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RESUME Le laitier de haut fourneau, un sous-produit du processus de fabrication de I'acier,
peut étre utilisé comme addition minérale dans les ciments composés. Outre la réduction des
émissions de CO2 dans la construction des ouvrages en béton, 1'utilisation du laitier dans les
matériaux cimentaires peut aussi contribuer a améliorer leurs propriétés de durabilité. Malgré
de nombreuses études sur les propriétés d'hydratation des ciments a base de laitier, certains
aspects, tels que l'influence du taux de substitution en laitier sur la cinétique d'hydratation, sur
et sur les propriétés microstructurales restent encore mal compris. Cette étude est une
contribution a une meilleure compréhension de I'hydratation des ciments au laitier a travers la
mise en ceuvre d'un modele d’hydratation intégrant a la fois cinétique et réactions chimiques.
Les données d'entrée requises sont les parametres de formulation (rapport eau/liant, taux de
substitution du clinker par le laitier) et le type de cure. Le modeéle reproduit bien les évolutions
du degré d’hydratation, les quantités d’hydrates ainsi que des densités seches issues de la
littérature ou mesurées expérimentalement sur des formulations de pates de ciment contenant
respectivement 0%, 30%, 50% et 80% de laitier.

Mots-clefs Ciment a base du laitier de haut fourneau, degré d'hydratation, microstructure,
modele d'hydratation.

I. INTRODUCTION

In a world moving towards more eco-friendly construction, one of the primary challenges in terms
of ecological sustainability for the coming decades is to design and produce concretes with less
clinker and lower CO: emissions while ensuring enhanced durability. Blast Furnace Slag (BES), a
non-metallic mineral by-product of iron production, is widely used in the cement due to its
advantageous properties. Studies have explored blending Portland cement with BFS to enhance
overall structural performance. Benefits include low heat of hydration (Ben Fraj et al., 2019; Ozbay
et al., 2016), high chloride resistance (Ben Fraj et al., 2012; Touil et al., 2022), improved compressive
strength, and durability (Dhir et al., 1996; Luo et al., 2003).

Knowing that the chemical composition of BFS is closely to that of Ordinary Portland Cement
(OPC), its activation typically requires a basic agent, like alkaline (sodium or calcium), sulfatic
(gypsum), sulfate-calcium, or sulfate-sodium activation (Cheng et al., 2005; Hadj-sadok et al., 2011;
Shi-Ping and Grandet, 1989). This study considers calcium activation using Portlandite Ca(OH)2
generated during clinker hydration.

Despite numerous studies on slag-blended cement hydration processes, understanding the
effects of clinker substitution rates by slag on kinetics, mechanisms, and microstructural properties
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remains incomplete. The present study aims at filling this gap by involving hydration model that
takes both kinetic and chemical aspects into account.

Various approaches for predicting hydration kinetics have been developed in the literature,
including analytical and numerical methods. Analytical models, such as those proposed by
(Knudsen, 1984; Merzouki et al., 2013), accurately simulate the kinetics evolutions of low slag
substitutions but underestimate for higher amounts. Numerical models, like those by (Kolani et al.,
2012; Kolani, 2012; Wang, 2021; Wang et al., 2010), use mass and heat balance equations coupled
with thermodynamic calculations (Elakneswaran et al., 2016) but referring to the authors
themselves, it may overestimate hydration degrees for high slag replacements.

Chemical reaction descriptions have been approached stoichiometrically, but some models
lack consideration for hydration evolution over time. Multi-component hydration models, such as
(Jennings and Johnson, 1986), HydratiCA (Bullard, 2007), and CEMHYD3D (Bentz and Bentz, 2000),
use geochemical approaches with different discretization methods. These models are considered as

time consuming.

It is worth noting that this article is a part of my thesis research, which involves developing a
comprehensive model starting by exploring the hydration process, continues with an analysis of
microstructure, and further investigates transport properties like gas permeability and chloride
diffusion. These aspects will be integrated with the chloride fixation isotherm to form a complete
and comprehensive coupled model to understand the initiation of corrosion within a blended
cement, particularly in a tidal bed, while considering different tidal cycles (Reuge et al., 2023).

