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Abstract

Permittivity is a widespread property used to
estimate the water content of heterogeneous

materials like concrete. The calibration law
employed for the reverse conversion from
permittivity to moisture content often relies

on time consuming experimental procedures or
on empirical equations that do not fit every
formulations. To improve the processing of
permittivity measurements, we suggest the
building of an electromagnetic model of concrete
that takes into account the formulation of the
material. As a first step, an electromagnetic model
for cement pastes is built. This models relies on
the knowledge of the formulation and on the use
of electromagnetic homogenization schemes. The
detailed procedure requires an information about
the permittivity of the different phases composing
the heterogeneous medium. This paper focuses
on the estimation of the dielectric permittivity
over the frequency range [200 MHz; 1 GHz| of
three of the predominant species present within
a cement paste: portlandite, anhydrous cement
and C-S-H. This is achieved by synthesising model
cementitious binders (C-S-H and portlandite
mixtures), by characterizing their macroscopic
permittivity with an open-ended coaxial probe and
by identifying the intrinsic permittivity of C-S-H
and portlandite thanks to a specific homogenization
procedure combining effective medium equations.
The identified values are eventually used as an
entry for homogenization schemes estimating the
water content in cement pastes. For a wide range
of water content, the simulated and measured real
parts of permittivity show a good agreement.

1 Introduction

The delayed mechanical behaviour and the
durability properties of concrete depend on its
moisture content [1]. The assessment of water
content is thus of prime importance for the long
term operation of civil engineering structures.

While direct measurements are possible, they
are destructive by nature, which may not be
feasible depending on the targeted structure. Non
destructive testing methods are thus of great
importance. Due to the relative contrast between
liquid, gas and solid properties, permittivity
represents an appealing property. It can be
acquired, either from embedded sensors (Time
Domain Reflectometry [2]) or from the surface
using a hand-held probe (capacitive probes [3],
coaxial probes [4], Ground Penetrating Radar
[5]). A calibration curve is then required to
perform the reverse conversion from permittivity
to moisture content. Obtaining experimentally
such a calibration curve, point per point, requires
to successively equilibrate a concrete sample
with various relative humidities. At each step,
once equilibrium has been reached, permittivity
is measured. A large enough sample must
be considered, to be representative of concrete,
but the larger the sample, the longer the
moisture equilibration process. Collecting such
an experimental calibration curve can thus be
tedious and time consuming, and this process
has to be repeated for each different concrete.
On the other hand, classical empirical relations
(Topp equation [2], Complex Refractive Index
Model [6]) tend to lack accuracy as they are not
taylored to the specificity of each concrete. Thus,
modelling represents an interesting alternative,
as it could allow to break down concrete into
individual phases whose elementary permittivity
is expected to be a unique property from one
concrete to another.  Macroscopic permittivity
of a heterogeneous sample can be approached
numerically by averaging the electrical flux through
a unit cell defined with periodic boundary
conditions [7]. However, in the case of complex
multi-scale structures like cementitious materials,
time is often a limitation for the use of numerical
simulations. Permittivity can then be approached
analytically thanks to effective medium theories [§],
as developed in this paper. Nevertheless, using
effective medium approximations to calculate the



macroscopic permittivity of a composite material
requires the permittivities and the relative fractions
of its components.

In the case of cementitious materials, one major
issue for the development of such homogenization
model is the lack of information about the
permittivity of their components, like the C-S-H
gel, portlandite or the anhydrous cement grains.
Another issue is the large variety of microstructural
models found in the literature [9].

The main anhydrous phase present in cement is
3Ca0.5i0, (C;S). Its crystallographic structure
in Portland cement is generally monoclinic due to
the presence of impurities in its structure. In the
present study, permittivities of Portlandite and
anhydrous cement are measured on bulk pellets
obtained by compressing commercial powders
of the phases. To determine the permittivity
of C-S-H, mixes with different C,S/portlandite
ratios were hydrated in order to produce different
C-S-H/Portlandite contents. The w/c ratio was
optimized to reach a high degree of hydration of
C;S. The different phase contents are evaluated
using XRD-Rietveld method with an external
standard method. Macroscopic permittivities were
measured using an open-ended coaxial probe. The
evaluation of porosity by 2-Propanol intrusion
porosimetry is necessary for the calculation of the
permittivity to take into account the contribution
of air/pore solution. The permittivity of each phase
is estimated through the use of effective medium
theories approaching the relationship between
macroscopic permittivity and relative fractions of
the components. For C-S-H, a Bruggeman model
based homogenization process is used.

Eventually, different ordinary Portland cement
pastes were synthesised and characterized. Phases
permittivity previously determined are used
as inputs in a new homogenization procedure
connecting the measured macroscopic permittivity
to the amount of water present within the structure.

2 Theory

The relative complex permittivity €. and the
complex electrical conductivity o (in S/m) are the
two main physical parameters used to describe
the electromagnetic response of a material. The
relative complex permittivity comprises a real part
€ characterizing polarization phenomena involved
within the medium and an imaginary part €”
characterizing dielectric losses. It can be expressed
as € = € — i€’, where i = /—1 is the pure
imaginary number. The conductivity characterises
how weakly that medium opposes the flow of an
electric current. Both of those properties come from
the definition of the total current density J existing
within a medium subject to an applied electrical
field E. This current is defined as the sum of

a conduction current density J. (displacement of
free charges) and a displacement current density Jq
(displacement of bound charges). In the case of a
harmonic electrical excitation, we have,

Je.=0E (1)
oD .
Ja = i iwepeo B (2)

where ¢ is the conductivity, D is the displacement
field, €g is the permittivity of free space, w = 27 f is
the angular frequency (in rad.s~!) and ¢ is the time
(in s). The total current density can be expressed
as,

Ji =Jc+Ja = (0 +iwee)E (3)
This can be rewritten in order to introduce a global
complex permittivity parameter ¢ so that Jz =
iweegE. Doing so, we have,

o

. . o
e=¢ —i— =¢€ —i(' + —)
weQ WeQ

(4)

As reminded in [10], electrical conductivity o
appears to be the predominant phenomenon at low
frequencies. In the case of cementitious materials,
the conductivity is strongly dependent on the
nature and the amount of ionic species composing
the interstitial liquid. Also, at high frequencies,
the global complex permittivity appears to be
governed by the polarization and dielectric losses
phenomena. Every heterogeneity composing the
studied composite materials will be characterized in
term of its relative complex permittivity, simplified
in this paper as "permittivity".

