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a b s t r a c t

For reliable modelling of microwave heating of concrete its complex permittivity has to be known
precisely within the full range of working temperatures. Dielectric characterization of dry concrete cured
with different water-to-cement (w/c) ratios and concrete samples from nuclear power plant construc-
tions was performed during heating and cooling cycles from room temperature to 700 �C and back. On
average, higher permittivity values are found for concretes cured with smaller w/c ratio (more dens and
less porous) as compared to concretes cured with higher w/c ratio (lighter and more porous). Samples
from nuclear power plant reveals a permittivity close to the concrete prepared with lowest w/c ratio.
Permittivity change along increasing temperature correlates with moisture loss and thermal decompo-
sition reactions. These reactions are irreversible that lead to a permittivity divergence in heating and
cooling scenarios. The variations of concrete permittivity because of w/c ratio, water transport and
decomposition reactions are discussed.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction and motivation

After water, concrete is the second most consumed product on
Earth [1]. Because of its broad usage in industry works and civil
engineering its processing and utilization are urgent issues. Tradi-
tionally, for demolition and dismantling of concrete structures,
mechanical electric rotary or pneumatic tools are used. Besides
pneumatic breakers, also hydraulic and ultrasonic breakers are
sometimes used. All the above methods, however, have significant
health hazards because of generation of high level of noise, dust
and/or vibrations.

In recent decades, microwave technologies are progressively
replacing traditional heating and processing techniques. Similarly,
in the concrete industry, the application of microwave has shown a
chnology (KIT), Institute for
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high potential for applications, such as a selective demolition and
drilling of concrete [2]. Such advantages as contactless and low
noise processing, time and energy saving, sufficient reduction of
dust and debris, andmuch less cross-contamination (when used for
surface deactivation of radioactive concrete) make it attractive for
industry. The first patents for breaking of rocks [3] and demolition
of concrete with microwaves [4,5] in the end of 1960s were fol-
lowed by research activities in Japan (JAERI), UK (Harwell Labora-
tory) and USA (ORNL) [6,7] on the methods and necessary
equipment for microwave demolition of concrete. Later, the
development of sophisticated, non-destructive methods for inves-
tigation of micro-structure of concrete (see e.g. Ref. [8]) as well as
the progress in theory and numerical simulations of microwave
heating of concrete (see Refs. [9e12]) have advanced the under-
standing of the mechanisms of the breakage and durability of
concrete.

For calculation of thermal stresses and strains which lead to
breakage of concrete, the absorbed microwave power Pabs has to be
known. It is directly proportional to the relative dielectric loss
factor εr0 0 of the material and reads as follows: Pabs ¼ 2pf ε0ε

00
rE

2
rms.

Here f, ε0 and Erms are the frequency, dielectric constant of vacuum
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and the root mean square amplitude of the electric field in the
material, respectively. The latter one also depends on the reflection
from a concrete surface that is influenced by the real part of the
relative permittivity of concrete εr

0. Therefore, for process model-
ling and reliable design of a microwave applicator the complex
permittivity (εr ¼ εr

0 -j·εr00) has to be known precisely and within a
full range of the working temperatures. The necessity of temperature
dependent permittivity data for correct modelling of microwave
demolition of concrete was recognized in the work of W. Li et al.
where the power dissipation and temperature distribution profiles
were modelled for four frequencies: 0.896, 2.45, 10.6 and 18.0 GHz
[10]. Also in their work, W. Li and coauthors have performed the
temperature dependent measurements of concrete dielectric
properties within 20… 250 �Cwith a step of 50 �C and with the use
of the coaxial probe method.