In this regard, this study aims at achieving a better comprehension of the long-term
characteristics of BFS-blended cement through the development of a hydration model considering
both kinetics and chemical reactions with few input data. Through this objective, the study aims to
contribute valuable insights into the long-term performance of BES-blended cement by integrating
hydration kinetics, chemical reactions, and physical property estimation. Analytical models are
proposed for predicting hydration kinetics, validated and calibrated through experimental results
from Thermal Gravimetric Analysis (TGA). TGA is used to estimate the hydration degree of cement
paste incorporating various slag rates at different ages. A modified version of the stoichiometric
model proposed by (Kolani et al., 2012), allowing to predict the consumed Portlandite content
without the passing through a numerical resolution of a system of equations of mass and heat
balances is used to describe the chemical reactions during the hydration process. The output data
of the model includes hydrated and anhydrous phases and dry densities. The approach is validated
experimentally and based on literature findings of different formulations. The proposed model is
able to predict the properties of any BFS blended formulations even at long-term.

II.  Hydration model

a. Kinetic model:

In the literature (Deboucha et al., 2017; Lang et al., 2019; Stephant et al., 2014), the mean hydration
degree (a) of a slag-blended cement is calculated as a weighted average of clinker and slag
hydration degrees, denoted as f. and fs, respectively, in Equation 1. As already mentioned
previously, a is estimated through the TGA method based on prior research conducted in the
laboratory.
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o=fexae Hsxats Equation 1

For predicting the hydration degrees of clinker and slag, the Avrami exponential-type function
(Avrami, 1941, 1940, 1939) is chosen due to its suitability for describing nucleation and growth
reactions. This model is expressed in Equation 2, where ai represents clinker or slag, ctimaxis the
ultimate hydration degree, Si is a rate constant, and ni is an exponent combining time dependencies.

ai=0oti,maxx[1-exp(-Six(t)*)] (i = c for clinker or s for slag) Equation 2

The ultimate hydration of clinker (acmax) is determined using a relationship proposed by

(Waller, 1999) (Equation 3).
acmax =1-exp(-Dx(W/C)) Equation 3

In parallel, the evolution of asmax with respect to the substitution rate of clinker by slag is not
clearly established in the literature; hence, a linear evolution is proposed. Once the two ultimate
hydration degrees are determined, the two parameters Si and ni, for both clinker and slag, can be
calibrated and are assumed to vary following a linear regression with respect to the slag content as
demonstrated in (Ali Ahmad et al., 2024) by minimizing squared deviations between predicted and
estimated values of o at different ages from TGA on the various cement paste formulations.

b. Chemical model:

The study utilizes stoichiometric calculations developed by (Kolani et al., 2012; Kolani, 2012) to
describe chemical reactions during the hydration of slag-blended cements. The calculations
consider two categories of hydrates formed during clinker and slag hydration. The concentrations
of hydrated and anhydrous phases are expressed as functions of time, allowing for the
determination of mass and volume of these phases. The study decouples kinetics and chemical
aspects for simplified analytical resolution, different from the coupled approach by Kolani.

Mi hydrated = XX M0 Equation 4

M non-hydrated = (1-0ti)* mio Equation 5
where mi,0 represents the initial mass introduced in the mixture for each component i (clinker or
slag). Depending on the chemical composition of cement and slag, the amounts of hydrated oxides
are calculated using the following equation:

[j]hydrated,i = Miihydrateax Fji/ M Equation 6
where j represents the different oxides in the anhydrous phases. [j]nydrated,i is the molar concentration
(mol/g) of the hydrated oxide j in the initial introduced mass of component mio; Fj; and M; represent
the percentage of the oxide j in the binder i, and the molar mass of j (g/mol), respectively. The
stoichiometric equations are detailed in Kolani’s thesis (Kolani, 2012). For clinker, the hydration
results various hydrates such as calcium silicate hydrates (CSH), Portlandite (CH), Ettringite (AFt),
and Monosulfoaluminate (AFm). The hydration of slag consumes a part of this produced CH,
however this quantity cannot be determined. In this regard, we simplify the estimation of
remaining Portlandite ([CH]c remaining) by assuming it is proportional to the already estimated
Portlandite reported in (Kolani, 2012) and noted as [CH]c, formed (t).

[CH]c, remaining (t) = Ax [CH]c, formed (t) Equation 7
The coefficient of proportionality (A) is determined by comparing available CH levels from TGA
and model predictions (Figure 1), resulting in a found value of A equal to 0.8. A lower A is expected,
indicating that only 20% of Portlandite generated by clinker hydration is assumed to be consumed
by slag hydration. This may be due to the potential underestimation of CH formation during clinker
hydration, which relies solely on the chemical composition of the clinker. The influence of slag is
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considered through the substitution rate, but the complex interactions between clinker and slag will
be considered in future studies.

