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Abstract

:

Nuclear Magnetic Resonance (NMR) relaxometry is a valuable tool for investigating cement-based materials. It allows monitoring of pore evolution and water consumption even during the hydration process. The approach relies on the proportionality between the relaxation time and the pore size. Note, however, that this approach inherently assumes that the pores are saturated with water during the hydration process. In the present work, this assumption is eliminated, and the pore evolution is discussed on a more general basis. The new approach is implemented here to extract information on surface evolution of capillary pores in a simple cement paste and a cement paste containing calcium nitrate as accelerator. The experiments revealed an increase of the pore surface even during the dormant stage for both samples with a faster evolution in the presence of the accelerator. Moreover, water consumption arises from the beginning of the hydration process for the sample containing the accelerator while no water is consumed during dormant stage in the case of simple cement paste. It was also observed that the pore volume fractal dimension is higher in the case of cement paste containing the accelerator.
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1. Introduction


Reducing the carbon footprint associated with cement production is an important objective nowadays, and it can be achieved by a better exploitation of the cement composites, for instance, using 3D printing technology [1]. Building without formworks has the advantage of saving cost, time and materials associated with formwork construction. However, it also implies some significant materials engineering challenges to substitute all the requirements which are typically fulfilled by the formwork. One of the most important characteristics of concrete extrusion, opposite to castable concrete, is that it requires fast-setting and low slump [2]. These requirements must be fulfilled because the material is unsupported after leaving the print nozzle. That is why the cement-based materials for 3D printing applications are designed to exhibit fast build-up process. Moreover, it is necessary that the mix energy used to break the bounds inside the material should be low to enable delivery by normal pumps [1].



The speed of strength development of cement mixtures is controlled by adding accelerators [3,4,5] or retarders [5,6,7] but also admixtures such as silica fume [8] or carbon nanotubes [9]. Note, however, that choosing the correct type and amount of accelerator, retarder or admixture is a difficult task. On the one hand, the rapid strength development allows building of more layers on top of one another, and on the other hand, it reduces the building time. Moreover, long setting times would be necessary to keep the surface of the layers chemically active to form interfaces between layers of which behavior is close to the bulk material [2,5,10,11]. Consequently, hydration kinetics must be controlled in an accurate manner so that the material does not set during the printing process but, instead, right after deposition to support its own weight and that of subsequently deposited layers of material. There is a so-called “open time” [5,10] during which a specified volume of material must be extruded in the 3D printing process. In practice, the open time overlaps with the dormant stage of the hydration process [5]. The open time is influenced by the cement sample constituents and the temperature [12]. Controlling the open time for cement mixtures is essential for successful 3D printing applications. That is why the development of new approaches to monitor the hydration process is an important issue.



Low-field nuclear magnetic resonance (NMR) relaxometry techniques are valuable instruments for monitoring the cement hydration under the influence of different additives and admixtures [6,7,8,13,14,15,16,17,18,19]. They are completely noninvasive, do not require any special sample preparation and can be applied even during the hydration process. By using NMR relaxometry techniques it is possible to monitor the pore evolution and water consumption during the hydration process. Note, however, that when applying NMR relaxometry to cement-based materials, during the hydration, it is arbitrarily assumed that the pores are fully saturated with liquid, an assumption which was never demonstrated but continues to be used in the literature. Here, this assumption will be disregarded, and the data will be analyzed in a more general manner. The results of the new approach will be compared with those based on the pore volume fractal dimension analysis [20,21,22,23,24].




2. Theoretical Background


2.1. The Process of Cement Hydration


The cement hydration process starts immediately after mixing the cement grains with water molecules [25]. It produces not only a simple neutral colloidal gel where the cement grains are dispersed in water, but also some internal organization arises [25]. This is because some amount of water almost instantly combines with the cement grains producing micro-organized systems such as flocculation of cement grains, chemical reactions, ettringitic pores and so on [25]. Water inside these pores was called “embedded water” and is characterized by a shorter transverse relaxation time in NMR relaxometry [19]. The remaining water, filling in the empty space between these microstructures, represents the “capillary water” and has a longer relaxation time [19]. Note that in the present work, the cement chemistry abbreviations are used, where C = CaO, S = SiO2, A = Al2O3, F = Fe2O3 and H = H2O [25].