When dealing with heterogeneous media like
cementitious materials, the effective permittivity
€eff of the medium must be defined. Such
macroscopic  permittivity results from = the
contribution of every heterogeneity’s permittivity.
This property can only be defined in a medium
characterized by an overall volume larger than the
representative  elementary volume (minimum
volume for the material to be considered
statistically homogeneous).

The effective permittivity of a heterogeneous
material is related to the permittivity of its
components as well as their relative fraction within
the bulk volume. Analytical equations known as
effective medium theories [8] have been developed
since the past century to approximate the
macroscopic permittivity of a composite material
from morphological, structural and electromagnetic
information about the components. Those
models rely on a quasi-static assumption (largest
heterogeneity must be small in comparison with
the existing electric field’s wavelength). Among
all models, Bruggeman equation, also known as
self-consistent model, symmetrically considers the



different phases. Considering a medium made of
spheroidal inclusions, the macroscopic permittivity
€ers can be derived according to the Bruggeman
equation given by,

1 €eff
3 filew —ecry) ) > corf TN, (en—cers)
k=1 J=,Y,2 —0
1 S N, -
_ 1 _ Ny
]. 3 kgl fk(ek: eeff)j:§y7z EeferNj(kaCeff)

()
Here, K is the total number of phases and ¢
and fr refer to the permittivity and volumetric
fraction of each phase, respectively. Depolarization
coeflicients IV; enable to take into account the shape
of the spheroids in directions (x,y,z). In the case
of randomly oriented ones, the aspect ratio a, is
used to estimate the depolarization coefficients. For
oblate spheroids (a, < 1), we have,

a, cos~(a,;) — ap+/1 — a2

N’E = ’
T2 (1 —a2)3/?

(6)

With N, = Ny, N, =1 — 2N, and z the axis of
revolution. For prolate spheroids (a, > 1), we have,

N, — arary/aj —1— cosh_l(ar), )
2 (a2 —1)3/2

The most common configuration of Bruggeman
model relies on a spherical description of the phases’
shape (a, = 1 and N, = N, = N, = 1/3), giving
rise to Eq 8,

K
€L — €e
kae +2€f.f =0 (8)
k=1 k eff

3 Materials and methods

3.1 Measurement of permittivity

Permittivity of materials can be derived from
the analysis of transmission and reflection of
electromagnetic waves through a sample inserted
into a coaxial structure [11] or placed at the
end of this structure in the case of reflection
only based devices. In this particular case,
reflection phenomena are induced by an impedance
discontinuity caused by the sample located at the
end of a coaxial structure. Open-ended coaxial
probes are one of these methods along with many
others reviewed in [11] and [12]. They present
simple implementation and a broad frequency range
driven by the network analyzer used to synthesize
the RF signal. The non-destructive and non-
invasive characteristics of such tools have enabled
investigations of different kinds of media like
biological tissues and liquids [13] [14] [12] [15] [16],
agricultural products [17] [18], soils [19] [20] [21],
and also flat surfaces of solid samples like concrete
[22] [23].

In the present study, a probe was designed
to investigate the dielectric permittivity of the
synthesised samples. It was built by abrading the
surface of a N type connector. The built device
is characterized by a core radius of 1.2 mm and a
metallic shield radius of 4.5 mm. The relatively
small radii makes it suitable for the study of tiny
samples as well as media characterized by a small
representative elementary volume.

The device can be directly connected to a vector
network analyser (VNA). The analyser is used to
synthesize and deliver the electromagnetic signal,
which then propagates within the probe towards
the material under test located at its end. The VNA
also enables the acquisition of a reflection coefficient
associated to the sample and related to its dielectric
permittivity thanks to a capacitive model [12]. This
model offers immediate permittivity estimation but
limit the frequency range investigated [24]. In
previous works, modelling of the probe proved its
ability to characterize the permittivity of flat media
over the frequency range [100 MHz; 1 GHz] [25].
Using such probe and capacitive model also requires
a specific calibration procedure detailed in [4].

3.2 Synthesis and characterization of
model cementitious binders and
cement pastes

3.2.1 CH pellets

Estimating the permittivity of portlandite is
achieved by isolating the contribution of portlandite
permittivity from the macroscopic permittivity of
a mixture made of portlandite and air. These
mixtures take the form of small pellets synthesised
by conglomerating a pure portlandite powder with
a hydraulic press. A total of three solid cylinders
with height 5 mm and diameter 20 mm were
synthesised.  Permittivity measurement of the
samples is repeated three times on the surface of
each sample with the open-ended coaxial probe.
Porosity is then determined to identify the relative
fractions of air and portlandite within the samples.
For that purpose, cylinders were weighted in air.
Then, each sample was dipped into a solution of
pure isopropyl alcohol until its mass is stabilized
and a complete saturation state is reached. Each
sample is then weighted in air and in the isopropyl
alcohol solution. Volumetric air fraction ¢ is then
calculated from Eq 9 where mg,, is the mass of a
sample in a dry state, mgq; is the mass of a sample
saturated with isopropyl alcohol in air and misS
is the mass of a sample saturated with isopropyl
alcohol in the solution.

Msat — Mdry

150
Msat — Mgt

¢ = (9)

Averaged porosity obtained is ¢ = 20.2% =+ 0.5%.



3.2.2 Anhydrous Portland cement pellets

A similar procedure is applied to determine the
permittivity of an anhydrous Portland cement.
A total of three solid cylinders with height
5 mm and diameter 20 mm were synthesised by
conglomerating a Portland cement (CEM-I 52.5 N
CE CP2 NF). Porosity is determined according to
the procedure detailed in Section 3.2.1 (¢ = 24.3%+
0.9%) and macroscopic permittivity is acquired
with the open-ended coaxial probe.

