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Abstract

As a porous hydrophilic phase, C-S-H is expected to exhibit a frequency-dependent dielectric response. This C-S-H property
remains unknown, despite the importance of dielectric assessment for non-destructive evaluation of concrete. This study adopts a
multiscale approach to estimate the complex dielectric response of C-S-H over the [0; 1000 GHz] frequency range. We perform
molecular dynamics simulations to compute the frequency-dependent dielectric response of water in C-S-H from the polarization
correlation formula. We consider pore sizes covering the range associated with interlayer and gel pores in C-S-H. The dielectric
response obtained is anisotropic and pore size dependent, as expected in layered materials. The results at the molecular scale
are then used as inputs in a homogenization model to estimate the dielectric permittivity of C-S-H gel, which we compare with
estimations obtained from inverse analysis based on experiments. Our results are a valuable input for multiscale modeling of
non-destructive testing and evaluation in cement-based materials.

Keywords: Electromagnetic properties; Molecular Dynamics; Anisotropy; Susceptibility; Micromechanics.

1. Introduction

Dielectric permittivity measurement is one of the methods
deployed for non-destructive monitoring of concrete structures _,
[1] and to evaluate concrete property development at early ages
[2,13]]. This method is sensitive to water content thanks to the
dipolar character of water molecules, which feature a higher
dielectric permittivity than gas and solid phases. Besides, the
broadband dielectric response of porous materials also is worth
measuring because it might be correlated to characteristics such
as density, shrinkage, pore size distribution, and mechanical
properties [4, 5, 16]. Nevertheless, assessing such characteristics
requires a fundamental understanding of the dielectric response
of the pore phase and microporous constituents of the material.

Several experimental studies have investigated the dielec-
tric permittivity of cement-based materials from cement paste
up to concrete scale [7, [1} [8]. Multiscale strategies have been
deployed to model the complex frequency-dependent permittiv-
ity as a function of the composition [9, [10]. Micromechanics-
based multiscale approaches require the knowledge of the in-
trinsic permittivity of the constituent phases. This property data
is lacking for most of the phases in cement systems.

Calcium silicate hydrates (C-S-H) are the major hydrated
phase in ordinary cement-based materials. Still, its frequency-
dependent dielectric permittivity remains unknown. Guihard
et al.[10] performed measurements on a mixture of C-S-H and
portlandite obtained by mixing C3S and portlandite powders
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with pure water. The authors estimated the dielectric permit-
tivity of C-S-H through an inverse analysis, assuming that it is
a real value that remains constant over the studied frequency
range [200 MHz; 1GHz]. This assumption can be legitimately
questioned since C-S-H exhibits meso- and microporosity con-
tributing to the dielectric response over different frequency ranges.
To date, to the author’s knowledge, no direct experimental mea-
surement or indirect estimate of the imaginary part of the di-
electric permittivity of C-S-H exists.

The pore phase is the main contributor to the dielectric re-
sponse of porous materials, with the composition of the ionic
aqueous solution playing a significant role [6]. Confinement
in micro- and mesopores is known to affect the dielectric re-
sponse of nanoporous materials [11} [12} [13 [14]. Molecular
simulations are particularly well-suited to evaluate the behavior
of confined fluids under controlled composition and thermody-
namic conditions. The technique has enabled quantifying how
the dielectric response of confined fluids varies with the pore
size [15} 13} [16]. Recently, the pore-size dependence of the
static dielectric response of water confined in C-S-H has been
calculated using molecular simulations [17]. It was observed
that the in-plane static dielectric constant g is proportional to
exp(—h,/13.22), for a pore thickness %, in A for C-S-H with
Ca/Si of 1.7 and 1.1. The out-of-plane dielectric response of
water confined in C-S-H is still to be quantified. Following the
example of the density [18]], hydrodynamics [19} [20] and self-
diffusion [[19}20]], the dielectric response is pore-size dependent
[L1L[12]]. The computation of the frequency-dependent complex
dielectric response of C-S-H is still to be addressed and can be
useful to analyze the origins of the material dielectric response.
Quantifying the pore size dependence of the dielectric response
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of C-S-H might be helpful in developing dielectric methods to
measure interlayer and gel pore water content.

