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An experimental technique that deals with the detection of weak electric signals emitted during the 
application of temporal uniaxial stress on solid materials has been applied on cement mortar samples. 
These electric signals are met in the literature as Pressure Stimulated Currents (PSC). Two different stress 
techniques were applied: uniaxial compressional stress at a) a low and b) at a high rate. Both qualitative 
and quantitative characteristics of the PSC are correlated with the mechanical state of the samples with 
respect to crack creation and propagation in the bulk of the material and consequently with the stages of 
composite damage.
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0 INTRODUCTION

It has been experimentally verified that 
mechanical stress application on geo-material 
samples is accompanied by the production of weak 
electric variations. Several laboratory experiments 
have been conducted to study the behaviour 
of geo-material samples under stress and have 
showed electromagnetic activity as well as electric 
current emissions. More precisely, experiments 
have been conducted on rock specimens 
suggesting that electric signals are produced by 
the piezoelectric effect due to presence of quartz 
[1] and [2], electrokinetic effect due to water 
movement [3] and [4], point defects [5] and [6], 
emission of electrons [7] and [8], moving charged 
dislocations (MCD) [9] to [11].

Laboratory experiments to detect and 
record weak transient current produced when 
brittle materials like marble and amphibolite are 
subjected to a temporal stress variation leading to 
a catastrophic process up to fracture have recently 
been realised [11] to [16]. The above mentioned 
electric currents are met under the term Pressure 
Stimulated Currents (PSC) and the corresponding 
experimental technique is known as Pressure 
Stimulated Currents technique. 

In the present work for the very first 
time the PSC technique is applied on cement 

mortar samples and the results after systematic 
recordings are presented here. In this work, 
various experimental techniques showing up PSC 
were applied on cement mortar samples and PSC 
measurements were systematically recorded. 

Electric emissions in cement mortar under 
low compressional loading (less than 30% of 
compressional strength) have also been observed 
by other researchers [17] and were attributed to 
various mechanisms including crack opening. 
Additionally, electric current emissions have been 
recently reported on hardened cement paste and 
were attributed to the Piezoelectric effect [18].

A satisfactory interpretation of electric 
signal emission during the deformation of brittle 
materials after stress application is attributed to 
mechanisms of crack generation and propagation 
as well as to the moving charged dislocations 
by a number of researchers [9], [19] and [20]. 
According to the MCD model in an ionic or 
composite amorphous structure there will be 
an excess or absence of a line of ions along the 
dislocation line, with the consequence that the 
dislocation be charged. In thermal equilibrium, 
dislocation lines are surrounded by the Debye-
Hueckel charge cloud and will be electrically 
neutral [21]. In dynamic processes when 
dislocations move faster than the Debye-Hueckel 
cloud can follow, neutrality can no longer be 
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maintained. It has been proved that when a brittle 
material is uniaxially compressed with a time 
varying stress σ, the Pressure Stimulated Current 
is proportional to the strain rate [11]:

 I d
dt

d
dt

∝ ∝ ⋅ ⋅
ε σ1

Ε
,  (1)

where dε/dt is the compressional strain rate, dσ/dt 
is the stress rate and Ε is the modulus of elasticity. 
E is constant in the linear-elastic behaviour range 
while it varies in the non-linear deformation 
range and in the localized failure crack zone that 
follows, as a result of microcrack formation. As 
can be seen, Eq. (1) which comes from the MCD 
model is a tool giving qualitative rather than 
quantitative information.

1 DESCRIPTION OF THE EXPERIMENTAL 
TECHNIQUES

Two groups of PSC recording experiments 
are presented and they refer to the case when the 
samples suffer a uniaxial compressional stress.

In the first group, the uniaxially applied 
stress σ is increasing linearly at a slow rate 
described by: 
 σ = a · t, (2)
where a is the stress rate, the values of which do 
not usually exceed 500 kPa/s and the ordinary 
values are around 100 kPa/s. At t = tf = σmax / a, 
where σmax is the ultimate compressional stress, 
the sample fails. This experimental technique 
henceforth will be referred to as Low Stress Rate 
Technique (LSRT).