3.2.3 C-S-H mixtures

Mixtures of C-S-H and portlandite were synthesised
by hydrating a monoclinic phase of a C,;S powder
in the presence of portlandite. In order for the
resulting material to be reactant-free, water to CsS
mass ratios were optimized (0.42, 0.6 and 0.8). In
the following, different mass fractions of reactants
are adopted in order to obtain a large variety
of products fractions while respecting hydration
equation stoichiometry (100 wt% C,S — 0 wt% CH,
90 wt% C4S — 10 wt% CH, 80 wt% C5S — 20 wt%
CH).

Experimental protocol consisted in mixing C5S and
portandite powders with pure water and sealing
the mixture inside a 20 cL container. FEach
mixture is synthesised three times to attest the
reproducibility of the experiment. Table 1 presents
the different mixtures synthesised. Samples are
classified according to their water to C,S mass ratio
and according to the fraction of C4;S within the
solid reactant volume. Terminology W/ C3Sffcgs is
adopted to characterize each sample. Samples were
cured 90 days in sealed containers under saturated
conditions. During the curing, the containers were
put in a dessicator under nitrogen atmosphere, high
relative humidity (>95%) and in the presence of
alkali salts to prevent for carbonation.

Porosity of the mixtures was measured thanks a
water porosimetry process [26] performed on two
out of the three samples for each formulation
(except for formulation 06 — 70). As presented in
Table 1, porosity is found to be very reproducible.
As expected, porosity values increase with the water
to C,48 ratio. A relatively small impact of the added
CH powder on the measured porosity is observed.
One sample of each formulation was cut in slices of
maximum thickness 1 mm. These slices were put
in isopropanol during 7 days in order to remove
free water and to stop the hydration process.
They were then preserved from carbonation and
humidity in a partial vacuum using a desiccator.
Solid phases were finally manually grinded to a
particle size less than 80um and analyzed by
X-Ray Diffraction (XRD) using a D8 Brucker
Diffractometer (Cu radiation; NK,q 2 = 1.54184A)
in the Bragg Brentano geometry. XRD data were
collected in the range of 20 = 5% to 70r, with

a 0.0167F steps. The relative contents of the
different solid phases were evaluated by Rietveld
refinement (TOPAS software) using an external
standard method (rutile) to determine the content
of C-S-H (amorphous phase). The CIF files used
for the different Rietveld refinement can be found
in [27). Intrinsic density of each element was
eventually used to convert weight fractions of the
different phases into volumetric fractions. Density
of C-S-H was taken equal to 1.96 [28], density of
CaCOy to 2.72, density of CH to 2.24 and density
of C,8 to 3.16. Volumetric fractions calculated are
also summarized in Table 1. Phases quantification
was repeated for 06—70—2 and 06—70—3 samples in
order to attest the reproducibility of the synthesis
process. All samples tested are composed of C-S-H
paste (60 vol% to 71 vol%) and portlandite (23 vol%
to 37 vol%). Remaining C,S does not exceed 1 vol%
except for the 042 — 100 mixture (7 vol%). Calcite
(CaCO,) does not exceed 2 vol% which proves that
carbonation phenomenon was very low.
Information about the morphology of samples’
microstructure was obtained thanks to SEM (JEOL
6380 LV) observations in BSE mode of their
polished surface.  Figure 1 presents a x1000
magnified image of the 06 — 100 mixture.

High density C-S-H blocks (dark grey) are
observed spread within a matrix of low density C-
S-H (light grey) and surrounding the small amount
of remaining anhydrous C;S (white). During the
hydration process of a cement paste, anhydrous
cement grains are known to gradually vanish while
forming a layer of homogeneous high density C-S-
H surrounding them. These layers appear in dark
grey in Figure 1. They are characterized by a low
capillary porosity and are thus indifferent to drying
phenomena below 60°C [29]. In the theoretical case
of fully hydrated cement pastes, anhydrous grains
would be entirely replaced by the high density C-
S-H. In such media, high density C-S-H areas are
mixed with portlandite and a low density C-S-H
phase composed of C-S-H and high capillary pores
containing most of the interstitial liquid (light grey
in Figure 1). This distinction between low and high
density C-S-H has been used by many authors in
the past to describe the microstructure of cement
pastes [30] [31]. Following [32] terminology, "outer"
will now designate low density C-S-H and "inner"
will designate high density C-S-H.
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Figure 1: SEM observation of 06-100 sample.
Magnification x1000. Backscattered electron mode.

3.2.4 Ordinary Portland cement pastes

Cement pastes were synthesised using the same
ordinary Portland cement (OPC) as presented in
Section 3.2.2 (CEM-I 52.5 N CE CP2 NF). The
samples take the form of cubes with length equal
to 8 cm. Different volumes of water were added
to the mixtures in order to get a wide enough
porosity spectrum and evaluate the previously
derived results on different formulations. The water
to cement mass ratios are chosen equal to 0.28,
0.34 and 0.40. Three samples were synthesized
for each formulation, leading to a total of nine
samples. A 28 days curing period in a water
saturated environment is applied to all samples.
One out of the three samples for each formulation
is subjected to porosity measurement following the
procedure described in [26]. Quantitative XRD is
also performed on each sample in order to determine
the volumetric fraction of the solid phases. Porosity
results are presented in Table 2.  Volumetric
fractions of the solid phases are presented in Table
3. It can be noticed that as the water to cement
mass ratio decreases, the volumetric fraction of
anhydrous cement increases. Also, whatever the
formulation, C-S-H appears to be the main specie
present within the samples. Calcite was also
observed on a minor fraction.

A total of three permittivity measurements are
repeated on three out the six faces of each cube
for reproducibility evaluation at different degrees
of saturation. Starting from a completely saturated
state, every sample is dried in an oven at 60°C while
monitoring the mass decrease. From the knowledge
of the sample’s porosity, the mass decrease is
associated to a decrease in the degree of saturation
of the material. Each time a sample loses 10% of
degree of saturation, it is removed from the oven,
its faces are covered with an adhesive aluminium
foil and the sample is put back in the oven for an
amount of time corresponding to the time needed to
reach the targeted saturation degree. This process
should ensure a uniform local saturation degree and
thus a homogeneous permittivity within the sample.
After cooling, the aluminium foil is removed and
the open-ended coaxial probe is once again used
to measure the permittivity of the sample. Such

drying and permittivity measurement procedure is
repeated until samples’ mass is stabilized for that
specific temperature (approximately one month).
Doing so, the complex permittivity spectra of the
ordinary Portland cement pastes are acquired for
different degrees of saturation. Those spectra are
to be compared with the modelled permittivity of
the cement pastes.

