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Abstract: A simple hydration model is used here by taking the composition of the cement and the initial water: cement ratio (w/c) into account explicitly. Its conceptual basis is a combination of the Avrami equation and Bentz’s model based on simple spatial considerations. In this model, the Avrami equation determines the initial reaction, and Bentz’s model describes the following hydration stage. The model favors engineers for it relies on one experimental parameter and has a reliable approximation in the practice.
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1  Introduction

Modeling cement hydration has both academic and practical values. The hydration kinetics model provides the hydration rate of cement and quantifies the component in the microstructure of cement pasts during the hydration process. In addition, the model can also estimate the aging evolutions of the physical properties. However, the chemical and microstructural phenomena are complex and interdependent, so it is hard to describe the hydration process accurately [1]. Several models with various methods try to quantify the kinetics of hydration [2–4]. Many of the developed models [5–7], with high precision and rigorous argumentation, explicitly consider the effect of kinetic factors, such as cement particle size distribution (PSD), curing temperature, and applied pressure. However, those models, such as the formulas in [6] are very complex and cannot distinguish the rates of reaction to different minerals in Portland cement, and the expressions in [8] require too many correlating parameters, give less consideration to the convenience in engineering applications, become useless tools for field engineers and ready-mix concrete producers. Sometimes, a hydration kinetics model with a critical theoretical system and high accuracy is not necessary, and a simple and easily usable model is indeed adequate [8,9] to evaluate the early-age elastic properties of cement-based materials.

In this paper, a simple hydration kinetics model has been carried out for engineers to estimate the hydration progress only coupled with the influence of composition in the cement and the initial water:cement ratio (w/c). The originality of the proposed approach relies on a combination of the Avrami equation [10] and Bentz’s model [11], along with a hydration model proposed by Tennis et al. [12] that determines the volume fractions of the two types of C-S-H. The model results are compared quantitatively with experimental data.

2  Modeling of Hydration

2.1 A Brief Introduction of Some Existing Hydration Models

To describe and quantify cement hydration, many simple and excellent mathematical approaches have been developed.

Powers model [13,14] was used by several researchers [15,16] because of the easiness of its implementation. It is assumed that the cement paste is composed of three phases: the unhydrated cement grains, the hydrates and the porosity. The hydrates occupy a volume 2.31 times larger than that of the reactants. It also provides the volume fractions of the three ingredients as simple functions of the w/c and of the degree of hydration α. However, it brings a certain lack of precision, as the model cannot take into account the type of cement [16].

The model proposed by Bernard et al. [8] can describe the kinetics of hydration of each clinker phase Xi (i = 1~4, Xi = C3S, C2S, C3A, and C4AF, respectively1) by nucleation, growth, and diffusion laws. It is relatively accurate, although it requires too many parameters.

In recent years, many new technologies and methods are used [17–28]. The Avrami equation [10] is used in some investigations [12,17] to assess the rates of the four dominant compounds in Portland cement, C3S, C2S, C3A, and C4AF. It assumes that the compounds react at similar relative rates:

αi=1−exp⁡[−ai(t−bi)ci](1)

where αi is the degree of hydration of compound i at time t (in days). ai, bi and ci are constants for a specific Portland cement [18]. These constants are given in Tab. 1.

The Avrami equation can well describe nucleation and growth reactions. Although it can not describe the reactions governed by diffusion, it can separate different rates of different minerals [12]. Regrettably, it does not consider the influence of w/c.

Table 1: Constants used in the Avrami equations [18]

[image: images]

Based on simple spatial considerations, a simple model to describe the hydration kinetics of Portland cement is developed by Bentz [11]:

dα/dt=kϕw(t)2γ(t)/ϕT(t)(2)

where α is the degree of hydration, k is analogous to a first-order rate constant, and will vary with the specific cement composition, particle size distribution (PSD), curing temperature, etc., ϕw(t), ϕT(t), γ(t), as a function of time, t, are the volume fractions of water-filled, total capillary porosity, and unhydrated cement, respectively. It can take into account the influence of w/c with one parameter. However, it assumes that the compounds react at the same rates.

2.2 Model Formulation

Here, we propose a simple hydration kinetics model based on the respective advantages of the Avrami equation and Bentz’s model. We only take the influence of w/c and the mineralogical components of the cement into our model.

In this model, the Avrami equation determines the initial reaction while Bentz’s model describes the following hydration stage, as shown in the following equations:

αi=1−exp⁡[−k0ai(t−bi)ci],t≤t0(3)

dαi/dt=kiϕw(t)2γ(t)/ϕT(t),t≥t0(4)

where t0 is the junction time joining the two stages, k0, ki are rate constants determined by the degree of hydration of compound i at time t0, γi(t) are the volume fractions of the four mineralogical components in unhydrated cement.

In Eq. (3), due to the limitation of experimental technology and a lack of detailed experimental data, the coefficients in Tab. 1 are still adopted, with k0 as an adjustment coefficient. For the same reasons, it is difficult to determine the different reaction rates of the clinker phases from experimental observations [1,6]. In other words, as αi (t = t0) are uncertain, to obtain the values of k0 and ki , the overall degree of hydration α (t = t0) will be employed in this study. Thus, all the undetermined parameters in Eqs. (3) and (4) can be obtained with only one correlating experimental data. Although bringing a certain lack of precision, it favors engineering practicability. Besides, to some extent, it provides a way to investigate different reaction rates of the clinker phases and their interactions.

