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This paper presents the results of a C3S paste characterization study. The objective was to determine the pa-
rameters needed to model the process of degradation. The experimental study focused on determining the
portlandite content and the ionic diffusion coefficients of C3S paste. The molar C/S ratio of C–S–H in hydrated
C3S pastes was also investigated. The portlandite content was determined with an experimental method
based on an electron microprobe analysis.
This method leads to a portlandite mass content of 24.4±2.3%. The diffusion coefficient of each ionic species
was determined by inverse analysis of diffusion test data performed on hydrated C3S samples using a multi-
ionic transport model.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Tricalcium silicate (C3S) is the major constituent of cement clin-
ker. Its hydration produces two essential solid phases of the hydrated
cement paste: calcium silicate hydrates (C–S–H) and portlandite
(CH)1. In many cases, the behavior of cementitious materials in the
presence of aggressive environments is controlled by the chemical
properties of C–S–H and portlandite [1,2].

Hydrated C3S pastes are only composed of C–S–H and portlandite
when the hydration is complete [3]. These materials were often used
during the past decades to characterize the hydration process of C3S,
the C–S–H and CH formation, and the chemical equilibrium of these
hydrates in various conditions. The mechanisms of C3S hydration
were investigated to describe the different steps of the C–S–H forma-
tion and portlandite precipitation [4]. The molar C/S ratio of C–S–H in
hydrated C3S pastes varies between 1.2 and 2.1 [5–8]. This variation
depends on the studied systems and also on the measurement tech-
niques. Other studies were performed to characterize portlandite
resulting from cement hydration. Experiments were conducted to de-
termine the portlandite mass content in hydrated C3S pastes. Accord-
ing to the literature, values vary from 25% [9, 10] up to 35% [11–13].

The present work focuses on the characterization of hydrated C3S
pastes. The objective is to gather information that can be used later to
analyze leaching tests performed on the samematerial. Such a study re-
quires having fundamental properties of the testedmaterial such as po-
rosity, solid phase contents, and ionic diffusion coefficients. Due to small
. Henocq).
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sample sizes, their determination required specific and innovative ex-
periments. The portlandite mass content of the hydrated C3S pastes,
and consequently the C–S–H mass content, were determined from an
electronmicroprobe analysis. In addition, thewell-known thermogravi-
metric measurement has been used. The diffusion coefficient is a signif-
icant parameter of the rate of chemical attack. However, no data is
available on the ionic transport properties in the case of C3S pastes.
This paper presents the determination of the ionic diffusion coefficients
from diffusion tests performed on hydrated C3S pastes. The diffusion
tests were analyzed by inverse analysis using STADIUM®, a reactive
transport model specifically designed for cementitious materials [14].

2. Materials

C3S paste samples were hydrated for 25 years in saturated lime
water. The specimens were thin discs of 1.5-mm thickness and 22 mm
in diameter made from compacted C3S pastes [15]. The water-to-C3S
ratio was 0.5. Full hydration of the specimens was assumed and it was
also assumed that theywere only constituted of C–S–H and portlandite.
The complete hydration was confirmed by SEM micrography with a
JEOL 840-A apparatus (Fig. 1). Only two major solid phases were iden-
tified by SEM: C–S–H in grey and portlandite in white, as shown in
Fig. 1(a). Unhydrated C3S particles were not detected. Fig. 1(b) con-
firmed that the hydrated C3S paste was a compact C–S–H and portlan-
dite mix, without significant compaction voids. At the scale of the
material, the C–S–H and portlandite phases were uniformly dispersed.
The cracks, shown in Fig. 1(a) and (b), were caused by the surface prep-
aration of the sample. The porosity has been estimated at 35% from the
mass loss after freeze-drying a saturated sample. The total evaporation
of all the water by freeze-drying was assumed. The saturation of a C3S
paste sample after drying under vacuum led also to a porosity equal to
35%. The result was in accordance with a previous work on similar C3S
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Fig. 1. SEM micrographs of polished slices of sound hydrated C3S paste.
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Fig. 2. Microprobe profiles on polished slices of sound hydrated C3S paste.

322 P. Henocq et al. / Cement and Concrete Research 42 (2012) 321–326
compacts [15]. Other studies on hydrated C3S pastes gave a porosity be-
tween 35% and 45% [3] or between 30% and 40% [16] for similar water-
to-binder ratio. Before porosity tests, the C3S sampleswere immersed in
alcohol (isopropanol) for one week and dried in a vacuum chamber for
one week.