In the second group, while the sample is 
in a state of constant uniaxial stress σk, an abrupt 
stepwise stress increase of short duration Δt is 
applied so that the uniaxial stress increases by 
Δσ = σk + 1 – σk , where σk + 1 is the new state 
after the application of the stress increment 
(see Fig. 1). It must be noted that the new stress 
state σk + 1 remains constant until a following 
stress increment is applied. The aforementioned 
temporal variation of stress σ, as recorded during 
this experimental procedure can be described in a 
good approximation by Eq. 3. 
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This stepwise stress technique hereafter 
called Step Stress Technique (SST) is suitable 
to expose PSC in both the linear and non-linear 
ranges of the material deformation. Typical values 
of stress rate σ vary between 1.5 and 5 MPa/s 
and are always greater than those of the LSRT 
technique. 

Fig. 1. Schematic representation of uniaxial stress 
σ variation with respect to time as it was recorded 

experimentally using the Step Stress Technique

Fig. 2. Schematic representation of the SST and 
LSRT experimental techniques

Fig. 2 shows the schematic representation 
of the SST and LSRT experimental techniques. A 
pair of electrodes was attached to the sample in a 
direction perpendicular to the axis of the applied 
stress and the PSC measurements were achieved 
using a sensitive programmable electrometer 
(Keithley 6514) and all data were stored in a 
computer hard disk through a GPIB interface. The 
stressing system comprised an uniaxial hydraulic 
load machine (Enerpac–RC106) that applied 
compressional stress to the sample.
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relative compressional stress acquires values 
greater than 0.7 approximately, the material is 
driven to a range of non-linear deformation and 
eventually into the localized failure zone.

Fig. 3. Stress–strain diagram of the used cement 
mortar samples; the stress axis corresponds to the 

relative compressive stress

3 EXPERIMENTAL RESULTS AND 
DISCUSSION

Representative PSC recordings from a 
set of experiments using both of the referred 
techniques (LSRT and SST) were conducted. The 
PSC recordings from the respective experiments 
are characterized by a systematic repeatability 
if all experimental requirements are carefully 
satisfied. 

In the first type of experiments (LSRT), 
the samples were loaded at a constant positive 
uniaxial stress rate 0.18 MPa/s. Fig. 4 depicts 
the recordings of the PSC emitted from cement 
mortar along with the relative compressional 
stress. As long as the sample is stressed uniaxially 
at low stress values corresponding to relative 

The experiment was conducted in a 
Faraday shield to prevent electric noise. Between 
each sample and the stressing system thin Teflon 
plates were placed in the direction of stress, 
in order to provide electrical insulation. The 
electrodes were attached to the cement mortar 
sample, using conductive paste.

2 SAMPLES

Cement mortar samples were used, 
composed of Portland type cement OPC (Ordinary 
Portland Cement), sand and water at a ratio 1:3:0.5 
respectively. The samples were utilized 3 months 
after their preparation in order to age properly and 
achieve an approximate 95% of their maximum 
strength. The maximum diameter of the sand 
grains of the composition was 2 mm. Its density 
was 2.2 gr/cm3 and its porosity was approximately 
8%.

Table 1 incorporates the characteristics of 
the samples including their geometric shapes, the 
fracture limits and the applied stress or load rates 
for each experimental technique. 

Fig. 3 shows a representative relative 
compressional stress (

� 

ˆ σ ) - strain (ε) curve of the 
used samples. The relative compressional 
stress value is given as 

� 

ˆ σ  = σ / σmax, where σmax 
is the ultimate compressional stress. It 
is evident that it can be characterized by a linear 
material behavior at least up to stresses of 70%  
(

� 

ˆ σ  = 0.7) approximately of the ultimate 
compressional stress. In this range the material is 
characterized by a linear-elastic behavior and an 
elasticity modulus Ε. The stress σ on the material 
is related to the deformation ε (i.e. strain) 
according to the following linear law: 
 σ = Ε0 · ε , (4)
where Ε0 is the elasticity modulus of the 
undamaged material and according to the 
experimental data presented in the stress - strain 
curve Ε0 = 13 GPa approximately. When the 

Table 1. Characteristics of the samples, and parameters of the applied experimental techniques

Sample  
Code

Dimensions  
[mm]

Fracture limit  
[MPa]

Experimental 
technique

Stress rate  
[MPa/s]

CM01 50 x 50 x 70 59 LSRT 0.18 ± 0.01
CM02 50 x 50 x 70 52 SST 5.0 ± 0.1
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compressional stress values lower than 0.65 
approximately, the PSC values are very small. 
According to what Eq. (1) indicates and given 
that in the LSRT technique (dσ / dt = const.) no 
PSC appearance should be expected in a range of 
relative compressional stress less than 0.65. The 
fact that a very weak but distinguishable PSC is 
recorded, must be related with the activation of 
some microcracks which might start from the 
interfaces between grains and cement especially 
in regions of the material near the compressed 
surfaces of the sample.