In this work, we perform molecular dynamics (MD) sim-
ulations to obtain the dielectric response of water confined in
C-S-H at the molecular scale. To study the influence of the con-
finement, we consider various interlayer distances ranging from
11.8 to 106.3 A (i.e., spanning the range of pore sizes associ-,
ated with interlayer and gel pores in C-S-H). The Green-Kubo
relation adapted to compute the dielectric response under a (slit)
confined geometry is used. The results obtained at the molec-
ular scale are then used as inputs in a homogenization model
to estimate the frequency-dependent permittivity of C-S-H gel
over a frequency range of [0 ; 1000 GHz].

2. Molecular models and methods

2.1. Dielectric response from molecular simulations
105
Molecular dynamics simulations enable computing the time

evolution of the total dipole moment A_)/I(t), which is the sum of
the dipole moment 77,(¢) of each particle i with a charge ¢;. For
a system with N particles:

N N N
M) = Zﬁm = Z 0)

110

ey

where 7, (¢) is the position of the center of the particle i.

The dielectric response of water results from microscopic
relaxation processes described by the auto-correlation function
of water polarization ¢;;(t) (for i, j = x,y,z) [21]:

(MiO)M; (1))
VcakaTgo

where kg is the Boltzmann constant, 7 is the temperature (in
Kelvin), &g is the vacuum permittivity, and V,,, is the volume
of the pore occupied by confined water. Here, this volume is
computed using the sum of the Voronoi volume of the oxygen
atoms in water molecules. For a Debye relaxation, ¢;;(r) is a'™
simple exponential decay. Fluid-wall interaction might lead to
deviations of a Debye relaxation, especially in micropores.

The frequency-dependence is computed via the Fourier trans-
form of the components of the susceptibility tensor [22]:

i 49ii(0)
B _ 2nift J
/\/lj(f)_ L e —dl dt

where f is the frequency. From Eq. (2)) and (3), the susceptibil-
ity can also be written as follows [21]]:

¢ij(t) = (2)115
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Xii(f) = ¢;j(0) = 2nif fo e 1yi(n)dt “
The dielectric permittivity tensor & can be computed di-
rectly from the susceptibility tensor. It must be noted that &
is neither Hermitian nor symmetrical in the general case [23].
Some simplifications can be made in the absence of an external
magnetic field and considering the slit pore geometry. In a slit
pore with an infinite slab of fluid confined between two walls,

the dielectric tensor can be written as a function of the parallel
g and perpendicular €, components [22]]:

gfH 0 0
gfH=1 0 g) O %)
0 0 &.(f)

in a Cartesian frame. The frequency-dependent components of
the dielectric permittivity tensor are obtained as [22]:

g1 (f) = 1+x() (6)

=1-x.(f @)

1
e (f)
In the case of C-S-H, we need to check if the in-plane re-
sponse - especially in small pores - can be approximated as
g|(f) = &x(f) = &y(f). Due to translational invariance, &,
is expected to be negligible. Also, due to the slit geometry, the
out-of-diagonal terms are expected to be &, (f) = &,(f) = 0.
In the following, we verify the validity of these conjectures.
Finally, let us remind the usual fluctuation formula used
to compute the static dielectric permittivity of isotropic fluids

(e.g., [L1]):

712 N2
(IM|") = (M)
3kpTe)V
where V is the volume of the (bulk or confined) fluid. This

expression can be readily obtained from Eq. (6) and various
values of ¢;;(?) evaluated at ¢ =0, considering that the average

e=1+ (®

dipole moment (I]l_}II) should be zero in an isotropic fluid.

2.2. Simulation details

The atomistic C-S-H model we use is based on Kunhi et
al. [24] model with molecular formula Ca;¢;Si037. nH,O.
The Ca/Si of 1.67 is a common value observed in C-S-H [25,
26]. To describe the interatomic interactions, we use ClayFF
[27] and SPC/E water [28]. These non-polarizable force fields
have been successfully deployed to get the dielectric response
of a vast range of nanoporous materials. The same atomistic
modeling strategy has been used to compute the thermoelastic
and interfacial properties of confined water in C-S-H [29} [30],
and self-diffusion [20]. An analysis of the structural features of
the C-S-H model combined with this force field is also provided
in ref. [29] together with stability analysis under sorption.