3. Microprobe experiments

3.1. Analysis

The calcium and silicon contents were measured by electron mi-
croprobemeasurements (Fig. 2(a)). The experiments were performed
with an electron microprobe CAMECA SX-100 along the thickness of
the C3S samples. The calcium and silicon contents were measured
from K-alpha lines using LPET and TAP crystals respectively. The elec-
tron beam was defocused at 10 μm. The voltage was 15 kV and the
beam current was 20 nA. Each profile contained 500 points for a
thickness around 1200 μm; the resolution of the profiles was closed
to 2.5 μm. Four hydrated C3S specimens were analyzed by micro-
probe; a total of 10 profiles was made.

At thematerial scale, the homogeneous composition of the C3S paste
was confirmed by the calcium and siliconmicroprobe profiles; the peak
amplitude of calcium and silicon profiles remained constant across the
sample thickness. As seen in Fig. 2(b), the different solid phases in the
hydrated C3S could be identified. The presence of portlandite was asso-
ciated to a calcium peak corresponding to a silicon content equal to
zero. The SEM micrograph in Fig. 1(b) showed that the crystal size of
the minerals was greater than 10 μm. The precision of the beam width
(10 μm) and the distance between two measurements (2.5 μm)
allowed to precisely locate the solid phases. As shown in Fig. 2(b), the
presence of C–S–H in the profiles is associatedwith locationswhere cal-
cium and silicon profiles are matching each other. In other locations,
calcium peaks are associatedwith low values of silicon count, indicating
the presence of portlandite crystals and C–S–H.

The calcium and silicon contents were measured in counts/s
(Fig. 2). These contents are proportional to the mass concentration
of each element and this relationship depends on the beam current
[17]. The measured value can be converted in mass percentage for
each element using mineral standards. In this work, the portlandite,
which is a well-crystallized solid phase, was used as calibration stan-
dard to provide the conversion factor of the mass concentration of
calcium. As previously mentioned, the portlandite was clearly identi-
fied from microprobe profiles (Fig. 2(b)). The number of counts asso-
ciated to the portlandite was reproducibly measured for each profile
at 25,200 counts/s while the calcium mass concentration in portlan-
dite is 54%. Consequently, the conversion factor for calcium is esti-
mated at 467 counts/s/% for a current beam of 20 nA. This value is
in accordance with the value of 485 counts/s/% obtained on diopside
from microprobe measurements performed with the electron micro-
probe CAMECA SX-100.

C–S–H was used to determine the mass conversion factor of silicon.
C–S–H can be written as xCaO–SiO2–nH2O where x is the molar C/S
ratio and n is the molar H/S ratio. The mass concentration of calcium
CaC−S−H

%mass and silicon SiC−S−H
%mass in C–S–H are respectively given by:

Ca%mass
C−S−H ¼ xMCa

xMCaO þMSiO2
þ nMH2O

ð1Þ

Si%mass
C−S−H ¼ MSi

xMCaO þMSiO2
þ nMH2O

ð2Þ
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Fig. 3. Determination of calcium content in CH.

Fig. 4. Cumulative function of the CH contents calculated on the microprobe profiles
according to a normal law.
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whereMCa is themolarmass of calcium (40.08 g/mol), MCaO is themolar
mass of calcium oxide (56.08 g/mol), MSi is the molar mass of silicon
(28.09 g/mol), MSiO2

is the molar mass of silicon oxide (60.08 g/mol),
and MH2O is the molar mass of water (18.02 g/mol).

The molar H/S ratio is required to determine the mass concentra-
tion of calcium and silicon in C–S–H. The C3S paste samples have been
dried under vacuum for one week prior the microprobe analysis. The
C–S–H were assumed to keep all their initial chemical water during
the process. In these conditions, the molar ratio H/S is taken at 2.1
in accordance with the formulation of jennite C1.67SH2.1 given in Ref.
[18]. The calcium content in box C–S–H was measured at
16,500 counts/s; it corresponds to a mass concentration of 35.3%
with the conversion factor of 467 counts/s/%. By considering H/S
equal to 2.1, the molar C/S ratio is estimated from Eq. (1) at 1.71,
which is close to the C/S of the jennite as previously defined by
Ref. [18]. Then, according to Eq. (2), the mass proportion of silicon
in C–S–H is 14.5%. The silicon content in C–S–H has been measured
at 6200 counts/s (Fig. 2). Consequently, the conversion factor for
silicon is found at 427 counts/s/%. This value was successfully con-
firmed by a calibration test on quartz leading also to a value of
427 counts/s/%.

