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from a large experimental database
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Abstract

A model is proposed for the hydration rate of slag in slag-blended cement at long term, from 3 days up
to 3 years. The model accounts for the main parameters influencing on the slag hydration kinetics: water-
to-binder ratio, slag substitution level, temperature, slag Blaine fineness, proportion of reactive slag.
Additionally, the chemical composition of both slag and clinker is accounted for through a new composite
indicator which is the expected mass ratio of C-A-S-H produced by slag to all hydration products of slag.
The model is expressed as an analytical formula based on Knudsen equation. Model parameters are first
calibrated on a large experimental database of 239 points from the literature. The model is then validated
on 42 independent data points. The reaction rate is shown to increase with temperature, Blaine fineness,
reactive slag proportion, and water-to-binder ratio, and decrease with slag substitution level. The proposed
composite chemical mass ratio is the most influential parameter. The interpretation is that the higher the
amount of C-A-S-H, the slower the diffusion of ions through the forming hydrate layers, which inhibits
slag hydration.

1- Introduction

Slag is a byproduct of the steelmaking industry and can be obtained from blast or electric arc furnaces.
It is typically composed of silicates, aluminosilicates, and calcium-alumino-silicates[1, 2]. In recent years,
the use of slag as a cementitious material has become increasingly popular due to the environmental benefits
and the desire to reduce cement consumption [3]. Through incorporating slag in cement composites, a
significant contribution is made to the recycling of metallic industry waste products, concurrently reducing
the carbon footprint of cement production.

Slag blended cement composites have been shown to be effective in enhancing durability, particularly
in applications where a low diffusion coefficient is required, such as in structures exposed to aggressive
environments like marine exposure [4]. The use of slag in blended cements has been shown to improve the
resistance of concrete to sulfate attack, alkali-silica reaction, and chloride penetration [5, 6].

The durability properties of these materials are strongly dependent on their hydration. Therefore,
studying the kinetics of this complex process and the products formed is essential for a better understanding
of the behavior of these binary binder materials.

Indeed, the hydration rate of slag is much slower than that of ordinary Portland Cement clinker due to
the lower reactivity of slag compared to cement [7, 8]. The activation of slag can occur through various
mechanisms. This study specifically focuses on calcic activation contributed by the portlandite formed
during the hydration of the clinker. Moreover, the hydration rate of slag is influenced by several parameters
including the water-to-cement ratio, temperature, chemical composition of slag and clinker, slag
substitution ratio, slag fineness, and percentage of glass in the slag [9-11].



Several experimental studies by various researchers, including Escalante et al. [7], Saeki and Monteiro
[12], and Bougara et al. [13], have shown that slag hydration reactions consume the portlandite produced
by clinker in slag blended cements. Escalante et al. [7] found that the reactivity of slag increased with an
increase in temperature (T), water-to-binder ratio (w/b), and a reduction in the replacement level of slag (»)
as confirmed by the recent work of Ali-Ahmad et al. [14]. The reactivity of slag can vary significantly
depending on its origin, chemical composition and processing. Therefore, accurately modeling the
hydration process of slag-blended cements necessitates a comprehensive consideration of the key factors
affecting slag reactivity, as well as a thorough understanding of the primary interactions between the
hydration reactions of clinker and slag.

Previous studies have attempted to model slag hydration Kinetics, i.e. the evolution of the slag hydration
degree with time, using empirical formulas [7, 14-20]. However, these models have limitations. Some of
these models have been developed to reproduce calorimetry tests and have been validated only at early age,
while slag hydrates over several months [15, 18, 21]. The effect of the influencing parameters is not
comprehensively accounted for. Further, these models have been calibrated and validated on limited
experimental data, which may not comprehensively cover the broader spectrum of influencing parameters
in slag hydration kinetics. These will be discussed in detail in the following section 2.

The objective of this study is to develop an analytical model for predicting the long term kinetics of
slag hydration in blended cement composites, from one week to several years.

The article is organized as follows: first, previous research on slag-blended cement composites and the
kinetics of slag hydration is reviewed. Next, the collection of the experimental database is described,
followed by the development of a new slag hydration kinetic formula. Finally, the significance of the
findings and their implications for further research is discussed.

2- Review of models and experiments on slag-blended cement and slag hydration
kinetics

2.1- Critical review on modeling approaches

2.1.1- Experimental methods for the determination of slag hydration degree

Currently, the most commonly used method to study the hydration kinetics of cement-based materials
is the determination of the isothermal hydration heat emission curve of the material. This curve informs on
the overall rate and degree of hydration of the cement and the blended mineral admixtures. Calorimetry
provides valuable insights into early-age cement hydration (up to 28 days) and allows for the development
of models to estimate the hydration degree evolution by analyzing heat release curves. However, it's
essential to acknowledge that a model effective at early stages may not necessarily maintain accuracy over
extended periods, given the slow nature of slag hydration kinetics.

Alternative experimentally-based methods for predicting hydration degree exist. They are mainly based
on the ratio between chemically bound water at time t and chemically bound water for a complete hydration,
i.e, when t tends toward infinity. Different experimental procedures are proposed in the literature to estimate
the amount of non-evaporable water at time t: from Loss On Ignition (LOI) measurements between 105°C
and 550°C [22] or from the interpretation of the endothermic peaks on the differential thermogravimetric
analysis results as suggested by different authors[14, 23, 24]. The amount of chemically bound water for a
complete hydration (t=0) can be estimated from analytical equations [23-25] but could also be determined
from geochemical modeling according to [21]. It is worth noting that the hydration degree values strongly
depend on the method of determination of chemically bound water. The later may be underestimated in the



case of LOI measurements due to the fact that samples are initially dried at 105°C until a constant mass is
reached. As consequence, destabilization of ettringite and part of CSH phase probably occurs. Thus,
hydration degrees obtained from one specific method may show discrepancies compared to those provided
by another one.

