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Abstract

:

This paper presents a prediction of chemical shrinkage volume created during the hydration of two cements over time using a thermodynamic model. Chemical shrinkage in hydrating cements is a result of internal volume change over time within sealed conditions due to exothermic reactions during hydration and the resulting precipitation of solid hydrates. Each precipitated phase will contribute to chemical shrinkage due to their individual reactions and stoichiometric properties. As these factors (including early age, drying and autogenous nature) contribute to the overall shrinkage of concrete which may cause long-term performance problems, they are important properties to understand. The current paper presents a thermodynamic model that quantifies the chemical shrinkage volume created during the first 1000 days of hydration using the cemdata18 database and a series of discrete solid phases (DSPs) to represent C-S-H, which has not been quantified in the literature to date. DSPs account for the amorphous and poorly crystalline nature of C-S-H in cement, and its incongruent dissolution behavior of C-S-H as calcium is released in solution more so than silicon. A description of chemical shrinkage in hydrating cements is provided, along with a review of past methods used to quantify its development over time. The paper also shows the linear relationship between chemical shrinkage and the overall degree of hydration.
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1. Introduction


Cracking in concrete has a significant influence on its strength and durability performance, and shrinkage, in its many forms (autogenous, plastic, drying), contributes to the development of microcracks in the interfacial transition zone (ITZ) between the cementitious matrix and the aggregates. Cracking leads to increases in porosity and permeability that provide preferential pathways for the ingress of chloride and (bi)carbonate ions, which have a detrimental effect on the embedded steel resulting in pitting and carbonation. Chemical shrinkage during hydration in a sealed environment and the volume imbalance between the clinker and solid-phase reactions has been referred to in the literature as the “Le Chatelier’s” contraction [1], and may lead to internal tensile stresses later on within the cement matrix. As hydration progresses, the volume of the unreacted clinker minerals, as well as the newly formed hydrate phases and their mix water, reduces with time as the clinker reacts and water is consumed. This topic was the subject of a PhD study [2] (subsequently published as a book [3]) which established the method as a practical means of characterizing cement hydration kinetics.



Chemical shrinkage is a very complex process, as each clinker phase and solid hydrate has its own unique reaction with water over time. Indeed, as some phases react faster than others, the rate increases can vary with time, w/c ratio and temperature [4], as well as cement fineness [5,6]. Chemical shrinkage has, therefore, direct links with the degree of hydration, as reported in the literature [1,6], and the heat of hydration [6,7]. Yodsudjai and Wang [8] found that higher C3A and C4AF proportions in the clinker will lead to higher degrees of chemical shrinkage, as their hydration is associated with large changes in volume. To add to our understanding of volume changes during hydration, there is strong evidence that tricalcium aluminate reacts to form metastable intermediate solid [9] (hexagonal CxAHy type) phases, which then react and redissolve to precipitate stable cubic hydrogarnet (C3AH6), as summarised below:


2C3A + 27H → C4AH19 + C2AH8










2C3A + 21H → C4AH13 + C2AH8










C4AH19 + C2AH8 → 2C3AH6 + 15 H











Alongside these reactions, and persisting over a longer time (hours to days), the AFt-SO4 (ettringite) initially formed re-dissolves as its phase boundary is crossed to re-precipitate as the AFm analogue (‘monosufate’). An equilibrium is established between the aqueous phase, AFt, AFm and hydrogarnet phases after the first few days of hydration, requiring mass transfer through the pore solution with commensurate changes in aluminate hydrate volume. Such complex reactions contribute to the change in total volume, which is measured as chemical shrinkage.



Research on chemical shrinkage in cements has focused on the influence of additions such as cellulose nanofibrils [10], nanosilica [11], glass powder [12], ye’elimite [13], calcium sulphoaluminate cements [14] and limestone-calcined clay cements [15], which indicates that this is an area of active investigation and importance.



Although the study of chemical shrinkage during cement hydration is well established, surprisingly few simulations of its prediction have been made. Most focus on explicit reaction schemes in which stoichiometric reactions are presumed not to interact or compete with each other [16]. Thermodynamic models have been successfully used to model phase volume changes over time [17,18,19] using the cemdata18 [20] and PSI Nagra [21] databases. This research presents a new method to predict the development of chemical shrinkage during hydration in commonly used commercial cements using an easy to use and run geochemical model. The model uses a series of discrete solid phases (DSPs) based on the CSH-3T end members in the cemdata18 thermodynamic database, which reduces computation time considerably with no loss in accuracy. Modelling the dynamic evolution of cements during their hydration can be computationally intense. In particular, the simulation of non-ideal solid solutions of hydrates places considerable demand on the code, particularly where more than one solid solution series is to be simulated.