The H/S ratio is an important factor because it influences the molar
mass of C–S–H and the mass concentration of silicon and calcium. If
H/S=1.2 as proposed by Ref. [19] for dried C–S–H, the conversion fac-
tor of silicon is estimated at 368 counts/s/%. In the case of H/S=3.0 as
mentioned in Ref. [20] for saturated C3S pastes, this conversion factor
becomes equal to 514 counts/s/%. The mass conversion factor deter-
mined from quartz standard (427 counts/s/%) is not found with the
H/S values of 1.2 and 3.0. Consequently, the water content in C–S–H is
reliably characterized by the molar H/S ratio of 2.1.

The calcium and silicon profiles were converted in mass content
using the factors previously found on portlandite and C–S–H
(Fig. 3). The molar C/S ratio was estimated at locations where C–S–
H were identified on the microprobe profiles. On the basis of 18
points, the average molar C/S ratio was found at 1.67±0.03 in accor-
dance with Ref. [18]. It is also noticed that the mass concentration of
calcium in locations where calcium and silicon profiles match is lower
than 35% corresponding to C–S–H. There is no correlation between
the calcium and silicon contents indicating the presence of C3S for
which the mass concentration of calcium is 53%. That confirms the
previous observations showing that the pastes did not contain unhy-
drated C3S and that they were only constituted by portlandite and C–
S–H. Consequently, silicon was assumed to be only present in C–S–H.

3.2. CH content

The molar C/S ratio was previously found at 1.67. Consequently,
the mass Ca/Si ratio in C–S–H was estimated at 2.30. For each micro-
probe profile, the mass concentration of calcium in C–S–H was deter-
mined as Ca/Si×SiC− S−H

%mass . The calcium profile Ca/Si×SiC−S−H
%mass is

plotted in Fig. 3(a). This profile is equivalent to the total calcium pro-
file where C–S–H are identified. The mass concentration of calcium in
portlandite CaCH

%mass is given by:

Ca%mass
CH ¼ Ca%mass

total|fflfflfflffl{zfflfflfflffl}
Experimental

− Ca%mass
C−S−H|fflfflfflfflffl{zfflfflfflfflffl}

Si%mass
C−S−H�Ca=Si

ð3Þ

Fig. 3(b) presents the profile of the calciummass concentration in por-
tlandite. The portlandite mass content ηCH can be expressed as follows :

ηCH ¼ MCH

MCa
Ca%mass

CH ð4Þ

where MCH is the molar mass of portlandite (74.09 g/mol).
Eq. (4) gives the mass concentration of portlandite for each point
of the microprobe profile. An average value of ηCH and its standard de-
viation were calculated throughout the thickness of the samples on
the basis of 10 microprobe profiles using 500 points per profile. The
portlandite mass content in hydrated C3S paste was estimated at
24.4±2.3%. Fig. 4 shows the cumulative function in accordance
with a normal law.

In addition, a thermogravimetric analysis (TGA) was performed.
TGA is commonly used to estimate the portlandite content in cemen-
titious materials [3,12]. TGA analyses were carried out on very small
pieces of hydrated C3S pastes (~15 mg) with a PerkinElmer TGA 7.
Fig. 5 shows the mass evolution and the differential thermal analysis
as a function of temperature measured by TGA. The mass loss around
420 °C is attributed to the water loss due to the decomposition of por-
tlandite. This mass loss was calculated from both curves according to
the annotations in Fig. 5: (A) by mass loss between the points A1 and
B1, (B) by integrating the derivative between the points A and B with
a baseline at the level of the point B, and (C) by integrating the deriv-
ative between the points A and B with the baseline AB. The sample
was partially saturated before the TGA test as evidenced by the
mass loss between 30 °C and 100 °C in Fig. 5. The reference mass
was taken at the temperature of 105 °C for which the evaporable



Fig. 5. TGA measurements for determining the Ca(OH)2 content.
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water is assumed to be lost. The calculations of the mass content of
portlandite led to: (A) 29.7%, (B) 27.8%, and (C) 25.6%. For method
(A), the mass loss was assumed to totally come from the decomposi-
tion of the portlandite only while evaporation of adsorbed water cer-
tainly occurred in parallel. The integration of the derivative allowed
to distinguish the portlandite decomposition and the water evapora-
tion by considering the baseline in the calculation of the area under
the curve. For the case (B), the baseline was assumed to be at the
level of the point B after which the derivative was almost constant
while the line AB was considered as the baseline in the case (C).
The point A probably should be influenced by a mass loss just before
the portlandite decomposition, and the method (C) has overesti-
mated the mass loss. The method (B) likely provided the more reli-
able CH mass content with a consistent estimation of the water
evaporation simultaneous to the CH decomposition. This analysis
globally gives a higher CH mass content compared to the microprobe
method. The methods (A), (B), and (C) show the limits of TGA to give
consistent results in this work. Moreover, the difficulty to control the
initial mass of the sample due to the uncertainty of its degree of sat-
uration leads to inaccurate mass content estimation. However, TGA
analysis has confirmed the absence of carbonation; no mass loss
was detected between 700 and 900 °C, which corresponds to the tem-
perature range of calcium carbonate decomposition [3].