The measurement of hydration degree can also be achieved using image analysis technique. A scanning
electron-point counting procedure has been used by [26] to estimate the hydration degree of mineral
additions such as fly ash or slag. The authors found that the results were comparable to those obtained using
a selective dissolution method. Finally, Nuclear Magnetic Resonance (NMR) experiments are increasingly
used to estimate the hydration degree of cementitious materials. For instance, Stephant [21] used 2°Si MAS
NMR to determine separately the degrees of hydration of clinker and slag in slag blended cement pastes.
Nevertheless, no comparison with other methods of determination of the hydration degree has been made
to validate the results obtained.

In the database underpinning this study, the selective dissolution method [27] is extensively utilized by
authors to quantify the hydration degree of slag-blended cementitious materials. This technique revolves
around selectively dissolving the hydration products and unhydrated cement [28, 29] while leaving the
anhydrous slag portion intact, based on EDTA as presented in [27]. Prior studies have disclosed multiple
constraints of this method, notably concerning the partial dissolution of the hydration products [30], as well
as leaving residues of certain cementitious materials and hydrated phases of slag [31, 32]. This requires the
implementation of corrective adjustments to account for a margin error of £10 % [30]. Furthermore, Goguel
[33] further proved the presence of a minor percentage of undissolved cement hydration products. Based
on these observations, Demoulian [34] has refined this technique and enhanced its precision and reliability
in the evaluation of slag-blended cement hydration.

2.1.2- Models of hydration reactions in slag blended cement

Due to the coexistence of the slag and clinker hydration, the hydration reactions of slag blended cement
are more complex than that of pure Portland cement [35]. This complexity is compounded by the fact that
the reactions are interdependent, affecting each other's kinetics and products. Several models have been
proposed to capture the interdependence of the reactions.

Chen and Brouwers [36] proposed a reaction model for slag-blended cements based on stoichiometry
calculations which link the chemical compositions of the initial unreacted phases to the volumes of
produced hydration products and the resulting C-S-H composition. This calculation was integrated with the
hydration model developed by with Van Eijk [37], enabling the prediction of the microstructure
development in slag-blended cement systems. Kolani [5] introduced an incremental model that relies on
identifying the degrees of hydration, heat exchange, and hydric state and which is coupled to stoichiometric
calculations for the description of chemical reactions. The model formulates a set of differential equations
to govern the temporal evolution of these variables. Schindler and Folliard [38] proposed a general kinetics
hydration model capable of predicting the heat release from cementitious materials. This model integrates
the impacts of the cement's mineral composition, its fineness, the inclusion of supplementary cementitious
materials, the ratios of mixture components, and the characteristics of the concrete. Tydlitat et al. [39]
developed a hydration model for ternary blends of Portland cement, slag, and metakaolin that accounts for
the interdependence of the hydration reactions of cement, slag, and metakaolin. The model can predict the
evolution of hydration heat and the degree of hydration of the ternary blend. They used a modified form of
the Powers’ model [40], which considers both the nucleation and growth of hydrates. The modified model
was coupled with a diffusion-based chloride binding model to predict the chloride binding capacity of the
ternary blend. The model was validated using experimental data from isothermal calorimetry and chloride



binding tests. Similarly, Merzouki et al. [41] proposed a hydration model for slag cements blends that also
accounts for the interdependence of the hydration reactions of cement and slag.

Recently, Ali-Ahmad et al. [14] have published a new hydration model for slag blended cements which
takes both slag and clinker hydration kinetics and chemical reactions into account. The model is close to
that developed by Kolani [5] with the same stoichiometric considerations for the description of chemical
reactions. A simplified analytical resolution is proposed instead of the numerical one performed by Kolani,
by directly defining hydration kinetic laws of clinker and slag. Moreover, the implementation of the model
does not require additional experimental results such as calorimetry as input data. The input data are both
material formulation and chemical compositions of clinker and slag. The model can predict the evolution
with time of hydrated and anhydrous phases, of porosity and of dry density. However, the coefficients
involved in the model proposed by Ali-Ahmad et al. depend only of the substitution rate of clinker by slag,
and do not consider the influence of other factors such as temperature, slag fineness and proportion of
reactive slag.

2.1.3- Models of hydration kinetics in slag blended cement

The hydration kinetics of slag in blended cements is often determined by subtracting the known cement
hydration degree from the total hydration of the composite material. This method assumes that the cement
and slag hydrate independently, without influencing each other's kinetics. While this approach simplifies
the analysis and may not accurately reflect the interactive effects present in slag blended cements, it is
nonetheless conventionally widely employed whether experimentally or analytically.

De Schutter [15, 42] proposed a hydration kinetics model valid for both Portland cement and blast-
furnace slag cement at early age (up to 7 days), by which the heat production rate could be deducted from
calorimetry tests as a function of the actual temperature and the degree of hydration. Wang et al. [18-20]
presented a hydration kinetics model at early age (up to 3 days) for composite binder containing slag.
Merzouki [41] also proposed a kinetics model for the first 6 days of hydration of a composite binder
containing slag involving the chemical compositions of cement and slag, the fineness, the curing
temperature, and the water-to-binder ratio. Krstulovi¢ et al. [17] proposed a hydration kinetics model for
cement-based materials based on the measured data obtained by microcalorimetry for early age hydration
(first 2 days). Additionally, Pane et al. [43] also studied the hydration kinetics of composite binder
containing slag using differential thermal analysis, thermogravimetric analysis, and isothermal calorimetry.
This model was employed to assess the hydration degree during the early stages of hydration up to 180
days. It relies on calorimetry results and necessitates experimental data to deduce the hydration degree. Wu
[44] investigated the hydration Kinetics of composite binder containing slag and Portland cement using an
isothermal conductive calorimeter. The model's limitations lie in its stage-dependent kinetics and varying
parameters, emphasizing the need for a comprehensive understanding and careful interpretation of the
results.

In this comparative analysis, the selection of only two models (Chen & Brouwers [36] and Merzouki
[41] more detailed below) from the literature for evaluation is based on their extensive application within
the field of hydration kinetics research [45-47]. These models have been chosen because they represent the
most prevalent and validated approaches, providing a robust benchmark against which the developed model
can be assessed as shown in section (2.3).