In subsequent years several measurements of permittivity of
concrete, though performed at ambient temperature, were re-
ported. At different moisture conditions (wet, saturated, air dried
and oven dried) and frequencies within 0.1 … 20 GHz the permit-
tivity of concrete was reported in Ref. [13]. Dielectric properties of
concrete, both with and without composites, with different w/c
ratios and within 0e1 GHz are published in Ref. [14] where a
transmission line method is used. A Portland cement concrete
prepared with different w/c ratios was characterized at frequencies
from 0.1 to 1 GHz with the use of the coaxial transmission line
method in Ref. [15]. With the measurement of the time delay in an
“open space method” the evaluation of dielectric properties of a
Portland cement concrete with w/c ¼ 0.6 and within 8 … 18 GHz
was performed in Ref. [16]. Noteworthy, all abovementioned ex-
periments were performed at room temperature. To our knowl-
edge, the permittivity of concrete exposed to elevated
temperatures up to 700 �C and thereafter cooled back to room
temperature has not been investigated yet in the literature.

In this work we investigate both, concrete cured in the lab with
different w/c ratios as well as samples cut from concrete con-
structions of a real nuclear power plant. Such particular interest in
nuclear power plant concrete is stimulated by the microwave
ablation technique proposed for the removal of the upper (most
radioactively contaminated) layer of the massive concrete blocks of
the reactor compartment as a promising tool for its decontamina-
tion after decommissioning [5,6]. For abovementioned types of
concrete the complex permittivity has been measured experi-
mentally at the microwave frequency of 2.45 GHz during heating
cycles starting from room temperature up to 700 �C and during
subsequent cooling back to room temperature. The experimental
setup and the description of grades of concrete are presented in
sections 2 and 3, respectively. Experimental results for permittivity
measurements and thermogravimetric analysis are given in section
4, and discussed in section 5. The conclusions are outlined in sec-
tion 6.

2. Setup for dielectric measurements

For permittivity measurements a system based on the cavity
perturbation method is used (see Fig. 1). The cavity perturbation
method inherently is more precise than coaxial probe or reflection/
transmission methods. The rectangular cavity is operated at the
fundamental TE1,0,4emode and a resonance frequency close to
2.45 GHz. The transmission factor S21 is measured with a vector
network analyzer (VNA) connected to the input and output port of
the cavity. The temperature of the sample is controlled with an
infrared pyrometer, looking to the sample surface through a small
aperture in the cavity’s wall. The maximum transmission coeffi-
cient at resonance and without perturbation is �36 dB and the Q-
factor is about 12000. The sample is heated inside a conventional
tubular furnace placed nearby the cavity. For every predefined
temperature the sample first is heated in the furnace and thereafter
moved to the measurement position in the cavity. To reduce the
sample cooling when it moves from the oven into the cavity and to
decrease heat transfer from heater to cavity, an insulating block is
mounted between the furnace and the resonator. For sample
positioning inside the cavity a quartz tube with an outer diameter
of 10mm and an inner diameter of 8mm is used as a sample holder.
Additionally, the quartz tube serves as a thermal insulator and a
heat container preventing too fast cooling of the sample and
reducing temperature gradients in the sample. The heating and
positioning of the sample as well as the data acquisition are fully
automatized using a personal computer. A more detailed descrip-
tion of the apparatus can be found in Ref. [17]. In our experiments
we used cylindrical concrete samples with about 8 mm in diameter
and 10 mm in height (~0.5 cm3 in volume).

3. Grades of concrete

In the present work we investigate concrete samples taken from
a real nuclear power plant construction as well as samples prepared
on place. The blocks of concrete type BK28 were cut from the
concrete construction of the nuclear power plant in Zwentendorf,
Austria. The reactor built in 1972 was never put into operation and
therefore its constructions and buildings are absolutely free from
radioactive contamination. Nowadays it is used as a museum, for
teaching of students and for scientific research purposes. The in-
terest in concrete from nuclear power plants was stimulated by the
microwave ablation technique used for the removal of upper layers
of the massive concrete blocks of the reactor for its decontamina-
tion [5,6]. The samples for the present investigation were cut from
concrete walls of the machinery hall of the nuclear power plant.

