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Abstract

Slag is increasingly used for replacing a part of clinker. The addition of slag modifies the hydration process and so the
physico-chemical properties (such as porosity, transport properties...) of cementitious materials. Indeed the evolution
of the physico-chemical properties are determined by the hydration kinetics of the anhydrous phases and the
composition of the hydrated phases. The hydration process of slag blended cement is still under investigation due to the
complex interactions between clinker and slag. The aim of this work is to link the evolution of slag blended cement
properties (such as bound water, chemical shrinkage, mineralogy, porosity) to the hydration state. The latter was
defined by the degree of hydration of the cementitious material.

For this study, three commercial cements with variable amounts of the same slag (0%; 61%; 80%) were considered.
Cement paste samples hydrated from one week to one year were characterized. 2°Si MAS NMR experiments were
performed in order to quantify the consumption of the anhydrous phases. A degree of hydration of clinker, slag and
cement could be deduced from these experiments. The results are compared with the evolution of the bound water
content (measure by thermogravimetric analysis which is strongly correlated to the global degree of hydration). For
each measurement of the degree of hydration, the porosity was determined (total free water porosity measurement) and
the mineralogy was described (thermogravimetric analysis (TGA) and X-ray diffraction (XRD)).

Measurement of the degree of hydration shows that the slag used in this study is less reactive than other slags which are
characterized in the literature. On the one hand the low reactivity of slag explains why the chemical shrinkage and
bound water are much more important for a Portland cement than for slag blended cement. On the other hand, for fully
hydrated cement, the chemical shrinkage and bound water are more important for slag blended cement than for
Portland cement. The consumption of portlandite by the hydration of slag is less important than its production by the
clinker even after one year of hydration. The slag degree of hydration is too low to underline an impact of the slag
hydration on the porosity and the bound water content.

A simplified hydration model, based on mass balance, was applied to determine the mineralogical composition of
hydrated slag blended cement according to a specific degree of hydration. Stoichiometric equations used in this model
were based on the hydrates compositions as detected by XRD or available in the literature. The model considers the
consumption of portlandite by the hydration of slag and the incorporation of aluminum in the C-S-H. The results are
used to estimate a volume of chemical shrinkage and bound water. The model has given promising results concerning
the porosity and chemical shrinkage estimation. However the portlandite content predicted by the model is too low
when it is compared to experimental measurements.

Originality
Few studies describe the hydration of slag blended cement accounting for aspects such as mineralogy, physico-
chemical properties (water repartition, chemical shrinkage) and structural properties (porosity). The results of the
literature are strongly dependent on the used slag. It is therefore essential to consider all the aforementioned aspects in
a same study to implement a complete hydration balance. This is done in this work linking them together in a model of
hydration.
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1. Introduction

Blast furnace slags are increasingly used for replacing a part of Portland cement. The use of this kind
of product improve the durability of cementitious materials by decreasing the transport properties
(permeability and diffusion) (Osborne 1999; Taylor 1997). The latter depend on the microstructure
and the hydric state of the cementitious material which are impacted by the hydration process
(dissolution of anhydrous phases and precipitation of hydrates). This process depends on the
anhydrous composition and their kinetic of dissolution. Slag and clinker are composed of the same
main oxides. That is why the same main hydrates are formed: C-S-H, portlandite, AFm and AFt
phases (Haha et al. 2011; Lothenbach et al. 2011). Slag comprises higher quantities of aluminum,
silicon and magnesium which promote the formation of hydrotalcite and the substitution of silicon by
aluminum in C-S-H (generally referred to as C-A-S-H). Their C/S ratio is usually lower than Portland
cement system. The global ratio CaO/SiO, (C/S) of slag is too low to form portlandite (Lothenbach et
al. 2011). Indeed, the main part of calcium is involved in the formation of C-S-H. Moreover, the
kinetic of hydration is strongly influenced by the structure of anhydrous phases. Clinker is composed
of four crystalline phases (CsS, C,S, C3A and C4AF) whereas slag is mainly a glassy structure.
Because of the very low kinetics of hydration of the vitreous part, it is necessary to activate slag
hydration. It is commonly admitted than clinker hydration activates the slag dissolution by increasing
pH value (Pietersen 1993; Kocaba et al. 2012).