3.3 Morphological modelling and
estimation of the effective
permittivity

3.3.1 CH and anhydrous Portland cement
pellets

In the case of a two phase medium like the CH
pellets (portlandite and air) or the anhydrous
Portland cement pellets (cement and air), the
material can be modelled as randomly oriented
spheroidal inclusions of solid and air. The Figure
2 illustrates the special case of spherical inclusions
of air and portlandite. This geometry is firstly
adopted to identify the effective permittivity of
the synthesized pellets. The assessment of the

Figure 2: Geometry adopted to estimate the effective
permittivity of portlandite according to the Bruggeman
model.

macroscopic permittivity of CH pellets €. ¢ ¢ through
open-ended coaxial probe measurement will enable
to identify the permittivity of portlandite ecg (the
solid part of the composite medium). An identical
model can be used to identify the permittivity of
anhydrous cement from the built pellets presented
in Section 3.2.2.

3.3.2 C-S-H mixtures

Modelling the effective permittivity of C-S-H
based mixtures with effective medium theories
is more challenging than for portlandite pellets.
The complex composition and morphology of the
synthesised materials observed in Figure 1 limits
the use of a single Bruggeman model. SEM
observation is here used to model the effective
permittivity of the C-S-H based mixtures, combined
with the assumption that C,S was fully reacted
and that calcite was non-existent. This is justified
by the very low volumetric fraction determined
in section 3.2.3. Following such hypothesis,
volumetric fractions of portlandite and C-S-H can



Table 1: Summary of all samples synthesised according to their formulation.

Sample W/C,S | C,S CH Porosity | CH CaCO, | C-S-H | C,5
(wt%) | (wt%) | (%) (vol%) | (vol%) | (vol%) | (vol%)

08-100-1 0.8 100 0 48.9 - - - -

08-100-2 0.8 100 0 48.4 - - - -

08-100-3 0.8 100 0 - 28 0 71 1

08-90-1 0.8 90 10 47.6 - - - -

08-90-2 0.8 90 10 47.8 - - - -

08-90-3 0.8 90 10 - 34 2 64 1

08-80-1 0.8 80 20 46.3 - - - -

08-80-2 0.8 80 20 45.9 - - - -

08-80-3 0.8 80 20 - 37 60

06-90-1 0.6 90 10 384 - - - -

06-90-2 0.6 90 10 38.4 - - - -

06-90-3 0.6 90 10 - 32 1 65 1

06-70-1 0.6 70 30 39.0 - - - -

06-70-2 0.6 70 30 - 36 2 60 1

06-70-3 0.6 70 30 - 36 2 60 1

042-100-1 | 0.42 100 0 28.9 - - - -

042-100-2 | 0.42 100 0 28.9 - - - -

042-100-3 | 0.42 100 0 - 23 0 70 7
Table 2: Summary of all OPC samples synthesised Table 4: Simplified relative fractions of C-S-H and CH
according to their formulation and their measured within the solid part of the synthesised mixtures.
porosity.

Sample | CH (vol%) | C-S-H (vol%)

Sample | W/C | Porosity (%) 08-100 | 28 72

028-1 0.28 26.7 08-90 34 66

028-2 0.28 26.5 08-80 38 62

034-1 0.34 31.7 06-90 33 67

034-2 0.34 31.8 06-70 43 57

040-1 0.40 35.9 042-100 | 25 75

040-2 0.40 36.0

studied. This assumption comes from the fact

Table 3: Summary of the phases in OPC samples that water molecules in C-S-H pores are chemically

and their volumetric fraction determined through
quantitative XRD.

Species Density | 028 —1 | 034 —1 | 040 —1
C,S 317 | 4% 1% 3%
c,8 333 | 5% 1% 1%
C,A 3.02 | 0% 0% 0%
C,AF 371 | 2% 2% 1%
Ca(OH), | 225 13% 13% 13%
Ettringite 1.78 6% 6% 6%
Monosulfo- | 1.99 1% 1% 1%
aluminate

Gypsum 2.31 1% 1% 1%
Quartz 2.64 1% 1% 1%
Calcite 2.72 3% 3% 3%
Hemicarbo- | 1.99 1% 1% 1%
aluminate

C-S-H 1.96 64% 65% 66%

be extrapolated to the whole solid volume of each
mixture, leading to the relative fractions presented
in Table 4. Even though C-S-H paste is porous
and contains water, its permittivity will be assumed
real and constant over the specific frequency range

linked to C-S-H sheets, giving them a permittivity
close to a solid’s one [33], with limited impact of the
ionic species on the permittivity dispersion. Despite
an overall knowledge of the mixtures’ morphology,
different geometries can be adopted to model their
effective permittivity with homogenization schemes.
In this paper, the suggested geometry relies on the
following assumptions:

® The C-S-H gel, whether it is located within the
inner or the outer part of the microstructure,
is considered as a homogeneous phase of
the medium, with a constant permittivity
whatever the mixture’s formulation.

Inner phase capillary porosity is assumed to be
null. In this way, inner phase is assumed to be
exclusively made of C-S-H.

All capillary pores are located within the outer
phase of the microstructure. This phase is
composed of C-S-H paste and capillary pores.

When the hydration is complete, the volume
occupied by the inner phase is equal to the
initial volume of anhydrous reactant, before
hydration.