The first retained analytical model to describe the kinetics of slag hydration in cement-based composites
is the model of Chen & Brouwers [48]. The formula used to predict the slag hydration degree y as a
function of time t [days] is a modified Avrami [49] equation:



Y = {1 —exp(—k,(t — k3)¥1). (aS'2 + b5') (1)

where 2 is the slag proportion, and with the calibrated parameters ki = 0.46, k» = 0.12, ks = 0, a®'= -0.36 and
bs' = 0.86. The evolution of the degree of hydration of slag y predicted by this model is in good agreement
with experimental data used for calibration [50] for the first 365 days of hydration. A similar equation has
been recently used by Ali-Ahmad [14] to describe the hydration kinetics of both clinker and slag but with
coefficients values depending mainly on the slag proportion. The model's simplicity, arising from the
omission of several input parameters that substantially impact hydration kinetics, potentially limits its
accuracy. Additionally, the fact that it is calibrated on experimental data from a single reference may affect
its applicability to situations not included in this dataset.

The second retained model is the Knudsen’s model [51] adopted by Merzouki [41], and then reused by
several authors such as Konigsberger [8], Cui [52], Han [53], Stephant [21]. The slag hydration degree y is
calculated according to equation 2:

(/0"
y(®) = m 2

where 7 is the reaction characteristic time and k is the reaction exponent. According to Merzouki [41] T =
((10.4605 x A — 1.8289) x e Fa/RTy™1 and i = 1, where A is the slag proportion, E, is the activation
energy, R is the gas constant, and T is the absolute temperature. This model is originally calibrated for
early-age hydration (up to 5 days of hydration).

To sum up, a variety of models have been developed to predict the hydration of slag-blended concrete.
Each one has its own strengths and limitations. Most are calibrated on early age data from calorimetry.
Further, most analytical models do not account simultaneously for all the main mixing parameters that have
a significant influence on the hydration kinetics, which can limit their accuracy and applicability. Therefore,
there is a need for a model that can capture these effects and provide more accurate predictions of the
hydration behavior of slag-blended cements for long curing period, while remaining fast and reliable.

2.2-  Construction of a database for long term slag hydration kinetics

To develop our hydration kinetics formula for the long term slag hydration in blended cement
composites, a comprehensive database of slag-blended cement hydration Kinetics is compiled. The database
is created by collecting and compiling experimental data from different references, with the aim of gathering
a wide range of experimental conditions that represent different sets of parameters. This approach ensures
that the resulting kinetic formula could account for the effects of a broad range of parameters on the
hydration kinetics of slag-blended cement composites.

The studies of Escalante [7], Kocaba [54], Schafer [50], and Lumley [55] are selected based on their
use of consistent methods for sample preparation, curing conditions, and testing procedures. All the
experimental data were acquired consistently through the application of the same selective dissolution
protocol based on EDTA as described by Luke and Glasser [27]. Moreover, the parameters influencing the
slag hydration kinetics are well documented in these references. The collected experimental results mainly
report the slag hydration degree at different time points ranging from 3 to 365 days with few results up to
800 days.



The database covers a wide range of slag substitution rate (A) , water to binder ratio (w/b), temperature
(T), slag Blaine fineness (B), hydration time (t), reactive proportion of slag (Preqctive) @S Well as of
chemical composition. The latter is quantified through a mass ratio (l) of slag C-A-S-H to slag hydrates
presented in appendix A. The water to binder ratio w/b ranges from 0.30 to 0.80, while the slag substitution
rate ranges (A) from 20% to 92% by weight of cement. The temperature (T) ranges from 10 °C to 50 °C,
and the Blaine fineness level (B) ranges from 225 m?/kg to 561 m?/kg. The hydration time (t) ranges from
310 800 days and the proportion of reactive slag (p,eqctive) from 0.53 to 1. A summary of these parameters,
along with their respective minimum and maximum values, is provided in table 1 below.

Parameters p T[°C] w/b A B[m2/kg] Preactive Hydration
time [d]

Min 0.498 10 0.3 0.2 225 0.535 3

Max 0.782 50 0.8 0.92 561 1 805

Table 1: Parameter Ranges of the data collected in literature

Table 2 shows the details of the studies [7], [54], [50, 55], included in the developed database, including
the reference, water-to-binder ratio, slag substitution rate, temperature, cement fineness, and the number of
degrees of hydration reported. The detailed data about the slag hydration degree for each composition
subdivided over different time periods is presented in Appendix B.

