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ABSTRACT: The mechanical behaviour of concrete and rocks samples loaded up to their failure is analyzed 
by Acoustic Emission (AE) and Electromagnetic Emission (EME). All specimens were tested in compression 
at a constant displacement rate and monitored by piezoelectric (PZT) transducers for AE data acquisition. Si-
multaneous investigation of magnetic activity was performed by a measuring device calibrated according to 
metrological requirements. In all the considered cases, the presence of AE events has been always observed 
during the damage process, whereas it is very interesting to note that the magnetic signals were generally ob-
served only in correspondence of sharp stress drops or the final collapse. 

1 INTRODUCTION  

The present research focuses on Acoustic Emission 
(AE) and Electromagnetic Emission (EME) detected 
during laboratory compression tests on concrete and 
rocks specimens. We investigated their mechanical 
behaviour up to failure by the AE and EME due to 
micro- and macro-crack growth. 

Among the tested specimens, a concrete sample 
was analyzed by applying to its surface both piezo-
electric (PZT) transducers for detection of high-
frequency AE waves, and PZT accelerometric trans-
ducers for detection of low-frequency AE (elastic 
emission, or ELE) (Schiavi et al. 2009). Besides the 
high-frequency acoustic emissions (AE), the emer-
gence of low-frequency elastic emissions (ELE) just 
before the failure describes the transition from dif-
fused micro-cracking to localized macro-cracks 
which characterizes the failure in brittle materials. 

For all the specimens, a simultaneous analysis of 
magnetic activity was performed by a measuring de-
vice calibrated according to metrological require-
ments. In all the considered specimens, the presence 
of AE events has been always observed during the 
damage process, whereas it is very interesting to 
note that the EME were generally observed only in 
correspondence of sharp stress drops or the final col-
lapse (Lacidogna et al. 2009).  

The experimental evidence confirms AE and 
EME signals as collapse precursors in materials like 
concrete and rocks. As AE and EME coincide when 
certain types of rocks fail, the influence of EM fields 
on the AE transducers has been previously evaluated 
in order to be minimized. Given a fracture process, 

the AE activity behaves as fracture precursor, since 
it precedes EME events, which accompany stress 
drops and related discontinuous fracture advance-
ments. While the mechanism of AE is fully under-
stood, being provided by transient elastic waves due 
to stress redistribution following fracture propaga-
tion (Kaiser 1950, Pollock 1973, Ohtsu 1996, 
Carpinteri et al. 2005, 2007, 2008), the origin of 
EME from fracture is not completely clear and dif-
ferent attempts have been made to explain it. 

2 ELASTIC WAVE PROPAGATION IN HIGH 
AND LOW FREQUENCY RANGES 

During the damage of a brittle material in compres-
sion, micro- and macro-cracks generate elastic 
waves of frequency and wavelength related to the 
size of the cracks. In fact, a newly formed crack can 
be considered as a sort of pendulum of length L (rep-
resenting the crack length) and oscillation frequency 
f (representing the frequency of the emitted elastic 
wave), with f ∝ L

 –1/2
. Following this analogy, micro-

cracks emit elastic waves of high frequency and 
short wave-length (AEs), while macro-cracks taking 
place at failure are characterized by lower frequen-
cies of oscillation and larger wave-lengths (ELEs). 

In the case of AE, the longitudinal wave propaga-
tion is due to the oscillations of material particles 
around their equilibrium positions (Figure1a). As the 
collapse is approaching, macro-cracks are created 
and some macroscopic portions of the specimen are 
subjected to sudden and appreciable changes of their 
spatial locations. The impulse generated by a macro- 



crack involves a perturbation (ELE) able to “shake” 
the whole specimen with relevant oscillation ampli-
tudes and low oscillation frequencies (Figure1b). 
These oscillations, detected at the very last stages of 
the test, are analogous to “shock waves” for which 
the medium moves from the equilibrium position 
(Johnson 1999, Larcher 2009). Based on these con-
siderations, it is therefore possible to distinguish the 
effects of the two different emissions, AE and ELE, 
and analyze them separately. 

 

 
Figure 1. (a) Schematic representation of AE due to particle vi-
bration around their equilibrium position. (b) Schematic repre-
sentation of ELE due to relevant oscillations of the entire 
specimen. 