The evolution of slag hydrates, including calcium aluminate silicate hydrates (CASH),
Hydrotalcite (HT), Ettringite (Aft), and Hydrogarnet (AH), is also calculated following the
stoichiometric equations reported in (Kolani, 2012) and depending on many ratio; where (A/S)sc
represents the molar ratio A/S formed by the slag in the presence of clinker. It is estimated by
(Richardson, 1999) by the following relationship:

(A/S)sc = (1/4.732)x[ 1-0.4277*(C/S)s] Equation 8

Based on the findings of (Adenot, 1992) and (Brouwers, 2004) which are adopted by (Kolani et al.,
2012) the following relation is considered: (C/S)s= (H/S)s= 1.14. Knowing that (H/S)sis the water
demand of the CASH of the slag alone. The knowledge of this parameter allows quantifying the
reacted water with the CASH. The quantification of the reacted water with all the hydrates leads to
the identification of the free water quantity available at each time, allowing further prediction of
the porosity. In the case of BFS-blended cement, the water demand of CASH formed by the
hydration of the slag in the presence of the OPC is evaluated by a linear interpolation between the
water demand of CSH.of the OPC and that of CASH;of the BFS.

(H/S)se(t) = (C/S)sc(t) +1.45%((C/S)se(t)- (H/S)s(t)) Equation 9
where the (C/S)sc takes into consideration both hydrates, CSH and CASH, as follows:
(C/S)sc(t) = (C/S)CX kc(t)+ (C/S)sxks(t) Equation 10

It is important to clarify that the formation of the CASH requires the presence of a source of
calcium. In the studied formulation, the two sources are the [CH] remaining, and [C]hydrated s. It is worth
noting that (Kolani et al., 2012; Kolani, 2012) considered these two equations related directly to the
remaining quantity of Portlandite and calcium oxide in the slag. However, as the proportions of
Portlandite and calcium in hydrated slag are simply identified with time in this study, k. and ks are
proposed to satisfy the calcium demand of slag hydrates, to consume the necessary calcium, in
proportion to the quantities available in each source as follows:

ke (t) = [[CH] consumed (t)] / [([CH] consumed (t)) + [CJnydrateds ()] Equation 11
Ks (t) = [Clnydrated,s (t) / ([CH] consumed (t) + [Clhydrated;s (£)) Equation 12
Finally, the mass and volume of the hydrates are calculated by multiplying the molar content
by either the molar mass or the molar volume, respectively, as shown in the following equations:
mn,i (t) = Mn x[h]i (t) Equation 13
Vhi (t) = Vmn x[h]i (t) Equation 14
where h, [h]i, My, and Vmn are the hydrates, the content of this hydrate h in the component i, the
molar mass and the molar volume of the hydrate h respectively. The evolution of the remaining
Portlandite with respect to the solid mass available at time t is also taken into consideration, to be
compared at a later stage to the results of the TGA measurements. In order to estimate it, the
following equation is proposed:
Y%m CHremaining (t) = M CHremaining (£)/ [ Y (M hydrated (t)+Minon-hydrated (t) -m(rw)i (t))]  Equation 15
where mrw,i represents the mass of the reacted water of each hydrate of the binder i at time t. It can
be calculated from the quantity of the reacted water in moles per mole of hydrate “n(rw)x” in each
binder, which can be identified from the chemical formula of the hydrate. Then the sum of the
reacted water at time t can be given as follow:
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> m(rw)i (t) = n(rw)n x [h]i(t) x Mrzo Equation 16
where MHzo is the molar mass of water (18 g/mol).
Concerning the dry density, which represents the mass of solid phases corresponding to a
given volume, it can also be estimated with the model using the following equation:
Qdry (t) = Y (mni (£)+ Minon-hydrated (t)) / (Viotal) Equation 17
For the estimation of the capillary porosity, the calculation of the capillary pores volume is
required and given in the following equation:
Veap pores= )" (Vio+ Ventrapped air) - (Vh,i (£)+ Vinon-hydrated (t)) Equation 18
where Vio, Vinonhydrated, and Ventrapped air are the initially introduced volume, the volume of the non-
hydrated phases of the binder i, and the volume of the entrapped air, respectively.
Vio=mio/Qi Equation 19
Vinon-hydrated(t) = 1M i,non-hydrated (t) / Qi Equation 20
Ventrapped air is measured experimentally and is found varying around 3.57% of the initially
introduced volume V w. The capillary porosity can then be written as follow:
Dcap (t) = Veap pores / (V 0+ Ventrapped air) Equation 21
The study provides equations for calculating the mass and volume of hydrates, remaining
Portlandite, dry density, and capillary porosity over time in slag-blended cement. The model's
parameters are derived from experimental data and calibrated to match TGA results.