The concrete materials assigned as M1, M2 and M3 were pre-
pared by the Institute of Concrete Structures and Building Materials
(IMB). Their main properties are summarized in Table 1 and
detailed characteristics can be found in Ref. [18]. The samples
M1eM3weremadewith different w/c ratios and therefore differ in
density and porosity. The amount of water used for cement paste
preparation influences the final porosity of concrete. This is because
the space occupied by the admixed water is converted into porosity
as a result of cement hydration and an evaporation of residual
water into the environment. Therefore the higher the w/c ratio, the
larger the pore volume or porosity (see Table 1). The relative vol-
umes of aggregates and cement paste for M1dM3 grades were
kept the same, 70% and 30% respectively.

The aggregates used in M1eM3 mixtures are listed in Table 2.
Note, that calcareous aggregates such as limestone and the sand-
stone with carbonate group become unstable at T > 500 �C and
dissociate into calcium oxide and CO2 [19]. All residual aggregates
are usually stable at least up to 800 �C [19]. All aggregates used in
M1eM3 mixtures have relatively high hydraulic permeability as
compared to cement paste. Typical permeability of granite and
sandstone are about 5$10�9 cm/s and 12$10�9 cm/s, respectively
[20]. For comparison, the cement paste permeability is about
6$10�11 cm/s [20].

To compare the composition of different concretes, the energy
dispersive X-ray (EDX) analysis is utilized for all concretes under
investigation. The results are summarized in Table 3. Note, for
M1eM3 grades the concentration of main elements such as O, Si
and Ca are very close. The much higher calcium concentration in
BK28 (19.26%) indicates the higher percentage of calcareous ag-
gregates (limestone) used in this concrete mix. To a less extent this
differencemay be referred to the difference in cement pasteswhere
a portlandite Ca(OH)2 is the main component. At the same time the
depletion of silicon (17.99%) in BK28 concrete, as compared with



Fig. 1. Scheme of the system for dielectric measurements.

Table 1
Properties of different grades of concrete.

Concrete grade Cement mortar [Vol %] aggregates [Vol %] dry density [g/cm3] W/c ratio [e] Porosity [%]

M1 30 70 2.30 0.40 13.34
M2 30 70 2.26 0.55 15.06
M3 30 70 2.21 0.70 17.28
BK28 2.34 11.48

Table 2
Aggregates used for concretes M1dM3 production.

Aggregates [Weight %]

Sandstone 36.6
Granite 23.0
Limestone 18.2
Quartzite 14.9
Sandstone with carbonate group 7.0
Gneiss 0.3

Table 3
EDX Measurement of concrete [weight %].

The lines for Si and Ca are highlighted because they indicate the difference in the aggregation (calcareous against siliceous) of concretes M1eM3 and BK28.
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others concretes, reveals a reduced content of siliceous aggregates.
4. Experimental results

4.1. Thermogravimetric analysis

The microwave radiation being absorbed in concrete results in
volumetric heating. At elevated temperature the dehydration of
concrete starts. However, water evaporation is not the only reaction
occurring in the concrete exposed to microwave heating. Several
other reactions accompanied by the mass loss may take place [21].
To understand this dynamics a thermogravimetric analysis was
employed. Thermogravimetry (TG) is a standard analysis that
shows the change of mass of the sample as a function of temper-
ature. For small pieces of concrete a TG analysis was performed for a
temperature range from room temperature (RT) up to 750 �C with a
heating rate of 3.5 �C/min.

Because of the restriction of the TG device on the maximal mass
variation, the samples are limited to volumes smaller than 70mm3.
The samples are manually selected in such way that the samples
represent both aggregates and cement paste best. Because of that
the volume ratio of cement mortar and aggregates for selected



Fig. 2. Thermogravimetric analysis. (a) Mass loss (TG) and (b) differential mass loss
(DTG) for four grades of concrete. Labels I, II and III and grey vertical dashed lines
indicate temperature regions. Black dashed lines guide the shift of maximal mass loss
rates in regions I and II.