The aim of this work is to link the hydration processes of slag blended cements with the
microstructure development. The porosity (water porosity) and the hydric state (defined by the
capillary volume, the free water content and the chemical shrinkage) are characterized and linked to
the degree of hydration of the cementitious materials. Specific degrees of hydration of CsS, C.S, slag
are determined from 2Si MAS NMR experiments. A global degree of hydration is also deduced from
these experiments. A simplified model of hydration is used to calculate a porosity by considering the
formation of some hydrates. Validity of the model is studied by XRD analysis, measurements of the
chemical shrinkage, the portlandite and bound water contents.

2. Experimental
2.1. Materials

Three commercial cements from Calcia with different slag content were studied. Their compositions
are given in Table 1.
Tab. 1 Chemical compositions and properties of cements used (provided by Calcia)

CEM | CEM III/A CEM II1/C

Oxide composition [%w] SiO; 19.5 29.2 32
Al203 52 9 10.3

Fe203 2.3 1.3 0.8

TiO; 0.3 0.5 0.5

MnO 0 0.3 0.4

CaO 64.2 50 451

MgO 0.9 4.8 6.1

SO3 3.5 2.6 2.9

K20 1.07 0.68 0.55

Na.O 0.07 0.38 0.18
Phase composition [%w] Clinker 92.24 34.54 14.22
Slag - 61.41 80.56

Calcite 1.88 0.00 0.00

Gypsum 5.65 3.84 -

Anhydrite - - 5.21

Cement properties Specific gravity [g/cm?] 3.06 2.96 2.91
Blaine surface [cm?/g] 4000 4600 4800

All the cements come from the same factory (Rombas in France) and the same batch.



The cement pastes were prepared according to the standard procedure EN 196-6 (Anon 2012). The
water/binder volume ratio was 1.25 for all the cement. The samples were cured in solution where the
concentrations of calcium, potassium and sodium were fixed to be equal to that of the pore solution.
These concentrations were measured after extraction of the poral solution at 1 month of hydration.
Samples were characterized after 7, 28, 180 (6 months) and 365 (1 year) days of hydration.

2.2. Method

2Si magic-angle spinning (MAS) NMR experiments were performed in order to determine the
quantity of unhydrated clinker and slag (Brunet et al. 2010; Skibsted et al. 1993; Skibsted et al. 1995).
Before crushing the sample, the hydration was stopped by the freeze drying method. 2°Si MAS NMR
spectra were collected with a Bruker Avance 300 WB (7.05 T) spectrometer using a Bruker 4mm
(outer diameter of the ZrO, rotors) CPMAS probe at a spinning frequency of 10 kHz. A recycle delay
of 2s was employed (no change in lineshape were observed for a longer delay of 20s). The spectra
were fitted using an in-house made software developed by Charpentier (Charpentier 1998). The fitting
procedure is detailed in the next section. A specific degree of hydration is calculated according to:
t
o= % (Equation 1)
With a; the specific degree of hydration of the phase “i”, A the line area of the phase “i” when the
cement is anhydrous (t=0) or hydrated (t).
A global degree of hydration of the cement could be deduced:
_ Yo X X
= Ery
Where x; is the molar quantity of the phase “i”.
Thermogravimetric analysis (STA 409 PC LUXX, Netzsch) was used to estimate the quantities of
portlandite and chemically bound water. The protocol used was similar to the one described in Villain
et al. 2007. The sample is dried under a flow of nitrogen for 3 days before being heated up to 1250 °C
(heating rate: 10 °K/min). The mass losses measured from 105 °C to 550 °C and from 420 °C to
550 °C were respectively associated to the bound water (Hornain 2007) and portlandite (Villain et al.
2007) content. The mass losses were normalized to the mass at 550 °C in order to determine a
percentage of bound water and portlandite.
The chemical shrinkage was measured by casting 20 g of paste in a 50 ml bottle filled with distilled
water and connected to a pipette (0.5 ml). Air dissolved in the water was removed under vacuum for 2
hours. The surface of exchange was 12 cm? and the paste thickness was 1 cm. The temperature was
regulated through immersion of the device in a water bath at 25 °C.
X-ray diffraction data were collected with a ANalytical X’Pert PRO MPD diffractometer device. The
X-ray tube used a CuK,, radiation. The detector is an X’Celerator. Samples are cut and polished with
ethanol (in order to remove the possible carbonated layer formed on the surface of the sample during
the cutting process) before to be analyzed. Cement paste were scanned from 5 to 70° during
20 minutes.
Free water porosity was determined according to the procedure of Hornain 2007.