Fig. 4. The behaviour of PSC with respect to 
linearly increasing stress (Low Stress Rate 

Technique); in the inset graph the PSC is shown 
on a logarithmic axis for 

� 

ˆ σ  > 0.6

When the relative compressional stress 
upon the sample becomes greater than 0.65 
approximately, then, a very intense exponential 
increase of the PSC values is observed which is 
directly related with the fact that the material has 
been driven into the non linear deformation range 
(see Fig. 3). In this range the elasticity modulus 
gradually decreases and a PSC emission is also 
expected by Eq. (1). The PSC values increase 
rapidly and continuously up to the failure limit. 
In this range microcracks occur leading to 
the appearance of fresh surfaces due to bond 
breaking and lattice destruction. The appearance 

of localized charges is expected as a consequence 
of this. On the other hand, it has been observed 
on cement mortar samples that no measurable 
compressional stress – induced cracks have been 
formed before stress approaching 70% of the 
ultimate stress had been reached [22].

As can be seen in Fig. 4 the recorded PSC 
is a weak systematically increasing transient 
current. Although the creation and propagation 
of a microcrack is a random phenomenon in the 
catastrophic process,  there is nevertheless, always 
a first microcrack which develops to a main – 
mother – crack defining a dominant orientation. 
Consequently, there must be a dominant current 
component whose orientation is related with the 
mother crack orientation. Evidently, the measured 
PSC corresponds to one or more of the current 
components which are definitely different from 
zero as has been proved experimentally.

Fig. 5. a) Presentation of the stepwise stress steps, 
b) the corresponding PSC recordings with respect 

to time

If the PSC values are correlated with the 
relative compressional stress values 

� 

ˆ σ  in the range 
(zone nonlinear deformation) (0.7 < 

� 

ˆ σ  < 0.85) 
then, as can be seen in the inset diagram of Fig. 
4, they are described by an exponential law of the 
form:
 ( )ˆexp ,OI I α σ= ⋅ ⋅  (5)
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where IO is a current constant and the characteristic 
exponent α describing the magnitude of the PSC 
increase in the referred range, (after fitting) has 
a value α ≈ 24. The deviations of PSC values 
from the exponential law are evident when the 
relative compressional stress becomes greater 
than the value (

� 

ˆ σ  ≈ 0.85), a value corresponding 
to a transition zone signaling the onset of unstable 
crack growth and the material enters a localized 
failure crack zone. In this range the PSC values 
keep on increasing intensely and as the ultimate 
strength point is reached, the PSC gets to a 
maximum. 

During the second type of experiment 
(SST), four sequential abrupt stress increases at a 
constant rate (b = 5 MPa/s approximately) were 
performed (see Fig. 5a). The temporal variation 
of the PSC during the above procedure is depicted 
in the diagram of Fig. 5b. On application of each 
abrupt stepwise uniaxial compressional stress, 
an equally abrupt current spike appears, having 
a peak at a value PSCpeak, as soon as the stress 
gets to the final state σk + 1. It should be noted 
that the appearance of the PSC is due to the abrupt 
application of stress even at low stress levels. The 
abrupt stress increase during the stepwise stress 
procedure produces an inhomogeneous stress 
field within the non-homogeneous structure of 
the material under compression. When the local 
stress exceeds local strength, then, a microcrack 
occurs. During a microcrack opening two fresh 
surfaces are produced in the bulk of the material 
since the bonds are broken and the lattice is 
destroyed. These new surfaces are responsible for 
the charge separation phenomenon. Instantaneous 
charges are produced due to the destruction of the 
lattice and weak electric currents flow in order 
to get the distorted equilibrium state to a new 
stable equilibrium state. Thus, the PSCpeak can be 
interpreted. During microcrack creation and the 
consequent charge appearence, a time-varying 
microcurrent appears around the microcrack. 
The recorded PSC is the superposition of such 
microcurrents. Its magnitude gets to a maximum 
when the local concentration of microcracks gets 
also to a maximum. 

Particularly, when two or more cracks meet 
a hard aggregate particle like sand grain, they 
merge leading to the generation and propagation 
of a mother crack so that instead of a single 

crack advancing, a whole family of cracks could 
gradually be formed, and this requires larger 
forces and uses more energy.