3 MODELS FOR EME 

An explanation of the EME origin was related to dis-
location phenomena (Misra 1977, 1978), which 
however are not able to explain EME from fracture 
in brittle materials where the motion of dislocations 
can be neglected (Frid et al. 2003). The weakness of 
the “dislocation movement hypothesis” was con-
firmed in some experiments showing that the EME 
amplitude increased with the brittleness of the inves-
tigated materials (Jagasivamani & Iyer 1988). In 
brittle materials the fracture propagation occurs sud-
denly and it is accompanied by abrupt stress drops in 
the stress-strain curve related to sudden loss in the 
specimen stiffness. 

Another relevant attempt to explain the EME ori-
gin was made through the “capacitor model”, where 
EME is assumed to be caused by net charges of op-
posite sign appearing on the vibrating faces of open-
ing cracks (Miroshnichenko & Kuksenko 1980, 
O’Keefe & Thiel 1995). This model is not widely 
accepted since an accelerated electric dipole created 
by charged opening cracks apparently does not ex-
plain EME from shearing cracks, which indeed are 
experimentally observed (Frid et al. 2003). How-
ever, the general validity of this model can be main-
tained, since a certain separation between charged 
faces is guaranteed even in shear fractures. 

Frid et al. (2003) and Rabinovitch et al. (2007) 
recently proposed a model of the EME origin where, 
following the rupture of bonds during the cracks 
growth, mechanical and electrical equilibrium are 
broken at the fracture surfaces with creation of ions 
moving collectively as a surface wave on both faces. 
Lines of positive ions on both newly created faces 
(which maintain their charge neutrality unlike the 
capacitor model) oscillate collectively around their 
equilibrium positions in opposite phase to the nega-
tive ones (see Fig. 2). The resulting oscillating di-
poles created on both faces of the propagating frac-
ture act as the source of EME. According to this 
model, the EME amplitude increases as long as frac-
ture propagates, since the rupture of new atomic 
bonds contributes to the EME. When fracture stops, 
the waves and the EME decay by relaxation. 

Since larger fracture advancements produce lar-
ger stress drops, this model agrees with the results in 
compression tests on rock specimens obtained by 
Fukui et al. (2005), which establish a relationship of 
proportionality between stress drop and intensity of 
related EME. 

 

 
Figure 2. Picture of crack propagation and crack surfaces at a 
specific time. Crack surfaces are in the xz plane and the crack 
propagates in the x direction (a). Schematic representation at a 
specific time of surface waves propagating on the two newly 
formed crack surfaces. Layers of atoms move together generat-
ing surface vibrational waves on each face, where positive 
charges vibrate in opposite phase to the negative ones (b). 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



4 EXPERIMENTAL SET-UP 

Four specimens made of different brittle materials 
(Concrete, Syracuse Limestone, Carrara Marble, and 
Green Luserna Granite) were examined in this study 
(Fig. 3) (Lacidogna et al. 2009). They were sub-
jected to uniaxial compression using a Baldwin 
servo-controlled hydraulic testing machine with a 
maximum capacity of 500 kN and load measurement 
accuracy of ± 1.0%. This machine is equipped with 
control electronics which makes it possible to carry 
out tests in either load control or displacement con-
trol. Each test was performed in piston travel dis-
placement control by setting constant piston veloc-
ity. The test specimens were arranged in contact 
with the press platens without any coupling materi-
als, according to the testing modalities known as 
“test by means of rigid platens with friction”. The 
tested materials, shapes and sizes of the specimens, 
and the employed piston velocities are listed in Ta-
ble 1. 

 
Table 1. Materials, shapes, sizes of the tested specimens, and 
piston velocities. 

Specimen Material Shape Volume Piston 
velocity 

   cm3 m s–1 

P1 Concrete Cubic 10×10×10 0.5×10–6 
P2 Syracuse 

Lime-
stone 

Cylindrical
  

π×2.52
×10 1.0×10–6 

P3 Carrara 
Marble 

Prismatic 6×6×10 0.5×10–6 

P4 Green 
Luserna 
Granite 

Prismatic 6×6×10 2.0×10–6 

 

 
Figure 3. Views of test specimens: (a) Concrete, (b) Syracuse 
Limestone, (c) Carrara Marble, and (d) Green Luserna Granite. 