2. Thermodynamic Modelling


2.1. OPC Clinker Rate Equations


The oxide breakdown of the two cements under analysis here are described in Table 1 in terms of their oxide proportions and are normalised to 100 g of cement. The CEM I cement has ~2.9% limestone powder content by mass, compared to ~11.23% in the CEM II/A-L, which are both within the limits of EN197-1 [22]. Thermodynamic modelling was performed using PHREEQC [23] using input data to describe the normative clinker content, its dissolution rate, and accounting for minor constituents, oversaturation and alkalis binding to the C-S-H [24,25,26]. Anhydrite (CaSO4) is used here as gypsum. The modelling method employed is summarised in the flow diagram in Figure 1.




2.2. C-S-H Gel


Previous work by Holmes et al. [26] has demonstrated how the C-S-H gel phase can be modelled as a series of discrete solid phases (DSPs) using suitable end members in the cemdata18 database. Dissolution reactions and solubility products for the DSP for the CSH-3T model can be calculated on a spreadsheet and suitably formatted such that the user simply needs to copy and paste directly into PHREEQC. At this point, the CSH-3T model can be written into the PHREEQC input file and used to model the hydration of OPC. Modelling cement hydration requires accounting for the “kinetic dissolution” of the clinker phases over time [27], oversaturation during the first 12 h of hydration [17] and the binding of alkalis by the C-S-H [28].




2.3. Full Hydration Analysis


An excel spreadsheet defines the PHREEQC input for every time step to model 1000 days of hydration as 47 individual solutions, with the results available in tabular and/or graphical formats. For this work, the output includes the volumes of the clinker (including gypsum and calcite), solid hydrates (C-S-H, portlandite, hydrotalcite, brucite, ettringite, monocarbonate and hydrogarnet), the pore water and chemical shrinkage. The predicted change in the clinker (including calcite and gypsum), solid hydrates, pore water and, ultimately, chemical shrinkage for the two cements and w/c ratios described in Table 1 are shown for the two cements for w/c = 0.4 and 0.7 in Figure 1. It appears that most chemical shrinkage occurs within 11 days, as indicated in the simulation. Previous work by the authors provides more detailed phase assemblages showing the dissolution of individual clinkers (C3S, C3A, etc.) and predicted hydrate phases [24].





3. Discussion


Figure 2 shows the predicted chemical shrinkage for the two cements described in Table 1. As it can be seen, the shrinkage in the CEM I cement (3.89 cm3/100 g) is slightly higher than the CEM II/A-L (3.42 cm3/100 g) in the 0.4 w/c ratio, but lower in the 0.7 w/c ratio (4.52 cm3/100 g compared to 5.18 cm3/100 g, respectively) due to the higher clinker and lower calcite contents. Merzouki et al. [7] found that increasing the w/c ratio speeds up the degree of hydration, which has been confirmed here. The presence of limestone binder in cement has been shown to yield slightly higher compressive strengths [18]. While it is largely believed that this was due to additional nucleation and growth sites available due to the presence of limestone, De Weerdt et al. [29] argued that it cannot be solely attributed to this, as no significant differences were observed in the long-term binder reactions. In terms of chemical shrinkage, ref. [29] believes that the stabilisation of ettringite and the precipitation of monocarbonate due to the presence of limestone results in an increase in volume, which in turn reduces porosity with the corresponding improvements in compressive strength, as reported in the literature [18,29]. As a result, the measured chemical shrinkage from a cement binder with 5% limestone showed an increase in chemical shrinkage. This is true here, but only for the higher w/c ratio.



As chemical shrinkage is related to the rate of clinker dissolution which controls the release of ions into solution and the corresponding formation and volume of solid hydrates, the rate and amount of clinker dissolving is paramount. The Parrott and Killoh equations [27] used here were developed specifically for OPC systems, and do not account for the faster rate of clinker dissolution and solid hydrate precipitation provided through additional nucleation sites from the limestone powder [24]. This would be more evident in the CEM II/A-L cement, which has significantly more limestone (Table 1). This is an area of research which is urgently required by cement hydration modelers.



