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9 

Abstract10 

Progress in microstructural characterization methods is summarized. Special attention is given 11 

to advanced probes, such as x-ray imaging and spectroscopy, 1H NMR relaxometry, in-situ and 12 

high-pressure x-ray diffraction, and digital holographic microscopy. Microtomography has 13 

become a mature technique and nanotography has improved its spatial resolution significantly, 14 

particularly with the use of ptychography. The review also discusses the effect of plasticizers 15 

on the microstructure of concrete and presents a critical analysis of how organic admixtures 16 

affects the hydrates obtained from pure synthesis in saturated solutions and from more realistic 17 

hydrating systems. The addition of nanomaterials into cementitious systems modifies the 18 

microstructure of the matrix so a summary of recent research is presented. It is important to 19 

integrate the impressive progress in the characterization of the micro(nano)structure with 20 

realistic models therefore the present work paper gives a short but critical presentation of the 21 

use of molecular physics that incorporates the chemical composition, the texture, and the 22 

microstructure of the cement hydrates. 23 

24 

25 

1. Introduction26 

New knowledge and improvements in understanding the microstructure of cement-based 27 

materials, particularly those insights gained after the last International Congress on the 28 

Chemistry of Cement (ICCC) in 2015, are the focus of this review. Because of their importance 29 

in facilitating the acquisition of new knowledge, this review starts with a presentation of the 30 

advances in direct and indirect imaging methods applied to cements and concrete. Examples of 31 

insights gained through their application to probe the structure of hydrated cementitious 32 

material are discussed. Emerging methods and their pioneering applications for 33 

characterization of hydrated cementitious materials will also be analyzed. Prior reviews have 34 

been published in the past decade [1–5]; those along with two recent books describing the 35 

methods to measure the concrete microstructure are recommended for those interested in 36 

obtaining a deeper knowledge in the field [6,7].  37 

Organic compounds influence the mineral phases [8–12] and have a significant effect on the 38 

microstructure of the cementitious matrix. Chemical admixtures are essential for the 39 

manufacture of sustainable concrete with improved properties [12–16] and for the creation of 40 

new building technologies [17–20]. The increasing complexity of the concrete mixture design, 41 

the interactions of the various types of admixtures with the mixture constituents, and the 42 

stringent requirements for the concrete performance require a deep understanding of the 43 

interactions between the cement and the chemical admixtures [8,20]. Concrete admixtures have 44 
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a significant influence on the solid-liquid interface, where the cement hydration reactions 45 

initiate and control the resulting microstructure; this includes the dissolution of the anhydrous 46 

phases and the nucleation and growth of the hydrates. This review discusses the influence of 47 

organic admixtures on the microstructure of concrete and summarizes recent research 48 

examining the precipitation of silicate and aluminate hydrates and the modification brought by 49 

the presence of polycarboxylate ether (PCEs) plasticizing admixtures. Specifically, the review 50 

differentiates the influence of organic admixtures on hydrates obtained from pure synthesis in 51 

saturated solutions and from the more realistic hydrating systems composed of pure phases and 52 

model cements.  53 

Interest in using nanomaterials (nanoparticles and nano-reinforcement) for cementitious 54 

materials continues to increase [21]. They have the potential to reduce the cement content in 55 

concrete without compromising its performance, to impart new functionality (e.g., sensing or 56 

photocatalytic capabilities), and to enhance concrete’s physical and mechanical properties. 57 

This review discusses recent progress in the understanding the underlying microstructural 58 

features of nanomodified cementitious materials and their influence on physical and 59 

mechanical properties. The topic of nanomodification of cement matrix was not reviewed in 60 

prior ICCC. 61 

Inspired by breakthrough successes obtained through micromechanics-facilitated design of 62 

concrete, including strain-hardening and bendable cementitious composites [22,23], 63 

researchers are dedicating a tremendous effort to develop new concepts of nanomechanics to 64 

increase the strength density beyond that of ultra-high-performance concrete and to 65 

manufacture concrete with significantly improved durability. The most promising path seems 66 

to be via understanding and manipulating the molecular building block of calcium-silicate-67 

hydrate (C-S-H) [24–28]. The use of molecular physics approaches to explore the nanoscale 68 

composition-structure-property relationships highlighted the role of defect attributes [29], 69 

densification [30] and network isostaticity [31,32], which are now regarded as new dimensions 70 

in concrete nanoengineering. However, unlike in oxide glasses and ceramics, such scientific 71 

discoveries have gained little to no traction in concrete practice. It appears that the major 72 

obstacle to materialize such fundamental breakthroughs lies within C-S-H's multiscale porous 73 

structure [33,34]. In other words, concrete nanoengineering proves practically futile until 74 

researchers solve the relationship between the chemical composition and textural attributes of 75 

cement hydrates at the mesoscale and discover heuristic approaches to economically 76 

manipulate the structure of cement hydrates at this length scale. In this portion of the review, 77 

experimental advances in the micro(nano) structure of concrete are integrated with recent 78 

progress in mesoscale simulations toward addressing the present knowledge gap. 79 

 80 

2. Microscale experimental probes  81 

It is common to classify methodologies for microstructural characterization as direct or indirect 82 

methods. The former directly images two-dimensional (2D) and/or three-dimensional (3D) 83 

morphology, whereas the latter measures the response of the material under certain stimulation, 84 

which can then be translated into structural information via model interpretation. Here, 85 

advances in commonly employed techniques (e.g., SEM, XRD) as well as some emerging 86 

methods, are reviewed and examples of their pioneering applications for characterization of 87 

hydrated cementitious materials are presented.  88 
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2.1 Direct methods 89 

2.1.1 Electron microscopy 90 

Scanning Electron Microscopy (SEM): A SEM image is obtained from the second electron 91 

(SE) or backscattered electron (BSE) signal that are produced by the sample volume being 92 

scanned by a focused electron beam. Although a large number of SEM SE images of 93 

cementitious material have been generated in the past, often these lack detailed quantitative 94 

information. In the past five years, the remarkable increase in spatial resolution in modern 95 

microscopes has tremendously facilitated quantitative morphological studies, particularly of 96 

early hydration products, such as calcium silicate hydrates (C-S-H) [35–37]. For example, the 97 

number of C-S-H nucleation cites per unit area on the surface of C3S particle [35] (Figure 1a) 98 

or on a substrate (calcite) [36,37] (Figure 1b) can be directly counted using SE imges of 99 

sufficient resolution. Further image analysis can provide statistical estimation of the size of the 100 

C-S-H particles and consequently the measurement of the total volume of C-S-H as a function 101 

of hydration or growing time [36,37]. Such data contribute to elucidating early hydration 102 

kinetics, which previously have often been beyond the capability of bulk method such as 103 

quantitative XRD analysis.  104 

 105 

 106 

Figure 1. SEM images of surface nucleated C-S-H: (a) on a C3S particle surface after 2h 107 

hydration [35] (white arrow indicating C-S-H), and (b) on a calcite substrate surface [9]. 108 

 109 

BSE imaging, when combined with EDS, provides quantitative and spatial information, 110 

powerful for relating composition and structure. While the methodology has been established 111 

for decades [38], some notable improvements have occurred in the recent years. Apart from 112 

the conventional grayscale segmentation algorithm, extra image masks from elemental 113 

mapping are shown to be highly useful in the quantitative study of systems containing slag [39] 114 

and fly ash [40]. In particular, the Mg and O mapping can efficiently highlight unreacted slag 115 

and fly ash, respectively. In addition, by properly segmenting the elemental composition on a 116 

ternary diagram, it is possible to differentiate SCMs that are of different chemical compositions 117 

[40,41]. Note that this analysis usually requires large quantities of BSE images and EDS 118 

elemental mapping, which is possible only when using modern SDD detectors [6]. For 119 

example, BSE images of unhydrated portland cement grains and the resulting hydrated 120 

microstructure, (Figure 2, (a) and (b)), when overlain with false color compositional maps 121 

obtained by EDS, facilitate identification and distinction of different phases present in these 122 

complex materials.  123 
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 124 

Figure 2. Micrographs of ASTM C150 Type I/II OPC, at 600× magnification, show (a) 125 

unhydrated cement grains where phase compositions are elucidated and (b) the resulting 126 

hydrated cement paste at 28 days, with w/c of 0.45. 127 

Even without a quantitative approach, advances in higher-resolution microscopy can readily 128 

provide useful information that was previously unattainable. For example, the filler effect of 129 

supplementary cementitious materials (SCMs) can be robustly determined by examining 130 

surface nucleation and growth of C-S-H, occurring on cement grains and SCM particles [42]. 131 

A topographic study of early C-S-H formation has provided evidence to validate the 132 

conceptualized morphology of the basic C-S-H structural units (i.e., fine fibers and thin sheets), 133 

as well as their assemblage as influenced by various curing conditions [43]. With qualitative 134 

observation, caution must be taken to ensure observations are representative, including 135 

examining a sufficient number of structures or regions of interest. 136 

3D imaging is now possible when SEM is combined with a Focused Ion Beam (FIB). Relevant 137 

work are often reported for clay systems [44] but seldom for cement-based systems. A recent 138 

work utilized SEM-FIB to study a ~100 µm3 volume of a mature high performance concrete, 139 

at a voxel resolution of 6-10 nm [45]. This method provides 3D morphological information 140 

down to the smallest capillary pore. The sampling size and resolution are comparable to the 141 

best x-ray nanotomographic imaging reported so far (as will be reviewed later). More SEM 3D 142 

imaging research is expected to be reported in the next few years.  143 

Recommendations for SEM experimental protocols have also been recently reported. A 144 

supercritical drying method of exchanging pore solution with isopropanol and afterwards 145 

trifluoromethane, was recently recommended to preserve the cement-based microstructure 146 