It is customary to separate the hydration process of cement paste into five stages: the initial stage, the dormant stage, the hardening stage, the cooling stage and the densification stage [12,19,26]. These hydration stages were extensively discussed in the literature both with respect of their duration and the influences introduced by different experimental parameters [6,19,25]. Here, we will only shortly describe them to understand the pore development. Thus, during the initial stage (less than 15 min) the C3A component of the clinker reacts with water and releases heat. The ettringite formation starts immediately creating a layer around the cement grains that isolates the paramagnetic relaxation centers (Fe3+) on the surface of cement grains from the bulk water thus reducing the relaxation rate [6,15,27]. During the dormant stage (between 15 min and 2 h), the silicates (C3S and C2S) dissolve in water and the calcium and hydroxide ions are slowly released into the solution. No changes in the porosity and no increase of the ettringite layer are expected during this stage. During the hardening stage (between 2 h and 12 h), the hydroxide and calcium ions reach a critical concentration and the calcium silicate hydrate (C-S-H) and calcium hydroxide (CH) begin the crystallization process. Furthermore, during this period the development of the ettringite layer continues. In the cooling period (between 12 h and 20 h), the reaction of C3S is much slower because the C-S-H and CH restricts the contact between water and unhydrated cement grains. However, the porosity reduces, and the relaxation time decreases accordingly. The densification stage lasts from 20 h to the end of the cement hydration (conventionally considered 28 days). During this period C-S-H and CH form a solid mass; this produces an increase in the strength and durability of cement paste and, at the same time, a decrease in the permeability. The slow formation of hydrate products occurs and continues providing that water and unhydrated silicates are present.




2.2. NMR Relaxation in Partially Saturated Pores


In the NMR relaxometry of porous materials it is routinely considered that the pores are saturated with the filling liquid and the observed transverse relaxation rate of confined molecules is a weighted average between the bulk relaxation rate and the surface relaxation rate of molecules confined inside a thin layer of few molecular diameters, uniformly covering the internal surface of the pores [16,28]. However, there are many situations when the pores are only partially saturated with the liquid. In that case, the relaxation rate depends on the pore filling and the liquid distribution on the pore surface [16,28,29,30]. Assuming that the confined molecules wet the surface of the pores, the relaxation rate can be expressed as a weighted average between the relaxation rate of the remaining bulk-like liquid and the surface relaxation rate. In the case of cement-based materials, the bulk-like contribution can be neglected, and the relaxation rate can be approximated as


   1   T 2    = ρ    S p     V l    .  



(1)




where    S p    is the pore surface and    V l    is the liquid volume inside the pores, under partially saturated conditions. The constant  ρ  is called relaxivity and depends on pore surface properties, filling molecules and the intensity of the magnetic field of the experiment [15,18,27,30]. In the case of saturated pores,    V l  =  V p   , where    V p    is the pore volume. Provided that relaxivity of the surface is known, for saturated pores it is possible to determine the pore size distribution from relaxation time distribution measurements. Note that in all the investigations reported in the literature related to relaxation studies on cement hydration, it is a priori assumed that    V l  =  V p   . In the present work, this assumption is eliminated, and the data are evaluated based on Equation (1) where only the volume of the confined liquid is considered. Consequently, by representing the ratio    V l  /  T 2    as a function of hydration time, information on surface evolution during the hydration can be extracted. This approach will be exploited here to monitor the surface evolution of the capillary pores in cement paste during the first hours of hydration (dormant and hardening stage).




2.3. The Transverse Relaxation Time and the Fractal Dimension


Starting with the introduction of fractals by Mandelbrot in 1977 [31], the geometrical structure of pores and the pore surface could be described based on fractal dimension [20,21,22]. The concept of fractal dimension can be used also for analyzing a volume distribution of pores [22]. Thus, a uniform pore size distribution corresponds to the topological dimension of three while a variation in the pore size distribution can be described by a fractal volume dimension    D f  < 3  . From the practical side, it was demonstrated that, in the case of fiber recycled concrete, there is a linear relationship between the pore volume fractal dimension and the strength [21].



