RC106) that applied compres-
sional stress to the sample. For conducting the electrical
measurements of PSC recordings, a sensitive programma-
ble electrometer (Keithley 617) was used. The experimental
setup of the applied technique as well as the procedure of
PSC recording has been described in previous works by
Stavrakas et al. (2003) and Anastasiadis et al. (2004).

Table 1
The characteristics of the used samples
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Fig. 2. Stress-strain curve for marble samples on normalised stress axis.

The stress—strain curve of Fig. 2 corresponds to the mar-
ble samples used and depicts the normalised stress, s = S/
Smax, Where Sp.x corresponds to the ultimate compres-
sional stress strength as a function of strain, ¢. It is noted
that when normalised stress exceeds the limiting value
s = 0.65 approximately the material has practically aban-
doned the (linear) elastic range where the Young’s modulus
becomes progressively smaller when stress increases. This
process goes for normalised stress values even beyond
s =0.98 where the fracture plane is defined (Agioutantis,
2002).

5. Results and discussion

The experimental results of the LSRT technique are pre-
sented and discussed for the two samples encoded as
MDO0la and MDOI1b that suffered stress at different rates
(see Table 1). Fig. 3 shows the PSC emitted from the two
samples. Both PSC emissions initiate when the normalised
stress values are approximately in the range s ~ 0.65-0.70,
which is in accordance with Eq. (5) stating that PSC vari-
ations are detected due to the change of Young’s modulus
despite the fact that dS/ds is constant. At the moment of
fracture of the sample MDOla the emitted PSC reached a
greater value (410 pA) than the corresponding PSC of the
sample MDO1b (340 pA). Despite that, it is important to
mention that the total charge released during the stress

Sample code Sample dimensions (mm) Smax (MPa) Experimental technique

MDOla 69.6x49.0 x 109.1 72 LSRT, a = 144 kPa/s

MDO01b 69.8 x48.9 x 108.8 75 LSRT, a =93 kPa/s

MDO02 69.6 x49.0x 61.2 72 Multiple SST with rate 0.6 MPa/s < b < 1.6 MPa/s

It is noted that the sample MDO2 suffered various SST mode stress steps mainly in the non-linear range. The stress rate, b, varied in the range 0.6-1.6 MPa/s.



D. Triantis et al. | Physics and Chemistry of the Earth 31 (2006) 234-239 237

500 1

MDO1a MDO01b
stress stress
400 0.8
x
< 300 06 £
S o
O P
(] %]
o
200 0.4
100 0.2
MDO1a MDO01b
PSC PSC
0 0
0 200 400 600 800

t(s)

Fig. 3. The temporal development of the normalised stress when the stress
rate was constant with respect to the corresponding PSC emitted.

application up to fracture reaches almost the same values,
if the total charge released, Q, is calculated according to

0= /t/ i(¢)dt (6)

where f, is the moment when PSC initiates, and ¢, the mo-
ment of fracture, the values of the charge are 21.9 pC and
20.8 pC for the samples MDO0la and MDO01b, respectively.
According to Eq. (5)

_ k dS

- 1-Ddt’
where 0 < D(S) < 1, and substituting Eq. (3) into Eq. (6)
gives that the total charge released is

Smax dS
Q=k~/sp ) (7)

where S, corresponds to the stress value that the material
enters the plastic deformation range. According to Shcher-
bakov and Turcotte (2003) when the applied stress, S, in-
creases linearly with time the plot of log(l — D) versus
log(1 —#/t) has a straight line behavior indicating a
power-law scaling, which is very close to the power 1/3.
Thus, the stress evolution of the damage parameter D(S)
is given by an expression
D(S)ZI_A'<Smax_S)a (8)
where a ~ 1 and S, < S < Spax-

It is obvious that since D(S)=0 when S=3S5,,
A= (Sy—S,) “. Combining Eqgs. (7) and (8) and calculat-
ing the integral

k'Smax S
0=t (1) ®)

Eq. (9) states that in the frame of self-similarity of fracture
introduced by Shcherbakov and Turcotte (2003) and Tur-
cotte et al. (2003), the charge released by using the LSRT
technique depends on the failure stress Sy, and the ratio
S,/ Smax> Which is the transition point from linear to plastic
range.

It is obvious that since Spyax= 72-75MPa and S,/
Smax = 0.65-0.70 for the marble samples, the total charge
released, Q, has to be constant, as the LSRT experiments
suggest.