2.3 Determination of the Volume Fractions for All Phases in Hydrating Cement Paste

The hydration reaction equations in [12] determine the quantity of C-S-H and other components in the microstructure of cement pastes. The hydration of the four dominant compounds in Portland cement, C3S, C2S, C3A, and C4AF, is given by [see Eqs. (5)–(10)]:

2C3S+10.6H →C3.4−S2−H8+2.6CH(5)

2C2S+8.6H →C3.4−S2−H8+0.6CH(6)

C3A+3CS¯H2+26H →C6AS¯3H32(7)

2C3A+C6AS¯3H32+4H →3C4AS¯H12(8)

C3A+ CH +12H →C4AH13(9)

C4AF +2CH +10H →2C3(A,F)H6(10)

Besides, the two types of C-S-H model proposed by Tennis et al. [12] is used in this study. Their estimate of the ratio of the mass of low density to the total mass of C-S-H reads, in dried conditions:

fLD/C−S−H=3.017×(w/c)×α−1.347×α+0.538(11)

The key parameters of all components in [12] are used in this paper, as shown in Tab. 2.

Noted that the empty porosity is created under sealed curing conditions by the chemical shrinkage occurring during hydration, while in saturated curing conditions, the chemical shrinkage is compensated for by the imbibition of external curing water, thus the total and water-filled porosities are equivalent.

Table 2: The key parameters of all components [12]
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3  Results and Discussion

The model results are compared quantitatively with experimental data of [19] in Fig. 1, which shows a reasonably good agreement. It can be seen that the present model is capable of describing the effect of w/c on cement hydration. The values of k0 were determined by the experimentally measured degrees of hydration for several w/c at an age of t0, as shown in Fig. 2. Based on Bentz’s research [11], here t0 = 3 days is applied.

Fig. 3 presents the experimental data in the literature [20] along with the results of the present model and those proposed by Lin 	 [6] and Bentz [11]. It turns out that the present model can provide an adequate quantitative description of the available experimental data. Moreover, while the model in [6,11] can only predict the overall degree, the present model can give separate rates of reaction to different minerals in Portland cement, thus provides the relative volumes of each of the phases in the cement paste, as shown in Figs. 4 and 5, respectively. Here the example is for C152 with w/c of 0.45 under sealed curing conditions [20]. Fig. 4 indicates that C3A reacts fastest, followed by C3S and the other two, which is in accordance with the experimental results in the literature [21].

The main advantages of the present approach are easy to use (need only one correlating experimental data) and the capability to provide separate rates of reaction to different minerals. Maybe someone will argue that Eq. (3), a revised Avrami equation, is also adequate but simpler. So we compare Eq. (3) and the present model in Fig. 6, by using the experimental data of [20]. The comparison suggests that the single Eq. (3) cannot describe the later periods for larger slopes, which is owing to the inability of the Avrami equation to describe the more complex reactions governed by diffusion.
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Figure 1: The present hydration model results (p) vs. experimental results (e) from [19] with different w/c (t0 = 3)
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Figure 2: k0 for different w/c in experiment [19]
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Figure 3: The present hydration model results vs. experimental results [20] and others (t0 = 3 days)
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Figure 4: The hydration degrees for overall and each of the principal compounds as a function of time
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Figure 5: Relative volumes of each of the phases (predicted by the present model) as a function of the degree of hydration
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Figure 6: The comparison between Eq. (3) and the present model (t0 = 3 days)

4  Conclusions

A simple hydration kinetics model for Portland cement has been proposed based on the combination of a revised Avrami equation and the model developed by Bentz, which is on the basis of spatial considerations. The revised Avrami equation is used to describe the early dominant mechanisms of cement hydration, i.e., nucleation and growth reactions, while the later complex reactions governed by diffusion are depicted by Bentz’s model, which is very similar to the expression of the first-order binary homogeneous chemical reaction. The effects of the chemical composition and the water-cement ratio are taken into account in this model. The complex interactions between the four clinker phases are characterized by sharing the same volume fraction of water-filled capillary porosity in Eq. (4).

The comparison between the model results and the experimental data shows that the proposed hydration kinetics model is easy to use and capable of predicting hydration development.

Noted that in the application of the present model, an experimentally measured degree of hydration at an early age (such as 3 days) is required to determine the undetermined parameters, and then the long term hydration development up to a year or more can be obtained. Therefore, the method in this paper has reasonable engineering practicability.

Although the present model has a high value in engineering application with the convenience, it shows some limitations for a lack of rigorous argumentation and comprehensive theoretical analysis of hydration mechanisms. Besides, the present model only considers ordinary Portland cement without any mineral or chemical admixtures. For blended cement or those with admixtures, the interactions between the clinkers and other mineral phases deserve further investigation.
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1The cement’s chemistry abbreviations will be used in this paper (C3S = 3CaO · SiO2, C2S = 2CaO · SiO2, C3A = 3CaO · Al2O3, C4AF = 4CaO · Al2O3 · Fe2O3).
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Compound Nominal formula  Density (kg/m3)  Molecular weight (kg/mol)
Alite C3S 3150 0.228
Belite C,S 3280 0.172
Aluminate C3A 3030 0.270
Ferrite C4AF 3730 0.486
Water H,0 998 0.018
Gypsum 3CSH, 2320 0.172
Calcium hydroxide CH 2240 0.074
Hydrogarnet C3(A,F)Hg 2670 0.407
AFm, saturated C4ASH 1, 1990 0.623
AFm, dried C4ASHg 2400 0.551
AFt, saturated CsAS;H3, 1750 1.255
AFt, dried CsAS;H5 2380 0.805
Calcium aluminate hydrate = C4AH|3 2050 0.560
LD C-S-H, saturated C3.4-S>-Hg 1910 0.455
HD C-S-H, saturated C3.4-S>-Hg 2100 0.455
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