— Mair— lV[dry .
P - Mair+ Mwater (Equatlon 3)
Where Mair and Muwater is the mass of the sample in air and in water when it is saturated,

Mary, the mass of dried sample at 65 °C. At this temperature, evaporation of the bound water is
limited (Zhang & Scherer 2011).

(Equation 2)



3. Results and Discussion
3.1. Measure of the degree of hydration
3.1.1 Fitting procedure

29Si NMR MAS experiments are used to follow the relative quantity of each silicon phases (CsS, C,S,
slag and C-S-H).

The fitting procedure of the spectra is based on the work of Brunet et al. (Brunet et al. 2010): i) three
peaks are attributed to C3sS (encompassing the 18 peaks of monoclinic C3S and the 9 peaks of triclinic
CsS (Skibsted et al. 1995)) with an intensity ratio of 1/ 0.5/ 3; ii) C,S and silicon tetrahedra of C-S-H
(Figure 1) are each described with a single peak;
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Figure 1 : Si tetrahedron in C-S-H (Haas 2012)
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iii) Si[Q2(A"] tetrahedra (Si[Q2] which is link to an aluminum tetrahedron) are considered as well.

The Figure 2 shows the spectra obtained for the CEM | and CEM 111/C cement. CEM I11/A spectra are
not shown because they are very similar to CEM I11/C.
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Figure 2 : Variation of the 2°Si MAS NMR spectra of the CEM | and CEM I11/C cements with hydration
durations

The anhydrous phases of CEM | cement are characterized by chemical shift values between -65 ppm
and -75 ppm. This signal is due to the presence of C3S and C,S. In hydrated samples, the decrease in
CsS and C,S content and the formation of several other peaks between -76 ppm and -88 ppm can be
noticed. The latter correspond to the C-S-H. (Murgier et al. 2004; Skibsted et al. 1995; Warren &
Biscce 1938).

Slag contribution is characterized by a single broad line between —70 ppm and -90 ppm (Brunet et al.
2010; Andersen et al. 2003; Murgier et al. 2004). We can note that the chemical shift of slag is
mingled with the one of clinker and hydrates signal, making the decomposition of slag blended cement
more tricky. NMR parameters (chemical shift, full width at half maximum and Gaussian/Lorentzian
ratio) of clinker and hydrates were therefore determined from the CEM | cement spectra. Only the
hydrated samples were used in this study because peak shapes of clinker in the anhydrous cement were
observed to be different. Other authors underline this modification at the early stage of hydration
(Brunet et al. 2010).



Contrary to the work of Brunet et al., a second peak is added for describing the C,S contribution in
order to have a realistic description of its hydration (this second peak is necessary in order to better
account for the lineshape of the C»S resonance). The ratio between the two peaks of C.S is 4.5.
We also consider that:

- Si[Qa1] =2 Si[Q2],

- % Q2=Qg.
Tab. 2 shows the NMR parameters used in this study. For all the spectra decomposition of hydrated
cement paste, the same parameter values are used within +/- 0.3 ppm.

Tab. 2 Fitting parameters used in the analysis of the 2°Si MAS NMR spectra.

C-S-H
Phases CsS C2S Slag o1 Qs 0,0 Qs
-69.3 -70.9
Chemical shift (top of the peak) (ppm) -75.6 _71'0 -78.1 -78.5 -82 -80.6 -84.4
-73.6 '
1.4 05
Full width at half maximum (ppm) 1.4 1'3 4.3 1.6 14 14 1.4
1.7 '
0.3 01
Gaussian/Lorentzian ratio 0.3 0'4 7.4 0.2 0.1 0.3 0.5
0.3 '
3 1
Intensity ratio 0.5 - - - - -
1 4.5

Chemical shift values are in good agreement with the literature (Murgier et al. 2004; Skibsted et al.
1995; Brunet et al. 2010). For example, the chemical shift of the Si[Qi] tetrahedra could varies
between -77 ppm (Murgier et al. 2004) and -79.5 ppm (Brunet et al. 2010).
For slag blended cement, the same NMR parameters were used. Two peaks are added for describing
the contribution of (Tab. 2):

- Slag. (8iso = -78.1 ppm),

- Aluminum (Q2A%) of C-A-S-H.
Brunet et al. found a chemical shift at -75.8 ppm for the slag. The difference with our model is
certainly due to the composition and the structure of the slag. Figure 3 shows two examples of spectra
decomposition.