5 AE AND EME MEASUREMENTS 

The acoustic emission emerging from the com-
pressed specimens was detected applying to the 
sample surface a piezoelectric (PZT) transducer, 
sensitive in the frequency range from 50 to 500 kHz 
for detection of high-frequency acoustic emission 
(AE). As stated in the Introduction, during the test 
on specimen P1 (see Table 1) also a PZT acceler-
ometric transducer, sensitive in the frequency range 
from 1 to 10 kHz, was used for detection of low-
frequency acoustic emission (elastic emission, or 
ELE) (Schiavi et al. 2009). 

The EM emission was detected using an isotropic 
probe calibrated according to metrological require-
ments at the National Research Institute of Metrol-
ogy (Turin, Italy) for measuring the magnetic com-
ponent of EM fields. The adopted device (Narda 
ELT-400 exposure level tester) works in the fre-
quency range between 10 Hz and 400 kHz, the 

measurement range is between 1 nT and 80 mT, and 
the three-axial measurement system has a 100 cm

2
 

magnetic field sensor for each axis. This device was 
placed 1 m away from the specimens. 

The outputs of the PZT transducer and the mag-
netic tester were connected to a DL708 Yokogawa 
oscilloscope (10 MSa s

–1
) in order to acquire simul-

taneously AE and EME signals associated with the 
same fracture event. Data acquisition of the EME 
signals was triggered when the magnetic field ex-
ceeded the threshold fixed at 0.2 µT after prelimi-
nary measurements to filter out the magnetic noise 
in the laboratory. The recorded AE and EME signals 
were related to the time history of the load applied to 
the specimens. 

6 TEST RESULTS 

All specimens were tested in compression up to fail-
ure, showing a brittle response with a rapid decrease 
in load-carrying capacity when deformed beyond the 
peak load (Figs. 4-7). Experimental evidence indi-
cates the presence of AE and EME: an increasing 
AE activity is always detected as the load increases, 
while EME is only observed when abrupt stress 
drops occur. In the following we focus on specimens 
P1 and P2 (Figs. 4, 5), representing two typical 
examples of catastrophic and quasi-brittle behav-
iours (Hudson et al. 1972, Carpinteri 1986, 1989, 
1990). 

The Concrete specimen P1 exhibits a very steep 
softening branch (descending part of the stress-strain 
curve), which is said “snap-back” or catastrophic 
behaviour (Fig. 4) (Carpinteri 1986, 1989, 1990). On 
the other hand, the Syracuse Limestone, specimen 
P2, retains considerable strength beyond the peak 
load. Despite their different mechanical behave- 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
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of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
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assume that the evaporable water is a function of 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



iours, specimens P1 and P2 both generate EME dur-
ing sharp stress drops: P1 only at the peak load, 
whereas P2 even at the two intermediate stress drops 
occurred before the peak load. No further EME sig-
nals were detected in the post-peak region (Fig. 5). 
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Figure 4. Load vs. time curve of the Concrete specimen P1 
(bold line). The dashed line and the dotted line represent the 
cumulated number of respectively AE (high-frequency) and 
ELE (low-frequency). The star on the graph shows the moment 
of EME event with a magnetic component of 2.0 µT. 
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Figure 5. Load vs. time curve of the Syracuse Limestone 
specimen P2 (bold line). The dashed line represents the cumu-
lated number of AE. The stars on the graph show the moments 
of EME events with magnetic component comprised between 
1.4 and 1.8 µT. 

 
The Concrete specimen P1, subjected to AE, ELE 

and EME monitoring, is characterized by a load vs. 
time diagram almost linear up to failure. At 70% of 
the peak load, we observed a significant increase in 
the AE rate (the slope of the dashed line in Figure 
4), and the appearance of ELE (the dotted line in 
Figure 4). At 90% of the peak load, the ELE rate in-
creases dramatically while the AE rate suddenly 
drops down. This evidence clearly indicates the tran-
sition from a microcracking-dominated damage 
process (revealed by the AE occurrence) to a process 
dominated by the propagation of a few large cracks 
and ELE. Therefore, AE and ELE are both fracture 
precursors, while an EME event (with magnetic 
component of 2 µT) was detected just in correspon-
dence of the abrupt stress drop occurred at the 
specimen collapse (i.e., at the peak load). 

The Syracuse Limestone specimen P2, subjected 
to AE and EME monitoring, is characterized by a 
more complex load vs. time diagram due to the het-
erogeneity of limestone. We observed three stress 

drops followed by as many drops in the AE rate, 
suggesting momentary relaxation after sudden crack 
advancements (Fig. 5). 