III.  Experimental procedure and characterization methods

a. Materials

The experimental campaign involves studying slag-based cement pastes with different substitution
rates by mass of clinker (CEM 152.5 N SR5 PM-CP2 HTS cement by Lafarge from Le Teil (France),
with a density of 3.17 g/cm?), by BFS (Produced by Ecocem in Dunkerque, France with a density of
2.9 g/cm?3): 0% (P0), 30% (P30), 50% (P50), and 80% (P80). A constant water-to-binder ratio (W/B) of
0.5 is maintained for all formulations, enabling comparisons with a normalized mortar. The four
cement paste mixtures were cast into 40*40*160 mm? molds according to the standard (NF EN 196-
3, 2017). After casting, plastic films were placed over the molds for 24 hours to reduce water
evaporation. Following the demolding process, the samples were immersed in water to achieve
saturation, hence enhancing the hydration reactions.

b.  Thermogravimetric Analysis

TGA allows both the calibration of kinetic model parameters and the validation through the
quantification of certain phases such as Portlandite; it is conducted on ground powder having a
particle size lower than 0.4 um in a nitrogen atmosphere. The apparatus used is a TG/DSC-1, STARe
Software 9.30, Mettler-Toledo, with a balanced accuracy of 0.1 ug. All the samples are decomposed
during a dynamic heating ramp ranging between 20 and 1025 °C at a rate of 5°C/min. The powder
was not dried prior to TG tests to avoid hydrate instability (Baroghel-Bouny, 2004; Deboucha et al.,
2017; Taylor, 1997).

The decomposition of cement hydrates is observed during TGA by decreased endothermic
peaks on the derivative TGA. The cement hydrate decomposition may be divided into three stages:
e between 25 and 400 °C:
- Removal of the evaporable water (25 to 105°C)
- dehydration reaction of CSH and CASH noted as “Ldh” (105 to 400 °C)
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e between 400 and 600 °C: dehydroxylation of Portlandite, noted as “Ldx”
e between 600 and 800 °C: decarbonation of CaCOs, noted as “Ldc”

Furthermore, the temperature ranges of each phase vary from one author to another, with low
differences depending on the machine used (Bhatty, 1986; Deboucha et al., 2017; Monteagudo et al.,
2014). Based on TG results, a method developed by (Monteagudo et al.,, 2014) and recently
improved by (Deboucha et al., 2017) is used to estimate the mean value of hydration degree. Such
a method is based on a measurement of the chemically bound water of mineral additions blended
into cement paste at time t “Ws(t)” with respect to the ultimate chemically bound water (Ws~) and
mass of equivalent binder (Leq) in the sample as described in Equation 22.

o= (Ws(t)) / (WaexLeq) Equation 22
Ws.- (g) is considered equal to 0.24, as assumed by several authors (Deboucha et al., 2017;
Monteagudo et al., 2014). The mass of equivalent binder Leq (g) is calculated as Equation 23 by
introducing the activity coefficient K = 0.9 for the studied slag according to EN NF 206-1 and NF
P18-305 standards (EN NF 206-1, 2004; NF P18-305, 1996).
Leq= mc+Kxms Equation 23
The calculation methods for mc and ms are given in Equation 24 & Equation 25.
mc= [Msample-mex(fs+W/B) ]/[(1+LOIc)] Equation 24
ms= [Msample-msx((1-fs)+W/B)) 1/[(1+LOIs)] Equation 25
where ms, fs, W/B, and LOI represent: the binder mass (g), the replacement rate of OPC by slag, the
water/binder ratio, and the loss on ignition, respectively. Ws can be calculated as follows:
Ws (t)= Ldnt+Ldx+0.41(Lde-Ldcs)- (mcxLOIcctmsxLOIsc)+md Equation 26
where Ldcs, LOlic, and mad are the relative mass losses during the decarbonation phase (between 600
and 1000°C) of the anhydrous material, the loss on ignition of anhydrous powder mass, and the
device’s drift, which is the mass variation of an empty crucible (g) subjected to a high temperature,
respectively. The constant “0.41” represents the conversion factor, which allows assuming the
bound water is derived from carbonated Portlandite (Deboucha et al., 2017).