[46]. For EDS measurements, recommendations include [47]: a) using optimized voltage (~ 15 147 

kV) and beam current (~ 1 nA), b) fixing the total number of counts instead of counting time 148 

for quantitative comparison, c) calibration the minor elements with standards. The intermixing 149 

of phases is a major limitation to SEM-EDS, but it may be improved by the manual selection 150 

of the measurement location under a sufficient magnification (> 4000×). The reader is referred 151 

to a recently published handbook for a comprehensive guide of studying cement-based material 152 

using SEM [6]. 153 

 154 

Transmission Electron Microscopy (TEM): Compared with SEM, TEM is less commonly 155 

used for characterization of cement-based materials as it demands extensive experimental 156 

efforts in preparing and locating representative sampling regions, and in minimizing the rapid 157 
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beam damage to the delicate nanostructure of hydration products. Nonetheless, TEM is the 158 

only method capable of directly probing the single-nanometer structure, critical for generating 159 

new insights the nanoscale origin of the meso- and micro- morphology of hydration products. 160 

Recent TEM studies have been report for the cementitious matrix [48–50], lab-synthesized C-161 

(A-)S-H [51,52], systems incorporating SCMs such as fly ash [53–56], blast furnace slag 162 

[57,58] and silica fume [59]. TEM can be coupled with EELS and it can also be performed 163 

with EDX and, since the sampling regions are typically a few hundred nanometer thin, it is 164 

much easier to relate nanoscale featueres to compositional variations in TEM-EDX study, and 165 

to avoid phase-intermixing. Apart from hydrated systems, TEM was also used to probe surface 166 

defects on anhydrous C3S before and after annealing, and these features are reported to be 167 

important for the induction period of C3S hydration [60].  168 

 169 

Figure 3. Small angle scattering curve of type-I C-S-H calculated from TEM image [61]. (d) A 170 

3D image of C-S-H obtained from TEM tomography [61]. 171 

 172 

In terms of quantitative structural study, TEM allows the direct measurement of the size of 173 

fibrillary C-(A-)S-H [62]. The interlayer spacing of C-(A-)S-H can also be directly measured 174 

from TEM images, although more accurate measurement is readily obtained from XRD. 175 

Theoretical calculation of small angle scattering (SAS) curve provides an alternative way to 176 

quantify morphological information from TEM images [63]. Recent experiments have 177 

confirmed that the method is a reliable complement to the high-q (i.e., scattering vector) end 178 

of the small-angle-scattering (SAS) measurements using an x-ray or neutron source [61,62]. 179 

An example of the approach is shown in Figure 3(c). However, it should be noted that even 180 

though the calculated SAS is a quantitative representation of the TEM morphology, it still 181 

cannot be directly used as input for further modeling unless the SAS data are properly 182 

interpreted by a structural model, for example a fractal assembly of basic C-S-H units of certain 183 

geometry.  184 

Three-dimensional TEM-based tomography of a relatively large area with spatial resolution 185 

better than ~1 nm has the potential to provide key to understanding the mesoscale structure of 186 

the cementitious matrix. As discussed in section 5, the mesostructure is believed to be 187 

responsible for multiple macroscale concrete behaviors, such as shrinkage, creep, medium 188 

transport and load-induced crack initiation. Pioneering work has demonstrated that such TEM 189 
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tomography is technically feasible [61,64], overcoming a limitation of TEM – its inability to 190 

distinguish among heavily overlapped structural morphologies. An example is shown in Figure 191 

3(b), where two overlapped C-S-H layer structures were successfully resolved. While these are 192 

significant advances, further improvements are needed to develop a robust protocol for TEM 193 

tomographic study of cementitious material.  194 

 195 

2.1.2 X-ray imaging 196 

Micro (and Nano) X-ray Computed Tomography (mXCT and nXCT) are widely available 197 

both in laboratories and in synchrotron-radiation facilities. Equipment improvements over the 198 

30 years of XCT studies on cement-based materials, researchers are now able to conduct robust 199 

lab-based mXCT with sufficient temporal resolution (a few minutes per sample) and spatial 200 

resolution (0.5-1 µm). Many mXCT studies have been reported in the past five years, including 201 

on cementitious material subjected to elevated temperature [65], leaching [66], alkali-silica-202 

reaction [67], and corrosion of reinforcement [68], as well as studies on cementitious matrix 203 

containing air entraining voids [69,70], recycled aggregates [71], SCMs [72] and fibers [73]. 204 

By combining XCT experiments with uniaxial loading, in situ crack evolution with increasing 205 

loads has been studied [74]. mXCT has also been used to study water distribution, where the x-206 

ray attenuation of concrete pore solution is enhanced with cesium chloride [75].  207 

Over the past five years, a remarkable improvement in nXCT resolution has occurred, using 208 

synchrotron x-ray facilities [76–78].  For example, partially hydrated cement grains, affixed on 209 

a tungsten needle tip, were imaged at a series of rotation angles from -90° to 90° by condensed 210 

x-ray beam in a transmission mode are reconstructed, resolving features at resolution of ~20 211 

nm. For example, Figure 4(a) is an nXCT image of hydrated C3A particles. The 20-nm voxel 212 

resolution enables directly observation of the heterogeneous surface dissolution. Similar 213 

investigations were reported for hydrated C3S and fly ash particles [77,78], where the 214 

attenuation difference was used to track the density and packing density of hydration products 215 

as a function of hydration time. Soft x-ray nXCT has also been used to obtain high-resolution 216 

3D images, as demonstrated in the work of Brisard et al. [79] and Jackson et al. [80] to image 217 

C-S-H and Al-tobermorite clusters, respectively.  218 

 219 

Figure 4. (a) Nano-tomography of hydrated C3A particles, where the hydration product 220 

(ettringite) and anhydrous C3A are colored with green and blue, respectively; yellow and red 221 

arrows in the cross-section indicate highly reacted and nearly-unreacted surface regions, 222 
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respectively. Images are adopted from [76]. (b) Comparison of attenuation contrast (top) and 223 

phase contrast (bottom) tomographic images of concrete subjected to water ingress following 224 

heat treatment. The dry and wet regions cannot be distinguished by their attenuation signal, 225 

whereas they are readily differentiated by the phase signal. Images are adopted from [81]. 226 

 227 

Phase segmentation is often a challenge in the quantification of the XCT images. In most XCT 228 

experiments, the transmission signal is used to generate a tomograph with attenuation contrast. 229 

Volumes with similar chemical compositions and densities have similar values of attenuation 230 

and are, thus, not well-differentiated in the reconstructed image. Satisfactory segmentation is 231 

usually obtained for voids (cracks and pores), organic fibers, hydration products, aggregates, 232 

anhydrous phases and steel reinforcement bars/fibers. However, it is difficult to differentiate 233 

among the various hydration products, or to distinguish empty cracks and pores from those that 234 

are fully or partially filled with fluid. A combined x-ray absorption spectra can aid phase-235 

identification [76,77], but with limited spatial resolution. Contrary to transmitted x-rays, the 236 

scattered x-ray signal can provide improved contrast between phases of similar attenuation. In 237 

particular, recent publications have demonstrated that the SAS signal is sensitive to sub-pixel 238 

or sub-voxel structural features or changes, such as the change due to water content [81–83]. 239 

This SAS signal can be measured by Talbot-Lau interferometry through “X-ray Phase Contrast 240 

Imaging” (XPCI). As shown in Figure 4(b), phase contrast imaging can differentiate wet and 241 

dry regions, which was not possible with attenuation contrast imaging [81]. Using a lab-scale 242 

XPCI setup, temporal and quantitative information of the water displacement was obtained in 243 

an early age cementitious material [82]. 244 

 245 

X-ray ptychography is a novel synchrotron imaging method that provides 2D and 3D images 246 

with both superb resolution and unique contrast between phases. Benefiting from the non-247 

destructive manner of sample interrogation and fast data acquisition, groundbreaking work 248 

examining cement reactions at the nanoscale has demonstrated the advantage of this technique 249 

[76,84–87].  250 

Refraction and attenuation simultaneously occur when x-ray passes through matter. They are 251 

measured by the complex refractory index 𝑛 = 1 − 𝛿 + 𝑖 ∙ 𝛽, where δ is the decrement of the 252 

real part of refractory index from unity and β is the attenuation. To measure both δ and β, it is 253 

necessary to obtain both amplitude and phase of the x-ray that is refracted by the object, 254 

however a detector only measures the amplitude. In ptychographic (meaning ‘to fold’ in Greek) 255 

imaging, the incident beam spot illuminates the sample in a spatial step size that is much 256 

smaller than the spot size. As a result, the overlap between adjacent illumination spots provide 257 

sufficient over-determination to solve both the amplitude and phase of the object. Recently 258 

developed iterative algorithms enables such rapid and robust calculations. Ptychography does 259 

not require a high-quality lens, yet readily provides a resolution beyond the limit of direct x-260 

ray imaging. However, it requires a high coherence of the incident x-ray, typically only 261 

available at synchrotron facilities, such as in a Scanning Transmission X-ray Microscopy 262 

(STXM) beamline [88].  263 

Figure 5(a) is an example of ptychographic study of CAH10 conversion at elevated temperature, 264 

conducted at beamline 5.3.3.1 of Advanced Light Source in Berkeley, California [84]. Sharp 265 

contrast highlights the 2D morphology of the conversion product needles at ~10 nm resolution. 266 

Coupling with X-ray Absorption Near Edge Structure (XANES) study at Al K-edge, crystals 267 

of different morphology are differentiated by comparing the micro-XAS spectra with the 268 
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spectra of reference crystal phases (Figure 5(b) and (c)). A similar study was conducted on the 269 

hydration of C3A in the presence of gypsum. The ptychographic images allows tracking of the 270 

radius of ettringite needles as a function of hydration time, water-to-solid ratio and growth 271 

locations, i.e., on a surface or in confined regions, including between adjacent C3A particles 272 