To study the influence of confinement, we consider various
interlayer pore sizes ranging from 11.8 to 106.3 A (Fig. A)),
which spans the sizes associated with interlayer and gel pores
in C-S-H as in [20]]. Grand Canonical Monte Carlo (GCMC)
simulations were performed to fill the system with the water
content corresponding to ambient conditions and (liquid) satu-
rated conditions (7" = 300 K and RH = 100 %) (see ref. [29] for
details). Two layers are simulated, therefore, two pore spaces
are present in the simulated systems. One pore is kept at the
equilibrium basal spacing of d., =13.7 A, while the other is
changed (see Fig.[[[A)). The following analysis deals with wa-
ter present in only this second pore.
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Figure 1: Multi-scale strategy adopted in this work. The dielectric response of water confined in C-S-H is computed for interlayer spacings d ranging from 11.8 to
106.3 A. The results are then taken as inputs in a homogenization model to estimate the dielectric response at the C-S-H gel scale for diffrent packing densities 7.

We use LAMMPS [31]] software for MD simulations. Sim-
ulations are performed with a timestep of df =1 fs and periodic
boundary conditions. Water molecules are constrained with
SHAKE algorithm [32]]. For each pore size, seven configura-
tions obtained from GCMC simulations are considered. First, a
short 10 ps NVT run at T = 300 K with the Nosé-Hoover ther-
mostat is performed, followed by a 20 ps NVE run. Production
runs are then performed still in the NVE ensemble during 1 ns.
The auto-correlations of dipole moments are computed with fix
ave/ correlate in LAMMPS using input values every 10 fs, with
10000 correlation time windows accumulated, and calculating
time window averages every 100 ps. Average and standard de-
viations are computed according to the seven different trajecto-
ries. Independent NVT simulations are performed to compute
the volume cavity V,,, as a sum of the Voronoi volume of water
oxygens in the interlayer.

Only the water and ions in the interlayer space are time in-
tegrated during MD to gain computational efficiency and re-
duce fluctuations in the computation of ¢;;(f). Since the auto-
correlation function depends on the volume cavity (Eq. (2)),
time-integrating the particles in the solid layer adds more con-
siderable variability to the values of ¢;;(¢), especially for small
interlayer spacings, in which the fluctuations due to solid layer
deformability are more significant compared to the total porets
volume. We have compared the results of simulations with a
rigid solid layer and unconstrained atoms in the solid, and the
average values are similar but with more variability associated
with the second case.

For the integration of ¢;;(¢) in Eq. (3)), the upper integration
limit must be chosen so that the function decay is integrated cor-1e
rectly by avoiding the integration of noise present in the signal
from the simulation [33]]. Since MD simulations are based on fi-
nite differences algorithms, very long runs are prone to accumu-
lating numerical errors, resulting in noise present in the spectra
of ¢;;(t). To avoid the integration of that noise and to reducez
the computational time needed to compute Fourier transforms
in large lists, we use two equations obtained by fitting ¢;;(?):

0

5

¢ A simple exponential decay, leading to a Debye relax-

ation microscopically:

G (1) = &5 exp [~1/Tpes] ©)
e A polynomial exponentially decaying aiming to capture
potential oscillations in the ¢(¢) profiles:

¢501y(t) = g, exp [—t/Tpoly] (ao +ait+af + a3t3) (10)

where g is the static dielectric permittivity, Tpes and 7p,y the
relaxation time for each model, respectively. We provide re-
sults up to 1000 GHz which allows capturing the decrease in
the imaginary response in the case of bulk water. It is notewor-
thy that physical phenomena involving smaller scales may arise
at higher frequencies [34} [35]]. The use of classical molecular
simulation with non-polarizable force fields cannot of course
capture the effects associated with electron polarization. The
results above a few hundreds of gigahertz presented herein must
be considered as the the contribution of the water polarization
only.