Due to the lack of evidence around the nucleation, growth, shell formation and diffusion theory used by [27], Julliand et al. [30] presented an alternative mechanism which is based around geochemical behaviour where clinker dissolution is initially dominated by the formation of surface pitting followed by a step retreat. This approach was found to account for the rapid decrease in reaction upon contact with water and agreed with experimental findings in the literature. Finally, it has been well reported in the literature [2,6] that chemical shrinkage and degree of hydration have a linear relation, which has also been shown here (Figure 3).



Figure 4 shows comparisons between the predicted chemical shrinkage (in cm3/100 g cement) and measured results from the literature with a w/c ratio of 0.4 for CEM I (Figure 4a,b) and CEM II cements (Figure 4c). As it can be seen, there is a reasonable comparison (~8%) between the thermodynamically predicted and experimentally measured results early on, with some divergence over time.



Figure 5 shows a comparison between the predicted chemical shrinkage from the model here and experimentally measured data in the literature. As may be shown, there is reasonably good agreement between both, irrespective of the type of cement.




4. Conclusions


The current paper presents a thermodynamic model that quantifies the chemical shrinkage volume created during the first 1000 days of hydration using the cemdata18 database and a series of discrete solid phases (DSPs) to represent C-S-H, which has not been quantified in the literature to date. These results show a linear correlation between degree of hydration and chemical shrinkage for CEM I and CEM II/A-L cements using thermodynamic modelling. The results show higher chemical shrinkage in the CEM I cements for the lower w/c ratio only, which agrees with previous work in this area. However, the difference is relatively minor. The model used here provides an easy-to-use method to estimate the amount of chemical shrinkage in a hydrating cement, and if it might lead to long-term cracking and reduced durability performance over time. The cements used here are commercially available and well used in concrete and mortars, but this approach could be extended to the new generation of more sustainable cements under development using appropriate input parameters. The use of DSPs provides an accurate and stable method to model the behaviour of C-S-H gel in PHREEQC, avoiding the use of the solid solution data block, which can have a high computational time and load.
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Figure 1. Modelling flow diagram. 






Figure 1. Modelling flow diagram.
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Figure 2. Predicted phase assemblages for the two cements. 
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Figure 3. Predicted chemical shrinkage over time for the (a) CEM I and (b) CEM II/A-L cements and (c) a comparison of both. 
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Figure 4. Relationship between predicted chemical shrinkage and degree of hydration (using [22]) for the (a) CEM I and (b) CEM II cements. 
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Figure 5. Comparison between predicted (dashed line) and measured (solid line) chemical shrinkage from (a) CEM I [8], (b) CEM I [1] and (c) CEM II [1] with a 0.4 w/c cement. 
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Table 1. Cement oxide proportions (from XRF) and clinker phase compositions.






Table 1. Cement oxide proportions (from XRF) and clinker phase compositions.





	
Oxide Proportions

	
Phase Composition g/100 g




	
(g/100 g Cement)

	
CEM I

	
CEM II/A-L

	
Phase

	
CEM I

	
CEM II/A-L






	
SiO2

	
19.04

	
17.50

	
C3S

	
60.79

	
51.23




	
Al2O3

	
5.01

	
4.60

	
C2S

	
6.84

	
9.94




	
Fe2O3

	
2.83

	
2.60

	
C3A

	
8.20

	
7.55




	
CaO

	
63.40

	
62.00

	
C4AF

	
8.32

	
7.66




	
MgO

	
2.31

	
2.30

	
Calcite

	
2.90

	
11.23




	
Na2O

	
0.28

	
0.26

	
Gypsum

	
4.31

	
3.99




	
K2O

	
0.54

	
0.50

	
K2SO4

	
0.87

	
0.81




	
CaO (free)

	
1.71

	
1.62

	
Lime

	
1.65

	
1.57




	
CO2

	
1.32

	
5.10

	
Na2SO4

	
0.28

	
0.26




	
SO3

	
2.65

	
2.45

	
K2O

	
0.05

	
0.05




	
Periclase

	
0.90

	
1.00

	
Na2O

	
0.15

	
0.14




	
Blaine (m2/kg)

	
386

	
474

	
MgO

	
2.23

	
2.23




	
Loss in ignition

	
-

	
7.22

	
SO3

	
2.56

	
2.37
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