Experimental CEM III/C- 1vyear
----- Fit

CEM | - 1 year
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Chemical shift Q2 Chemical shift

Figure 3 : Example of decomposition of 2°Si MAS NMR spectra of the CEM | and CEM I11/C cement after 1
year of hydration
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3.1.2. Evolution of the degree of hydration




It is necessary to know the degree of hydration of C;A and C,AF in order to determine the global
degree of hydration. The decomposition of 2?’Al MAS NMR spectra has not yet been performed. CsA
is known to be very reactive contrary to C,AF. This is why, we consider that CzA have the same
degree of hydration than C3S and that C4AF has no reacted.

Figure 4 represents the evolution of the specific and the global degrees of hydration of the three
cements.
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Figure 4 : Evolution of the specific and global degree of hydration

CsS and C,S react quickly in the first day of hydration before slowing down. This is mainly attributed
to the decrease of the reactive surface (Scrivener & Nonat 2011). The degree of hydration of C,S is
probably overestimated since it is very close to the one of C3S. Indeed, previous experiments showed
that the CsS hydration limits the hydration of C,S (Brunet et al. 2010; Scrivener & Nonat 2011). This
overestimation is probably due to the difficulty of describing the C,S contribution on #’Si MAS NMR
spectra.

We can note that the degree of hydration of belite decrease with the slag content. Kocaba already
underlined this observation (Kocaba 2009).After one year of hydration, CsS and C.S are almost fully
hydrated. On the opposite, slag hydration is more gradual because it needs to be activated for reacting.
Moreover, it could be noticed that solution is probably oversaturated compared to the solubility of the
slag because of the Alite hydration. Alite dissolution should so prevent slag reaction.

It could be noticed that the degree of hydration of slag increase with the clinker percentage. This
observation can be related to the amount of alkaline in the clinker. To conclude, the higher clinker
quantity, the higher pH value and easier the slag reaction (Lothenbach et al. 2011).



3.2. Evolution of the mineralogy and the structure of cement paste

The mineralogy of cement paste was studied by XRD experiments. The Figure 5 illustrates the XRD
patterns which are obtained after one year of hydration.
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Figure 5 : Diffraction pattern of the CEM I, CEM I11/A and CEM I11/C cement hydrated during 1 year
E: Ettringite, MS: Monosulfoaluminate, MC: Monocarboaluminate, P: Portlandite, C: Calcite, H: Hydrotalcite

After one year of hydration, CsS, C,S and CsA were only detected in the CEM | cement. The low
content of clinker in slag blended cement could explain this observation. Cement pastes were
composed of the same main hydrated phases: C-S-H, portlandite, ettringite and monocarboaluminate.
Hydrotalcite and monosulfoaluminate were also detected in the slag blended cement. These phases are
commonly observed in slag blended cement (Taylor et al. 2010).

The slag used in this work has a global ratio CaO/SiO; of 1.2. This value is too low to form C-S-H
with a C/S ratio higher than 1.5. That is why, portlandite initially formed should be dissolved during
the slag hydration. The evolution of the portlandite and bound water content, determined by TGA,
according to the global degree of hydration is presented on Figure 6.
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Figure 6: Evolution of the bound water content (A/), portlandite content (B/)

Whatever the cement type is, the bound water content increase with the global degree of hydration.
These evolutions are due to the anhydrous dissolution and to the hydrates formation. These values
decrease with the slag content because of its low reactivity. It is worth noting that the degree of
hydration of slag is probably too low to underline an impact of this coumpound on the bound water



quantity. Indeed, a good correlation between the bound water content and the global degree of
hydration is observed independently from the slag content. Similar observations are made in the
literature: the bound water content at 180 days of hydration, is around 0.18 ml/g (Darquennes et al.
2013) and 0.21 ml/g (Taylor 1997) for a Portland cement and 0.19 ml/g for a cement with 42 % and
70 % of slag (Darquennes et al. 2013). At 6 months of hydration, the CEM IlII/C and CEM III/A
cement used in this study have less bound water than the slag blended cement of Darquennes et al..
This is probably due to higher slag content (the global degree of hydration decrease with the slag
content).

On the one hand the portlandite content increase with the global degree of hydration due to the
hydration of clinker. On the other hand this hydrate decreases with the slag content. This is mainly due
to the diminution of the clinker content. Indeed, no consumption of the portlandite was underlined
even after one year of hydration. However, stabilization in the portlandite evolution is observed.