[76].  273 

 274 

Figure 5. Examples of x-ray ptychography imaging: (a) 2D nano-morphological change of 275 

CAH10 after exposure to a 60℃ water bath for 1h, to facilitate conversion; (b) and (c) Al K-276 

edge XANES spectra of selective areas and reference pure phases; images adopted from [84]. 277 

(d) 3D reconstruction of a partially hydrated C3S particle in a quartz capillary tube; images 278 

adopted from [86]. 279 

 280 

Figure 5(d) shows a ptychographic tomography study of partly hydrated C3S particles packed 281 

in a quartz capillary tube, conducted at cSAXS beamline at the Swiss Light Source in Villigen, 282 

Switzerland [86]. Projection images of both δ and β contrast were independently used for 283 

tomographic reconstruction. On the combined 2D histogram (Figure 5(d) bottom), distribution 284 

peaks are rather isolated and therefore allow a more efficient material phase segmentation 285 

(Figure 5(d) top) compared with conventional x-ray tomography using attenuation contrast. In 286 

addition, the δ value of each voxel is linked to its mass density ρ (Eq. (1)), which can be used 287 

to track the sub-voxel density changes in C-S-H at different locations and at different hydration 288 

age. 289 

𝜌 =
1

𝑁𝐴

2𝜋𝛿𝐴

𝑍𝑟0𝜆
2                                                                (1) 290 

where NA is Avogadro’s number, A is the molar mass, Z is the total number of electrons in the 291 

formula unit, r0 is the classical electron radius and λ is the x-ray wavelength.  292 

X-ray ptychography can be particularly useful for cement chemistry studies for the following 293 

reasons: a) it utilizes x-ray beam of lower energy compared with electron microscope, therefore 294 

induces limited morphological damage to the object even after long-term observation, b) in situ 295 

experiments are possible using properly-designed reaction cells, c) chemical information (e.g., 296 

XANES spectra) can be measured with remarkable spatial resolution, opening the possibility 297 
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to directly observe the nanoscale mechanism of multi-phase cement hydration. Unfortunately, 298 

presently x-ray ptychography is only available in a few synchrotron facilities.  299 

 300 

2.1.3 Digital Holographic Microscopy (DHM)  301 

Introduced in the mid-2000s, to enhance electron microscopy, digital holographic microscopy 302 

(DHM) is most commonly used with light microscopy [89]. With DHM,  the light wave 303 

front information originating from an object is collected as a hologram (rather than as a project 304 

image), and the hologram is then processed to yield the object’s 3D morphology. The 305 

horizontal resolution is diffraction-limited whereas the vertical (depth) resolution reaches a 306 

remarkable 0.5 nm when used in reflection mode [90]. Only recently has DHM been applied 307 

to cementitious materials. The technique has been used to investigate the surface dissolution of 308 

C3A [90], calcite [91] and gypsum [92], and showed the following advantages: a) fast image 309 

acquisition, b) in-situ observation in aqueous conditions, and c) quantitative information of the 310 

surface retreat. Figure 6(a) shows a sequence of images of gypsum dissolution in deionized 311 

water where different surface retreat regions (smooth, wide pits, narrow pits and cleavage 312 

steps) were identified and their retreat rates quantified [92]. DHM measurements provide 313 

quantitative information of the surface dissolution rate and surface heterogeneity of cement-314 

based minerals, which can be used to validate existing hydration models. 315 

 316 

2.1.4 Neutron imaging  317 

Neutron imaging is widely used to study the internal structure of solids. An earlier review of 318 

its application in geomaterials and  other porous engineering materials is available [93]. The 319 

coarser resolution of neutron imaging (~100 µm) is not comparable with x-ray and electron 320 

imaging. However, because of the strong attenuation of water to neutrons, moisture distribution 321 

inside concrete specimens can be readily identified from either a 2D neutron transmission 322 

radiography or 3D neutron tomography. New studies reported a) quantification of  water 323 

redistribution in mortar containing shrinkage-reducing admixture and lightweight aggregate 324 

[94], b) real-time measurements of moisture profiles in high-performance concrete exposed to 325 

high temperatures [95], and c) visualization of water penetration in cementitious materials with 326 

superabsorbent polymers (SAP) [96]. Figure 6(b) shows radiographic images of moisture 327 

distribution in pre-cracked mortar specimens in contact with water for 4 hours [96]. Inhibited 328 

moisture diffusion was observed in specimens containing superabsorbent polymers, since SAP 329 

swells in humid environment and can seal pre-existing cracks. 330 

https://en.wikipedia.org/wiki/Wave_front
https://en.wikipedia.org/wiki/Wave_front
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 331 

Figure 6. Exemplar imaging results obtained using (a) DHM, (b) Neutron radiography, and (c) 332 

ERT. (a) Surface topography of a gypsum grain measured by DHM showing development of 333 

etch pits; images adopted from [92]. (b) Neutron radiography conducted after 4 h contact with 334 

water for non-cracked specimen without SAP addition (0-UNC) and cracked samples without 335 

SAP addition (0-CRA), with 1% SAP B (1B-CRA), 1% SAP C (1C-CRA) and 2% SAP C (2C-336 

CRA); images adopted from [96].  337 

 338 

2.2 Indirect methods 339 

2.2.1 In situ X-ray Diffraction (XRD), correlated with isothermal calorimetry 340 

While XRD has been used for over a century to characterize both anhydrous and hydrated 341 

cementitious materials, recent advancements in detector technologies - allowing a full scan 342 

(from 5 to 70° 2 to be performed in less than 7 minutes on a single sample, with a good peak 343 

data resolution – provide new opportunities to relate microstructure formation to ongoing 344 

hydration reactions. Time-resolved, in situ XRD can be performed on hydrating samples that 345 

are cast in the sample holders [97–101]. Evaporation and carbonation can be avoided by 346 

covering the exposed sample surface with a low-permeability thin film of known diffraction 347 

pattern, such as polyethylene terephthalate (i.e., PET or ‘Mylar’) or Kapton film. Figure 7 348 

shows diffraction patterns, obtained hourly for a sealed hydrating OPC paste sample up to 24 349 

hours of hydration. The peak heights measured from this diffraction patterns can be plotted as 350 

time series data and compared to isothermal calorimetry results to relate changes in relative 351 

amounts of reactants and products with heat evolution. An example is shown in Figure 8 where 352 

increasing peak heights (obtained from Figure 7) of the early hydration products ettringite and 353 

portlandite, are contrasted with the depletion of cementitious alite and belite phases. This semi-354 

quantitative method allows having an indication of the phases assemblage and its general 355 

evolution during the hydration [99]. However, for a reliable quantification of the phases, in-356 

situ XRD coupled with a Rietveld refinement analysis using an external standard [102] can be 357 

preferred and were recently used to better understand the evolution of the chemical balance in 358 

the first hours of hydration as well as the effect of admixtures [97,98,100,101,103]. 359 

 360 

The peak normalization method can also be used to understand the influence of citric acid 361 

dosage in retarding the hydration kinetics and ettringite crystallization, thereby increasing the 362 

time to set, as shown in Figure 8 and Figure 9. However, care should be taken when comparing 363 
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XRD obtained from two different samples. A layer of water may form between the sample and 364 

the protective film, which changes the absorption of the X-ray and therefore causes possible 365 

errors in the peak analysis [104].  Samples with bleeding tendency, as it is often the case for 366 

samples with superplasticizers, may also present higher peaks for portlandite and, in some 367 

cases, for ettringite, which leads to their overestimation. Preferential direction of grain growth 368 

may also be created, which can result in inaccurate quantification of phase content. This can 369 

often be avoided by complementing with additional XRD tests on finely ground powders or by 370 

using other characterization methods such as thermogravimetric analysis (TGA). For example, 371 

Figure 10(a) shows the influence of PCE on reaction kinetics and phase development in a 372 

hydrating calcium sulfoaluminate (CSA) paste mixture. For the mixture with PCE addition, the 373 

peak height of the ettringite phase is about twice the peak height of the ettringite phases in the 374 

mixture without PCE. However, the peak heights of the hydrating ye’elimite phase, which is 375 

mainly responsible for the formation of ettringite, is similar after 6.5 hours of hydration in both 376 

the mixtures with and without PCE addition. From the TGA (Figure 10(b)) performed at 6.5 377 

hours of hydration on both the mixtures with and without PCE addition, an insignificant 378 

difference in ettringite phase is found between both the mixtures. Upon SEM investigation of 379 

the ettringite phase morphology in both of those mixtures (shown in Figure 10 (c) and (d)), the 380 

ettringite needles in mixture without PCE were longer and are exhibit preferential direction of 381 

growth, whereas, with PCE addition, the ettringite needles were short, well-packed and do not 382 

seem to exhibit any preferential direction of g growth (refer to session 3.1.2 for more details). 383 

For additional information of XRD technique and sample preparation procedures, the readers 384 

are referred to guidebooks on microstructure characterization of cementitious systems [102].  385 

  386 

 387 
Figure 7. XRD of hydrating OPC paste mixture at every hour until 24 hours of hydration 388 

time. 389 
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 391 
Figure 8. Comparing early age heat evolution and heat of hydration with phase development 392 

in Portland cement paste. 393 

 394 

 395 

Figure 9. Influence of set modifier (citric acid) on early age heat evolution, phase 396 

development, and setting time of CSA cement pastes. 397 
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 399 

Figure 10. Influence of PCE on (a) hydration kinetics, (b) phase development and (c, d) phase 400 

morphology in CSA paste mixtures. 401 

 402 

2.2.2 Small Angle X-ray & Neutron Scattering (SAXS and SANS)  403 

When an incident beam passes through a material, the scattered x-ray or neutron measured at 404 

low scattering angle carries the structural information of the material at nanoscale (from 1 to 405 