Reference Ser Clinker Slag Mix and cure
ies parameters
#C S A MS F C S A M S5 F BImkipegerin TCIW/ho &
Escalante 1 o651 0198 0058 0021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 10 035 03
[7] 2 0651 0.198 0058 0.021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 30 035 03
(used for 3 0651 0198 0058 0.021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 50 035 03
calibration) 4 0651 0198 0058 0.021 0.026 0.023 0339 0353 0114 0138 0 0.017 325* 0.97 30 05 03
5 0651 0198 0058 0.021 0.026 0.023 0339 0353 0114 0138 0 0.017 325* 0.97 10 035 05
6 0651 0198 0058 0.021 0.026 0.023 0339 0353 0114 0138 0 0.017 325* 0.97 30 035 05
7 0651 0198 0058 0.021 0.026 0.023 0339 0353 0114 0138 0 0.017 325* 0.97 50 035 05
8 0651 0.198 0058 0.021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 10 05 03
9 0651 0198 0058 0.021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 50 05 03
10 0651 0198 0058 0.021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 10 05 05
11 0651 0198 0058 0.021 0.026 0023 0339 0353 0.114 0.138 0 0.017 325* 0.97 30 05 05
12 0651 0198 0058 0.021 0.026 0.023 0339 0353 0114 0138 0 0.017 325* 0.97 50 05 05
13 0651 0198 0058 0.021 0.026 0.023 0373 0325 0107 0141 0 0.019 225* 0.535 10 05 03
14 0651 0198 0058 0.021 0.026 0.023 0373 0325 0107 0141 0 0.019 225* 0.535 30 05 03
15 0651 0198 0058 0.021 0.026 0.023 0373 0325 0107 0141 0 0.019 225* 0.535 50 05 03
16 0651 0.198 0058 0.021 0.026 0023 0373 0325 0.107 0.141 0 0.019 225* 0.535 10 05 05
17 0651 0198 0058 0.021 0.026 0023 0373 0325 0.107 0.141 0 0.019 225* 0.535 30 05 05
18 0.651 0.198 0.058 0.021 0.026 0023 0373 0.325 0.107 0.141 0 0.019 225* 0.535 50 05 05
Kocaba 19 0.6867 0.2468 0.0211 0.0058 0.0182  0.0043  0.4159 0.3661 0.1221 0.0718 0.0063 0.0085 300* 0.995 20 042 04
[54] 20 0.6867 0.2468 0.0211 0.0058 0.0182  0.0043  0.3248 0.346  0.1998 0.0917 0.0199 0.0047 400* 0.942 20 042 04
(used for 21 06129 0.2051 0.051 0.0282 0.0278  0.0333  0.4159 0.3661 0.1221 0.0718 0.0063 0.0085 300* 0.995 20 042 04
validation) 22 0.6129 0.2051 0.051 0.0282 0.0278  0.0333  0.3248 0.346  0.1998 0.0917 0.0199 0.0047 400* 0.942 20 042 04
23 0.6418 0.2101 0.0463 0.0182 0.0278  0.026  0.4159 0.3661 0.1221 0.0718 0.0063 0.0085 300* 0.995 20 042 04
24 0.6418 0.2101 0.0463 0.0182 0.0278  0.026  0.3248 0.346  0.1998 0.0917 0.0199 0.0047 400* 0.942 20 042 04
Schafer 25 0.6583 0.2105 0.0599 0.0154 0.0088  0.0288  0.4258 0.346  0.1205 0.0028 0.0001 0.0058 349 0.95%* 20 05 02
[50] 26 0.6583 0.2105 0.0599 0.0154 0.0088  0.0288  0.4258 0.346  0.1205 0.0028 0.0001 0.0058 349 0.95%* 20 05 04
(used for 27 0.6583 0.2105 0.0599 0.0154 0.0088  0.0288  0.4258 0.346  0.1205 0.0028 0.0001 0.0058 349 0.95%* 20 05 08
validation) 28 0.6583 0.2105 0.0599 0.0154 0.0088  0.0288  0.3802 0.3037 0.161 0.1025 0.0053 0.0125 352 0.95** 20 05 04
Lumley 29 0654 0206 005 0018 0.024 0.021 0413 033 0118 009 00013 0.016 498 0.81 20 04 06

30 0.654 0.206 0.05 0.018 0.024 0.021 0.409 0.35 0.123 0.078 0.003 0.006 437 1 20 0.4 0.6
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498
498
451
451
451
437
437
397
397
395
395
498
498
498
451
451
451
451
451
451

0.81

0.9
0.81
0.96

0.9
0.81
0.9

0.89
0.81
0.81
0.81
0.9
0.9
0.9

0.89
0.89
1

1
0.81
0.81
0.81
0.9
0.9
0.9
0.9
0.9
0.9

20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20

0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.6
0.6
0.3
0.3
0.3
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.3
0.3
0.3
0.3
0.8
0.6
0.4
0.8
0.6
0.4
0.8
0.6
0.4

0.6
0.6
0.6
0.5
0.5
0.5
0.5
0.3
0.3
0.69
0.69
0.69
0.5
0.3
0.6
0.3
0.5
0.6
0.5
0.6
0.69
0.92
0.69
0.92
0.6
0.6
0.6
0.3
0.3
0.3
0.6
0.6
0.6

* slag fineness estimated from the grain size distribution, by comparison to values provided by Lumley [55]

**slag reactive proportion assumed to 95%, an average value for recent references.
Table 2: Material compositions and conditions of the slag hydration kinetics database. The full dataset is available
in open-access at [56].

The chemical composition and full name of the oxides are found in table A-1 in appendix A.

2.3- Assessment of some existing hydration kinetics models against the experimental
database

To highlight the importance of using a new model, a selection of existing models widely used in the
literature for predicting the hydration kinetics of slag blended cement composites (Merzouki[41], Chen and
Brouwers [57], VCCTL [58]) is confronted to the experimental database. These models are chosen are

summarized in Table 3.

In addition, we investigate a basic, Avrami’s type equation:

y(©) =1-exp( -

t—to

T

;

®3)



in which y is the slag hydration degree, t is the hydration time, the parameters to, T (the reaction
characteristic time) and x (the reaction exponent) are constants independent of the influencing variables
such as temperature, slag substitution, water over binder ratio and others. These parameters are adjusted by
a least square method on the experimental database presented in section 2.2, which gives t, = 3.07 days,
7 = 1025 days and « = 0.281.

Name Reference Model Equation Input Theoretical Domain used for
category  number parameters  background calibration and validation
Merzouki [41] Analytical 2 T\ Knudsen 0 - 5 days
Chen & Brouwers [57] Analytical @ A Avrami 28 - 365 days
VCCTL [58] Numerical - T,A,w/b CEMHYD3D Early age and long-term

Table 3: Selection of existing slag hydration kinetics models from literature

The predictions generated by these models were found to be significantly different from the
experimental results for the same set of parameters, as shown in Figure 1. The mismatch for Merzouki’s
model and VCCTL is significant for high hydration degrees, which are achieved in long term hydration
studies. The R2 values obtained from the comparison were 0.44, 0.59, 0.58 and 0.40 for Merzouki, Chen
and Brouwers, Avrami and VCCTL models respectively. These low R? values indicates that the models
presented in literature are not accurate enough to capture all factors affecting slag hydration Kinetics in
blended cement composites for long curing period.
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Figure 1: Validation of different models on the experimental dataset gathered.