Regarding the SST experiment, the marble rock sample
was subjected to five uniaxial stress steps, which corre-
spond to a range of normalised stress from 0.51 to 0.94.
Fig. 4 shows the five uniaxial stress steps with respect to
time and the corresponding PSC recordings during the uni-
axial stress increase, as well as while the uniaxial stress was
kept at the high stress level. The stress is maintained on the
sample with the high stress level lasting at least for the time
needed for the PSC to be eliminated (background current).

The first uniaxial stress step applied corresponds to a
level of normalised stress of 0.51 <s < 0.62. This range cor-
responds to the material linear part of mechanical behav-
iour and is close to the non-linearity low limit. The
average normalised stress rate of this stress step was
0.022 57" and the recorded PSC peak maximum read was
Inax = 0.15 pA. Afterwards, four more uniaxial stress steps
were applied (see Fig. 4), and their characteristics are
described in Table 2. In the same table the characteristics
of the recorded PSC (i.e. I,ay, €tc.) are also included. Since
the five steps have different stress rates (ds/dz) a compari-
son of the peaks, I..x, can be made if a scaling factor, 7,
is introduced.
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Fig. 4. The uniaxial stress steps and the corresponding PSC recordings
with respect to time, in the range 0.51 <5< 0.94.
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Table 2
Characteristics of the stress steps and the PSC peaks of Fig. 4
Ist step 2nd step 3rd step 4th step Sth step

Normalised stress range 0.51-0.62 0.62-0.72 0.73-0.76 0.76-0.85 0.84-0.94
(ds/di) (571 0.022 0.020 0.011 0.016 0.0085
Inax (PA) 0.31 0.48 0.42 1.58 2.62
Factor y (pC) 14.3+£0.9 24+1.0 38+2.0 98+7 309 £ 20
Parameter D 0.0 0.015 4+ 0.003 0.033 £ 0.005 0.1 £0.01 0.3 +0.05
)= T inax (o) ©n the quantity 15 A clear linear relationship is evident

(ds/dt) between the two quantities, which is cancelled for high

The corresponding values of y for the five steps are in-
cluded in Table 2.

The calculation error of the average stress rate of each
step (dS/d¢) for the conducted experiments is estimated
to be around 5-7%. Consequently, the error of the y factor
calculation cannot be greater than 10% since PSC record-
ing error is lower than 1%. Table 2 also includes the calcu-
lated error of y factor estimation.

An attempt is made to evaluate Eq. (5) on the basis of
the MCD model. The damage parameter calculation can
be done by using Eq. (3) and the stress—strain curve of mar-
ble (Fig. 2). Calculations show that for the used samples
the damage parameter becomes greater than zero, D > 0,
when the normalised stress reaches values greater than
0.65 approximately. When the normalised stress becomes
greater than 0.65 the damage parameter continuously
increases and for s =0.94 it tends to D = 0.3. For each
stress step the parameter D is calculated including the rel-
evant error, given that each step corresponds to a norma-
lised stress range (see row 1 in Table 2).

According to Eq. (5) the scaling factor, y, is propor-
tional of the quantity ﬁ. Based on the values of Table
2, Fig. 5 depicts the dependence of the scaling factor, 7,

400
300
T}
2 200 A
>
100 -
0 T T T T T 1
1 1.1 1.2 1.3 1.4 15 1.6
1/(1-D)

Fig. 5. The values of scaling factor y with respect to the quantity (1/
1 — D). The best fitted line is also presented.

stress values in the vicinity of fracture where parameter D
reaches values greater than 0.3.

6. Concluding remarks

The main conclusions of this work can be summarized in
the following points.

1. Any external stimulation originated by either gradual or
fast stress increase (i.e. stress step) on rock samples
results in PSC emission. The time recording of PSC
shows a peak during the completion of the applied stress
step. After the peak, the PSC relaxes slowly to the back-
ground noise level. This relaxation process takes place
while the stress is maintained at the higher stress level
of each step.

2. As a result of the LSRT technique, it was found that
PSC originates from the change in the Young’s modulus
rather than from the change in the stress rate.

3. While using the LSRT technique, the total charge
released during stress application up to fracture reaches
almost the same values irrespectively of the stress rate.
This is in full agreement with theory.

4. An obvious proportionality seems to exist between the
damage parameter, D, that quantifies the deviation from
linear elasticity of the sample and the scaling factor, 7,
that correlates each PSC peak with the corresponding
normalised stress rate, thus, the damage variable is
related to the stress rate.
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