100 nm). The raw small angle scattering (SAS) data is in the form of intensity vs. the scattering 406 

vector Q, where 𝑄 =
4𝜋 sin𝜃

𝜆
; θ and λ are the scattering angle and the beam wavelength, 407 

respectively. The interested reader can find detailed description of mathematical foundation in 408 

[105–107]. SAXS and SANS have been applied to cementitious system for nearly 20 years. 409 

One of its major contributions was to show the globular nature of C-S-H at the mesoscale [75]. 410 

SAXS and SANS have been applied on cementitious system for nearly 20 years. Recently, 411 

researchers have refined the globular model of C-S-H to an alternated layer-packing of calcium 412 

silicate and water, resulting in a modified mathematic expression of the scattering intensity 413 

[108,109]. Such a model allows fitting both the thickness of water and the calcium silicate layer 414 

of the C-S-H lamellar structure, using the SANS data with extended Q range from 0.015−1.0 415 

Å-1 [75-76]. Apart from the C-S-H samples, SAXS was recently used to study the nano-416 

morphology of magnesium-silicate-hydrate (M-S-H) [110]. The diameter of M-S-H nano 417 

globules can be fitted by adopting a spherical shape for basic M-S-H solid units. The hydration 418 

of C3A in the presence of gypsum was recently studied by in-situ SAXS experiment (Figure 419 

11(a) [76]). By adopting a needle (cylindrical) shape for the ettringite crystals, their average 420 

radius was tracked as a function of hydration time. The fitted geometry is comparable to the 421 

results obtained by direct image analysis, as shown in Figure 11(b). This study demonstrated 422 

the possibility of conducting in-situ SAXS experiment for a fast-evolving cementitious-system, 423 

so that the certain nano-morphological information can be obtained in a minute-based rate.  424 
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 425 

Figure 11. (a) and (b) in-situ SAXS study [76], (c) and (d) in-situ 1H NMR Relaxometry study 426 

[111]. (a) SAXS results of ettringite from the in-situ measurement of hydrated C3A in the 427 

presence of gypsum (w/s=1, C3A/gypsum=2.5). (b) Evolution of ettringite needle radius both 428 

from fitting the SAXS data and from direct image analysis. (c) The T2 distribution of white 429 

cement pastes at 10 days hydration. (d) Evolution of the fractions of different signals in a white 430 

cement paste (w/c=0.4) as a function of hydration time.  431 

 432 

2.2.3 1H NMR Relaxometry 433 

The multiscale pore structure of cementitious material is often characterized by the different 434 

physical states of water in pores of various sizes. The hydrogen nuclei in water act as sub-435 

atomic magnets which respond to an applied magnetic field. After coherent precession 436 

excitation, the excited nuclei gradually relax to lose their coherence. In a cementitious system, 437 

the dominating mechanism of such relaxation is the fast interaction between exited hydrogen 438 

nuclei with the pore surface. Hydrogen nuclei relax faster in smaller pores where the surface-439 

to-volume ratio is larger. Based on this ‘fast exchange model’, the time constant of the 440 

relaxation, also termed as T2, is used to calculate the pore size according to Eq. (2), where S/V 441 

is the specific surface area of the pore and λ is a calibrated empirical parameter.  442 
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1

𝑇2
=

𝑆

𝑉
× 𝜆                                                               (2) 443 

Readers are referred to [112] for the detailed theory of the existing models and a comprehensive 444 

review of 1H NMR Relaxometry applications for cement-based materials.  445 

In the past 5 years, 1H NMR Relaxometry has been used to study several fundamental cement-446 

chemistry topics. Figure 11(c) shows the T2 distribution of white cement paste cured for 10 447 

days hydration, where five principal components are observed. In an increasing order of T2 448 

peak positions, they are assigned to chemical water in CH (and ettringite), interlayer pore water, 449 

gel pore water, free water in the interhydrate space, and in the capillary pores [111]. By casting 450 

the cement paste into glass NMR tubes, the fractions of different pore spaces can be tracked in 451 

situ as a function of hydration time, see Figure 11(d). Coupled with the mass fraction of CH 452 

and ettringite measured by XRD and TGA, the solid density (exclusive of gel water) and bulk 453 

density (inclusive of gel water) of C-S-H can be calculated, as well as its specific surface area. 454 

A similar study was conducted on white cement hydration system containing silica fume [113], 455 

and on the early hydration of alite and OPC [114]. The release of water by organic internal 456 

curing agents, also in white cement, has also been recorded with 1H NMR, and the rate of 457 

moisture migration related to the composition and structure of the agent [115].  458 

Using an NMR temperature control module, researchers have studied the change of water state 459 

within the cementitious pore space due to temperature changes. The results indicate that the 460 

fraction of gel water increases but the fraction of interlayer water decreases when temperature 461 

increases from 20°C to 38°C [116]. A change of the pore size distribution was also observed 462 

in specimens undergoing drying-wetting cycles [117]. Researchers have also used 1H NMR 463 

Relaxometry measurements to calibrate the internal relative humidity of a cementitious matrix 464 

self-cured in a seald container [118], and to assess the accuracy of mercury intrusion 465 

porosimetry [119]. To summarize, 1H NMR Relaxometry has been tuned into be a robust 466 

method to measure pore structure and water binding state over a large spatial scale in a 467 

remarkable non-destructive manner. 468 

 469 

2.2.4 Texture of the hydration products 470 

The orientation distribution of grains in polycrystalline materials, often referred to as “texture”, 471 

is extensively studied by metallurgists and geologists [120]. When a single grain exhibits non-472 

isotropy for certain physical properties, the texture of the matrix will greatly determine the bulk 473 

property. The orientation distribution of crystals can be measured by evaluating the variation 474 

of intensity along the azimuthal angle of the Debye rings obtained from synchrotron x-ray 475 

diffraction measurements [121]. The cementitious matrix contains crystalline and 476 

nanocrystalline phases, and their orientations have always been assumed to be random in 477 

existing multiscale models of concrete. An early investigations indicated that CH prefers to 478 

align its c-axis perpendicular to the cement-aggregate interface [122,123]. In a microXRD 479 

texture study conducted on ettringite precipitated during sulfate attack [124], the c-axis of the 480 

trigonal crystallites are found to be preferentially oriented perpendicular to the fracture 481 

surfaces. By averaging single-crystal elastic properties over the orientation distribution, it is 482 

possible to estimate the elastic anisotropy of ettringite aggregates.  483 

Previously, texture analysis of C-(A-)S-H has not been reported, largely due to its poorly 484 

crystallized nature making it poorly suited for conventional XRD conditions. However, 485 

recently Geng et al. [93], using a synchrotron-based High-Pressure XRD setup in a radial 486 

diffraction geometry, were able to characterize the texture of C-(A-)S-H as a function of 487 
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applied external compression. The experimental geometry allowed the determination of the 488 

orientation of the C-(A-)S-H layers by analyzing the intensity distribution of the (002) 489 

diffraction ring at different azimuthal angles. As shown in Figure 12(a), when loaded under 490 

hydrostatic stresses, the (002) ring had a uniformly distributed intensity. However, when the 491 

stress tensor contained deviatoric components, the intensity concentrated at the horizontal 492 

direction. The results indicate that the ordinarily randomly oriented C-(A-)S-H nanocrystals 493 

tend to align themselves perpendicular to the applied uniaxial compression with soft lateral 494 

confinement, as shown in Figure 12(b). Deviatoric stress is the driving force to develop such a 495 

texture, as texture does not form when C-(A-)S-H is loaded by hydrostatic force (Figure 12(a)). 496 

Such a texture may largely alter the macro-property of C-(A-)S-H matrix especially when its 497 

atomistic scale property is anisotropic.  498 

 499 

Figure 12. Texture study of C-A-S-H under different stress condition: (a) 2D diffraction images 500 

of C-A-S-H loaded without (top) and with (bottom) deviatoric stress; (b) a schematic 501 

illustration of C-A-S-H developing preferred orientation under different loading condition [93]. 502 

  503 

3. Effects of superplasticizers on the microstructure 504 

Comb-shaped polycarboxylate ether (PCE) superplasticizers (Figure 13) are among the most 505 

widely used concrete dispersants and can strongly impact the microstructure of hydrating 506 

cement in different ways [125–128]. Through their adsorption on cement particle surfaces, due 507 

to their negatively charged backbones,  they can alter the dissolution of the anhydrous phases, 508 

which is believed to be at the origin of the cement hydration retardation and modify the 509 

structure and morphology of the hydration products, which may impact the equilibrium 510 

between the main phases [8,103,129–133]. Their side chains induce steric repulsion between 511 

cement particles, changing the precipitation location of the hydrates and therefore the spatial 512 

distribution of the cement phases [134]. The adsorption affinity of the polymer influences its 513 

interaction with different cement phases, which is highly dependent on the surface chemistry 514 

of the phases and on the PCEs own molecular structure [128,135,136]. The latter is very 515 

versatile and can be easily modified to reach the desired adsorption and rheological properties 516 

[15,125,126,129,134,137–140]. This implies, for example, that modifying the chemistry and 517 

structure of PCEs – e.g., the monomers composing both the backbone and the side chains, the 518 
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bonds between them, the length of the backbone, the number, length and distribution of side 519 

chains, and the charge density– microstructure can be influenced and potentially tailored.   520 

 521 

 522 

Figure 13. Schematic representation of a PCE molecule with its backbone adsorbed on the 523 

surface of a cement particle and its side chains occupying a volume around the backbone. This 524 

figure shows the blob model describing the polymer as self-excluding chain of half spheres 525 