Upon closer examination of each model, it is observed that Merzouki's model demonstrated a notable
discrepancy, indicating a significant underestimation in most cases. The VCCTL model tends to
underestimate the slag hydration degree as well, Conversely, Chen & Brouwers’ model exhibits a
comparatively more accurate estimation, yet with a large dispersion, since it does not account for several
influential parameters. Similarly, Avrami’s model with constant parameters includes only on time
constraints and overlooks the other parameters that influences the slag hydration kinetics.

These results underscore the importance of developing a more comprehensive model of the slag
hydration Kkinetics.

3- Modeling of slag hydration Kinetics: development and validation

This section presents the development and validation of a hydration kinetics formula based on the
extensive database compiled in the previous section.

3.1- Proposition of a new model for slag hydration Kinetics

The development of a new hydration kinetics model for slag-blended cement hydration is based on
Knudsen’s equation, which is a commonly used equation for modeling the kinetics of phase transformation.
Note that a similar methodology can be carried out on the basis of the Avrami equation instead. We found
out that it leads to results very close to the present results based on the Knudsen equation. Since the Avrami
equation requires an additional model parameter, the induction time to, we carry on with Knudsen’s equation
to reduce the number of model parameters.

The parameters that are taken into consideration include: the water to binder ratio (w/b), the slag
substitution level (L), the curing temperature (T), the chemical composition (through a mass ratio p of slag
C-A-S-H to slag hydrates detailed in appendix A), the proportion of reactive slag (preactive), @nd the Blaine
fineness of slag (B).

To begin, it is essential to account for the influence of the slag inactive proportion during the hydration
reactions. The reactive proportion p,eqctive € [0; 1] is the mass proportion of slag that is chemically
reactive. It is identified to the vitreous fraction in slag, or reactive proportion, measured using XRD. The
hydration degree of slag (y) is thus:

Y() = Yreactive (£) X Preactive 4)
where ¥yeqctive (t) € [0; 1] is the hydration degree of the reactive part of slag.

The kinetics of hydration of the reactive part of slag y;-eqctive (t) 1S modeled by Knudsen equation:

t/1)*

Yreactive (t) = % (5)
where the reaction characteristic time 7 and the reaction exponent x are time independent functions of
influencing variables. They are modeled by a separation of variable as a product of dimensionless functions
Cf and C/ of each of the influencing variables i € [T, A, w/b, , B]. Following a detailed assessment of
different mathematical forms of functions, and their results compared to the database outlined in Table 2,
the following form is retained to achieve balance between the number of model parameters and the model
accuracy:



T=10-Cr-C; CypCi-Cg (6)

K:KO'C‘Z/b'CF’f (7

where the dimensionless functions C/ and C/* in equations (6) and (7) are defined as:

CF = exp (’% x (- Ti)> ®)

€z = (B/Bo)™ ©

Cf = A% (10)

Chyp = W/B)™  CLyy = (w/b)bw (11)
T (-w% G =(1-p (12)

where Ty is a reference temperature set to 298 K and By a reference Blaine fineness set to 450 m?/kg.

Temperature is a critical parameter in slag hydration rate, and higher temperatures lead to faster rates.
Therefore, an Arrhenius-type law on the reaction characteristic time 7 is adopted in equation (8) to account
for temperature effects on the hydration process. In this equation, E. represents the activation energy, R the
universal gas constant (8.3145 J.mol*.K™), T the temperature in Kelvin, and T, the reference temperature,
here 298 K.

The particle size distribution of slag particles affects the available surface area for reaction, and thus
plays a significant role in the overall rate of hydration. A simple model is that the reaction characteristic
time 7 is inversely proportional to the specific surface area, which is expressed by equation (9) in which By
is a reference Blaine fineness of 450 m?/kg.

The effect of the slag substitution rate A on the slag-blended cement hydration kinetics is modeled using
a power law term on the hydration reaction characteristic time ¢ by equation (10). This term reflects the
decrease in the rate of hydration as the substitution rate of slag increases. As more slag particles are added
to the cement mixture, they replace cement particles and form a less reactive matrix.

The water-to-cement ratio is a critical parameter that influences the availability of water for the
hydration reaction in slag-blended cement composites. A lower water-to-cement ratio leads to a slower
hydration rate, as there is less water available for the chemical reaction to occur. This is accounted for in
power law terms both on the reaction characteristic time = and the reaction exponent x by equation (11).

Finally, the chemical composition of the slag is also a critical parameter that affects the hydration rate.
The reactivity of the slag particles depends on their chemical composition, as well as the degree to which
they have reacted with the other components of the cement mixture. The chemical composition of the slag
is a complex parameter that represents the different oxide compositions present in the slag. Accounting
separately for each oxide proportion is cumbersome and misses chemical interactions between the oxides.
To address this issue, the choice was made to express the chemical composition of the slag using a single



parameter. One effective approach is to use the ratio u of C-A-S-H (calcium-aluminate-silicate-hydrate)
formed by the slag over the total slag products that would form if all slag and clinker had reacted with
water. This parameter is determined using the hydration model of Chen and Brouwers [57], as detailed in
appendix A. The larger u, the finer the porous network due to the increase in gel pores in place of capillary
pores. Hence, the diffusion coefficient of ions through the hydrate layer around the hydrating slag grains is
lowered, which hinders the slag reaction rate. This is accounted for by power law terms both on the reaction
characteristic time T and the reaction exponent k by equation (12).

The values of the 8 model parameters of equations (8) to (12) are adjusted by a least square procedure
on the database of Escalante [7] and Lumley [55] in table 2. The obtained correlation coefficient is Rz =
0.805 for the subset of the database used for calibration. Optimal values of the model parameters are
provided in table 4.

Model parameters

E,/R [K] 1491.9 | 7, [days™] 0.014 | Ko [-] 0.077
a; [ 0.332 | by, [] 0.635
a,, [ -3.103 | b, [-] -1.736
a, [-] -5.839

Table 4: Fitted values of model parameters of equation (8) to (12) based on the fitting data from table 2.
We note that the fitted E, /R value conforms with the values reported in literature [59-62].