Fig. 3. Water content along increasing temperature. No water is assumed for
T > 350 �C.
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samples may some differ from those indicated in Table 1. In Fig. 2
both TG and the time derivative of mass loss (DTG) are presented.
Taking into account the results obtained we distinguish the
following three temperature regions where three prevalent re-
actions take place: i) RT < T < 400 �C; ii) 400 �C < T < 500 �C; iii)
500 �C < T < 750 �C.
4.1.1. Mass loss at elevated temperature from RT to 400 �C (region I)
Within RT < T < 400 �C (region I) the dominating process is the

evaporation of free and physically bound water [19]. This region
may be almost completely referred to the water content in concrete
(theoretically no free water exists for T > 374 �C [21]). Considering
T ¼ 350 �C as “no water point” we can estimate the dynamics of
moisture concentration in concretes under investigation. It is pre-
sented in Fig. 3. The highest initial water concentration, ~5.0% is
recorded for BK28. For M1, M2 and M3 water content is 3.2%, 1.6%
and 1.1% respectively (see Fig. 3). From DTG data we can see that
besides the difference in water content the rate of evaporation is
also different. It is maximal for BK28 and decreases from typeM1 to
M3. Remarkably, for different concrete grades the maximal rate of
water evaporation is reached at different temperatures. For BK28
and M1 it is at ~115 �C, for M2 at ~105 �C and for M3 at ~95 �C (this
shift of maximum is guided in Fig. 2b with a dashed black line). The
difference may be attributed to the difference in hydraulic
permeability resulting from the difference in pore size distribution
for M1dM3 concrete grades [18].
4.1.2. Mass loss at elevated temperature from 400 to 500 �C (region
II)

Within 400 < T < 500 �C (region II) chemically bound water
releases because of the thermal decomposition of portlandite [19]:
Ca(OH)2 / CaO þ H2O. Because of high temperature the released
water evaporates much more intensively as compared to evapora-
tion of free water in temperature region I and results in narrower
peaks in the DTG plot (see Fig. 2b). For M1, M2 and M3 grades the
amount of released water reduces gradually in accordance with
their w/c ratios. The shift of the DTG maximum for different sam-
ples (also guided in Fig. 2b with dashed line) is about of the same
order as for the peak in region I. It again indicates the difference in
water transport related to the different pores structure in the
concretes under investigation.

4.1.3. Mass loss at elevated temperature from 500 to 750 �C (region
III)

Within 500 … 750 �C (region III) a calcium carbonate, mostly
present in aggregates, decomposes (calcination): CaCO3 /

CaO þ CO2[ [19]. The weight loss rates for M1, M2 and M3 are very
close to each other and reach the maximum at ~700 �C (see region
III in Fig. 2 b). It agrees well with the fact that for these mixes the
same aggregate composition and percentage are used. As for BK28,
its weight loss rate shows different behavior. Though being similar
to M1eM3 data within 500 < T < 650 �C, it increases rapidly at
T > 650 �C and at 750 �C it reaches ~0.23%/min (with an overall
relative mass loss of 13%). Such a different dynamic may be
attributed to the higher percentage of calcareous aggregates dis-
cussed in section 3 (see Table 3). According to [21] the concretes
aggregated mostly with limestone show typical weight loss due to
calcination of 20%e25% with DTG maximum located at around
900 �C.