3. Upscaling the dielectric permittivity

3.1. C-S-H gel microstructure representation

We adopt a microstructure representation of C-S-H gel, as-
suming that it is composed of two phases: microporous solid
particles and gel porosity. The former is depicted as a trans-
verse isotropic inclusion composed of C-S-H layers stacked ac-
cording to the equilibrium basal spacing d,, = 13.7 A, which
should be the most prevalent configuration in stacked systems
[29]. The gel porosity might also be considered to exhibit a
transverse isotropic or a full isotropic behavior. Various con-
ventions are used in the literature to classify the different types
of porosity in C-S-H according to their sizes. Qomi et al. [36]]
consider the size of the gel porosity ranging from 0.5 nm to 8
nm, while Nguyen-Tuan et al.[37] define it as ranging between
1.5 nm and 10 nm. Jennings[38] proposed two characteristic
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pore sizes for C-S-H gel porosity from small-angle scattering
experimental data: small gel pores [1-3 nm] and larger gel pores
[3-12 nm]. In this study, to upscale C-S-H gel properties, we
adopt four characteristic pore diameters spanning the typicalaso
range of gel pore sizes: 2, 3,4 and 10 nm.

Thus, we use as input the information obtained from molec-
ular simulations regarding the interlayer distances of 1.37 nm
(=d.g) for the solid particles and 2, 3, 4, and 10 nm for the gel
pore (Fig. [T{B)). Other gel pore sizes can easily be tested. Toess
this aim, in the following we provide expressions that fit the
behavior at the molecular scale, and a homogenization scheme.

3.2. Micromechanical model

Analytical micromechanics schemes are used to upscale the
dielectric permittivity of C-S-H gel, as it was recently done for
mass transport properties [20, [39]. By mathematical analogy,,,
the homogenization formula derived for upscaling the diffusiv-
ity and (thermal and electrical) conductivities can also be used
to estimate the dielectric permittivity [40].

The following formula enables estimating the effective di-
electric permittivity of a macroscopically isotropic heteroge-,,,
neous material composed of N (microscopically) anisotropic
ellipsoids is (e.g. [40]):

N
hom
g = Z figiAi
i=1

where f;, € and A, are respectively the volume fraction, dielec-
tric permittivity tensor, and the localization tensor of phase i.
The above expression can be written as a sum, provided that
the dielectric behavior per phase (or pore size) is constant.

The localization tensor A can be approximated using the
strategy proposed for the thermal conductivity [41] inspired by
the Eshelby [42]] solution in elasticity. In the case of elliptical
inclusions randomly distributed and oriented in a representa-
tive elementary volume (REV), and under the assumption of the
self-consistent (or Bruggeman) scheme (i.e., that the homoge-280
nized medium function and the reference medium mediating
inclusion interactions), we get [20]:

(11)

0

275

N
AJC = A fADT ~ A (12)
r=1
where AY = (I + SE((6"™)'Rg;R” — I))™! is the localiza-
tion tensor in the dilute case, with R being the rotation ma-2ss
trix, I being the identity matrix, and Sf the components of
the diagonal (second-rank) Eshelby-like tensor [41]. Assuming
that all orientations of the equiaxed (”spherical’) inclusions are
equally possible, the expression of the homogenized dielectric
permittivity for a two-phase heterogeneous material composedzso
of transverse isotropic phases is given by the implicit equation:

1A-foens | SA-fdens  Thene _ _Sfeie
6||4S+28h””’ P ,S+£h”m e, ghom £y, 4 ghom
shom — L . g Lg (13)295
70=f0) 50-f0__ Th 5k
EH,&+2gh”m SLJ"'ZS]W" 5\\,g+2€h"m El,g+2€h”m

where f, represents the gel porosity, g, = &x, = &, &, =
&1, the subscripts ; and , stand, respectively, for the solid C-
S-H particle and gel porosity. Eq. (I3) can be written in an
explicit form, but the result is too lengthy to be reported here.
Among the different roots, we use only the one giving positive
non-complex values for the static response. This same root is
used in the calculation of the full complex spectra. This general
formulation allows accounting for anisotropy on the dielectric
response at the gel porosity. We will discuss the relevance of
this feature in Section 4.3}