Fig. 6. The two relaxation mechanisms of the 
fourth step are characterized by two different 

slopes

Accordingly, after the appearance of 
PSCpeak, relaxations of a complex exponential 
decrease law to background level follow. Fig. 
6 depicts the PSC recording of the fourth 
abrupt uniaxial compressional stress step, on a 
logarithmic current axis with respect to time. It is 
evident that after the appearance of the PSCpeak, 
two relaxation processes occur. Fitting PSC values 
as a function of time indicates that an exponential 
relaxation law should exist, with an initially short 
relaxation time τ1 followed by a fairly longer τ2. 
Such a relaxation can be empirically described by 
the relation in Eq. (6).

 I(t) A - t   A - t= ⋅ 





 + ⋅ 






1

1
2

2
exp expτ τ  (6)

where A1 and A2 are constants. Results from 
other experiments conducted on materials like 
marble and amphibolite, are verified qualitatively 
[15] and [20]. After the PSC becomes maximum 
and taking into account that the stress remains 
constant, the microcrack production rate decreases 
rapidly and consequently the PSC decreases with 
a short relaxation time τ1. This decrease does 
not continue at the same rate because another 
mechanism may keep the PSC for a long time, so 
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that the PSC relaxation takes place with a longer 
time constant τ2.

A probable cause is the continuing material 
strain, even at a very low rate, although stress 
is unchanged. The new microcracks that go on 
appearing produce new microcurrents and result 
in conserving PSC at relatively high values that do 
not permit a direct relaxation to noise level.

1ˆ +kσ

Fig. 7. Correlation of the PSCpeak values with 
respect to the final stress level 1ˆ +kσ

The PSCpeak value of each PSC following 
the application of an abrupt stepwise uniaxial 
compressional stress depends on the final state  
σk + 1. 

In Table 2, PSCpeak values can be read with 
respect to the initial σk and the final σk + 1 states 
of each stress step, as well as with the respective 
relative compressional stress states 

� 

ˆ σ k  and  

� 

ˆ σ k +1. Fig. 7 depicts graphically the PSCpeak 
values with respect to the corresponding values of 
the final state 

� 

ˆ σ k +1 of each step. The final states 

� 

ˆ σ k +1 of steps 3 and 4 correspond to stress values 
which have driven the material into the non-linear 
deformation range (

� 

ˆ σ k +1> 0.7). The PSCpeak 
values are evidently greater than the initial. A 
similar behaviour has been observed in laboratory 
experiments using the SST technique on marble 
samples [12].

Table 2 shows the calculated values of the 
totally emitted electric charge Q during the four 
sequential abrupt stress increases as well as the 
values of the relaxation time constants τ1 and τ2. 

An intense increase of the electric charge 
can be observed (Fig. 8), as long as the value of 
the final state 1ˆ +kσ  in which the material will relax 

after the abrupt stepwise uniaxial compressional 
stress procedure. Such an increase is directly 
related with the continuously increasing  PSCpeak 
value (Fig. 7), and with the values of the relaxation 
time constants τ2 and τ2 , which, as it becomes 
evident from Table 2, keep on increasing with the 
value of the final state 

� 

ˆ σ k +1. 

1ˆ +kσ

Fig. 8. Correlation of the totally emitted electric 
charge with respect to final stress level 

� 

ˆ σ k +1

4 CONCLUSIONS

PSC laboratory experiments were 
conducted on hardened cement mortar samples. It 
was found that the used samples exhibit a familiar 
behaviour, which has similarities to those of rocks 
like marble and amphibolite. In the present work, 
the experimental results can be summarised as 
follows: 

From the microphysical point of view 
it is noted that in the non-linear deformation 
range micro structural changes occur within the 
samples depending on the stress magnitude. They 
constitute the dominant form of all heterogeneities 
that determine the process of eventual failure. In 
particular, in the cement mortar there is a transition 
zone between the aggregate and the hydrated 
cement paste which constitutes a region of relative 
weakness containing a number of microcracks 
even before loading, during the shrinkage state. 
The increasing number of microcracks at the 
lateral edges of shear cracks reaches a minimum 
critical distance with respect to each other and 
begins to merge. 
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The above are directly correlated with 
the emission of weak electric currents in all of 
the used techniques of mechanical stress. Both 
qualitative and quantitative characteristics of the 
Pressure Stimulated Currents may show the stress 
range to which the sample has been subjected. 

Summarizing, PSC measurements can 
provide a prediction of the stress state of the 
material relative to the crack openings and in 
general to the stages of composite damage. 
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