[141]. Adapted from [131]   526 

 527 

3.1 Ideal systems 528 

3.1.1 Silicates 529 

The way the chemical admixtures can modify the morphology of C-S-H has great importance, 530 

as it influences the final properties. As it will be discussed in section 4, the synthesis of C-S-H 531 

seeds in presence of PCEs can be use as accelerating admixtures [142–145]. PCEs molecules, 532 

used to stabilize and disperse the seeds in solution during their synthesis, significantly 533 

influences the C-S-H morphology by causing the precipitation of smaller particles and by 534 

modifying the assemblage of the platelets [144]. The structure of the agglomeration of these 535 

modified particles and the surface created depend on the molecular structure and charge density 536 

of the polymer [144,146]. These modifications have a great practical significance because the 537 

efficiency of the seeds depends on the structure formed, on the density of the aggregates, and 538 

on the surface available for further hydration [146]. 539 

The modifications in the morphology of the hydrated particles are relatively easy to observe 540 

and to measure. However, such observations only reflect the changes caused by the presence 541 

of the chemical admixtures and do not inform the exact process that molecules interfere with 542 

the precipitation of the particles. While there are several models to explain the C-S-H 543 

nucleation and growth process, a consensus has not yet been reached [49,145,147–152]. The 544 

exact role of the addition of admixtures in the different steps of these processes must be 545 

dependent on the real process of C-S-H precipitation and consequently still remains unclear.  546 

Recent studies showed evidences of a non-classical precipitation of C-S-H with a transition 547 

from globular or spheroidal nanoparticles, defined as amorphous precursors, to the more 548 

characteristic C-S-H nanofoils (Figure 14) [153,154]. The presence of PCEs delays this 549 

conversion, probably by forming a layer around the precursors that stabilizes the metastable 550 

particles and prevent them from converting to the more stable foil-like structure [154]. The 551 

kinetics of the conversion depends on the molecular structure of the polymer, with a longer 552 

delay for the highly charged molecule. These results confirm the stabilization of precursors 553 

with linear polycarboxylates, already observed during the formation of CaCO3 that was 554 

previously used as a model system for cement hydrates [155]. For the CaCO3 precipitation, the 555 
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growth, size and morphology of the crystals also depend on the structure of the polymer and 556 

its charge density [156,157]. 557 

 558 

 559 

Figure 14. TEM images of C-S-H precipitated without PCE (above) and with a highly charged 560 

PCE (below). The conversion from globules to nanofoils in the system without PCE is 561 

completed after 60 min. In presence of PCE, the globules are smaller and more dispersed, so 562 

the conversion is completed only after some hours. Reproduced and adapted from [154]. 563 

Recent research has focused on the characterization of the molecular bonds between the 564 

polymer and the C-S-H surface [158–160]. Orozco et al. [158] studied PCEs composed of 565 

carboxylate and silanol groups that are known to increase the adsorption in extreme 566 

environment where normally PCEs fail to adsorb [137,161–163]. The use of integrated 567 

advanced characterization technics, such as synchrotron x-ray radiation and NMR, showed that 568 

the adsorption of the carboxylate groups on Ca-ions changed the order of symmetry of the ion 569 

and the silanol groups to form covalent bond with the silicon at the surface. Furthermore, a 570 

small basal spacing increase was observed, which, according to the authors, is not due to 571 

intercalation of PCEs, but probably caused by a change of stacking order of C-S-H layers 572 

caused by the dispersion effect of the polymer and/or a shift of Ca complexing on the surface 573 

that leads to more water in the interspace. A higher degree of polymerization and hence a 574 

greater average length of the silicate chains are observed for PCEs with silanol groups and for 575 

more common PCEs with carboxylate functions [158,164].  576 

The effects of other chemical bonds, such as hydrogen bonds, between the C-S-H surface and 577 

polymers have been measured. These chemical bonds together with the carboxylate functions 578 

make the interaction between the polymer and C-S-H stronger [159]. This led to the 579 

No	PCE

PCE
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development of a composite C-S-H/polymer capable of withstanding flexural stresses of 580 

several hundreds of MPa by combining the stiffness of the C-S-H and elasticity of the polymers 581 

along with its ability to dissipate energy [160]. Although the quantity of organic admixture 582 

needed for creating this material is higher than the dosage of PCEs used in practice, the results 583 

show that the behavior of cementitious materials with better mechanical properties could begin 584 

at the nanoscale. 585 

Studies on the effect of chemical admixtures on C-S-H are numerous however, to the best of 586 

our knowledge, few studies focused on the influence of the admixtures on the portlandite 587 

precipitation [165–167]. For example, sucrose, that is known to have a strong affinity for 588 

portlandite and to inhibit its precipitation, strongly modifies the morphology of portlandite 589 

crystals [166]. PCEs seems affect more the size by creating smaller crystals than the 590 

morphology. It is clear that more research is needed to determine the influence of admixtures 591 

on the precipitation of portlandite as it represents an important factor in the overall hydration 592 

kinetics of C3S [168].  593 

 594 

3.1.2 Aluminates 595 

AFm precipitation 596 

Due to their positively charged surface, anionic PCEs have a higher affinity for aluminate than 597 

silicate surfaces. PCEs with high charge density are particularly known to intercalate between 598 

the cationic layered structure of calcium aluminate hydrates (or AFm) to form a so-called 599 

organomineral phase (OMP) or a hybrid layered double hydroxide structure (LDH) [169]. This 600 

intercalation has been observed during the synthesis of hydrocalumite in presence of PCEs 601 

[170–174] and in realistic systems using hydrating calcium aluminate cements both with high 602 

polymer concentration and with more practical dosages [172]. SEM and TEM analysis 603 

confirmed the formation of intercalates composed of nano-sized foils. XRD, SAXS and NMR 604 

TRAPDOR measurements provided a better characterization of the interlayer chemistry and 605 

distance between the layers. The latter is greater in presence of PCEs and it also depends on 606 

the molecular structure and polydispersity of the polymer and its steric characteristics. The 607 

composite structure was rationalized by using a model of adsorption conformation of comb 608 

copolymers derived from scaling laws using the structural parameters of a molecule [170]. This 609 

allowed to describe the intercalated polymers as bilayers of hemispheric cores with sizes 610 

dependent on the molecular parameters of the polymer. Changes in stacking orders of the 611 

composite particles were also observed but, as mentioned by the authors, it could be an artefact 612 

of the sample preparation that led to the alignment of the particles. 613 

In practice, the intercalation of the molecules in LDH structures means that a part of the 614 

polymer is lost and therefore is not used for the dispersion. Because the intercalation depends 615 

on the molecular structure and on the aluminates and sulfates content, changes in the 616 

rheological behavior will occur depending on the charge density of the polymer and its affinity 617 

for intercalation and the type of cement. Understanding such interaction at a molecular scale is 618 

needed to develop new superplasticizers able to avoid incompatibilities with cement [169]. 619 

Ettringite precipitation 620 

The strong change in ettringite precipitation caused by the presence of superplasticizers is also 621 

one of the main reasons for incompatibilities between admixtures and cement [132]. Several 622 

studies focused on the spontaneous precipitation of ettringite from calcium hydroxide and 623 

aluminum sulfate solutions in presence of various chemical admixtures [175,176], including 624 
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PCE with different molecular structures [177,178]. Cody et al. [176] performed a careful and 625 

systematic analysis of the ettringite precipitation with a high number of admixtures from 626 

inorganic salts, small organic compounds to larger organic molecules. In the case of 627 

superplasticizers, except for naphthalene sulfonates that seem to lead to larger crystals [175], 628 

the presence of dispersants generally leads to a larger number of smaller crystals, indicating a 629 

favored nucleation of ettringite crystals linked to a growth inhibiting effect [177,178]. Besides 630 

the change in size, the crystals have also different morphologies and aspect ratios depending 631 

on the type of molecule, from generally finer needles for PCEs to thick prisms for naphthalene 632 

sulfonates as shown by Shi et al [175]. This may due to differences in adsorption and affinity 633 

of the molecules for the various faces or edges of the crystal structure, which prevents further 634 

growth in different directions.  635 

Changes in crystals size, morphology and aspect ratio were also observed for PCEs molecules 636 

with different structural architecture after 10 seconds of crystallization (Figure 15) [178]. The 637 

effects varied with the chemistry and the charges density of the molecules, with a stronger 638 

impact for the most anionic molecule. In practice, the influence on the number of crystals, their 639 

size and dimensions lead to a higher specific surface of the aluminates surface and a higher and 640 

faster consumption of the ettringite components, such as sulfate and water. Because the 641 

interaction between PCEs and ettringite precipitation occurs during the first minutes of 642 

hydration, the main consequences of the modification brought by the polymer are a negative 643 

influence on the rheological properties of the concrete and a perturbation of the hydration 644 

kinetics [19,131,179–181]. So far, the exact mechanism for the enhanced nucleation of 645 

ettringite has not been explained neither quantified with respect to the molecular structure of 646 

PCEs. Once the mechanism is fully understood, it will be possible to control this strong 647 

incompatibility between cement and PCEs. Such control will be particularly useful for 648 

applications that need an early stiffening and structural build-up, such as for 3D printing 649 

[18,19]. 650 

 651 

 652 

Figure 15. Average length and diameter of ettringite crystals obtained from calcium hydroxide 653 

and aluminum sulfate solutions after 10s of reaction without polymer and with different types 654 

of PCEs [178]. 655 

 656 
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3.1.3 Challenges and limitations of the ideal systems 657 

Regarding the changes in ettringite precipitation, presently there is no clear understanding if 658 

the modifications are related to alterations in the way the nuclei are formed with complexed 659 

molecules or if the modifications are associated to the adsorption of the molecules on the 660 

already formed nuclei, leading to a different growth mechanism. Explaining this at the 661 

nanoscale remains one of the most important challenge in admixtures technology. Combining 662 

advanced techniques, such as NMR, SAXS or cryo-TEM, that have been useful in the 663 

development of new insight for the C-S-H precipitation [153,154], has the potential to increase 664 

the understanding of the action of PCEs on ettringite nucleation and growth. This challenge is 665 

however not trivial because ettringite precipitation is fast and, if not well controlled, can be 666 

altered by the precipitation of other phases, such as AFm or calcium sulfates. 667 