The basic theory that relates the fractal geometry of the porous structure to the NMR relaxation data is comprehensively described by Zhang and Weller [22]. They have shown that the transverse relaxation time of molecules confined inside porous structures can be related to the pore volume fractal dimension,    D f   , in accordance with the work in [22]:


  log  (   V c   )  =  (  3 −  D f   )  log  (   T 2   )  −  (  3 −  D f   )  log  (   T 2  max D    )   



(2)




where    V c    is the cumulative volume fraction of the wetting fluid in the pore space, with the relaxation time smaller than    T 2   . It is defined as the ratio between the volume of pores characterized by a relaxation time smaller than    T 2    and the total pore volume. The cumulative volume can be calculated from NMR relaxation time distribution by dividing the area under the curve, obtained for relaxation times smaller than    T 2   , to the total area of the distribution [22].    T 2  max D     represents the maximum detectable relaxation time in the relaxation time distribution. Note that the above formula was derived under the condition    T 2  > >  T 2  min D    , where    T 2  min D     is the minimum relaxation time detected in the distribution. That is why fitting of cumulative volumes with a linear curve to extract the slope and thus to determine the pore volume fractal dimension is only possible under such circumstances [22]. Consequently, the data will be fitted here only for relaxation values close to the    T 2  max D    . The above Equation (2) originates in the assumption that the pore dimension is proportional with the relaxation time. In the case of partially saturated pores, the above equation is still valid, but the probed dimension refers there to the liquid volume inside the pore space.





3. Results and Discussion


The samples under investigation were the simple cement paste (CP) prepared with a water-to-cement ratio of 0.4 and a cement paste additionally containing 3% by cement weight of Ca(NO3)2, as accelerator. The echo trains recorded in the Carr–Purcell–Meiboom–Gill (CPMG) [32,33] experiments, performed at 15 min intervals, during the first 6 h of hydration are shown in Figure 1. Comparing the time evolution of the two samples it is observed a faster increase in the slope of the echo trains recorded for the sample containing the accelerator (Figure 1b). This effect arises as calcium nitrate increases the concentration of calcium ions leading to a faster supersaturation with respect to the silicate hydrates [5]. This in turn produces a faster development of the C-S-H phase and faster consumption of the capillary water in the hydration process (see Section 2.1 above).



To monitor the effects of water consumption and the evolution of capillary pores the curves depicted in Figure 1 can be analyzed using a numerical Laplace inversion [34,35]. The numerical analysis provides the relaxation time distributions shown in Figure 2. One can observe three peaks corresponding to different water reservoirs inside the sample: two peaks of smaller area and one peak of larger area. The first and the second peak (from the left) can be attributed to the water inside intra- and inter C-S-H pores, respectively [14,15,16,27]. They arise immediately after mixing the cement grains with water molecules and remain constant during the dormancy stage. The shift in the position of the second peak to smaller values can be attributed to a denser inter C-S-H phase [19]. Beginning with the acceleration stage, the area of the two peaks starts to increase showing that more and more intra and inter C-S-H pores are formed inside the sample.



The third peak (the largest one) in the relaxation time distributions, shown in Figure 2, corresponds to the capillary water contained between the cement grains during the first stage of hydration and will be monitored here in more detail. The area of the peak is proportional with the amount of water inside the capillary pores. Figure 3 shows the dependence of the peak area (Figure 3a) and of the position of the peak maximum (Figure 3b) on the hydration time in the case of the simple cement paste (CP) and the cement paste containing the accelerator (CP + 3% Ca(NO3)2). One can observe faster decay of the peak area and of    T 2  max     in the case of sample containing the accelerator as compared with the simple cement paste. The faster evolution demonstrates accelerated hydration dynamics introduced by the calcium nitrate. This observation is consistent with the previous reports that calcium nitrate increases the concentration of calcium ions, leading to a faster supersaturation with respect to the silicate hydrates and thus producing a faster development of the C-S-H phase and faster consumption of the capillary water in the hydration process [5].