The dissolution of anhydrous and the precipitation of hydrated phases modify the porosity and the
hydric state of the materials. The Figure 7 shows the evolution of the porosity and the chemical
shrinkage according to the global degree of hydration.
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Figure 7: Evolution of the porosity (A/) and chemical shrinkage (B/) according to the global degree of hydration
of each cement

The porosity of the cement paste decreases with the hydrates formation. As for the bound water
content, the porosity seems to be correlated with the global degree of hydration whatever the slag
content.

The evolution of the chemical shrinkage is more important for slag blended cement. Indeed, the slope
of the curve increases with the slag content. This result disagrees with previous observations. Indeed,
if the bound water content and the porosity are not impacted by the slag content, the chemical
shrinkage should not be impacted too. However, several authors underline also a more important
chemical shrinkage for slag blended cement (Guillon et al. 2011; Merzouki et al. 2013; Kocaba et al.
2012). Indeed, the value for a CEM I cement with 60 % of slag (Guillon et al. 2011) is 5.5 m1/100g
after 100 days. The value for the CEM | cement is 3 ml/100g.

3.3. Simplified model of hydration

The model developed by Chen (Chen 2006) was chosen for describing the hydration of slag blended
cement because it link the mineralogy evolution to the porosity, the chemical shrinkage and the bound
water content. Moreover, this model is based on the description of the hydration of several slag
blended cement in the literature.

In this model, the clinker is only composed of CsS, C,S, C3A and C4AF. Alite and belite form
portlandite and C-S-H (C/S = 1.7). Gypsum and anhydrite react with CsA to precipitate ettringite.
Aluminum which is not consumed with the CsA takes part in the formation of C4AH13. According to
the previous hypothesis, C4AF should not react during the first year of hydration.



For the slag, only the main oxides are considered (SiO2, Al.O3, CaO, MgO, SOs3). SO3, MgO, SiO;
form respectively ettringite, hydrotalcite and C-S-H. In this model, all the C-S-H has the same C/S
ratio. The latter is deduced from the quantity of silicon and from the total calcium content available
from the clinker (portlandite) and slag. Moreover, only C-S-H from slag could incorporate aluminum.
The quantity of the latter is deduced from the global C/S ratio and from the equation of Richardon
(Richardson 1999):

SIC =0.4277 + 4.732 AIC (Equation 4)

The residual aluminum forms C4AH13. A new global C/S is then deduced by considering the quantity
of calcium used by C4AH1s.

It could be noticed that CsAH13 was not detected by the XRD experiments. In the opposite,
monosulfoaluminate was detected but it is not considered in this model. The formation of these phases
is strongly dependent on the aluminum and magnesium content in slag. This simplification should not
strongly impact the final results. Indeed, in a first approximation it could be considered that the bound
water content and the molar volume are similar to all the AFm phases. For examples, the molar
volume of Cs4AHi3, monosulfoaluminate and hemicarboaluminate are respectively 274 cm®mol,
285 cm®mol and 308 cm®mol (Balonis 2010).

From the specific degree of hydration, it is possible to determine, the volume of each phases, the
bound water content, the chemical shrinkage and the porosity. The bound water content and the molar
volume used for each phase are represented in the Tab. 3.

Tab. 3 Water content (phase equilibrate with a relative humidity of 80%) and molar volume for anhydrous and
hydrated phases (Balonis 2010; Chen 2006)

Anhydrous phases Hydrate phases
Molar volume Water content Molar volume
(cm®/mol) (cm®/mol)
CsS 51.7 Hydrotalcite 13 358.6
C,S 89.3 (MsAH;13)
CsA 127.8 C4AH13 13 274.2
C4AF 36.9 Ettringite 32 705.2
Gypsum 74.8 Portlandite 1 33.0
Calcite 36.9 C-S-H C/S+0.8 Variable
Anhydrite 45.8 C-A-S-H C/S+0.8
CaO 16.7
SiO; 22.7
Al,03 25.8
MgO 11.3

The molar volume of C-S-H are obtained according to (Brouwers 2004) :
VCSH — Mc-s-n _ C/SXMcao+A/S XMal203+Msio2+H/SX Mu2o
m PC—S—H 87.12+74.1 XC/S
38.42433.05 X C/S
With: pcsw the density of C-S-H. The equation is deduced by considering the density of a
C17-S-H1 (dried at 105°C) and C17-S-Hs (in a saturated environement).
Mc-s-H, Mcao, Maios, Msio2 the molar mass of C-S-H, free lime, aluminum oxide and silicon
C/S, A/S, H/S the molar ratio CaO/SiO2, Al,03/SiO; and H,0/SiO, of C-S-H.