The homogenization process adopted in this paper
consists in a successive application of two effective
medium approximations. First, permittivity of the
outer phase is obtained by mixing the permittivity
of spherical inclusions of C-S-H and pores thanks
to the Bruggeman equation. The resulting
permittivity is then mixed with the permittivity
of C-S-H, modelling the inner phase, and with
the permittivity of CH in order to estimate the
macroscopic permittivity of the mixture. In
the present study, permittivity measurement were
realized on saturated samples. Pores can thus be
assimilated as an interstitial solution phase. The
suggested process is illustrated in Figure 3. Using
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Figure 3: Adopted geometry used to model the
morphology of the synthesised C-S-H based mixtures.

such geometry implies that the relative fraction of
C-S-H paste included within the inner and the outer
part is known. This information comes from the
assumption that hydration is complete and that
the volume occupied by the inner phase is equal
to the initial volume of anhydrous reactant, before
hydration. Following the procedure developped by
Sanahuja et al. [34], Powers model [35], presented
in Eq 10, can be employed to estimate the fraction
of anhydrous cement f, in a cement paste, as a
function of the ongoing hydration process. The
degree of hydration is denoted « and W/C' is the
water to cement mass ratio. Using such parameters,
we get,

0.32(1 — )

Ja= W/C + 0.32

(10)
We now assume that the created volume of the
inner phase after complete hydration is equal to
the anhydrous phase fraction when a = 0, leading
to,
0.32

finner = W/C +0.32 (1)
The fraction of outer within the overall volume is
then given by fouter = 1 — fou — finner, Where
fcr is the fraction of portlandite determined by
quantitative XRD. Summary of the fraction of
each phase is presented for the two successive
homogenization steps in Table 5 and Table
6. Those values are to be combined with the
measured effective permittivity through the
successive Bruggeman models, enabling the

identification of the C-S-H paste permittivity.

Table 5: Parameters required for the calculation of the
outer permittivity €outer (First homogenization step).

Outer
Phase C-S-H Solution
Fraction 1 — ¢/ fouter | @/ fouter
Permittivity €CSH €solution
Aspect ratio a, | 1 1

Table 6: Parameters required for the calculation of
the effective permittivity of the mixture e.;s (Second
homogenization step).

Inner, portlandite and outer
Phase Inner | CH Outer
Fraction finner | focu | fouter
Permittivity €CSH €CH | €outer
Aspect ratio a, | 1 1 1
In the detailed homogenization process,
electromagnetic properties of the interstitial

solution €z, are still to be investigated in order
to identify the permittivity of C-S-H paste. In
this present study, a Debye equation [36] is used
to model its dielectric dispersion. This model
is classically used to describe the evolution of
conductive water permittivity below 100 GHz. It
is defined as,

€stat — €oo g
1+ dwt

€ = €0 + (12)

iweo
where €44t and €., are the limit of permittivity at
low and high frequencies, respectively equal to 80
and 3.13. 7 is the relaxation time of pure water (7 =
10! 8), o the DC ionic conductivity and ¢, the
permittivity of free space. Real and imaginary part
of the permittivity of capillary water are known to
be a function of the ionic concentration. This is true
for dilute solutions, with a real part ranging from
60 to 80 [37]. DC conductivity of the synthesised
samples was not investigated in the present study
and will be optimized.

3.3.3 Ordinary Portland cement pastes

The permittivity model of the C-S-H mixtures can
now be extended to the case of ordinary Portland
cement pastes through minor modifications.
Concerning all cement pastes, XRD quantification
presented in Section 3.2.4 indicates that, contrarily
to C-S-H mixtures, the remaining anhydrous
components (C,S, C,S, C;A, C,AF and gypsum)
can no longer be assumed non-existent. Minor
components like ettringite, monosulfoaluminate,
hemicarboaluminate, calcite and quartz will be
neglected, assuming that their permittivity has a
non critical influence on the macroscopic sample’s



permittivity.  Their fraction is around 10% of
the total volume, whatever the formulation.
Volumetric fraction of C-S-H, portlandite and
anhydrous components are extrapolated to the
entire volume, as if they were the only components,
leading to the simplified summary of the species
presented in Table 7. Another difference with the

Table 7: Simplified summary of the species composing
the cement pastes.

Phase W/C0.28 | W/C0.34 | W/C0.4
Anhydrous | 13% 12% 11%
Ca(OH), | 15% 15% 16%
C-S-H 2% 73% 73%

model built for C-S-H mixtures is the introduction
of the unsaturated state of the samples. As the
degree of saturation of the OPC cement decreases
during the drying process, interstitial water is
gradually replaced by air. The suggested geometry
adopted to model OPC permittivity then consist
in three different homogenization steps described
below and illustrated in Figure 4.

® OQuter phase permittivity is calculated using
a Bruggeman model with spherical inclusions
of C-S-H and spherical inclusions of pore
(either air or water depending on the degree
of saturation).

® TInner phase permittivity is calculated using a
Bruggeman model with spherical inclusions of
C-S-H and spherical inclusions of anhydrous
cement.

® The effective permittivity of the material is
calculated using a Bruggeman model with
spherical inclusions of portlandite, inner and
outer phases.

€c-5-H Eouter Esolution

Figure 4:

Adopted geometry used to model the
morphology of the synthesised cement pastes.

An information about phases repartition whithin
the inner and outer phases is then required to
evaluate the effective permittivity.  Since the
remaining fraction of anhydrous cement is not equal
to zero, Powers model is no longer used alone to
estimate the distribution of C-S-H between the
inner and outer phases. According to Tennis and
Jennings [30], C-S-H distribution can be expressed

as a function of the degree of hydration a and the
water to cement mass ratio W/C. ~ is defined as
the inner phase mass ratio in a cement paste (Eq
13).

v =3.017aW/C — 1.347a + 0.538  (13)

Powers model (10) is then used to estimate
the degree of hydration « from the remaining
anhydrous fraction (estimated through quantitative
XRD). Eventually, the C-S-H paste located within
the inner and outer phases being of the same density
[34], mass fractions can be directly expressed in
terms of volumetric fractions. Volumetric fraction
of the C-S-H paste within the outer phase f&g¢y
can thus be expressed as the function of the
volumetric fraction of C-S-H in the samples f&&,
and according to Eq 14,

fésn = “Yfé*oéH (14)
Volumetric fraction of the C-S-H paste within the
inner phase f& g is then expressed as the difference
between the volumetric fraction of C-S-H paste
within the sample and the volumetric fraction of the
C-S-H phase within the outer phase. Eventually, all
phases distribution according to the built model are
summarized in Table 8 according to the degree of
saturation S, the total porosity ¢, the volumetric
fraction of the C-S-H paste within the outer phase
fé g, the volumetric fraction of the C-5-H within
the inner phase f& gy, the volumetric fraction of the
remaining anhydrous cement f, and the volumetric
fraction of portlandite in the sample fog.