Comparing the area evolution of the capillary water peak for the two samples (Figure 3a) it is observed that the area of CP peak remains constant up to 3 h of hydration, but a continuous decrease arises in the case of cement paste containing the accelerator (CP + 3% Ca(NO3)2). The relatively constant peak area of the CP capillary pores indicates that the pore volume does not change during the dormancy stage and water is not consumed to form hydration products. Consequently, the reduction of the relaxation time observed in Figure 3b during the dormant stage can only be attributed to the changes in the pore surface. To demonstrate this conclusion, we notice from Equation (1) that if we represent the ratio    V l  /  T 2  max     as a function of hydration time, this ratio will describe the pore surface evolution. Note that    V l    is proportional with the peak area, consequently   A r e a /  T 2     max     is represented in Figure 4 as a function of hydration time. According to Equation (1), this representation is independent of the assumption that the pores are saturated with water and provides information of pore surface evolution during the hydration. As one can observe, the surface of capillary pores increases for both samples, but the process is faster for the sample containing the accelerator (circles).



The changes in the pore morphology can be also described by monitoring the volume fractal dimension    D f   . This quantity can be evaluated based on the log-log representation suggested by Equation (2). The   log  (   V c   )    versus   log  (   T 2   )    curves are shown in Figure 5 for the two samples during the first six hours of hydration. A decrease in the slope for both samples is obtained during the hydration which is equivalent, based on Equation (2), with an increase in the fractal dimension. As can be observed from the figure, the fractal dimension varies from 2.237 to 2.663 in the case of simple cement paste (Figure 5a), and from 2.356 to 2.723 in the case of cement paste containing the accelerator (Figure 5b). This variation in fractal dimension is continuous (see the slopes in Figure 5c,d, respectively) and correlated with the change in the surface size revealed in Figure 4. Note that, the increase in the fractal dimension of cement based materials was associated with an increase in their strength [21]. Here, the increase in fractal dimension could be again correlated with the increase in strength during the hydration. However, establishing a direct relationship between compressive strength and pore volume fractal dimension, determined by NMR, requires supplemental investigations.




4. Materials and Methods


4.1. Sample Preparation


Two samples, with the same water-to-cement ratio of 0.4, were prepared and comparatively investigated in the present study. One sample is a pure cement paste (CP) obtained by mixing Portland cement with water and the other additionally contains 3% Ca(NO3)2 by cement mass. The two samples were prepared with white Portland cement CEM I 52.5 R (Holcim, Bucuresti, Romania), fulfilling the European Standard BS EN 197-1. The white cement was chosen here on purpose due to its low content of iron oxide (<0.5%), in order to reduce internal gradients that can be induced by susceptibility difference between the solid matrix and filling liquid [13,36]. The Ca(NO3)2 accelerator was acquired from NORDIC Chemicals SRL, Cluj-Napoca, Romania. Before mixing with cement powder, the accelerator was dissolved in water. The ingredients were then mixed for 5 min using a mixer, at 100 rpm. The resulting paste was poured into 10 mm glass tubes and then introduced inside the probe head. The tubes were sealed to prevent water evaporation. The first NMR measurements were always performed at 15 min counting from the initiation of the mixing process and the last after 6 h of hydration.




4.2. NMR Measurements


Transverse relaxation measurements of fluids confined inside the cement paste pores were performed using the well-known Carr–Purcell–Meiboom–Gill (CPMG) technique [32,33]. In the CPMG pulse sequence, an initial 90° radiofrequency pulse around the y-axis is followed by a train of 180° pulses around the x-axis at time instants τ, 3τ, 5τ, … The attenuation of the echo train recorded at the time instants 2τ, 4τ, 6τ, … contains information about the transverse relaxation time distribution inside the sample. If the sample is heterogeneous and the echo train attenuation is multiexponential, a numerical Laplace inversion [34,35] of the echo train provides the relaxation time distribution. In the case of liquids confined inside porous media, the relaxation time distribution mimics the pore size distribution and a quantitative description of the pore sizes can be obtained provided that the relaxivity of the pore surface is known from independent measurements. The main advantage of such a multiple echo technique for the determination of the transverse relaxation time is that it allows fast multiple accumulations of the echo train signal—an important issue in increasing the detection sensitivity. Furthermore, due to the short echo times implemented it reduces diffusion effects on transverse relaxation measurements [13,36].



The experiments were performed using a Bruker Minispec MQ20 instrument (Bruker BioSpin GmbH, Rheinstetten, Germany), operating at a proton resonance frequency of 20 MHz. The CPMG echo trains consisting of 1000 echoes were recorded after 32 scans, with an echo time of 80 µs and a recycle delay of 0.5 s. With these parameters, the recording duration of one echo train was short enough to prevent sample changes during the experiment. The measurements were performed at 35 °C, the working temperature of the Bruker Minispec MQ20 instrument, without using the external temperature control unit.