The portlandite mass content found from the microprobe analysis
was consistent with previous works on tricalcium silicate, such as in
Ref. [10] (25%), where a TGA technique on C3S compacts was used.
The authors in Ref. [9] used a water adsorption technique to obtain
24.7% after 28 days of hydration and 29.2% after 60 days. But in the
latter hydration time, free lime was suspected to be present. Different
works have given data slightly higher, between 30% and 35% by Quan-
titative X-Ray Analysis [11,13] and chemical method [21], while a
portlandite mass content around 20% was also found [12] by differen-
tial thermal technique.

4. Diffusion tests

4.1. Experimental

Fig. 6 shows the diffusion set up used to determine the ionic diffu-
sion coefficients of hydrated C3S pastes. An adapted bearing wasman-
ufactured for the small C3S disks (Fig. 6(a)). The C3S samples were
fixed between two cells with the bearing. The sample surface, ex-
posed to the cell solutions, was 3.8 cm2. The volume of the cells was
0.1 l. The upstream cell was filled with NaOH (0.32 M) and NaCl
(two different test conditions at 0.1 and 0.05 M) solution while the
downstream contained 0.32 M NaOH solution (Fig. 6(b)). The solu-
tions were renewed on a weekly basis. Upon renewing solutions,
chloride concentration in the downstream cell was measured to ob-
tain the cumulative chloride flux across the sample. The chloride
concentration was measured with a Mettler D21 titrator using a silver
electrode Mettler Toledo DM 141-SC. Diffusion tests were performed
over 50 days.

The chloride concentration evolution in the downstream cell was
the sum of the successive measured concentrations. As shown in
Fig. 7, the measured chloride concentration was linear as a function
of time. There was no time lag corresponding to the necessary time
for chloride ions to pass through the disk thickness. The very small
thickness of the samples (1.5 mm) explained this absence of time
lag. Consequently, the steady-state was rapidly reached as illustrated
by the linear behavior. It could be noted that the chloride concentra-
tion in the downstream cell between two measurements remained
too low to influence the diffusion kinetics; the boundary conditions
were thus considered constant during the test. As expected, the chlor-
ideingress was faster for 0.1 M than for 0.05 M.

4.2. Numerical model

The ionic transport model STADIUM® was used to analyze the dif-
fusion test results [14,22]. It is based on a Sequential Non Iterative Al-
gorithm (SNIA) that separately solves the transport equations and the
chemical equilibrium relationships. The transport equations (i.e. mass
conservation equations for the species, moisture flow, thermal con-
duction, and electrodiffusion coupling) are discretized using the finite
element method and solved simultaneously using a coupled
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image of Fig.�6


Fig. 7. Chloride concentration in the downstream cell during diffusion tests for
NaCl=0.05 M and 0.1 M in the upstream.

Fig. 8. effect of NaOH on the chloride binding in the case of hydrated C3S pastes [26–29].

Fig. 9. Modeling of diffusion tests with DCl� ¼ 7:9010−11m2
s= .
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algorithm. From expressions at the microscopic scale, the mass con-
servation equations were integrated over a representative elementa-
ry volume (REV) using a homogenization technique, to yield
expressions at the macroscopic scale [23,24]. In the case of saturated
materials maintained under isothermal conditions, the advection ef-
fect on the ionic flux can be neglected and the mass conservation
equation for species i is then expressed as [14]:

∂ ϕcið Þ
∂t ¼ −∂Ji

∂x ¼ ∂
∂x ϕDi

∂ci
∂x|fflfflffl{zfflfflffl}

diffusion

þ ϕ
ziF
RT

Dici
∂Ψ
∂x|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

nsmallmatrixelectrical
coupling

þϕDici
∂lnγi

∂x|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
chemical
activity

0
BBBBBBBBBB@

1
CCCCCCCCCCA

ð5Þ

where Ji is the flux (mol/m2/s), ci is the concentration (mmol/l), Di is
the diffusion coefficient (m2/s), zi is the valence number of the ionic
species i. ϕ is the porosity (m3/m3), F is the Faraday constant
(96488.5 C/mol), Ψ is the electro-diffusion potential (V), R is the
ideal gas constant (8.31 J/mol/K), T is the temperature (K), and γi is
the activity coefficient. The activity coefficients in the model are eval-
uated on the basis of the Harvie, Moller and Weare (HMW) imple-
mentation of Pitzer's ion interaction model [25]. Di is defined as