4. Results

4.1. Static dielectric response at the molecular scale

Figure |2| shows the components of the dielectric permit-
tivity tensor in the static limit. The in-plane component g
(= (&xx + &y)/2)) of the permittivity of water confined in C-
S-H is pore size dependent, with bulk-like behavior for inter-
layer distances exceeding roughly 6 nm (approximately 5 nm if
the thickness of the solids layer is discounted out) and a strong
decrease in the dielectric permittivity with the confinement of
water. This result was also recently observed by Masoumi et
al. [17]. This decrease can be explained by water molecules
near solid surfaces being subjected to forces that hinder their
polarization (an effect that would be more pronounced in hy-
drophilic systems like C-S-H). Our results corroborate that wa-
ter confined in C-S-H follows the universal reduction in the di-
electric response observed for other confined fluids [[15}[13][16].
For comparison with g, we computed the dielectric constant
of rigid bulk SPC/E water also under ambient conditions (in a
simulation with 900 molecules). We obtained ¢ = 71.2 + 2.11
(in agreement with other simulations of SPC/E in the literature
[43L 144 33])), which is rather close to the experimental value
& =78.02 + 0.20 (interpolated value for T = 300 K from the
experimental study of [43]). For comparison, the numerical and
experimental values of bulk water are depicted in Fig.[2(A). The
in-plane response g, obtained in our simulations can be fitted
with the following expression:

d—B) (14)

E|| = Einf €XP (—
charac

where &;,r is the dielectric constant of bulk water computed
using MD simulations (= 71.2), d the interlayer distance, B =
7.1 A is a shift in the interlayer distance, and hcpgrae = 20 A
is the characteristic distance associated with the pore size de-
pendence of the dielectric response. When d > hgpgrqc, the
static dielectric response of C-S-H approaches that of bulk wa-
ter. A similar expression is used to fit the results of Masoumi et
al.[17], and they obtained a /.44 in the same order (13.22 A)
(Note that these authors used a rigid SPC water model, and this
water model is known to yield a lower dielectric constant when
compared to rigid SPC/E water model, which in turn underes-
timate the dielectric constant of a few units in relative permit-
tivity. For the same temperature, the authors obtained a static
response g = 64 for bulk water).
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Figure 2: Components of the dielectric permittivity tensor of C-S-H at the®*®

molecular scale as a function of the interlayer distance d: (A) Parallel compo-
nents €xy, €y, and g = (&xx + €y)/2 is fitted with Eq. @ (the associated coef-
ficients of determination regarding the values obtained from MD are R>=0.845
for € and R%2=0.922 for €y). The values for experimental and SPC/E bulk
water are provided for comparison. (B) Out-of diagonal component €y, = €x.
(C) Perpendicular component €, = €. 350

Our results suggest some degree of anisotropy in the in-
plane response, especially for interlayer distances smaller than
25 A. Independent fits of &, and &,, using Eq. (T4) yield sim- -
ilar results (with coefficients of determination of R*=0.845 and
R?=0.922, respectively). Taking into account the variability/
uncertainty associated with the MD results, the approximation
£ ¥ Exx X &,y is TEasonable.

In Figure [2B), it can be observed that the out-of-diagonal
components &,, = &, fluctuate around 0. Figure EKC) shows
that, as expected, the values of the perpendicular component &
are negligible (with respect to the reported variability observed,,
in the results). These results agree with the form of the dielec-

tric tensor in Eq. (9).

4.2. Frequency-dependent response at the molecular scale

Figure [3|shows the polarization correlation functions of wa-
ter molecules in C-S-H pores as obtained in MD simulations.
The main contribution to the dielectric response comes from the
parallel components ¢,,(t) and ¢,,(7). A significant decrease in
the static value (in agreement with Fig. [2) and an increase in
the relaxation time (i.e., the correlation functions go to zero at
larger timescales) is observed with increasing confinement. The
values of the out-of-diagonal component ¢,,(¢) = ¢,,(?) and the
perpendicular component ¢, (¢) indicate negligible frequency-
dependent responses, as expected (see Section [2.1)).

Figure[d]shows the frequency-dependent permittivity of con-
fined water in C-S-H computed by integrating the correlation
functions in Eq. (). As discussed in Section [2.2] we fit the
parallel components ¢,,(r) and ¢,,(¢) using Egs. (@) and (T0) to
cope with the noise in MD results and gain in precision and ef-
ficiency in the computation of integrals in Eq. (@). Both permit-
tivity profiles obtained £P*(f) and £"°”(f) are depicted in Fig-
ure[d] along with the isotropic response of bulk water provided
by experimental values according to Buchner et al. [46] and
simulation values using SPC/E water according to Rinne et al.
[33]. In the imaginary part, we can see that the resonance fre-
quency decreases as we increase the interlayer distance, which
shows that the relaxation frequencies of bound water are lower
than that of bulk water as suggested by [47].