3.2- Validation and illustration of the proposed slag hydration kinetics model

The model provides a more accurate representation of the slag-blended cement hydration kinetics than
existing models investigated in section 2.3. We now investigate the modeled hydration rate on an
independent validation subset of the database to validate the model.
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Figure 2: Validation of the developed slag hydration kinetics formula on the experimental database from table 2.

The model parameters identified from the calibration subset of the database (Escalante [7] and Lumley
[55]) are used on the validation subset of the database (Kocaba [54] and Schafer[50]). Results are plotted
in Figure 2, with both data used in calibration (in blue) and validation (in red). Most of the points are close
to the first bisector, with few results further than the £10% range. The correlation coefficient for the whole
database, including both calibration and validation subsets, is R? = 0.824. This correlation coefficient larger
than for the sole calibration subset. This is attributed to the fact that the data of Lumley [55] used in the
calibration subset corresponds to very different configurations, while the validation subset is more
homogeneous. This is further investigated below.

In Figure 3, the histogram displays the coefficient of determination (R?) values for various models as
applied to data subsets, categorized by authors. The hatched bars represent the dataset used for model fitting.
The figure also includes a global R2 value for the entire database. It is noteworthy that while alternative
models may yield better results for the specific data subset of Schafer [50] the developed model is consistent
with most data subsets. All models perform the worst with the data subset of Lumley [55] which covers a
wide range of clinker and slag compositions.



Comparison of Models Across Different Databases
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Figure 3: Comparative analysis of models’ performances (R? across subsets of the database

In addition, Figure 4 illustrates the evolution of slag hydration kinetics over time for the mix of
Escalante [7] with w/b = 0.5,A=0.5and T =10 °C, 30 °C, and 50 °C respectively (Series #10, 11 and 12
of table 2). These figures compare the present model with existing models and experimental data. As
depicted in Figure 3, the developed model consistently demonstrates a superior fit to the experimental data
across all conditions. Notably, it effectively captures the expected response of slag hydration kinetics to
changes in temperature, aligning with experimental observations for long term hydration. Yet, the hydration
kinetics at the lowest temperature (T = 10 °C) is overestimated at 90 and 180 days.
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Figure 4: Models comparisons to some of the experimental results of Escalante [7] withw/b = 0.5, A= 0.5and T = 10 °C,
30 °C, and 50 °C respectively

3.3- Sensitivity of the developed slag hydration Kinetics model to variables

In order to thoroughly investigate the influence of different variables on the performance of the
developed slag kinetic model, a systematic analysis is conducted, incorporating a range of parameter values
defined by the limits of the database (table 2).




1o 10 1.0
(a): Temperature (b): w/b ((SER

0.8 0.8 4 0.8 4
" ‘s v
o L L
g 06+ 3 <
-] ] °
c c <
=3 2 =3
g g g
g o4 2 S
£ £ £
@ @ @
& & =
cl — reference T° = 20°C gl — reference w/b = 0.42 ol — reference A = 0.4
0.2 --- T°=10°C 029 -=- wb=03 027 -=- A=02
T° =50°C wib = 0.8 A=10.92
@ experiments [Kocaba] @ experiments [Kocaba] @ experiments [Kocaba]
0.0 T T T T T T T 0.0 T T T T T T T 0.0 T T T T T T T
0 50 100 150 200 250 300 350 [} 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
time [days] time [days] time [days]
10 - - 10 10
[d): Reactive proportion le): Fineness (F):
0.8 4 0.8 0.8 4

slag hydration degree [-]
slag hydration degree [-]
slag hydration degree [-]

—— reference preaciie = 0.942 —— reference B = 400

—— reference p = 0.5

02 —== Preactve =0.535 0.2 - B=384 0.2 4 == u= 0.498
Preactive =1 B =561 p=0.813
® experiments [Kocaba] ® experiments [Kocaba] ® experiments [Kocaba]
0.0 T T T T T T T 0.0 T T T T T T T 0.0 T T T T T T T
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

time [days] time [days] time [days]

Figure 5: Influence of individual variables on slag hydration kinetics, as compared to the reference values Trer = 20 °C,
W/bret = 0.42, Arer = 0.4, Bret = 400 m?/kg, pret =0.5 and Preactive,ret = 0.942 corresponding to experimental results of Kocaba [54]
(#24 in table 2).

Figure 5 provides insight on how individual variables affect the slag hydration kinetics. In each of these
figures, a single variable i € [T,A,w/b, W, B, Preactive] 1S Changed, while keeping all other variables
constant. The reference variables and experimental points correspond to the formulation of Kocaba [54]
formulation with Trer = 20 °C, W/brer = 0.42, Aret = 0.4, Brer = 400 m?/Kg, Hrer = 0.5 and  Preactive rer = 0.942
(#24 from table 2). This particular composition was chosen as most of its input parameters closely align
with the average parameters specified in table 1. The hydration degree of the same experiment are plotted
against three cases of the model, with only the selected variable i € [T, A, w/b, W, B, Dreqctive] taking the
three values [imin, iref, imax] With extreme values imin, imax given in Table 1. The most influencing variables
are the water-to-binder ratio, the proportion of reactive slag and the chemical composition ratio.

4-Conclusion

A new slag hydration kinetics model is developed to rapidly and reliably predict the time evolution of
the degree of hydration of slag in slag blended cement-based materials. The model encompasses a wide
range of formulations and different experimental conditions. These conditions span variations in the
chemical composition of the clinker and slag, temperature, slag substitution ratio, water-to-binder ratio,
slag fineness, and reactivity, providing a comprehensive and robust foundation for the developed model.

The proposed model is based on Knudsen equation, in which the reaction characteristic time and the
reaction exponent are expressed as separate functions of influencing variables. Model parameters are
identified on a first subset of the large database (239 data points) and the model is validated with the other
subset (42 data points). Key findings of this study include:

e The model achieves a much better coefficient of determination R? than existing models
frequently used in the literature.

e The slag reaction rate increases with temperature, Blaine fineness, the proportion of reactive
slag, and water to binder ratio.



o The slag reaction rate decreases with higher clinker substitution by slag.

e The model takes into account a novel composite variable that encapsulates the chemical
compositions of slag and clinker, enhancing the model's predictive capability. The larger this
ratio W is, the slower the reaction due to a slowdown of ionic exchange in the forming hydrate
layers.