Table 8: Phases distribution according to the built homogenization model of the ordinary Portland cement pastes.

Step outer C-S-H and pores inner C-S-H and anhydrous cement | CH

Phase outer C-S-H | Water Air Anhydrous inner C-S-H CH
; fesm S¢ (1-5)¢ fa fesm

Fraction F— T Td | T2t Ttin Fatin fen

4 Results and discussion

4.1 Measurement of the permittivity
of the mixtures

The permittivity spectrum of the CH pellets was
acquired over the frequency range [10 MHz; 1 GHz|
with the coaxial probe, as presented in Figure
5. A slight deviation is observed for frequencies
below 100 MHz. Both real and imaginary parts
of the permittivity spectrum remains constant for
frequencies ranging between 100 MHz and 1 GHz.
In the following, imaginary part of the permittivity
is assumed to be null and the real part constant
and equal to 5.6 = 0.2 (mean value over [100 MHz;
1 GHz)).

The permittivity spectrum acquired on the

Frequency (Hz)

Figure 5: Real and imaginary part of permittivity
of the CH pellets. Standard deviation is calculated
from reproducibility measurements performed on the
samples.

anhydrous Portland cement pellets was acquired
over the frequency range [10 MHz; 1 GHz| with the
coaxial probe, as presented in Figure 6. Both real
and imaginary parts of the permittivity spectrum
remains constant over the whole frequency range.
In the following, imaginary part of the permittivity
is assumed to be null and the real part constant
and equal to 6.3 = 0.2 (mean value over [100 MHz;
1 GHz)).

About the saturated C-S-H mixtures, their
permittivity is acquired within the range [10 MHz;
1 GHz] at two different positions. Figure 7 and 8
present the mean value of the real and imaginary
parts for three different formulations characterized
by different water to C,S ratios. A strong frequency
dependency is observed on both the real and
imaginary parts. This effect is caused by the high
amount of conductive interstitial solution present

==Mesure moyenne

== Mesure moyenne + std
4r == Mesure moyenne - std
==Modéle min

3r = Modéle mean J
= Modéle max

1 2 3 4 5 6 7 8 9 10
Frequency (Hz) %108

Figure 6: Real and imaginary part of permittivity of the
anhydrous Portland cement pellets. Standard deviation
is calculated from reproducibility measurements
performed on the samples.

within the pore structure of the saturated samples.
Therefore, dielectric properties cannot be averaged
and the permittivity should be treated in its
complex form in order to identify the permittivity of
C-S-H. Also, it can be noticed that the higher the
porosity, the higher the real part of permittivity.
This is consistent with the fact that samples are
saturated and that from all components of the
mixtures, capillary water is characterized by the
highest permittivity over this frequency range.
Permittivity measurements performed on the

T .
—0690

== 0690 + std

—0690-std |

I==042100

= 042100 + std

== 042100 - std [|

|==0890

==0890 + std

—0890-std ||
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—

=
—

Frequency (MHz) %108

Figure 7: Real part of permittivity of the C-S-H based
samples.

cement pastes reveal a strong dependency in the
water content, as illustrated in Figure 9 and
10. Both real and imaginary parts systematically
increase with the degree of saturation. This is
consistent with the permittivity of water being the
highest compared to the other phases encountered
within the material. A frequency dependence is also



Frequency (Hz) %108

Figure 8: Imaginary part of permittivity of the C-S-H
based samples.

observed on both real and imaginary parts of the
permittivity, especially at low frequencies and for
high water contents.

mean Re(e)

Frequency (Hz) %108

Figure 9: Averaged real part of permittivity of the
cement pastes with water to cement ratio 0.28 at
different saturation degrees: 100% (blue), 78% (red),
58% (black) and 19% (purple). The dashed lines
represents the mean values plus or minus the standard
deviation.

4.2 Identification of the permittivity
of CH and ordinary Portland
cement

Portlandite pellets are made of air and solid
portlandite.  Permittivity of air is equal to 1
and the macroscopic permittivity as well as the
volumetric fraction of the components have been
experimentally derived in section 4.1 and 3.2.1.
They are equal to 5.6 £ 0.2 and 20.2% + 0.5%,
respectively.  As presented in section 3.3.1, a
Bruggeman model can be used to calculate the
permittivity of portlandite. Eq 5 was solved
for a total 10000 values of sample porosity
and macroscopic permittivity, normally distributed
around their mean value and assumed uncorrelated,
following a Monte-Carlo procedure.  Deduced
portlandite permittivity is found to follow a
Gaussian distribution. Finally a value of ecg =

o o N ®

mean Im(e)
e

Frequency (Hz) %108

Figure 10: Averaged imaginary part of permittivity of
the cement pastes with water to cement ratio 0.28 at
different saturation degrees: 100% (blue), 78% (red),
58% (black) and 19% (purple). The dashed lines
represents the mean values plus or minus the standard
deviation.

7.4 + 0.3 is obtained. Effect of the shape of both
portlandite and air phases through the Bruggeman
model was tested. Aspect ratio of the inclusions
was changed from 1 to 0.1 and 10. Impact on the
calculated portlandite permittivity is found to be
negligible.

A similar experiment is performed with cement
pellets data. An approximation of Portland
cement grains permittivity is obtained. We have
€anhydrous = 9.1 £ 0.3. Similarly to portlandite, no
effect of the particles aspect ratio was observed.