Figure EKC) and (F) show the difference &y, - &,, in the real
and imaginary parts quantifying the possible anisotropy in the
in-plane response. To quantify the anisotropy we compute the
eITor e,y = fom leyy — exxldf/ fom epurdf using as reference the
response of bulk water. With this definition, the anisotropy is in
the order of 34 % for d = 13.7 A, and ranges between 3 % and
22 % for the other interlayer distances, being more pronounced
in the 0-10 GHz range for interlayer distances above 25 A, and
in the low frequency range for smaller pores. The anisotropy
can also be evaluated in Fig.[3] where we see that for interlayer
distances > 13.7, the spectra of ¢,, is inside the limits ¢,, *
standard deviation, except for d = 56.3 A.

Regarding the choice of fitting functions for the microscopic
process, while £”¢’(f) shows a Debye-type relaxation profile
as expected, £™Y(f) exhibits oscillations that may not neces-
sarily have a physical meaning. The real part of £"¥(f) have
negative values around 1 GHz for d = 13.7 A in the xx direc-
tion, whereas the dielectric permittivity of common materials
(including dielectrics) is generally non-negative [48]].

The results obtained so far can now be used to get an ex-
pression of the pore size dependence of the complex frequency-
dependent dielectric response in C-S-H. Cole-Cole model [49],
which is one of the most used relaxation models, shows a good
performance in fitting £°¥(f). With this model, the frequency
dependence in the response reads:

i Ecc — €
1+ (270 fTee) e

where . and &, are respectively the static and infinite fre-
quency dielectric permittivity, 7. the relaxation time and .

&' (f) = € s)
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readability (the horizontal gray line marks the zero for each curve). Thin lines represent + one standard deviation computed over the seven trajectories considered.

the exponent parameter which has a value between -1 and 1
(with @ = 0 corresponding to a Debye model). For ¢.., we fixed
the values of the static response obtained in Section [4.1] using
Eq.(T4) and & is taken equal to 1, since the force fields used
in MD simulations do not include atomic polarization [6]. The
parameters .. and 7. were determined by fitting (using least
squares methods) & oy ( f) with the Cole-Cole model. The Cole-
Cole model does not fit the negative values, nor the bumps ob-
served in the £"°Y(f) dielectric spectra. There is a good agree-
ment between £”°?(f) and the Cole-Cole fit in the real part as
well as in the imaginary part (see Appendix [5).
Figure5]depicts how Cole-Cole parameters 7. and a.. vary
as a function of the interlayer distance. These parameters can

be fitted with the expressions below:
390

— Ay
Tee =Aexp(— P )+Tmf (16)
charac
@ = =Al{l = exp[-Ax(d = A + Ay (17)
where d is the interlayer distance, h‘: narae = 2-90 A is the char-4

acteristic distance, 7,y = 14 ps is the value towards which the
data converge; and A, Ay, A1, A2, Az, and A4 are other fitting
coefficients whose values are reported in Table|T]

The relaxation time 7. exponentially decays towards bulk
water values, as expected. The relaxation frequency is the in-
verse of the relaxation time T = 1/Q27 freiararion), and as dis-
cussed above, relaxation frequencies of bulk water are higher*®
than that of bound water. Together with Eq. (T4), the expres-
sions above can be used as input in the micromechanical model
aiming to estimate the dielectric response at the C-S-H gel scale.
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Table 1: Coeflicients of the fitting equations of acc and 7¢c.

Coeflicients | Values
A [ps] 12655
Ao[A] 3.33
Al [-] 0.589

A, [1/A] 0.307
Az [A] 16.046
As [-] 0.673

4.3. Dielectric response of C-S-H gel

We estimate the static and frequency-dependant permittiv-
ity of C-S-H gel using Eq. (I3) in accordance with the rep-
resentation of the C-S-H gel structure detailed in Section [3.1}
In all cases, the microporous solid particles are represented as
transverse isotropic inclusions with layers stacked according to
the equilibrium basal spacing d,, = 13.7 A. In the case of gel
porosity, two cases are considered:

e A 2D response (as in Eq. [5) with &,,(f) = &,,(f) =
8I|,g(f)a and 8z,g(f) =0

o An isotropic response with g, 4(f) = &y4(f) = &,,(f)