4.2. Dielectric characterization

For the dielectric characterization cylindrical concrete samples
(: ¼ 8 mm, h ¼ 10 mm) were cut from the outer part of a bigger
concrete specimen. After cutting, all samples were stored for more
than 30 days in the same ambient, in-house atmosphere and
temperature about 21 �C. Thus, before the experiment all samples
are considered as air dried to equilibrium. Because the wavelength
of the microwave is much larger than the characteristic scale of
inhomogeneity (the mean size of aggregates concrete is about
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1 cm) the dielectric properties of concrete at 2.45 GHz may be
considered as effective or volume-averaged. Moreover, as the size
of the concrete sample is of the same order as the size of the gravel
aggregates a scatter in the dielectric properties of the concrete is
expected depending on where the sample was cut from the con-
crete block. Therefore, to get a proper representation, three samples
of each type of concrete have always beenmeasured and results are
averaged. In Fig. 4 the real and imaginary part of permittivity for all
concretes under investigation are plotted versus temperature.

The temperature dependent dielectric measurements were
performed with the following temperature cycle: RT / 700 �C /

RT. This cycle is subdivided into two scenarios. In the first scenario
the temperature is increased stepwise from room temperature to
700 �C. The stepwise heating implies that for every temperature
step the sample was kept in the furnace for about 15 min and
thereafter moved to the cavity for dielectric measurements (for
about 3 s). The water diffusion coefficient of the concrete with w/
c¼ 0.4 at room temperature is about 2$10�8 m2/s [22]. For the given
size of sample this results in a characteristic time of moisture
diffusion of about 13 min. At higher temperatures and for higher
porosities (w/c > 0.4) this time is expected to be even shorter. Thus,
both thermal and water concentration equilibriums are reached at
every temperature step. For interval 25 … 200 �C the temperature
steps were as high as 15 �Ce25 �C, and for T > 200 �C they were
50 �Ce100 �C.

First, we consider the behavior of permittivity measured during
a heating scenario within three temperature intervals where three
main reactions have been distinguished (same as for TG analysis),
Fig. 4. Dielectric constant (a) and dielectric loss factor (b) for different grades of
concrete measured during stepwise heating and during cooling scenarios. Labels I, II
and III and grey vertical dashed lines indicate temperature regions. Arrows guide the
development of permittivity along the temperature.
and thereafter during a cooling scenario.

4.2.1. Permittivity in heating scenario from RT to 400 �C (region I)
At RT the measured real and imaginary part of permittivity for

all concretes under investigation lie within 4.2 … 5.2 and 0.09 …

0.20, respectively. It agrees well with the data for dry concrete
published in Refs. [10,13,14,16]. In the temperature range RT …

400 �C the changes in the effective permittivity of concrete is
generally governed by the reactions of water which are overlapped
with the increase of permittivity of solid constituents. Within RT…

100 �C temperature range the permittivity of concretes BK28 and
M1 increases while permittivity of M2 and M3 grades decreases
(this difference will be discussed in more detail in section 5.3)
Above 100 �C the water evaporation is a dominating process and all
four types of concrete reveal permittivity decrease which starts to
be saturated at ~200 �C and thereafter reaches the minimum in the
range from 250 �C to 300 �C. After the free water was evaporated
from the concretes their minimal values are ranging as 3.7< εr

0 <4.7
and 0.05< εr

0 0 <0.11.

4.2.2. Permittivity in heating scenario from 400 to 500 �C (region II)
In this temperature range the water, which is produced by

thermal decomposition of calcium hydroxide, evaporates [21,23].
Because of this mass loss effect, some decrease in permittivity is
expected. However, only εr

00(T) data for BK28 sample (which has for
this reaction the most pronounced effect in TGA) show some
decrease in region II. For all the rest εr

00(T) and εr
0(T) data the

growing dynamic is not broken. Apparently the effect of water
evaporation in M1eM3 grades (is indeed smaller than in BK28, see
Fig. 3) is masked by the overall increase of permittivity in solid
constituents.