The complexation ability of the molecules plays a critical role in any perturbation of hydrates 668 

precipitation. For example, through Ca-ions titration, polyacrylate chains, similar to the 669 

backbone of most of the commercial comb-shaped copolymers, have shown a strong ability to 670 

modify the way the ions are consumed for C-S-H precipitation: from a nucleation with one step 671 

of Ca-ions consumption without organic admixtures to a several steps process with an initial 672 

complexation period at higher supersaturation in presence of the polymer [182]. Such modified 673 

uptake of calcium ion during C-S-H formation could be another evidence of the stabilization 674 

of precursors by the polymer observed by Schönlein and Plank [154].  675 

Finally, the hydrates morphologies described above for either C-S-H or ettringite are observed 676 

after their synthesis from saturated solutions. The impact of admixtures on the hydrates 677 

formation may differ in real cementitious systems as every aspect of hydrates precipitation is 678 

dependent on the solution composition and ionic strength, the type and composition of the 679 

anhydrous phases as well as their dissolution characteristics, the solid to liquid ratio, etc. Some 680 

of these aspects are discussed in the next. 681 

 682 

3.2 Cementitious systems 683 

3.2.1 Pure C3S phases 684 

Although focusing only on one phase neglects the equilibrium between the main phases of 685 

cement, it is also useful to analyze in details the impact of polymers solely on C3S, as it is the 686 

main component of cement. In recent studies, new insights in the influence of PCEs on C3S 687 

hydration were gained [131,133,165,183–191]. 688 

A direct experimental evidence showed that silicate dissolution is reduced by the presence of 689 

PCEs [131]. The fact that low dosages of polymer may effectively block the dissolution of a 690 

reactive phase may be understood from the perspective of blocking reactive surface areas on 691 

the surface, that are generally etch pits, or modifying the kinetics and the way they expand 692 

(Figure 16) [131,192]. As a confirmation, the exact same rate of reaction, and therefore 693 

retardation, was observed between a C3S with PCEs and the same C3S but annealed to remove 694 

defects on the surface [131]. 695 
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  696 

Figure 16. a) Schematic representation of growth of etch pits in the absence and presence of 697 

PCEs adsorbed on the surface of tricalcium silicate close to the etch-pit, b) heat flows of a 698 

pure tricalcium silicate without and with PCE, and after annealing. Reproduced and adapted 699 

from [131] and [192]. 700 

 701 

In the pore solution of a C3S paste, sedimentation coefficient analysis performed by 702 

ultracentrifugation showed evidences of nanoscale clusters composed of polymers and C-S-H, 703 

probably formed due to the complexation between the anionic functional groups of the polymer 704 

and Ca-ions [186]. This phenomenon combined to the dispersion effect of the PCE, may 705 

explain the transition from heterogeneous to homogeneous nucleation, that was highlighted by 706 

nucleation and growth models [193]. Micro-tomography performed on cement pastes also 707 

indicated changes in spatial distribution between the anhydrous phases and C-S-H [194]. 708 

Questions about the real influence of the PCEs on the chemical composition of C-S-H, such as 709 

the Ca/Si ratio, and the development of the C-S-H platelets in real systems still remain. By 710 

following the phase assemblage evolution with x-ray diffraction and estimating the mass 711 

balance of Ca-ions between the different phases, it was found that in C3S pastes the evolution 712 

of the Ca/Si ratio of C-S-H is different from a reference paste to a system with polymers 713 

[187,195]. To validate the results, the heat release was back calculated from the phase 714 

quantification with commonly used stoichiometry of C3S hydration reaction and fitted to the 715 

actual calorimetric curves. While, for the system without polymer, the fitting was 716 

straightforward, with polymer the fitting was possible only by taking into account a possible 717 

change in entropy of C-S-H reaction as well as taking into account the water content with 718 

respect to the changes of Ca/Si ratio, all these aspects followed the commonly used C-S-H 719 

models [187]. This discrepancy, corrected with thermodynamic considerations of C-S-H 720 

formation, may indicate a structural change in C-S-H particles assembly as well as a variation 721 

of the Ca/Si ratio, which are both mentioned in pure synthesis of C-S-H with PCEs [144,158] 722 

but never for C-S-H in C3S pastes. 723 

 724 

3.2.2 Cement models 725 

In recent studies, different strategies were used to monitor and characterize ettringite 726 

precipitation in a more realistic hydrating systems [131,175,196]. Using C3A and gypsum 727 

reacting for 28 days at a water to binder ratio of 0.29, Shi et al. [175] observed differences in 728 

the morphology of ettringite reacting in presence of different types of superplasticizers: a) large 729 

rods for the reference sample; b) needle-like crystals for samples containing PCEs; and c) 730 

shorter, thicker, and flatter crystals for samples containing naphthalene sulfonate. The same 731 

trend was observed for ettringite synthesized from saturated solutions. However, a direct 732 

comparison between both systems, in solution and in hydrating paste, for each individual 733 

admixture, shows strong differences in the morphology of the ettringite crystals. This is not 734 

a) b)
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surprising as the kinetics of ettringite precipitation are very different; from a very fast 735 

nucleation and growth in a large volume of supersaturated solution, to a nucleation controlled 736 

by the dissolution of the anhydrous particles at low water content. Note that the dissolution of 737 

the reactants may as well be influenced by the adsorption of the admixtures [197]. In the same 738 

study, d-spacing analysis and bonding states measured by XRD and XPS respectively also 739 

indicated structural and chemical changes varying from one superplasticizer to the another 740 

[175]. This can imply different stability of the crystals depending on the organic molecule used.  741 

To better represent fresh cement paste in term of specific surface development and therefore 742 

workability, Dalas et al. [196] used a mixture of C3A (16% w/w), calcium sulfate (4% w/w) 743 

and calcium carbonate (80% w/w) in a synthetic pore solution saturated with respect to 744 

Ca(OH)2 and containing sulfate. Calcium carbonate was used to mimic the presence of silicates 745 

without having to deal with their hydration. The influence of PCEs dosage and molecular 746 

structure on ettringite precipitation in the first minutes of hydration was monitored using in-747 

situ NMR relaxometry, BET and DSC. The results indicated that the presence of the polymers 748 

did not modify the progress of hydration but led to slightly lower amounts of ettringite. This 749 

effect is stronger for the highly charged PCEs and for higher dosages (Figure 17 left). However, 750 

despite the fact that the amount of ettringite did not seem to be strongly influenced by the 751 

polymers, BET measurements revealed a strong increase in specific surface area, indicating the 752 

formation of smaller crystals (Figure 17 right). This is in accordance with other studies that 753 

showed a strong increase in specific surface area and/or the presence of sub-micron particles 754 

in the pore solution [198]. Some hypotheses were developed to explain this favored ettringite 755 

nucleation: a) adsorption on ettringite crystals which slows down their growth and favors their 756 

nucleation, as proposed for ettringite synthesized in supersaturated solution, and b) a favored 757 

homogenous nucleation due to the complexion ability of the polymer, its dispersion property 758 

and/or its adsorption on anhydrous surface making heterogeneous nucleation less favorable. 759 

 760 

 761 

Figure 17. Evolution of the amount of ettringite precipitated (left) and the corresponding 762 

evolution of the BET specific surface area (right) for a paste without admixture and with 763 

different dosages of the same PCE. Reproduced from [196]. 764 

 765 

More recently, a study focused on the hydration retardation caused by PCEs used a customized 766 

clinker composed of 80% (w/w) of C3S and 20% (w/w) of C3A mixed with hemihydrate 767 
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[131,188]. In a realistic and representative manner, this model cement takes a step forward in 768 

simplifying the cement chemistry and the hydration reactions. Also, in this system, the presence 769 

of PCE resulted in a strong increase of the specific surface area from the very beginning of 770 

hydration. However, unlike the system of Dalas et al. [196], a higher amount of ettringite was 771 

observed. SEM pictures confirmed the presence of a large number of small particles as well 772 

(Figure 18).  773 

 774 

 775 

Figure 18. SEM images of the model cement composed of 80% (w/w) of C3S and 20% (w/w) 776 

of C3A mixed with hemihydrate without polymer (up) and with polymer (down) stopped after 777 

2h of hydration. The arrows highlight ettringite crystals in the system without polymer while 778 

ettringite crystals are more numerous and smaller in the system with polymer [188]. 779 

 780 

In this study, using a very high aluminate content had several advantages: a) it enhanced the 781 

strong interaction between ettringite precipitation and PCEs to highlight the negative influence 782 

of the polymer on the equilibrium of the main phases, namely a very strong acceleration of the 783 

sulfate depletion point and, consequently, a strong delay of silicate hydration and b) it 784 

highlighted the buffering effect of ettringite with respect to silicate hydration. Up to a certain 785 

dosage of polymer, c*, the increase in ettringite surface seems to uptake all the PCE molecules 786 

dosed in the system, due to their higher affinity for aluminate surface, leaving the silicate 787 

surface free to react normally (zone I in Figure 19). It was found that the surface occupied by 788 

all the PCE molecules at c*, which is PCE molecular structure dependent and above which 789 

hydration retardation starts, corresponds perfectly to the total surface created in the system and 790 

assumed to be ettringite’s (zone II). In other words, first, at this critical dosage, all the surface 791 

of ettringite formed is completely covered by all the polymer in the system, and second the 792 

extent of created surface at this dosage is dependent on the molecular structure. Above this 793 

dosage, the excess of ettringite created is not high enough to adsorb all the polymer, which 794 

allows PCE molecules to adsorb on the silicate phase, slowing down its dissolution and 795 

retarding the hydration of the cement model (zone III). After a second critical dosage c**, the 796 

strong increase of specific surface area of ettringite is large enough to finally lead to a very 797 

early sulfate depletion point. The behavior of the system after this point is similar to an 798 

undersulfated cement that suffers of a flash set and a strong delay of hydration (zone IV) 799 