Figure|§| shows the static response of C-S-H gel g,.(0) as a
function of the packing density = 1— f,. The filled and hollow
circles at = 0.64 and n = 0.74 refer to the static permittivity
of low density (LD) and high density (HD) C-S-H, respectively,
the two main packing densities of C-S-H [50]. The values of the
static response of LD and HD C-S-H for the 2D and isotropic
cases are summarized in Table[2] Our values are in agreement
with Guihard et al. [10]] reporting a static dielectric permittivity
of C-S-H in the range 2-20. In this reference, these values are
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Figure 4: Dielectric permittivity of confined water in C-S-H: (A),(B) real and (D),(E) imaginary parts. The (isotropic) response of bulk water is shown for comparison
(experimental values according to Buchner et al. [46] and simulation values for SPC/E water according to Rinne et al. [33])). The functions regarding each interlayer

distance are shifted 50 units upwards for readability (the horizontal gray line marks the zero for each curve);
quantify the (an)isotropy in the parallel components of the dielectric tensor, the difference €, — €, is calcu
dielectric response for selected slit pore sizes.

bulk water values are shifted 500 units upwards. To
lated for the (C) real and (D) imaginary parts of the

Table 2: Static permittivity of LD and HD C-S-H when a 2D or an isotropic behaviour is assumed for the gel porosity configurations.

case | dg=2nm | d,=3nm | d;=4nm | d, = 10nm
gg(0) (LD) | 2D 8.75 9.86 10.40 11.08
£4(0) (HD) | 2D 8.30 9.03 9.36 9.77
gg01(0) (LD) | Iso 15.14 18.20 19.87 22.14
£4.(0) (HD) | Iso 12.72 15.58 15.53 16.77

obtained through inverse analysis of experimental data in the interlayer pores as discussed below.

frequency range [200 MHz; 1GHz]. Our results however show Figure [7] shows the frequency dependence of the effective
that some frequency dependency in C-S-H would arise, even at dielectric response of C-S-H gel. It depicts the real and imag-
this relatively low frequency range, due to the contribution of  inary parts of gg.,(f) for both 2D and isotropic cases for gel
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Figure 5: Variation of Cole-Cole parameters of water confined in C-S-H at the
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represent, respectively, the Cole-Cole parameters from experiments [46] and
MD simulations using the SPC/E water model [33].

porosity according to various packing densities (ranging from™”
0.1 to 1) and for the four characteristic gel pore sizes consid-
ered here (2, 3, 4, and 10 nm). We observe that the dielectric
response at the gel scale depends the gel pore size. The dielec-
tric response of C-S-H gel is fitted using a Cole-Cole model. As
at the molecular scale, we fix the values of the static response .
(Fig. [6) for &... The variation of the two remaining Cole-Cole
parameters (.. and 7..) as a function of the packing density is
illustrated in Fig.[8] The behaviour of system with pores > 2 nm
features the same tendency. Hence, a.. and 7. presented for
d,=4 nm are also valid for mid to large pore gels. Nevertheless,
the static response at d, = 10 nm has higher values than at d,

= 4 nm, which induces differences at the frequency-dependent
dielectric response (Fig. [7). Table[3|outlines .. and 7. of LD
and HD C-S-H.

According to [S1]], confined water shows an anisotropic re-

sponse (g # €, ) in pore as large as 100 nm. The authors stud-so
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Figure 6: Static response of C-S-H gel as a function of the packing density.

ied the dielectric response of water molecules confined between
hydrophobic surfaces, under the influence of external electric
fields. Since the nature of the surfaces between which water
molecules are confined is deemed to have little influence on the
dielectric response [13[], we can assume that g # &, in the gel
porosity of our hydrophilic system, and therefore we consider
the 2D case as the more relevant.