The determination of the experimental content of Portlandite at a given period of time t with
respect to the dry mass is also possible. It is given by following the equation, based on TGA:
%Ca(OH)2(t)=(Ldx*Mca©omn)2)/(msooccx MH20) Equation 27

c.  Dry density and porosity
The dry density and the water porosity are assessed following the procedure outlined in the French
standard (AFNOR, 2022) and calculated using the formula:
@ = (Msat-Mdry)/(Msat-Mhydro) Equation 28
Qdry = (Mdry)/(Msat-Mhydro) Equation 29
where @, msat, Mdry, Mhydro and Qdry are the porosity, sample saturated mass, the dry mass measured
after drying at 105°C, the hydrostatic mass and the dry density respectively.

IV. Results and discussion

a.  Hydration kinetics
In general, the hydration kinetics of BFS is slower than that of OPC. Figure 1 illustrates the
hydration kinetics for four cement paste formulations (PO, P30, P50, and P80) over 960 days. The
initial dilution effect of slag is evident, with lower hydration degrees at 7 days (0.67, 0.54, 0.53, and
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0.38 for PO, P30, P50, and P80, respectively). Despite increased values between 7 and 360 days (0.91,
0.83, 0.73, and 0.49); the dilution effect persists, as indicated by the stable CH amount.

N Modeled PO I Modeled P30 [ Modeled P50 [ Modeled P80
«—t— Exp PO === Exp P30 === Exp P50 === Exp P80
1
@ 0,9
50,8
<07
=205
-E 0,4
0,3

7 28 56

360 530 960

180
time (days)

Figure 1. Hydration degree based on TGA used to calibrate the model

At 530 days, hydration degrees for slag-blended cement pastes, especially P30, notably increase,
becoming comparable to P0. The hydration degrees at 530 days are 0.87, 0.89, 0.76, and 0.62 for PO,
P30, P50, and P80, respectively. Beyond this point, PO and P30 exhibit similar hydration degrees,
while P50 and P80 remain lower. After 960 days, the hydration degrees for PO, P50, and P80 are
0.92,0.90, 0.73, and 0.53, respectively. The decrease reported for P80 between 530 and 960 days may
be due to measurement uncertainty, though it suggests stabilization. Hydration kinetics reveal that
PO reaches a hydration degree of 0.86 at 90 days, slowly increasing to 0.9 at 180 days before
stabilizing. Slag-blended cement shows a steep increase until 90 days, with a slower rate after 90
days, indicating prolonged hydration up to 960 days. The kinetics shift, highlighting increased slag
hydration over time.

Calibrating parameters, reported in details in (Ali Ahmad et al., 2024), for clinker and slag
hydration kinetics are achieved using experimental results. For clinker, coefficients anc, bne, as;, and
bsc are determined from PO results. The dilution effect is consistent with increased accessibility of
water for clinker hydration with higher BFS content. Parameters n, S, and ctemaxare calibrated using
PO, while coefficients ans, brs, ass, bss, aas, and bas are calibrated from P30, P50, and P80 results. These
coefficients show significant variations with slag content, representing complex physico-chemical

mechanisms.
PR [Deboucha, 2017] P20BFS [Deboucha, 2017]
P30BFS [Deboucha, 2017] P40BFS [Deboucha, 2017]
CEM | [Darquennes, 2013] =@ CEM IlIA [Darquennes, 2013]
et CEM | (0%) [Stephant, 2015] il CEMIIA (14,23%) [Stephant, 2015]
et CEMIIIA (61,41%) [Stephant, 2015] CEMIIIC (80,56%) [Stephant, 2015]
— =X
v
] 1
&
g 0,8
c 0,6
=]
= 04
5 02 R?=0.86
>
= 0
et
=) 0 0,2 0,4 0,6 0,8 1
= Exp. hydration degree

Figure 2. Model validation based on experimental hydration degrees from literature

In order to validate the hydration kinetic models proposed in this study, a comparison between
experimental data reported from the literature and the predicted ones was made and presented in
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Figure 2. The various tested mixes in terms of W/B ratio, curing type and duration, binder

compositions, and BFS content, are recorded in TABLE 1.
TABLE 1. Parameters used in the literature

Reference W/B Cure time (days) Cure type BFS content (%)
(Stephant et al., 2014) 0.41 and 0.43 1; 3; 7; 28; 180; 360; 730 Water 0; 14.26; 61.41; 80.56
(Darquennes et al., 2013) 0.45 0.5; 2; 5; 21; 42; 215; 420; 1970; 4090 Air 0;42
(Deboucha et al., 2017) 0.35 7;28; 90 Air 0; 20; 30; 40

b. Hydrates content and model’s validation

In the initial phase, the study focuses on the evolution of CH in various cement paste mixes, as
depicted in Figure 3. The measurements based on TGA results, reveal interesting patterns.