5. Conclusions


Monitoring the evolution of NMR relaxation time under the influence of different parameters can be used as a tool in determining the pore evolution of cement-based materials. Here, the influence of an accelerator on the surface evolution of capillary pores was studied using a low-field NMR instrument. The approach employed here removes the generally used assumption that the capillary pores are saturated with water during the early hydration. Based on the new approach, it was shown that the surface of capillary pores increases during the early hydration (less than 6 h) even during the dormant stage and this effect is higher in the presence of an accelerator. However, in the case of simple cement paste, the pore volume sems to be constant during the dormant stage, and a clear identification of the dormant stage is possible by plotting the area of the peak versus hydration time. In the presence of an accelerator there is a continuous consumption of water in capillary pores, and one cannot clearly identify the dormant stage, at least for the accelerator content and hydration temperature used in the experiments. The volume fractal dimension of capillary pores increases during the hydration in the case of both samples, with higher values in the case of cement paste containing the accelerator. This indicates a more uniform pore distribution in the case of the sample containing the accelerator.







Funding


This work was supported by a grant of the Romanian Ministry of Education and Research, CNCS–UEFISCDI, project number PN-III-P4-ID-PCE-2020-0533, within PNCDI III.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The author declares no conflict of interest.




Sample Availability


Samples of the compounds are not available.




References


	



Buswell, R.A.; De Silva, W.R.L.; Jones, S.Z.; Dirrenberger, J. 3D printing using concrete extrusion: A roadmap for research. Cem. Concr. Res. 2018, 112, 37–49. [Google Scholar] [CrossRef]

	



Bos, F.; Wolfs, R.; Ahmed, Z.; Salet, T. Additive manufacturing of concrete in construction: Potentials and challenges of 3D concrete printing. Virtual Phys. Prototyp. 2016, 11, 209–225. [Google Scholar] [CrossRef]

	



Aïtcin, P.C. Accelerators. In Science and Technology of Concrete Admixtures; Woodhead Publishing: Sawston, UK, 2016; pp. 405–413. [Google Scholar] [CrossRef]

	



Myrdal, R. Accelerating Admixtures for Concrete, State of the Art; SINTEF: Trondheim, Norway, 2007; ISBN 978-82-536-0989-8. [Google Scholar]

	



Marchon, D.; Kawashima, S.; Bessaies-bey, H.; Mantellato, S.; Ng, S. Hydration and rheology control of concrete for digital fabrication: Potential admixtures and cement chemistry. Cem. Concr. Res. 2018, 112, 96–110. [Google Scholar] [CrossRef]

	



Pop, A.; Badea, C.; Ardelean, I. The effects of different superplasticizers and water-to-cement ratios on the hydration of gray cement using T2-NMR. Appl. Magn. Reson. 2013, 44, 1223–1234. [Google Scholar] [CrossRef]

	



Pop, A.; Bede, A.; Dudescu, M.C.; Popa, F.; Ardelean, I. Monitoring the influence of aminosilane on cement hydration via low-field NMR relaxometry. Appl. Magn. Reson. 2016, 47, 191–199. [Google Scholar] [CrossRef]

	



Creţu, A.; Mattea, C.; Stapf, S.; Ardelean, I. The effect of silica fume and organosilane addition on the porosity of cement paste. Molecules 2020, 25, 1762. [Google Scholar] [CrossRef]

	



Irshidat, M.R.; Al-Nuaimi, N.; Rabie, M. Influence of carbon nanotubes on phase composition, thermal and post-heating behavior of cementitious composites. Molecules 2021, 26, 850. [Google Scholar] [CrossRef]

	



Le, T.T.; Austin, S.A.; Lim, S.; Buswell, R.A.; Gibb, A.G.F.; Thorpe, T. Mix design and fresh properties for high-performance printing concrete. Mater. Struct. 2012, 45, 1221–1232. [Google Scholar] [CrossRef]

	



Moeini, M.A.; Hosseinpoor, M.; Yahia, A. Effectiveness of the rheometric methods to evaluate the build-up of cementitious mortars used for 3D printing. Constr. Build. Mater. 2020, 257, 119551. [Google Scholar] [CrossRef]