4.2.3. Permittivity in heating scenario from 500 to 700 �C (region
III)

In this temperature range the process of calcium carbonate
decomposition (calcination) begins [21,23]. The composing aggre-
gates such as a limestone and a sandstone with carbonate group
dissociate into calcium oxide and carbon dioxide: CaCO3 /

CaO þ CO2[. The product of this reaction, calcium oxide, is a
stronger dielectric (εr0 ~12) than calcium carbonate (εr0 ~9). This
effect together with a permittivity growth in solid constituents
dominates the mass loss due to CO2-release and results in a
continuous increase of the effective permittivity of concrete.

4.2.4. Permittivity in cooling scenario
The cooling scenario starts several minutes after the end of the

heating scenario from the highest temperature reached in the end
of the heating scenario. During the cooling phase the sample is
positioned permanently inside the cavity and cools back to the
ambient temperature. In this scenario data are recorded with finer
temperature steps: 1 �Ce3 �C. The permittivities recorded during
cooling phase are very different as compared with the data ob-
tained in the heating scenario for the same temperatures (see
Fig. 4). Because of the irreversible release of moisture and gas from
the concrete, both εr

0 and εr
00 within RT… 350 �C show significantly

smaller values than those measured during the heating stage.
Remarkably, within 350 … 700 �C range εr

0 in the cooling scenario
somewhat exceeds the values measured during heating phase that
can be a consequence of the irreversible transformation of CaCO3
(εr0 ~9) to CaO (εr0 ~12) discussed in the section 4.2.3.

4.3. Penetration depth in the heating scenario

Based on the permittivity data obtained in heating scenario the
microwave penetration depth for all four concrete grades in
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measured temperature range is estimated. Penetration depth, dp, is
the distance from the surface where the microwave power is
reduced by a factor of 1/e. We use here the approximation for plane
waves [24]:

dp ¼ ð1=2Þ
"
2pf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m0ε0ε

’
r
�
2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ �

ε
00
r
�
ε
’
r
�2q

� 1

r #�1

; (1)

where f, m0 and ε0 are the microwave frequency, permeability and
permittivity of vacuum respectively. The results are presented in
Fig. 5.

For denser concretes (BK28 and M1) and at T < 300 �C dp varies
within 15 … 35 cm whereas the penetration depth for lighter
concretes (M2 and M3) lies within 30 … 70 cm. The penetration
depth provides evidences on how localized the microwave power
deposition is. For BK28 and M1 we can expect about 2 times higher
absorbed power density as compared to M2 and M3. It is worth-
while to note, that unlikely to M2 and M3, penetration depth for
BK28 and M1 grades decreases at the beginning of heating
ðT(100�CÞ. (This specific behavior of denser concretes will be
discussed in detail in section 5.3). Such a behavior is beneficial
because the absorbed power density in the surface layer increases
with a decrease of dp. Note, that for a real launcher when the
incident wave diverges (not plane waves) the power deposition
length is shorter than those in equation (1). This was confirmed by
recent full-wave simulations for 2.45 GHz microwaves launched
from antenna onto concrete block [25].

5. Discussion

5.1. Differences in water content for different concrete grades

The TG analysis (see Figs. 2 and 3) has shown that, the lower the
w/c ratio, the higher is the water content in the concrete. It corre-
lates well with the loss factor measurements (indeed εr

00
water [

εr
0 0
solids) in the heating scenario: εr

00 is the highest for M1 (w/
c ¼ 0.4), intermediate for M2 (w/c ¼ 0.55) and the lowest for M3
(w/c ¼ 0.7) grades (see Fig. 4b). At first glance it looks paradoxical,
however for concrete layers close to the surface we should take into
account the effects of water migration and evaporation. Water
confined in the concrete is physically bound in pores which are
different for cement paste and aggregates. For most aggregates, the
relative pore volume is normally below 3% compared to 30 … 40%
Fig. 5. Penetration depth for four grades of concrete during heating phase.
in the cement mortar [20]. (Note the porosity indicated in Table 1 is
an average contribution of aggregates and cement paste). The mean
pore size in aggregates is above 10 mmwhereas the pore size of the
cement paste is within 1 … 100 nm [20]. A consequence of a large
pore size in aggregates is that at room temperature they are almost
empty and most of concrete moisture is confined in the cement
paste. Additionally, for the concrete dried to equilibrium (as in our
case) most of capillaries in the cement mortar are also empty, but
water in mesopores (3… 30 nm) andmicropores (<3 nm), so called
strongly adsorbed water, is still there [26]. Thus, the higher repre-
sentation of such pores in the concrete, the more water is confined.
The analysis of pores distribution for M1eM3 concretes has shown
that indeed the relative representation of pores with radii less than
30 nm is maximal for M1, intermediate for M2 and minimal for M3
[18].