— mod. PO s mod. P30 mod. P50  mmmss mod. P80
g X p. PO = exp. P30 == exp. P50 =@ exp. P80
s 35

Portlandite CH (%m
—
IS

7 28 56 90 180 360 530 1095
Time (days)

Figure 3. Experimental and modeled CH content used to calibrate (P80) and validate the model (P30 & P50)

For the PO formulation, CH content increases from 23.40% to 30.15% at 7, 56, and 90 days, stabilizing
thereafter. Typically, completely hydrated OPC generates around 20 to 25 wt.% Ca(OH)2. However,
this weight percentage is relative to the binder mass. The introduction of slag results in a drop in
generated Portlandite due to the early-age slag dilution effect, as observed in P30, P50, and P80
formulations (Figure 3). Available Portlandite content increases for all formulations up to around
90 days, aligning with hydration degree evolution. The stabilization of available CH over time
suggests a constant ratio between CH formed by clinker hydration and the remaining ratio after
slag hydration, supporting the proportionality assumption in Equation 7, where the coefficient of
proportionality (A) is calibrated using P80 formulation. It is then validated against P30 and P50
formulations, along with 86 literature results with BFS content ranging from 0 to 80.56%, (Ali
Ahmad et al., 2024). However, it is acknowledged that Equation 7 may not perfectly capture short-
term slag-based cement hydration, as some studies report CH content increasing and then
decreasing at early ages, a trend not precisely described in the model. Despite this, it effectively
reproduces the overall trend of experimentally measured Portlandite evolution, particularly at

long-term intervals.

Additionally, given its ability to calculate the amount of both hydrated and anhydrous phases,
the hydration model can estimate the dry density as described in Equation 17. It is important to
highlight that the accurate prediction of dry densities, as demonstrated in Figure 4, serves as an
additional validation of the calculations of anhydrous phases and hydrates, beyond just Portlandite.
These include hydrates like CASH or Aft, which might pose challenges when it comes to
experimental quantification. Figure 4 highlights that increasing slag content leads to a decrease in
dry density due to higher amounts of anhydrous phases. Such result is expected since they are
consistent with lower hydration degrees previously shown in Figure 1, leading to a higher
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anhydrous phases. The dry density of PO formulation increases significantly until 28 days and then
tends to stabilize while a slower but progressive increase is observed for cement pastes formulated
with slag. This is attributed to the formation of new hydrates able to fill the existent pores, leading
to a decrease in the void ratio and then an enhancement in density, as reported in (Song et al., 2000).

I 0 PO mod. N o P30 mod. © P50 mod. o P80 mod

—4— 0 POexp. ==0—0 P30 exp. =0 P50 exp. === P80 exp.
1,6

1,5
1,4
1,3
1,2
11

360
Figure 4. Comparison between experimental and modeled dry density (model validation)

Dry density (g/cm?)

28

O Time (dayls§0

Finally, concerning the porosity, the prediction of capillary porosity ((Equation 21) is discussed
in relation to hydration, emphasizing the challenge of accurately estimating total porosity due to
the influence of slag on intra-hydrate porosity of CSH and CASH. Contradictory information about
CASH porosity in the literature leads to the consideration of only capillary porosity in this model,
in this regard, deeper investigations taking into account the effect of slag on the intra-hydrates
porosity are being conducted and will be considered during the oral presentation and published in
further works.

V. Conclusion

This study enhances our understanding of BFS-blended cement hydration mechanisms by
developing a comprehensive model that considers both kinetics and chemical reactions. The
proposed approach requires minimal parameters associated with formulation characteristics. The
key findings include the description of hydration kinetics using adapted Avrami's exponential
models, chemical reactions using a modified version of Kolani's stoichiometric model, and
successful calibration based on experimental data from various slag ratios.

The model reproduces essential output data, such as hydration degree evolution, hydrated
phases, and dry densities. Further investigation is needed to understand the impact of different slag
ratios on the porous structure of CSH and CASH. Future studies may explore combining this model
with thermodynamic approaches for a detailed understanding of slag hydration activation and
concrete early age cracking risk quantification.
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