[8,12,131]. Although this last behavior is enhanced here because of the high dosage of polymer 800 

and too high content of aluminate compared to an ordinary Portland cement, it cannot be 801 

completely neglect as low-CO2 cements usually contain Al-rich materials. Furthermore, the 802 

buffering effect of ettringite visible at low dosages illustrates why cements with high content 803 

of C3A show a lower sensitivity to hydration retardation by PCEs but a higher perturbation of 804 

the aluminate/sulfate balance [135]. 805 

No	PCE
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 806 

Figure 19. Retardation of a model cement composed of 80% (w/w) of C3S and 20% (w/w) of 807 

C3A mixed with hemihydrate with the direct addition of different PCEs and the schematic 808 

representation of the buffering effect of ettringite. Reproduced from [131]. 809 

 810 

It is clear from the specific surface area analysis, which shows for the first time an indirect 811 

quantification of one aspect of the strong PCEs and ettringite interaction, that the enhanced 812 

precipitation is closely dependent on the molecular structure of the polymer. However, as 813 

mentioned earlier, understanding the way the polymer affects the ettringite precipitation and 814 

how this is linked to the molecular structure remains a challenging topic in concrete admixtures 815 

technology.  816 

At this point, it would be worth mentioning that studying aluminate and sulfate hydration 817 

reactions at very early ages for characterizing ettringite precipitation requires careful sample 818 

preparation and measurement protocols [199–201]. Too extreme conditions for stopping 819 

hydration and drying the sample can cause the dehydration of ettringite or the decomposition 820 

of gypsum to hemi-hydrate or anhydrite. This generally leads to higher values of specific 821 

surface and modification of the crystalline structure that can produce misleading results. 822 

 823 

4. The Effect of Nanoparticles on the Microstructure 824 

The most favorable nanoparticles used in cement are nano SiO2, Al2O3, Fe2O3, TiO2, and 825 

CaCO3, although studies of cements containing nano ZrO2 and ZnO2 have been also reported 826 

in the past decade. Such nanoparticles are broadly available, effortlessly manufactured, and 827 

economical. A practical range of nanoparticle addition is 0.5- 10 wt.% depending on the surface 828 

area of the particles and their compositions. An overdose of nanoparticles or improper 829 

dispersion treatments results in their agglomeration, reduced workability of the pastes, 830 

unexpected additional defects in microstructure, and generation of misleading results. Taking 831 

nano CaCO3 as an example, Kawashima et al. compared the efficiency of different dispersion 832 

methods and different surfactants and found that polycarboxylate superplasticizer is a 833 
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promising candidate for dispersing nanoparticles [202]. In addition to the agreement on high 834 

dispersion efficiency of PCE-based surfactants, a recent review concluded that a combination 835 

of dispersion methods can stabilize a desired state of dispersion [203]. With a proper dose to 836 

cement content, almost all nanoparticles exhibit filler effect-refinement of the pore structure 837 

and denser microstructure of the matrix. Based on their roles or mechanisms in the cement 838 

hydration, the nanoparticles can be divided into four groups: 839 

Group I: nanoparticles in this group, such as ZrO2 and CuO, mainly contribute to filler effects 840 

during the early hydration of cement. The understanding of the mechanisms of microstructure 841 

modification using these nanofillers has been well developed in the past 4-5 years. Numerous 842 

studies have shown that such nanoparticles provide additional heterogeneous nucleation sites 843 

for C-S-H and relative more space due to the diluted cement content. Berodier and Scrivener 844 

[204] suggested that shearing increased by the addition of fillers generates more nucleation 845 

sites on the cement boundaries. Thus, the addition of these nanoparticles can enhance the 846 

compressive strength due to the accelerated growth of hydration product in the pores and 847 

enhanced filling of voids between clinker grains.  848 

Group II: nano pozzolanas in his group mainly includes nano-silica and calcined nano-clay. It 849 

is generally understood that nano-silica mimics the role of silica fume in the hydration of 850 

cement, but with much higher pozzolanic reactivity and fills finer voids. In addition to filler 851 

effects, nano-silica accelerates the strength gain of concrete and generates more C-S-H due to 852 

its pozzolanic reaction with “Ca(OH)2-rich” pore solution. Unlike nano-clays, which mainly 853 

behave as nanofillers or nano-reinforcement in cementitious materials, calcined nano-clay 854 

(amorphous aluminosilicate) exhibits much higher pozzolanic reactivity. A large number of 855 

recent studies has investigated the influence of calcined nano-clay on the microstructure of 856 

hardened cement, although the size and specific surface area of the so-called “calcined nano-857 

clay” were not well characterized in some of the studies. A recent research showed that in 858 

addition to lower residual portlandite content, hydrated cement containing calcined nano 859 

montmorillonite exhibits finer pore-size and ~2% lower total porosity compared to hydrated 860 

cement containing nano montmorillonite [205]; therefore, higher compressive strengths were 861 

achieved in cement paste with calcined nano montmorillonite than with nano-montmorillonite. 862 

Note that, this study may have overlooked the difference in surface area between the calcined 863 

and non-calcined nanoclay. As calcined nanoclay is also aluminate rich, the addition of 864 

calcined nanoclay may also influence the reactivity of aluminate-rich phases during the 865 

deceleration period as reported in the studies of micro calcined clay; although such studies are 866 

still rarely reported. 867 

Group III: only includes nano alumina. Several publications have pointed out that nano alumina 868 

enhances hydration kinetics during the dormant and acceleration periods, refines the 869 

microstructure of paste matrix at different ranges of pore-size, and enhances the mechanical 870 

properties [206–209]. The suggested role of nano alumina in cement hydration is similar to 871 

other nanofillers. On the contrary, a decreased compressive strength of cement with nano 872 

alumina at 1d was reported by Barbhuiya et al. [210], suggesting retardation in early hydration 873 

of cement or a less refined pore structure of cementitious materials. There remain debates on 874 

the mechanism of the modification of cement hydration by nano alumina. A calorimetry study 875 

by Land and Stephan [211] reported the retardation of white cement hydration with nano 876 

alumina from dormant to deceleration periods. The deviation in early hydration behavior was 877 

explained by the different surface structures of the nano alumina produced by different 878 

processes (grinding versus bottom-up process). Similar to nano silica, they also observed the 879 

accelerated formation of monosulfate in the presence of nano alumina during the deceleration 880 

period. It is not yet clear how nano alumina contributes to the formation of monosulfate at 881 
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earlier times. It was not possible to determine whether aluminates of nano alumina also 882 

contribute to the reaction during the deceleration period. It was also not clear whether nano 883 

alumina is highly pozzolanically reactive, as the incorporation of aluminum in C-S-H due to 884 

the presence of nano alumina has not been well examined. 885 

Group IV: includes nano CaCO3 and C-S-H seed. Although CaCO3 is not a pozzolan, the slight 886 

dissolution of calcite and, possibly, the arrangement of calcium atoms on the grain boundaries 887 

of calcite accelerates the nucleation of C-S-H. A preferred growth template for C-S-H on 888 

limestone filler was unveiled by Berodier and Scrivener [204]. Both experimental evidence and 889 

thermodynamic modeling have shown that calcite reacts with Al-rich phases, leading to the 890 

formation of monocarbonate and/or hemicarbonate, and indirectly stabilizing ettringite. These 891 

reactions also lead to a decreased porosity of cement pastes at an early age [212]. Therefore, 892 

nano CaCO3 with much higher surface area compared to limestone powder has been suggested 893 

to exhibit clear influences on the early hydration of PC and on the microstructure of hardened 894 

pastes. Greater influence of nano CaCO3 addition on the refinement of microstructure and 895 

hydration rate of PC-fly ash or PC-slag was observed at early and late ages [213–216]. The 896 

positive contribution of nano CaCO3 in these ternary hydration systems can be explained by 897 

the above-mentioned interaction between calcite and Al-rich phases, as well as the filler effects. 898 

C-S-H seeds have been observed to be an ideal template for C-S-H nucleation and further 899 

growth of hydration product, and this nucleation-growth mechanism is suggested to be the main 900 

reason for accelerated hydration in the studies of calorimetry and mechanical properties. There 901 

has been intensive research to study the nucleation and microstructure of hydrated cement with 902 

C-S-H nano seeds. Apart from conventional methodologies (MIP, SEM, 1H NMR) for 903 

determining the microstructure of cementitious materials with the addition of nanoparticles, 904 

synchrotron-based x-ray tomography was also recently employed to investigate the nucleation 905 

of C-S-H during cement hydration in the presence of C-S-H seed [217]. The most common C-906 

S-H seeds are synthetic semicrystalline C-S-H by either pozzolanic reaction or direct 907 

precipitation method, followed by C-S-H gel synthesized by sol-gel method. A recent review 908 

on nucleation seeding with C-S-H by John et al. [145] summarizes the different synthesis 909 

methods for semicrystalline C-S-H and C-S-H gel and the difference in the compositions and 910 

crystallinity of the products. For direct synthesis of C-S-H from silica-lime reaction, precise 911 

control on Ca/Si ratio of C-S-H products is difficult in the absence of mechanochemical 912 

treatment. As suggested in section 3.1.1, in the presence of PCE, the size and shape of C-S-H 913 

seed can be controlled, which are crucial to the nucleation and growth of hydration products 914 

and the microstructure of cement pastes. For example, Sun et al. used semicrystalline C-S-915 