4.3 Identification of the permittivity
of C-S-H

The homogenization procedure presented in section
3.3.2 simulates the effective permittivity of the
synthesised samples for a given set of known
and unknown parameters. The permittivity
of C-S-H as well as the DC conductivity of
interstitial water remains unknown. Their values
are optimized in order for the effective permittivity
to match the measured one. To do so, an
optimization algorithm based on the least squares
method was implemented. The values of C-S-H
permittivity and interstitial solution conductivity
minimizing the deviation between the measured
effective permittivities and the simulated ones
over the frequency range [10 MHz; 1 GHz| are
searched. According to the assumption that the
permittivity of C-S-H is the same whatever the
mixture’s formulation, the optimization combines
every sample at the same time. However, DC
conductivity of the water varies from one sample
to another. Lower and upper bounds for the
C-S-H permittivity are set to €%, = 2 and
eq&f = 20, even though no change was observed
for a larger range. Similarly, lower and upper
bounds for the solution conductivities are set to
min =028 /mand ™. =15S/m.

O solution solution

10



Optimization was performed on three different
samples’ formulations simultaneously (042 — 100,
06 — 90 and 08 — 90), requiring a reasonable
computation time (less than 15 min on a standard
laptop) and covering a large scope of water to
C;S mass ratio. Figure 11, 12 and 13 present,
for each formulation, the optimized effective
permittivity, compared with measurement. The
optimized set of permittivity and conductivity
values used are ecsy = 4.81, 042100 = 1.18 S/m,
Jgp690 — 0.69 S/Hl and gp890 — 0.60 S/Hl

T T
==Measurement
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*+ Measurement - std
[==Optimized model

1 2 3 4 5 6 7 8 9 10
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Figure 11: Measured permittivity of 042 — 100 sample
over the range [10 MHz; 1 GHz] and comparison
with optimized effective permittivity (ecsy = 4.8 and
0042100 = 1.18 S/m). Mean squared error between the
real part simulated and measured is 11.0%.
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Figure 12: Measured permittivity of 06 — 90 sample
over the range [10 MHz; 1 GHz] and comparison
with optimized effective permittivity (ecsy = 4.8 and
ooeo0 = 0.69 S/m). Mean squared error between the
real part simulated and measured is 6.0%.

So far, a spherical description of water and air
inclusions morphology was adopted within the
homogenization scheme. Aspect ratio of those
phases was changed from 1 to 0.1, 0.01, 10 and
100. Impact on the mean squared error between
the simulations and measurements is found to be
negligible.

It can also be noticed that the optimized solutions
conductivity decreases as the water to C;S mass
ratio increases. Higher ratios leading to higher

+ Measurement + std| |
* Measurement - std
[==Optimized model

Frequency (Hz) %108
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==Measurement
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* Measurement - std ||
[==Optimized model
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Figure 13: Measured permittivity of 08 — 90 sample
over the range [10 MHz; 1 GHz] and comparison
with optimized effective permittivity (ecsg = 4.8 and
ooso0 = 0.60 S/m). Mean squared error between the
real part simulated and measured is 11.1%.

porosity values, it can be suggested that ionic
species present within the pore volume are more
diluted in high porosity samples. Consequences
would be a decrease in the DC conductivity of the
interstitial water.

4.4 Discussion:
OPC systems

4.4.1 Effect of the frequency on the
calculated effective permittivity

an application to

The estimated permittivity of the main components
of ordinary Portland cement pastes are summarized
in Table 9. Those values are used as inputs in the
homogenization procedure detailed in Section 3.3.3,
with volumetric fraction of the different phases
estimated through quantitative XRD in Section
3.2.4.  The effective permittivity calculation is

Table 9: Summary of the estimated permittivities of
the main components of the ordinary Portland cement
pastes.

Phase Permittivity
C-S-H 4.8
Water Debye
Air 1
Anhydrous cement 9.0£0.3
Portlandite 7.44+0.3

repeated for 100 different frequencies ranging from
100 MHz to 1 GHz and for several degrees of
saturation ranging from a completely dry state
(S = 0) to a completely saturated state (S = 1).
This whole process is repeated for each of the three
paste formulations (W/C = 0.28, W/C = 0.34
and W/C = 040). In a first time, water DC
conductivity used in the Debye model is arbitrary
chosen equal to 1.0 S/m. The simulated real and
imaginary parts of permittivity are presented in
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Figure 14 and 15 for the W/C = 0.34 formulation
and for four different degrees of saturations. It can
be noticed that as the degree of saturation increases,
both the real and imaginary parts of permittivity
increases. A strong frequency dependence is
observed on the imaginary part. This deviation
increases with the degree of saturation. A non-
negligible deviation of the real part of permittivity
is also observed for highly saturated samples and
for frequencies below 400 MHz.

==Saturation 100%

161 76%
Saturation 55%

—Saturation 20%
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Frequency (Hz) %10°

Figure 14: Simulated real part of permittivity of the
W/C = 0.34 cement paste at different degrees of
saturation : 100% (blue), 76% (orange), 55% (yellow),
20% (purple).

about the DC conductivity of the synthesized
samples, this property is chosen equal to 1.0 S/m for
every simulation. In the following, due to this lack
of information, the study will focus on the real part
of permittivity. In this way, its mean value over
a specific frequency range can be compared with
measurement from different devices (GPR, TDR).

30f,

4 o=15/m
0 4 o=28/m
* 0 =38S/m|

1 2 3 4 5 6 7 8 9 10
Frequency (Hz) x10°8

Figure 16: Simulated real part of permittivity of the
W/C = 0.34 cement paste for three DC conductivity
of water values and for three different degrees of
saturations : 100% (diamond), 76% (dot), 20% (cross).
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Figure 15: Simulated imaginary part of permittivity of
the W/C = 0.34 cement paste at different degrees of
saturation : 100% (blue), 76% (orange), 55% (yellow),
20% (purple).

4.4.2 Effect of the water DC conductivity
on the calculated effective
permittivity

The effect of water DC conductivity on the effective
permittivity was studied. The arbitrary value of
1.0 S/m was successively changed to 2.0 S/m and
3.0 S/m. A strong effect is observed on both
the real and the imaginary parts of the calculated
permittivity, as illustrated in Figures 16 and
17. Low frequency imaginary part of permittivity
strongly increases as the DC conductivity of water
increases. Low frequency real part of permittivity
also increases with the DC conductivity. However,
for sufficiently high frequencies, this effect vanishes
and the real part of permittivity tends toward a
constant value. Because of the lack of information

1 2 3 4 5 6 7 8 9 10
Frequency (Hz) %108

Figure 17: Simulated imaginary part of permittivity of
the W/C = 0.34 cement paste for three DC conductivity
of water values and for three different degrees of
saturations : 100% (diamond), 76% (dot), 20% (cross)..