	



Badea, C.; Bede, A.; Ardelean, I. The effect of silica fume on early hydration of white Portland cement via fast field cycling-NMR relaxometry. In Proceedings of the AIP Conference, Yogyakarta, Indonesia, 9–10 November 2017; Volume 1917, p. 040001-5. [Google Scholar]

	



Stepišnik, J.; Ardelean, I. Usage of internal magnetic fields to study the early hydration process of cement paste by MGSE method. J. Magn. Reson. 2016, 272, 100–107. [Google Scholar] [CrossRef]

	



McDonald, P.J.; Rodin, V.; Valori, A. Characterisation of intra- and inter-C–S–H gel pore water in white cement based on an analysis of NMR signal amplitudes as a function of water content. Cem. Concr. Res. 2010, 40, 1656–1663. [Google Scholar] [CrossRef]

	



Korb, J.-P.; Monteilhet, L.; McDonald, P.J.; Mitchell, J. Microstructure and texture of hydrated cement-based materials: A proton field cycling relaxometry approach. Cem. Concr. Res. 2007, 37, 295–302. [Google Scholar] [CrossRef]

	



Bede, A.; Scurtu, A.; Ardelean, I. NMR relaxation of molecules confined inside the cement paste pores under partially saturated conditions. Cem. Concr. Res. 2016, 89, 56–62. [Google Scholar] [CrossRef]

	



Badea, C.; Pop, A.; Mattea, C.; Stapf, S.; Ardelean, I. The effect of curing temperature on early hydration of gray cement via Fast Field Cycling-NMR relaxometry. Appl. Magn. Reson. 2014, 45, 1299–1309. [Google Scholar] [CrossRef]

	



Ardelean, I. Applications of Field-Cycling NMR Relaxometry to Cement Materials. In Field-Cycling NMR Relaxometry: Instrumentation, Model Theories and Applications; Kimmich, R., Ed.; The Royal Society of Chemistry: Cambridge, UK, 2019; Chapter 19; pp. 462–489. ISBN 978-1-78801-154-9. [Google Scholar]

	



Faure, P.F.; Rodts, S. Proton NMR relaxation as a probe for setting cement pastes. Magn. Reson. Imaging 2008, 26, 1183–1196. [Google Scholar] [CrossRef]

	



Issa, M.A.; Issa, M.A.; Islam, M.S.; Chudnovsky, A. Fractal dimension-a measure of fracture roughness and toughness of concrete. Eng. Fract. Mech. 2003, 70, 125–137. [Google Scholar] [CrossRef]

	



Zhou, J.; Kang, T.; Wang, F. Pore structure and strength of waste fiber recycled concrete. J. Eng. Fiber. Fabr. 2019, 14, 1558925019874701. [Google Scholar] [CrossRef]

	



Zhang, Z.; Weller, A. Fractal dimension of pore-space geometry of an eocene sandstone formation. Geophysics 2014, 79, D377–D387. [Google Scholar] [CrossRef]

	



Hansen, J.P.; Skjeltorp, A.T. Fractal pore space and rock permeability implications. Phys. Rev. B 1988, 38, 2635–2638. [Google Scholar] [CrossRef]

	



Lü, Q.; Qiu, Q.; Zheng, J.; Wang, J.; Zeng, Q. Fractal dimension of concrete incorporating silica fume and its correlations to pore structure, strength and permeability. Constr. Build. Mater. 2019, 228, 116986. [Google Scholar] [CrossRef]

	



Taylor, P.C.; Kosmatka, S.H.; Voigt, G.F.; Ayers, M.E.; Davis, A.; Fick, G.J.; Gajda, J.; Grove, J.; Harrington, D.; Kerkhoff, B.; et al. Integrated Materials and Construction Practices for Concrete Pavement: A State of the Practice Manual; Federal Highway Administration: Washington, DC, USA, 2006.