This work is a contribution towards a better quantification of the time evolution of the properties of
slag-blended cementitious materials. In particular, it can be used in future together with a chemical
hydration model to feed multiscale models of mechanical or transport properties based on mean field
homogenization techniques.
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Appendix A : Determination of the chemical mass ratio p using the model of Chen and
Brouwers

The hydration products in slag-blended cement paste derive from both the clinker and slag hydration.
Part of Portlandite (CH) produced by the clinker hydration is consumed for the slag hydration. The product
the most challenging to model is C-S-H, whose composition varies depending on its calcium substitution
for silicon C/S and Aluminate for silicon (A/S) ratios. The C/S ratio in C-S-H decreases with the slag
substitution level in slag-blended cement, while the A/S ratio increases. The slag reaction demands
additional calcium, which is provided by the CH formed by the hydration of Portland cement.

Starting with the initial oxide compositions and their proportions in the mixture, the hydration of the
two main constituents is computed separately, and then combined by considering the interaction of the
hydration products. A mixture of the products of both Portland cement’s hydration and slag’s hydration is
to form. The amount of CH formed by the Portland cement hydration is strongly dependent on the slag
hydration (Pietersen and Bijen, 1994 [63] ; Regourd, 1980 [64] ; Richardson and Groves, 1992 [65]).

Three models are treated by Chen and Brouwers [36, 57] , depending on the amount of CH produced
by clinker that is consumed by slag. The latter influences the C/S and A/S ratios. Only the most adequate
model according to Chen and Brouwers [57]is retained in this work. It corresponds to the assumption that
only a part of the CH formed by clinker hydration is consumed by the slag hydration. This is supported by
comparing modeled A/S and C/S ratios with experimental results provided by Richardson et al. [65],



Clinker and slag are constituted of different oxides (presented in table A-1), whose quantities vary
depending on the manufacturing techniques.

Chemical formula

Name

Ca0O
SiO,
AlO3
F6203
TiO,
MgO
K20
Nazo
H20
CO;
SO3
P20s

TYWOIZRARZIAT> OO

Calcium oxide, or lime
Silicon dioxide, or silica
Aluminum oxide, or alumina
Iron oxide, or rust

Titanium dioxide, or Titania
Magnesium oxide, or periclase
Potassium oxide

Sodium oxide

Water

Carbon dioxide

Sulfur trioxide

Phosphorus hemi-pentoxide

Table A-5: Clinker and slag oxides and their abbreviations.

These oxides are the constituents of the four principal clinker phases: CsS, C.S, CsA and C,AF. The
proprieties of the clinker phases are presented in table A-2.

Clinker Phases Chemical Formula Notation Molar Mass Density(g/cm3)
(g/mol)
Tricalcium silicate CasSiOs CsS 228 3.15
Dicalcium silicate CazSiO, C.S 172 3.28
Tricalcium aluminate CasAl20s CsA 486 3.03
Tetra-calcium aluminoferrite CasAl:010Fe; C.AF 270 3.73

Table A-6: Different clinker phases and properties.

According to Chen & Brouwers [57], at specified degrees of hydration, the mole number of reagents
present in the mixture can be described by the formulas presented in table A-3. We define «a; as the
hydration degree of clinker phases (C3S, C3A, C2S, C4AF), y as the hydration degree of slag, and A the
substitution ratio of slag in the binder by mass.

Reagent Clinker hydration Slag hydration
C3S Ne,s = Neyso X Ag,ys —
C3A Ne,a = Neaao X Ac,a -
Cc2s Ne,s = Neys,0 X Acys -
CAAF Ne,aF = Ne,ar0 X Ac, AF -
gypsum ngypsum = ngypsum,o X Qclinker -
A ng =nNc,a + Ne,ar ny =ngo Xy
C ng =ne,s+2Xng+3Xn, +np+ng ng =ngo Xy
F Ng = Ng,ar g =Npo Xy
M nICVI = Npo X Aclinker nISVI = nISVI,O Xy



[ SR — S
S ng = Ng,s + Ne,s ng =ngo Xy

S

S

G c _ S _ S

S g = Ngypsum ng = M50 XY

Table A-7: Reagents (oxides and clinker phases) calculation formulas.

The quantity of CH produced by the hydration of clinker and consumed by the slag hydration is:

NeH producedclinker = 1.2 X Nc,s + 0.2 X (nCZS —2X nC4AF)

1.8 xni — (ng — 6 X njp.)

nCH,consumedslag = ) X nCH,producedclinker

s s s
NcH producedclinker T (1-8 Xng — (ni —6Xx nAFt)

The C/S and A/S ratios are then given by:

(C/S)l — 3X Neys +2x Ne,s + nﬁ —6x nf\Ft - nCH,producedc;inker + NcH, consumedslag : lf(A/S)l < (A/S)max
c/s = Negs + Neys — 2 X Ny ap + 15
- 1.8 X (ng.s +n, +nS—6Xni+n +0.85xni —4x (n —nir —nipe)
L(C/S)z — ( C3S czs) c 'AFt iH,consumedslag - S A HT AFt ;if(A/S)l > (A/S)maxJ
Neys + Neys — 2 XN, ap + 1.36 X 0g
where

(A/S)l = (nf\ — Ny — "jm)/ng
A/S = min 1—0.4277 x (C/S),

The mole number of the hydration products can be then computed using equations presented in table A-4.

Products  Clinker hydration Slag hydration
AFt Ngypsum/3 ng/3
HT ny /5 ny /5
- c ;if (A A
A "es = 2 X Mgypsum /3 (it ik A S PS> (WS
C-S-H Ne,s + Ne,s — 2 X Ne,ar -
C-S-A-H - ng
CH nCH,producedclinker -

- nCH,consumedslag
c c
—Napg — nmonoc/2

H G nc4AF -
monoc Ngypsum/ 3 -

Table A-8: Hydration products calculation formulas.