(Equation 5)

Figure 8 illustrates the evolution (volume) of cement, hydrates, capillary water and the chemical
shrinkage with respect to time. In order to check the validity of the model, experimental measurements
of porosity, portlandite and chemical shrinkage are added to this figure.
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Figure 8 : Application of the model for the three cement and comparison with the experimental results.
The “Chemical shrinkage — exp” and the “capillary volume — exp” are obtained by subtracting the experimental

value of chemical shrinkage and capillary volume (deduced from the porosity measurements) of the volume of
cement paste.

The measurement of the bound water content which is previously presented could not be introduced in
this model. Indeed, to measure the bound water content, the samples are died at 105°C whereas all the
data in Tab. 3 are defined for the samples equilibrated at 80 % relative humidity.

The porosity measurements are in agreement with the results of the model. A maximum difference of
10% was observed.

The portlandite content of CEM 1 is underestimated by the model (20 % of difference). This gap is
probably due to the fact that the hydration of C4AF is not considered in this study. In the model of
Chen, the hydration of C4AF forms portlandite and hydrogarnet (CsAFS2Hsg). With a 50 % hydration
degree of the C4AF, the difference with the experimental value is under 10 %. The difference between
the portlandite measurements and the model values increases with the slag content.

The evolution of the chemical shrinkage for the CEM | cement is in accordance with the experimental
results. However, a difference of 50 % can be noted at the beginning of the hydration. The gap is
under 10 % after 180 days of hydration.

This description could be improved by:

- The measurements of the specific degrees of hydration of each anhydrous phase. 2’Al MAS
NMR experiments should enable the degree of hydration of C3sA and C4AF to be estimated.

- Determining the quantity of Si[Q.“A"]. Quantitative analyses of the aluminum content will be
made in order to estimate the quantity of aluminum in the C-S-H.

- Studying the Portland cement hydrated 1 hour. This low time of hydration will probably allow
a more accurate determination of the anhydrous peak parameters.

- Considering an incongruent dissolution of the slag. The first result of the ??Al NMR
experiments show a higher degree of hydration for the aluminum part of slag with respect to
the silicon part of slag. This phenomenon was already observed in the literature (Dron &
Brivot 1980; Regourd et al. 1983; Brunet et al. 2010)

- The hypothesis made regarding the stoichiometric equation. In this study, the formation of
C4AH13 is considered whereas this phase was not observed by XRD. The accuracy of the
model should be improved by only considering the observed phases.

- The incertitude about the molar volume (mainly for the C-S-H and C-A-S-H). The molar
volumes of these phases have a big impact on the results since they are the main compound in
hydrated cement. The ratio H/S of C-S-H calculated by the model could be check by the
measurements of bound water content in equilibrated samples at 80 % relative humidity. A
ratio H/S of 1.3 (instead of 2.1) reduce the difference between the experimental results and the



model. According to Brouwers (Brouwers 2004), this ratio H/S is closed to the one of a C-S-H
dry at 105 °C.

- Methodology to measure portlandite content. According to the temperatures which are
attributed to the portlandite decomposition, a gap of 2 % could be observed on the measure for
a same sample. Moreover, the variability between two samples could achieve 20 %.

The model could be completed by adding a kinetic law of hydration for each phase. These laws will be
fitted according to the NMR experiments.

4, Conclusions

The influence of slag hydration in blended cement on the microstructure and the mineralogy was
studied. Global and specific degrees of hydration were deduced from 2°Si NMR experiments. The
hydration rate of slag is less important than the one of clinker. The chemical shrinkage and the bound
water content decrease, while the porosity increase with the slag content because of the low reactivity
of this compound. The degree of hydration of slag is probably too low to observe an impact of the slag
dissolution on the porosity and the bound water content.

The main phases of cementitious materials are observed: C-S-H, portlandite, clinker, ettringite and
monosulfoaluminate. No consumption of the portlandite content was observed during the slag
hydration even after one year of hydration.

A simplified model of hydration is used to describe the hydration of slag blended. The results of the
model are in agreement with the experimental measurements of the porosity and the chemical
shrinkage. However, there are important discrepancy with the portlandite and water content. These
differences are mainly due to the hypothesis made about the stoichiometric equations and the molar
volume of the hydrates (especially the C-S-H).
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