5. Conclusion

In this work, we computed the dielectric response of wa-
ter confined in C-S-H at the molecular scale using MD simu-
lations. These results were used as input in a micromechanical
model in order to get the response at the gel scale. Our results
provide valuable input for the multiscale modeling of dielectric
permittivity of cement-based materials, estimating the intrin-

sic frequency-dependent permittivity of C-S-H gel for the first
time. The main conclusions are:

e Dielectric response of confined water in C-S-H at the
molecular scale. The static dielectric response of water
confined in C-S-H decreases with confinement, confirm-
ing that the universal reduction in the dielectric response
of confined fluids [[15, 13,16} [17]] is also valid for C-S-H.
For interlayer distances above roughly 6 nm, the dielec-
tric response retrieves that of bulk water. The parallel
component of frequency-dependent dielectric permittiv-
ity of confined water in C-S-H is adequately fitted by a

Cole-Cole model with parameters depending on the pore
size.

e Anisotropy in the dielectric response at the molecular
scale. Both pore in-plane directions (x and y) show a
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Table 3: Cole-Cole parameters of LD and HD C-S-H.

case | dg=2nm | d,=3nm | dg=4nm | d, = 10nm
. [-] (LD) 2D 0.024 0.041 0.048 0.051
T [ps] LD) | 2D 281 243 245 251
ae. [-[](HD) | 2D 0.018 0.017 0.016 0.016
Te [ps] (HD) | 2D 312 289 293 299
.. [-] (LD) Iso 0.212 0.279 0.297 0.306
Tee [ps] (LD) | Iso 211 127 121 116
ae [-] (HD) | Iso 0.118 0.145 0.152 0.153
Tee [ps] (HD) | Iso 259 207 206 208




465

470

475

480

0.4

s~ 2
0.2 .
[] e $
L]
z .
0.0
L]
-0.2f e 2Dd,=2nm
e 2Dd,=3nm
2D d, =4 nm
-0.41
e 2D d“, =10 nm
0.0 0.2 0.4 0.6 0.8 1.0
Packing density n=1-f, [-]
e 2Dd,=2nm
4000, pg,=3nm .
2D d, =4 nm )
300, ¢ 2Dd=10nm :3
B .
= R 8
1%}
S 200} R
L]
L]
100/ ¢ s
L]
L]
L
e O

0 . . . . .
0.0 0.2 0.4 0.6 0.8 1.0
Packing density n=1-f, [-]

similar response, which justifies attributing a transverse
isotropic behavior to C-S-H at the molecular scale, and
that even for small interlayer pores. The perpendicular
component of the dielectric tensor vanishes, which indi-sss
cates a reduction in the dimensionality at the molecular
level. Evidence from the study of water confined in large
mesopores suggests that the anisotropic character of the
response persists up to pore sizes as large as 100 nm [S1]],
which justifies adopting a transverse isotropic behavior
even for gel pores. The out-of-diagonal components of#e°
the dielectric tensor are shown to fluctuate around 0. Ac-
counting for the anisotropy at the molecular level is crit-
ical in determining the response of C-S-H.

Dielectric response of C-S-H gel. We quantify the com-
plex dielectric response of C-S-H as a function of the
packing density, which is input for multiscale approaches
coping with C-S-H densification [52]. The values of the
static response of LD and HD C-S-H are in the range of 2-
20 identified in experimental studies [[10]. The Cole-Cole
model also fits pretty well the results at the gel scale. In
our analysis, we considered various gel pore sizes. Our
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Figure 8: Variation of Cole-Cole parameters obtained from fitting the effective dielectric response of C-S-H gel as a function of the packing density 7.

results provide, therefore, a full characterization of the
variability of the complex dielectric response of C-S-H
gel, accounting for the entire range of packing density
and gel pore sizes. In future micromechanical modeling
of the dielectric properties of cement-based materials, C-
S-H must be considered as a phase showing a complex
frequency-dependent behavior.

The perspective of this work includes considering the effect
of unsaturated pores and also applying the multiscale strategy
to other hydrates/ microporous phases in cement systems (e.g.,
AF-phases).
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Appendix. Correlation between £”°7 and the Cole-Cole fit

Figure[9] shows fittings of autocorrelation functions ¢,, and

¢yy using simple exponential decay and polynomial exponen-
565
tially decaying for selected interlayer distances. The associated
quality of fittings is assessed according to the determination co-
efficient (R?) and overall standard deviation (in relative dielec-
tric permittivity units). Overall, polynomial fits yield a better oo
R? and lower standard deviation than the exponential decay.

Flgure. 10/shows the coefficient of determination R* between

the Cole-Cole fit of the dielectric response at the molecular

scale for both real and imaginary parts.

all above 0.9 for interlayer distances above 3 nm. For smaller
pores, the R? are lower but remain in the domain of good corre-
lation.

The R? values are_
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