Because of much higher water content in the cement paste as
compared to aggregates, most of the microwave energy will be
absorbed in it resulting in high thermal gradients and vapor pres-
sure in pores. Since thermal gradients and vapor pressure, are
known to be the main factors defining the successful ablation of
concrete [9], external (faced to atmosphere) layers of constructions
made from the concretes with lower w/c ratio can be more effec-
tively ablated than those made from concrete with higher w/c ratio.
5.2. Differences in permittivities at T > 500 �C

For temperatures above 500 �C the observed difference in the
measured effective permittivity for different types of concrete
cannot be attributed any more to the difference in moisture con-
tent, because all pores at this temperature are empty of water. Very
likely, the differences in effective permittivity of concrete (more in
ε
0 than in ε

00) just follows the differences in the density of solid
constituents, which to some extend are linked to differences in
measured porosities indicated in Table 1. At the same time due to
both dehydration and decarbonation processes the porosity of
concrete increases non-linearly and at higher temperatures may be
as high as 30%e50% [19]. Thus, the observed differences in the
permittivity for T > 500 �C may be also referred to individual
porosity behaviors.

Moreover, the lower siliceous and higher calcareous aggregation
of BK28 concrete compared to lab-made concretes may explain its
higher εr0 and lower εr00 as compared to concreteM1 (concrete grade
which is closest to BK28 with respect to porosity and temperature
behavior). It correlates with results of Haddad et al. where the
comparison of permittivities for Portland concrete cement aggre-
gated with limestone was compared against one aggregated with
quartzite [15].
5.3. Specific behavior of permittivity of denser concretes at
RT(T(100�C

It is a well-known effect when the viscosity of water molecules
in the vicinity of hydrophobic surfaces increases. The loss of
mobility of water molecules happens because of restriction in their
orientation freedom. As a result the relaxation time of water bound
in a concrete matrix (tbw) is increased as compared to free water
(tw). The permittivity of water is a function of relaxation time and
according to Debye equation for ensemble of dipolar molecules
[27], reads

εðuÞ ¼ εwð∞Þ þ εwð0Þ � εwð∞Þ
1þ iut

: (2)

u, εw (0) and εw (∞) are the angular frequency of the external
field (u ¼2pf), static permittivity (u ¼ 0) of water and permittivity
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of water at u/∞, respectively. The loss factor ε
00 ¼ �Im(ε) has a

maximum at ut ¼ 1. For bulk water at room temperature the
relaxation time, tw is about 8 ps, and the ε00-maximum is at ~20 GHz
[28]. In Fig. 6 the real and negative imaginary part of permittivity
calculated in accordance with equation (2) for free (tw ¼ 8 ps) and
bound (tbw ¼ 200 ps) water are plotted. The constants εw (0) and εw

(∞) for free and bound water are taken as 80.21 and 5.60 [28] and
57.90 and 3.15 [31], accordingly. For strongly bound water the
relaxation time may be 1 to 3 orders of magnitude higher than for
bulk water and the maximum in loss factor may be shifted signif-
icantly to the lower frequencies [28e30], even lower than 2.45 GHz
(see Fig. 6).