Di ¼ τD0
i ð6Þ

where Di
0 is the self-diffusion coefficient of species i and τ is the

tortuosity.
The ion i interacts with the other ions in the pore solution as a result

of their electrical charges. This electrostatic interaction induces an elec-
trical potential and influences theirmotion in the porous network of the
material. As outlined in Eq. (5), the electrostatic effect on ionic species i
is called electrical coupling. Poisson's equation (Eq. 7) is added to
Nernst-Planck equation to solve the electro-diffusion potential variable.
The averaged version of Poisson's equation is given by [14]:

d
dx

τϕ
dΨ
dx

� �
¼ − F

ε
ϕ
XN
i¼1

zici ð7Þ

where ε is the medium permittivity (F/m), and N the number of ionic
species in the pore solution. ε=εrε0 with εr, the vacuum permittivity
(8.854 10−12 F/m) and ε0, the dielectric constant of water (80 at 20 °C).

The presence of 0.32 M NaOH in the upstream and the down-
stream cells allowed maintaining the equilibrium between the hy-
drates and the exposure solutions. It was assumed that the
properties of hydrated C3S pastes remained unchanged since the por-
tlandite and C–S–H are not affected in highly basic solutions. It was
also assumed that there were no chemical reactions between chloride
ions and the cementitious matrix during the diffusion experiments
since aluminates were not present in the material. Furthermore, in
the presence of high NaOH concentration, the physical adsorption of
chloride on C–S–H surface is assumed to be very low in accordance
with refs. [26,27] and [28] (Fig. 8). Calculations with STADIUM® con-
firmed that the motion of chloride ions was not influenced by physi-
cal interaction. The evolution of the chloride concentration in the
downstream was characterized by the absence of time lag and by
the linear behavior. These two points corroborates that physical bind-
ing of chloride ions and chemical reactions in the CH/C–S–H system
were assumed to be negligible to consider a pure diffusion case
with only a correction to account for electrostatic interactions be-
tween ions.

4.3. Modeling results

The ionic species Ca2+, OH−, Na+, and Cl− were taken into ac-
count in the calculations. The initial composition of the pore solution
was [OH−]=0.04 M and [Ca2+]=0.02 M, corresponding to the equi-
librium concentration of the CH/C–S–H system. As mentioned previ-
ously, the porosity of the hydrated C3S was 35%. The diffusion
coefficient Di of the species i was determined by inverse analysis by
using STADIUM® to replicate the experimental curves given in
Fig. 7. The chloride concentration in the downstream cell is given by:

Cl−½ � ¼ JCl− � S� t
V

ð8Þ

where JCl− (mol/m2/s) is the chloride ions flux at the sample surface S
(m2) exposed to the downstream cell (Eq. 5), t is the diffusion time
(s), and V is the volume of the downstream cell (L). The surface S
and the volume V are 3.8 cm2 and 0.1 L respectively. The calculations
performed with STADIUM® lead to a tortuosity τ=3.89 10−2. This

image of Fig.�8
image of Fig.�9


Table 1
Diffusion coefficient of the different species for the hydrated C3S pastes.

Species Diffusion coefficient Di (10−11 m2/s)

OH− 20.50
Cl− 7.90
Na+ 5.24
Ca2+ 3.08
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tortuosity value is equivalent to DCl−=7.90 10−11 m2/s (Eq. 6). Fig. 9
shows the results of the simulations with this value of DCl−. Table 1
gives the diffusion coefficient of the various species present in the
studied system.

5. Conclusion

This paper presented a reliable method based on electron micro-
probe measurements to determine the portlandite content and the
molar ratio C/S of C–S–H of hydrated C3S pastes. The portlandite
mass content was found at 24.4%±2.3%. The microprobe analysis
provided an averaged value through the thickness of the samples. Ad-
ditionally, the diffusion coefficient of ions was determined from ana-
lyzing diffusion test results with the numerical model STADIUM®. The
results provided essential parameters to model the behavior of these
C3S-based materials in the presence of aggressive solutions. Based on
this work, the leaching of portlandite and the decalcification of C–S–H
could be investigated of hydrated C3S paste samples exposed to low
pH environment.
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