Even in this case, we detected three EME events 
(with magnetic components ranging between 1.4 and 
1.8 µT) in correspondence of each observed stress 
drop until the peak load is reached. The first stress 
drop occurred at 70% of the peak load, and the last 
one occurred at the peak load. It is worth noting that 
the EME intensity apparently does not depend, or 
depends weakly, as observed in Fukui et al. (2005), 
on the stress drop. In fact, similar magnetic compo-
nents are associated to different stress drops. In par-
ticular, the first stress drop is clearly the smallest. 

During the post-peak stage, i.e., softening branch 
in the load vs. time diagram, no further EME signals 
were detected. In fact, at the peak load the fracture is 
completely formed and the subsequent stages are 
characterized only by opening of the fracture sur-
faces. According to the model proposed by Frid et 
al. (2003) and Rabinovitch et al. (2007), this means 
that no newly broken atomic bonds can contribute to 
EME. 

Summarising, the AE activity behaves as fracture 
precursor since it precedes EME events, which ac-
company stress drops and related discontinuous frac-
ture advancements (see also the response of speci-
mens P3 and P4, reported in Figs. 6, 7). 
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Figure 6. Load vs. time curve of the Carrara Marble specimen 
P3 (bold line). The dashed line represents the cumulated num-
ber of AE. The star on the graph shows the moment of EME 
event (magnetic component of 1.8 µT). 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  

 

( )
1

1
10

1
10

1
1

22.0188.0
0

,
1

−
⎟
⎠

⎞
⎜
⎝

⎛
−∞

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛
−∞

−−+−

=

h
cc

g
e

h
cc

g
eGs

s
s
c

w

sc
K

αα

αα

αα

αα

 

(6)

 
 
The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



7 DETAILED AE DATA ANALYSIS ON 
SPECIMEN P1 

First of all, the global level of the background-noise 
vibration in the LF-range, between 1 kHz and 10 
kHz, has been evaluated in laboratory. In this fre-
quency range, the mechanical noise has an average 
value of about 62±2 dB (referred to 1 µm/s

2
). In par-

ticular, it is possible to distinguish three different 
peak levels corresponding to 2.5 kHz, 5.3 kHz, and 
5.8 kHz, with an almost constant peak level between 
50 dB and 53 dB (Fig. 8). These signals can be rec-
ognized as due to the servo-hydraulic press noise. 
Nevertheless, it is possible to note that the back-
ground-noise has a negligible influence if compared 
to ELE signals. The ELE acceleration spectral levels 
are between 80 dB and 120 dB. 
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Figure 8. Global level of the background-noise vibration. 

 

 
Figure 9. (a) AE and (b) ELE time history on Concrete speci-
men P1. (c) Load vs. time together with cumulative AE and 
ELE counts for each minute of the testing time. 

In Figures 9a, 9b the amplitude level time histo-
ries of AE and ELE on Concrete specimen P1 are 
reported. AE have been detected since the beginning 
of the test (Fig. 9a), while the early ELE have been 
detected 2200 s later (Fig. 9b). The late appearance 
of ELE, their increasing rate (number of ELEs per 
unit time), and the increase in the amplitude levels 
are signatures of specimen damage evolution. In 
Figure 9c load vs. time, together with cumulative 
AE and ELE counts (for each minute of the testing 
time), are depicted. 

Cumulative AE counts increase, very slowly at 
first, then proportionally to the load up to 2500 s. 
After this time, AE rate increases notably reaching a 
peak in the proximity of the highest load (3500 s). 
The AE rate increase (observed in the time window: 
2500 s - 3500 s) is in correspondence to a dramatic 
increase in ELE counts. In this phase (3500 s - 3700 
s), just before the collapse condition, ELE counts 
grow more quickly than AE counts and a larger 
number of macro-cracks is created (Fig. 9c). 

 

 
Figure 10. (a) An initial and (b) a final phase of ELE activity 
during the test. 

 
Figure 10a represents the initial phase of ELE ac-

tivity characterized by sporadic signals with energy 
content concentrated in a narrow frequency interval. 
Similarly in Figure 10b the phase just before the 
specimen collapse is represented. In this case a 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
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= age-dependent sorption/desorption isotherm 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



greater number of ELEs is detected with more sig-
nificant energy content in a wide frequency range, 
probably extending beyond the observation window 
size. Figure 11 shows the spectral contents of two 
ELEs at 2757 s and 3424 s. In Figure 11a the spec-
trum has a peak level equal to 62 dB and a global 
level of about 77.1 dB. In Figure 11b the spectrum 
has a peak level equal to 100 dB and a global level 
of about 115.0 dB. Based on these data, it is possible 
to describe macro-crack effects in terms of released 
energy, measuring the local acceleration in the ac-
celerometer point of application. 