	



Bhardwaj, A.; Jones, S.Z.; Kalantar, N.; Pei, Z.; Vickers, J.; Wangler, T.; Zavattieri, P.; Zou, N. Additive Manufacturing Processes for Infrastructure Construction: A Review. J. Manuf. Sci. Eng. 2019, 141, 091010. [Google Scholar] [CrossRef]

	



Korb, J.P. Microstructure and texture of cementitious porous materials. Magn. Reson. Imaging 2007, 25, 466–469. [Google Scholar] [CrossRef]

	



Gallego-Gómez, F.; Cadar, C.; López, C.; Ardelean, I. Imbibition and dewetting of silica colloidal crystals: An NMR relaxometry study. J. Colloid Interface Sci. 2020, 561, 741–748. [Google Scholar] [CrossRef]

	



Simina, M.; Nechifor, R.; Ardelean, I. Saturation-dependent nuclear magnetic resonance relaxation of fluids confined inside porous media with micrometer-sized pores. Magn. Reson. Chem. 2011, 49, 314–319. [Google Scholar] [CrossRef]

	



Cadar, C.; Cotet, C.; Baia, L.; Barbu-Tudoran, L.; Ardelean, I. Probing into the mesoporous structure of carbon xerogels via the low-field NMR relaxometry of water and cyclohexane molecules. Microporous Mesoporous Mater. 2017, 251, 19–25. [Google Scholar] [CrossRef]

	



Mandelbrot, B.B. Fractals: Form, Chance, and Dimension; W. H. Freeman & Company: San Francisco, CA, USA, 1977; ISBN 9780716704737. [Google Scholar]

	



Carr, H.Y.; Purcell, E.M. Effects of diffusion on free precession in nuclear magnetic resonance experiments. Phys. Rev. 1954, 94, 630–638. [Google Scholar] [CrossRef]

	



Meiboom, S.; Gill, D. Modified spin-echo method for measuring nuclear relaxation times. Rev. Sci. Instrum. 1958, 29, 688–691. [Google Scholar] [CrossRef]

	



Provencher, S.W. CONTIN: A general purpose constrained regularization program for inverting noisy linear algebraic and integral equations. Comput. Phys. Commun. 1982, 27, 229–242. [Google Scholar] [CrossRef]

	



Venkataramanan, L.; Song, Y.; Hürlimann, M.D. Solving Fredholm integrals of the first kind with tensor product structure in 2 and 2.5 dimensions. IEEE Trans. Signal Process. 2002, 50, 1017–1026. [Google Scholar] [CrossRef]

	



Pop, A.; Ardelean, I. Monitoring the size evolution of capillary pores in cement paste during the early hydration via diffusion in internal gradients. Cem. Concr. Res. 2015, 77, 76–81. [Google Scholar] [CrossRef]








[image: Molecules 26 05328 g001 550] 





Figure 1. CPMG echo trains recorded for the two samples, at different hydration times, as indicated in the legend: (a) Cement paste sample prepared at a water-to-cement ratio of 0.4; (b) Cement paste prepared at 0.4 water-to-cement ratio which additionally contains 3% accelerator (Ca(NO3)2). 
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Figure 2. Relaxation time distributions for the two samples, at different hydration times, as indicated in the legend: (a) Cement paste sample prepared at a water-to-cement ratio of 0.4; (b) Cement paste prepared at 0.4 water-to-cement ratio which additionally contains 3% accelerator (Ca(NO3)2), by cement mass. 
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Figure 3. (a) The peak area evolution during hydration for the capillary pores of the two samples; (b) Evolution of the relaxation time corresponding to the peak maximum during the hydration. 
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Figure 4. Ratio between the peak area and the peak maximum in the relaxation time distributions shown in Figure 2 for the capillary water component of the two samples, as indicated in the legend. In the case of sample containing the accelerator, the evaluation was restricted to shorter relaxation times due to the overlapping of the capillary peak with the signal corresponding to the C-S-H pores. 
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Figure 5. Versus   log  (   T 2   )    at different hydration times for the capillary water peak in Figure 2 in the case of cement paste sample (a) and the cement paste containing the accelerator (b).    T 2    was considered here in milliseconds. The linear fits with Equation (2) for the two samples were performed after shifting the data on the abscissa axis, for a direct comparison. The same region, between −0.08 and 0.00 on the abscissa axis, was used for all fits. A continuous change in the slope is observed both for the simple cement paste (c) and the sample containing the accelerator (d). The coefficients of determination    R 2    in all fits were bigger than 0.93, indicating a good linear approximation. 
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