Therefore, the value of u used in the slag kinetic model is calculated by:

Mcsan

mslagproducts

Where m¢g,y is the calculated mass of C-S-A-H produced by the hydration at « and y equal to 1, and
Mgiagproducts 1S the sum of all the slag hydration products: Aft, HT, AH and C-S-A-H.



Appendix B : Slag hydration degree from literature

Series  Time Series  Time Series  Time Series  Time Series  Time

# (days) Y # (days) Y # (days) Y # (days) 14 # (days) Y
1 3 6.41 11 3 5.77 20 400 71.92 34 89 53.56 48 183 38.97
1 15 17.24 11 7 11.53 20 795 74.5 34 180 58.56 48 729 43.95
1 30 23.66 11 15 16.84 21 29 32.56 34 363 59.41 49 29 43.52
1 93 30.69 11 29 23.17 21 96 49.09 34 728 62.18 49 91 47.79
1 183 32.83 11 93 34.96 21 196 57.46 35 179 48.42 49 180 50.69
2 3 7.52 11 184 36.82 21 393 66.63 35 363 53.91 49 363 53.57
2 15 19.38 12 3 7.16 21 805 72.98 35 729 60.2 49 726 58.6
2 30 28.03 12 7 12.41 22 29 50.81 36 28 43.27 50 27 41.57
2 93 32.31 12 15 18.85 22 96 62.7 36 91 47.52 50 91 44.12
2 187 37.72 12 30 29.04 22 197 67.64 36 180 50.5 50 180 48.71
3 3 8.9 12 93 38.31 22 395 72.08 36 363 53.47 50 364 47.85
3 15 23.76 12 186 41.56 22 805 76.21 36 729 58.61 50 727 51.86
3 30 30.48 13 3 2.24 23 29 36.12 37 28 32.97 51 10 11.42
3 94 36 13 7 2.85 23 97 48.19 37 91 38.56 51 30 24.87
4 3 12.93 13 15 10.34 23 197 56.55 37 181 43.76 51 94 28.93
4 25.76 13 28 11.3 23 394 61.09 37 363 43.86 51 121 30.38
4 15 32 13 92 13.18 23 800 64.5 37 728 45.15 51 371 35.66
4 30 37 13 183 175 24 29 55.11 38 28 46.9 51 393 36.05
4 94 40.69 14 3 3.81 24 96 62.02 38 182 69.51 52 7 13.76
4 188 41.93 14 7 4.45 24 196 64.91 38 364 76.16 52 92 20.57
5 3 4.84 14 14 11.35 24 394 69.14 39 28 38.72 52 372 24.2
5 8 8.14 14 30 15.04 24 800 71.83 39 183 58.97 53 10 25.29
5 15 14.01 14 91 17.17 25 28 40 39 364 66.16 53 28 34.56
5 30 174 14 183 20.22 25 91 47 40 7 25.66 53 92 37.55
5 94 18.43 15 3 5.74 25 365 67 40 28 34.61 53 120 37.21
5 184 22.09 15 7 6.66 26 28 35 40 90 37.66 53 370 42.11
6 3 5.66 15 15 15.77 26 91 44 40 119 37.41 53 392 38.97
6 7 12.56 15 30 16.46 26 365 59 40 370 42.23 54 7 20.74
6 15 15.04 15 93 17.83 27 28 32 40 391 39.28 54 92 25.59
6 30 20.96 15 183 20.8 27 91 36 41 7 27.29 55 27 56.29
6 94 28.78 16 3 2.29 27 365 48 41 90 35.15 55 177 71.16
6 186 32.6 16 7 2.59 28 28 43 42 7 11.41 55 359 72.15
7 3 6.44 16 15 10.14 28 365 60 42 28 24.78 56 27 52.92
7 7 11.84 16 28 10.31 29 28 46.06 42 91 28.71 56 180 65.09
7 15 16.99 16 91 12.6 29 91 51.8 42 119 30.38 56 362 67.35
7 30 26.36 16 182 16.21 29 196 54.81 42 370 35.69 57 28 46.42
7 94 31.15 17 3 3.58 29 364 53.71 42 391 35.99 57 91 51.58
7 187 34.6 17 7 417 29 728 57.83 43 29 49.27 57 182 55.46
8 3 10.66 17 15 10.44 30 28 42.95 43 92 53.57 57 727 59.31
8 7 15.65 17 29 12.07 30 91 44.96 43 184 58.72 58 27 41.81
8 15 18.64 17 92 14.38 30 196 48.58 43 730 62.01 58 180 64.13
8 30 33 17 183 17.25 30 364 52 44 30 48.08 58 362 72.9
8 93 35.53 18 3 419 30 728 54.81 44 367 59.42 59 28 38.58
8 187 35.63 18 7 6.5 31 26 46.29 45 29 46.52 59 181 59.23
9 3 13.8 18 15 11.41 31 89 51.71 45 92 51.77 59 363 66.9
9 8 26.83 18 29 15.88 31 180 55.3 45 183 55.43 60 28 35.12
9 16 32.85 18 93 15.95 31 727 59.27 45 730 58.96 60 363 52.02
9 30 42.53 18 183 17.83 32 27 413 46 28 35.22 61 27 37.41
9 96 47.68 19 30 40.18 32 91 43.87 46 364 51.38 61 359 57.11
9 188 50.1 19 97 52.08 32 181 48.38 47 28 33.28 62 28 35.37
10 3 4.33 19 197 57.04 32 727 53.91 47 93 38.74 62 179 47.44
10 7 9.22 19 402 61.71 33 26 30.41 47 183 43.91 62 361 50.25
10 15 14.88 19 800 65.58 33 92 35.99 47 365 43.87 63 28 30.91
10 29 21.47 20 30 55.46 33 182 38.78 47 729 45.14 63 91 36.49
10 92 23.27 20 97 62.3 33 728 43.98 48 28 30.71 63 181 39.26
10 182 25.49 20 197 67.06 34 26 49.41 48 92 36.25 63 727 44.51

Table B-1: Slag hydration degree for all mixtures found in literature at different time.
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