 

 
Figure 11. Spectral contents of two ELEs measured at 2757 s 
and 3424 s. 

 
In Figure 12, the peak frequency and amplitude of 

each ELE signal are reported. By means of these 
diagrams, it is possible to investigate the specimen 
damage evolution. The time dependence of the peak 
frequencies and amplitudes are split into two parts 
identifying the two different stages in the damage 
evolution. 

In the first part, the peak frequencies are between 
4.8 kHz and 5.8 kHz (Fig. 12a), while the peak am-
plitudes are between 60 dB and 75 dB (Fig. 12b). 
Though the number of macro-cracks increases, mac-
roscopic collapse is not reached.  

On the contrary, in the second phase a sudden de-
cay in the frequency domain and an abrupt increase 
in the amplitude levels indicate that macro-cracks 
coalesce to generate the final rupture surfaces (Figs. 
12a, 12b). Therefore, the peak frequencies of ELE 
signals decrease with increasing damage level. 

These results imply that the ELE frequency decay 
can be assumed as a valid indicator of the damage 
evolution. 

 

 
Figure 12. (a) Time history of peak frequencies and (b) peak 
amplitudes of ELE signals. 

8 AE AND ELE FREQUENCY-MAGNITUDE 
STATISTICS 

By analogy with seismic phenomena, the magnitude 
of AE and ELE events can be defined as follows 
(Colombo et al. 2003, Rao & Lakschmi 2005, 
Carpinteri et al. 2005, 2008, 2009a, 2009b): 
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where Amax is the amplitude of the signal expressed 
in dB (referred to 1 mV for the AEs and to 1 µm/s

2
 

for the ELEs), and f(r) is a correction term which ac-
counts for the amplitude attenuation with the dis-
tance r between the source and the sensor. In seis-
mology, the Gutenberg-Richter (GR) empirical law 
(Richter 1958): 
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is one of the most widely used statistical relation-
ships to describe the scaling properties of seismicity. 

In Equation (2), N is the cumulative number of 
earthquakes with magnitude ≥ m in a given area and 
within a specific time period, whilst a and b are 
positive constants depending on the considered area 
and time period. Equation (2) has been successfully 
used in the AE field to study the scaling laws of the 
amplitude distribution of AEs. This approach em-
phasizes the similarity between damage phenomena 
in the materials and the seismic activity in a given 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg and k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



region of the Earth Crust, extending the applicability 
of the GR law to Damage Mechanics. The b-value in 
Equation (2) changes systematically during the dif-
ferent stages of the damage process and therefore 
can be used to detect the evolution of damage (Co-
lombo et al. 2003, Rao & Lakschmi 2005, Carpinteri 
et al. 2005, 2008, 2009a, 2009b). 

The GR law can be written in an alternative form 
(Rundle et al. 2003): 
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LcLN
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where N is the cumulative number of AE events 
generated by cracks having a characteristic length 
≥ L, c is a constant of proportionality, and 2b = D is 
the fractal dimension of the damage domain. It has 
been pointed out that this interpretation rests on the 
assumption of a dislocation model for the seismic 
source and requires that 2 ≤ D ≤ 3, i.e., the cracks 
are distributed in a fractal domain comprised be-
tween a surface and the volume of the analysed re-
gion (Rundle et al. 2003). The cumulative distribu-
tion of Equation (3) is substantially identical to the 
one proposed by Carpinteri (1986, 1994), according 
to which the number of cracks with length ≥ L con-
tained in a body is given by: 

 

( ) γ−

∼≥ LNLN
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* .                         (4) 

 
In Equation (4), γ  is a statistical exponent re-

flecting the disorder, i.e., the dispersion of the crack 
length distribution, and Ntot is the total number of 
cracks contained in the body. From Equations (3) 
and (4), we find that 2b = γ. During the formation of 
the final fracture, cracks concentrate in a narrow 
band to form the final fracture surface. In this case, 
as shown by Carpinteri (1986) and Carpinteri et al. 
(2005, 2008, 2009a, 2009b)

 

, the self-similarity condi-
tion entails γ = 2.0. This exponent corresponds to the 
value b =1.0, which is experimentally approached in 
structural elements during the final crack propaga-
tion. 