4.4.3 Effect of the aspect ratio of pore
inclusions on the calculated effective
permittivity

The shape of water and air inclusions is now
changed from spheres to spheroids with different
aspect ratios ranging from 0.001 to 1000. Averaged
value of the real part of permittivity over the
frequency range [400 MHz; 800 MHz] is presented
as a function of the degree of saturation in Figure
18 for different pores inclusions aspect ratios for the
case of the W/C' = 0.34 formulation. When pores
are described as oblate spheroids or discs (a, < 1),
the permittivity slope is stronger for higher degrees
of saturation. This is not the case when pores are
described as prolate spheroids or needles (a, > 1).
In that particular case, the slope of the curve
tends to be constant as the aspect ratio increases.
It can then be suggested that prolate spheroids,
characterized by a smaller specific surface will
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minimize the interaction between pore inclusions.
On the other hand, oblate spheroids, characterized
by a larger specific surface, will maximize their
intersection and therefore their interaction. As it
was already the case in Section 4.3 for C-S-H based
mixtures, no effect of pores inclusions shape on
the calculated permittivity is observed in saturated
conditions (S = 1). In a percolated system such
as a cementitious material, porosity interconnection
is maximal. Therefore, a disc-like description of
inclusions (a, < 1) is adapted to model both air
and water filled pores.
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Figure 18: Real part of permittivity averaged over
[400 MHz; 800 MHz], for the case of a W/C = 0.34
formulation and for different aspect ratio a, of the pore
inclusions.

4.4.4 Comparison with experimental

results

The permittivity model developed for cement pastes
was solved 1000 times following a Monte-Carlo
procedure with the permittivity of the components
and the porosity of the samples normally
distributed around their mean value. The aspect
ratio of pore inclusions is chosen equal to 0.001
and the DC conductivity of water is taken equal
to 1.0 S/m. The calculated effective permittivity
is found to follow a Gaussian distribution. The
good agreement between simulated and measured
real parts of permittivity is illustrated in Figure
19 for the W/C = 0.34 formulation. Also,
averaged values over the frequency range [400 MHz;
800 MHz] are compared with the experimental ones
in Figure 20, 21 and 22 for every formulation
(0.28, 0.34 and 0.40, respectively). The good
agreement between simulations and measurements
validates the developed model for cement pastes.
In addition, those figures present a comparison
between the experimental data and basic three
phase Bruggeman and Maxwell-Garnett models
(solid, air and water). For those models, nor
the frequency dependence of the water permittivity
nor the multi-scale morphology of the medium
was taken into account in the homogenization
procedure. Volumetric fractions and permittivities
of the three phases are presented in Table 10
as a function of the material’s porosity ¢ and

degree of saturation S. Permittivity of the solid
phase is chosen to minimize the deviation between
simulation and measurements. For the three phase
Maxwell-Garnett simulation, the solid phase is the
host medium. Compared to these two models,
the effective permittivity of the cement pastes
estimated with the new model is more consistent
with experimental results. From the knowledge
of a cement paste formulation and thanks to the
measurement of its dielectric permittivity, the new
model developed can be used to estimate its water
saturation degree.

Table 10: Permittivity and volumetric fractions of
the phases used in the three-phase Bruggeman and
Maxwell-Garnett models.

Phase Solid | Liquid Air
Permittivity 8 80 1
Volumetric fraction | 1 — ¢ ¢S o(1—29)

v 2 s 4 5 6 7 8 9 10
Frequency (Hz)
Figure 19: Real part of permittivity measured and
simulated for the W/C' = 0.34 formulation. Results
are presented for different degrees of saturation: 100%
(blue), 76% (orange), 55% (yellow), 20% (purple).
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Figure 20: Averaged value over [400 MHz; 800 MHz]
of the real part of permittivity measured and simulated
for the W/C = 0.28 formulation. Comparison with a
three-phase Bruggeman and Maxwell-Garnett models.
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Figure 21: Averaged value over [400 MHz; 800 MHz|
of the real part of permittivity measured and simulated
for the W/C = 0.34 formulation. Comparison with a
three-phase Bruggeman and Maxwell-Garnett models.
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Figure 22: Averaged value over [400 MHz; 800 MHz]
of the real part of permittivity measured and simulated
for the W/C' = 0.40 formulation. Comparison with a
three-phase Bruggeman and Maxwell-Garnett models.

5 Conclusion

The study presents an electromagnetic model
for cement pastes. The procedure employed to
build the model relies on the estimation of the
dielectric permittivity of portlandite, C-S-H gel and
anhydrous cement as parameters for the estimation
of water content in cement pastes. The developed
procedure comprises the synthesis of samples with
elementary composition, their electromagnetic
characterization with an open-ended coaxial
probe and the use of effective medium theories.
A Bruggeman equation is used to identify the
permittivity of portlandite from the measurement
of the macroscopic permittivity of mixtures made
of portlandite and air. Estimated permittivity
is ecg = 74 £ 0.3. The same procedure is
applied to determine the permittivity of ordinary
Portland cement grains. Estimated permittivity
is €anhydrous = 9.0 £ 0.3. Mixtures of C-S-H,
portlandite and interstitial water were synthesised
by hydrating a mono-clinical phase of a C3S
powder in the presence of portlandite. A specific
combination of two Bruggeman equations enabled
to optimize the permittivity of C-S-H paste from a
measurement of the macroscopic permittivity
of the synthesised samples. The resulting
value is ecgg = 8.0. Eventually, simulated
permittivity of OPC pastes with a specific multi-

scale combination of three Bruggeman equations
enabled to connect the amount of water within
the pore medium and the macroscopic permittivity
of the synthesised samples. The designed model
presents a better agreement with experimental
data than a simple three phases Bruggeman
or Maxwell-Garnett model with air, solid and
water inclusions. In the future, the model
developed for cement pastes will be extended to
the case of mortar and concrete by adding a last
homogenization step in order to take into account
the aggregates in the material’s formulation.
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