Let us consider now the dynamics of permittivity of strongly
bound water along increasing temperature. With the increase of
temperature the relaxation time of water decreases thus resulting
in a shift of gradient region of εr

0 and maximum of εr
00 towards

higher frequencies [27]. This shift is schematically shown in Fig. 6
with an arrow. Consequently, at a fixed frequency of 2.45 GHz
both εr

00 and εr
0 for strongly bound water are increasing with tem-

perature. If this effect dominates water evaporation then the
effective permittivity of concrete will grow up (and correspond-
ingly dp goes down). This apparently happens at the initial stage of
heating (when the evaporation is not yet so intensive) for the case
of M1 and BK28 grades of concrete (see the growth in εr

0 and εr
00 at

T(100�C in Fig. 4). In spite water evaporation at T>100 �C starts to
dominate the εr(T) dynamic, the competing effect described above
still exists and may reduce the falling rate of εr(T).
6. Conclusions

Dielectric characterization of dry concrete cured with different
w/c ratios as well as of concrete cut from a nuclear power plant
construction was performed at temperature cycle 25 �C / 700 �C
/ 25 �C. The measured dielectric constant and loss factor vary as
3.5< εr

0 <5.5 and 0.05< εr
00 <0.30 depending on the temperature

and heating history.
Since the amount of residual moisture in dry concrete is higher

when the w/c ratio is lower, denser concretes M1 (w/c ¼ 0.40) and
BK28 (from reactor) being exposed to elevated temperature from
25 to 400 �C show two to three times higher dielectric loss factor as
compared with lighter concretes prepared with w/c ¼ 0.55 (M2)
Fig. 6. Dielectric constant, ε0 , (solid) and loss factor, ε00 , (dashed) according to Debye
equation for free (t ¼ 8 ps) and bound (t ¼ 200 ps) water at room temperature.
Operating frequency 2.45 GHz is shown with vertical dash-dotted line. Big arrow il-
lustrates the shift of ε0(f) and ε

00(f) dependencies towards higher frequencies with the
temperature increase.
and 0.70 (M3). Accordingly, the microwave penetration depth for
BK28 andM1 grades is about two times shorter than for M2 andM3
grades. It means that the concretes cured with lower w/c ratio
(including the concrete from nuclear power plant) may be easier
ablated/demolished/broken with microwaves than the concretes
cured with the higher w/c ratio.

All concretes under investigation demonstrate almost similar
dynamics of permittivity along increasing temperature. Their per-
mittivities first decrease because of water evaporation, then get
saturated at 300 < T < 400 �C, and thereafter increase due to the
increase of permittivity of the solid constituents. Moreover, at the
initial phase of heating ðT(100�CÞ the following peculiarity is
found: the denser concretes, BK28 and M1, unlikely to lighter
concretes M2 and M3, demonstrate the increase of permittivity
with temperature. This effect d favorable for more effective and
more localizedmicrowave heatingdwas qualitatively explained in
the framework of Debye model.

In the cooling scenario the permittivity of all concretes at
T < 350 �C is found much lower as compared with the permittivity
measured in the heating scenario at the same temperatures. The
reason for that is the irreversible release of water and carbon di-
oxide from concretes at heating scenario.

Dielectric properties of the concrete taken from real nuclear
power plant constructions (BK28) are mostly close to the concrete
of grade M1 fabricated with w/c ¼ 0.4. Note, the higher percentage
of calcareous aggregates in BK28 as compared with lab-made
M1�M3 grades.

We have investigated relatively small samples of ~0.5 cm3 in a
volume which were cut from bigger concrete blocks and dried to
equilibrium for more than 30 days. Thus, the results presented are
relevant to the outer layers of in-house, dry concretes influenced by
environment atmosphere (moisture depletion, carbonation). The
presented data may be useful for designing and modelling of ap-
plications such as microwave drying, microwave ablation and mi-
crowave drilling. However, with regards to repetitive ablation
(layer by layer) the inner layers of concrete may have different
permittivity.
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