Subdividing the loading process into different 
stages and calculating the related b-values, the rela-
tion D = 2b permits to explain the evolution of dam-
age in terms of progressive micro-cracks localization 
onto preferential domains. The trends of the b-value 
during the test on Concrete specimen P1 are shown 
in Figure 13 for both AE and ELE events. These 
trends are obtained by partitioning all detected 
events into groups of 100 events, and for each group 
the b-value has been calculated. With this method, 
already adopted in other damage analyses in struc-
tural concrete elements (Shiotani et al. 2000, Co-
lombo et al. 2003), the testing time was subdivided 
into 6 and 10 intervals (600 and 1000 events) for 
ELE and AE time series, respectively. 

Figure 13 shows that AEs generated during the 
early stages of loading give high b-values (b > 1.5). 
In particular, the b-values obtained by AE signals re-
sult to be greater than 1.8 during the first 2500 s. Af-
ter 3000 s, the b-values reach 1.5 and tend to 1.0 at 
the end of the loading process. When the b-value is 
≅ 1.5 (Fig. 13), the cracks revealed by the AE sig-
nals are likely to be uniformly distributed throughout 
the specimen volume (D = 2b ≅ 3). During the sub-
sequent stages, micro-cracks coalesce to form 
macro-cracks and the b-value drops below 1.5 for 
both AE and ELE signals. The rapid decay of the b-
value observed close to the peak load is a further 
confirmation to the catastrophic behaviour of the 
concrete specimen. 
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Figure 13. Trends of the b-value computed for AE and ELE 
signals. 

9 CONCLUSIONS 

It is widely reported that changes in geoelectric po-
tential and anomalous radiation of geoelectromag-
netic waves, especially in low-frequency bands, oc-
cur before major earthquakes. At the laboratory 
scale, similar phenomena have also been observed 
on rock specimens under loading. In this case, crack 
growth is accompanied by acoustic emission ultra-
sonic waves and by redistribution of electric 
charges. 

First of all, we investigated the mechanical be-
haviour of rocks and concrete samples loaded in 
compression up to their failure by the analysis of AE 
and EME signals. In all the considered cases, the 
presence of AE events has been always observed 
during the damage process. Moreover, it is very in-
teresting to note that the EME was generally ob-
served only in correspondence to the sharp stress 
drops in the load vs. time diagrams. While the 
mechanism of AE is well understood, we adopted 
the model proposed by Frid et al. (2003) and Rabi-
novitch et al. (2007) to explain the EME origin, ac-
cording to which EME is generated by oscillating 
dipoles created by ions moving collectively as a sur-
face wave on both faces of the crack. This model ac-
counts correctly for the occurrence of the abrupt 
stress drops in load vs. time diagrams due to sudden 
loss of specimen stiffness which accompanies 
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J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
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be used according to the sign of the variation of the 
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especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



discontinuous crack propagation (Hudson 1972, 
Carpinteri 1989, 1990). 

Furthermore, the damage process occurring in a 
concrete specimen under compression was carefully 
studied by means of elastic wave propagation in-
duced by crack growth. In particular, elastic emis-
sions (ELE) in the frequency range 1-10 kHz were 
detected and analysed. In the last phases of the test, 
ELE count grows more quickly than AE count, re-
vealing that a large number of macro-cracks is gen-
erated just before the collapse condition. These re-
sults imply that the sudden increase in the number 
and amplitude, and the simultaneous frequency de-
cay of ELEs can be assumed as valid indicators of 
the impending failure. Furthermore, the achievement 
of the critical condition is also investigated through 
a synthetic parameter, the b-value. The rapid decay 
of b-value is a further confirmation to the steep de-
cay in the load vs. strain curve after the peak load. 

The experimental evidence confirms AE and 
EME signals as collapse precursors in materials like 
concrete and rocks. In particular, the high-frequency 
AE waves (50-500 kHz) are analysed during all 
stages of damage in compression, while the low-
frequency waves ELE (1-10 kHz) are detected just 
before the collapse conditions. Finally, the EME are 
always observed during the sharp stress drops that 
precede the collapse. In this prospective, the oppor-
tunity to combine these monitoring techniques looks 
promising as a forecasting tool of damage from the 
structural to the geophysical scale. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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The material parameters k
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vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 
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where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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