H/PCE nanocomposite to modify the microstructure and early hydration of cement. In addition 916 

to the accelerated early hydration of cement and an increased 1d strength, porosity of cement 917 

paste at 3d was decreased from 33% to 26% with 0.6 wt.% CSH/PCE, and the amount of large 918 

capillary pores was reduced [218]. Bost et al. [219] compared the acceleration effects of 919 

different accelerators on cement hydration up to 90h using isothermal calorimetry. They 920 

demonstrated that X-Seed (a commercial C-S-H seed product by BASF) exhibited the strongest 921 

acceleration effect compared to other nanoparticles (e.g., nano CaCO3, silica, TiO2, and Fe2O3) 922 

and conventional salt accelerators (e.g., CaCl2 and calcium nitrate). By adjusting pH of C-S-923 

H/PCE nanocomposites, the smallest C-S-H seeds, namely the highest number of seeds, with 924 

an equal weight exhibited the strongest seeding effect during the early hydration of cement 925 

[220]. Another study by Land and Stephan [221] developed a factorial design of experimental 926 

setup to optimize the parameters for the syntheses of C-S-H seeds using mechanochemical and 927 

sol-gel methods. The sol-gel C-S-H with smaller size presented a more pronounced seeding 928 

effect than mechanochemical C-S-H. Mechanochemical C-S-H seeds with Ca/Si of 2 were 929 

suggested to present stronger nucleation effect than seeds at Ca/Si of 0.4. The influence of the 930 
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Ca/Si ratio existing in the C-S-H seeds on the cement hydration and on the resulting 931 

microstructure is still not very understood as Si-precursor, which also influences early 932 

hydration, remains in seed products at Ca/Si of 0.4. 933 

Although the acceleration of early hydration and enhancement in the microstructure of cement 934 

pastes with the addition of C-S-H seeds have been well accepted, inconsistent results in terms 935 

of long-term compressive strength have been reported. Compared to unseeded pastes, 14% 936 

reduction in 28d strength of pastes with 2 wt.% addition of C-S-H seed was found by Owens 937 

et al. [222], whereas Kong et al. [223] found comparable strengths between seeded and 938 

unseeded cement. The deviating behaviors might be explained by different rates in 939 

microstructure evolution of pastes from fresh state to 28d. However, further comparison and 940 

investigation are difficult due to the lack of detailed information of the seeds. Schematic 941 

diagrams of cement hydration and the influences of C-S-H seed and other nanoparticles are 942 

shown in Figure 20. Kanchanason and Plank have demonstrated that C-S-H/PCE 943 

nanocomposites had no adverse effect on the microstructure development of PC blended with 944 

30 wt.% fly ash, and the strengths of seeded mortars are higher than unseeded references from 945 

6h to 28d [224]. Owens et al. [222] found that the acceleration effect of seeds in the presence 946 

of 30 wt.% GGBFS was weaker than OPC hydration system up to 24 h, and the reduction in 947 

28d strength compared to unseeded PC-GGBFS system was also observed. Controversial 948 

results have been reported regarding the effects of semicrystalline C-S-H seed on the nucleation 949 

of alkali-activated GGBFS. Hubler et al. showed that sodium silicate activated GGBFS with 950 

1.33% C-S-H seed exhibited 10 MPa higher strength from 1d to 14d compared to unseeded 951 

activated GGBFS when the pastes were cured under sealed conditions [225]; whereas SEM 952 

results from Suraneni et al. suggested that the addition of C-S-H into 0.1M KOH activated 953 

GGBFS inhibited the activation of GGBFS and the microstructure of seeded alkali-activated 954 

GGBFS is significantly looser than an unseeded reference at 2d [226]. 955 

 956 

 957 

Figure 20. Schematic diagrams of cement hydration and the influences of C-S-H seed and other 958 

nanoparticles. The acceleration effect of C-S-H seed on cement hydration is the strongest at an 959 
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early age (Bost et al., 2016). The long-term influence of C-S-H seed on hydration is still under 960 

debate. 961 

 962 

Despite rarely mentioned in the existing literature, solutions of hydrated portland cement and 963 

crystalline C-S-H phases with nano-size can also be used as C-S-H seeds. Land and Stephan’s 964 

calorimetry study compared the acceleration effects of crystalline C-S-H phases (xonotlite and 965 

tobermorite) on cement hydration (w/s=0.5) during the first 36h [221]. In both cases, enhanced 966 

heat flow from dormant period to deceleration period was pronounced when C-S-H seed 967 

additions exceeded 1 wt.%, while the acceleration effect of cement hydration with xonotlite 968 

addition is more intense, which was explained by a larger surface area of xonotlite. Horgnies 969 

et al. [227] investigated the acceleration effects of afwillite nano seed in hydrated C3S. In the 970 

absence of PCE, afwillite-seeded C3S pastes with w/s=0.35 exhibited looser microstructure in 971 

SEM images than unseeded C3S at 7d and 28d, with 20% higher total porosity. It is still not 972 

entirely understood what the dominating factors are (surface area of seeds, type of C-S-H 973 

phases, or water-to-solid ratio of pastes) of the deviating results in the influences of crystalline 974 

C-S-H phases on nucleation seeding. The influences of other crystalline C-S-H phases (e.g., 975 

jennite, hillebrandite, and reinhardbraunsite) on nucleation seeding and microstructure 976 

evolution of cement or C3S pastes have not been examined yet. Unfortunately, most crystalline 977 

C-S-H phases are rare minerals, manufacturing crystalline C-S-H for seeds is expected instead 978 

of directly mining these minerals. However, massive production of crystalline C-S-H phases 979 

mainly requires hydrothermal synthesis, which is relatively energy-intense and time-980 

consuming. Moreover, the synthesis methods for some crystalline C-S-H phases (e.g., 981 

suolunite, chegemite, and aklimaite) remain uninvestigated. 982 

 983 

4.1 Nano-reinforcement 984 

Instead of “inert” nano-reinforcement, such as nanoclay and carbon nanotubes (CNTs), which 985 

has been extensively studied before 2015, the community recently exhibited an increasing 986 

interest in modifying the microstructure with the use of graphene oxide (GO). Unlike 987 

nanoparticles, the low aspect ratio of which makes them difficult to arrest microcracks, two-988 

dimensional nano-reinforcement, such as GO nanoplatelet, exhibits superior capacity of 989 

controlling crack initiation and propagation. With proper dispersion using sonication and/or 990 

surfactant (e.g., PCE), the length and thickness of GO nanoplatelets used in cementitious 991 

materials are typically hundreds of nanometers to microns and several to tens of nanometers, 992 

respectively. Research progress in the microstructure of cement with co-addition of GO and 993 

PCE is not reviewed here since the results from different sources are very controversial, and 994 

there is a lack of information regarding the type and number of functional groups on GO 995 

nanoplatelets and PCE. 996 

Many experimental studies have suggested that the typical optimal dosage of well-dispersed 997 

GO in cementitious materials is 0.01-0.1 wt.%, which is about 1-2 orders of magnitude lower 998 

than that of conventional nanoparticles. Interestingly, such low dosage allows tens of 999 

percentages of increase in flexural and compressive strengths of cementitious materials at all 1000 

ages. The increased strengths with GO use have been explained by the accelerated early 1001 

hydration, microstructure refinement of paste matrix, and crack-bridging of nano-1002 

reinforcement. Several studies have pointed out that the addition of GO slightly enhanced the 1003 

heat flow during acceleration and deceleration periods of cement. The acceleration effects of 1004 

GO on the reactivity of aluminate phases are stronger than silicate phases of cement in the first 1005 

24h [228–231]. The acceleration of cement hydration was also demonstrated in an electrical 1006 
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resistivity study [228], where a dose of 0.01-0.06 wt.% GO enhanced the resistivity during the 1007 

initial 24h. The authors proposed that the acceleration effect with GO use is either due to the 1008 

nucleation seeding from GO, or the adsorption of cement grains to the functional groups of GO 1009 

nanoplatelets and the further growth of hydration product from the adsorbed nanoplatelets. The 1010 

latter hypothesis seems implausible since the size of GO nanoplatelets typically is much smaller 1011 

than cement grains. The adsorption of GO on cement grains has been carefully studied using 1012 

total organic carbon, XPS, FTIR, SEM [232]. The layer thickness of adsorbed GO on cement 1013 

was measured to be ~10 nm, and SEM images (Figure 21) showed the GO-covered cement 1014 

surface at 2h. The authors proposed that van der Waals force between GO layers shortened the 1015 

distances amongst cement grains (Figure 22), which can explain the generally observed loss of 1016 

workability of fresh cementitious materials due to GO addition.  1017 

 1018 

 1019 

Figure 21. SEM images of unreinforced cement and cement adsorption with GO nanoplatelets 1020 

at different concentrations at 2h (Wang et al., 2016). 1021 

 1022 
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 1023 

Figure 22. Adsorption schematic of GO nanolayers on the cement surface. Left: before 1024 

adsorption; right: after adsorption [232]. 1025 

 1026 

Note that the early acceleration effect of GO on C3S was not observed in a calorimetry study. 1027 

Moreover, retardation of GO on the hydration of clinker in the initial 30h was reported, as the 1028 

cumulative heat of clinker was higher than GO-modified clinker. The authors proposed that the 1029 

retardation was due to the interaction of GO with the hydrous surface of clinker grains, which 1030 

hindered the nucleation of hydration product [233]. However, no experimental evidence has 1031 

been provided to validate this hypothesis, and the acceleration of clinker hydration by GO after 1032 

30h has not been not clearly explained. An XPS study proposed that, instead of portlandite 1033 

precipitation, the consumption of Ca2+ in pore solution by -COOH of GO generates 1034 

Ca(HCOO)2 complexes, which accelerate the cement hydration [234]. However, a reduction in 1035 

the quantity of portlandite has not been observed in many publications. 1036 

A MIP work presented a reduction in the amount of capillary pore of mortars in the presence 1037 

of GO (0.01-0.06 wt.%) at 28d, but with an increased total porosity by 0.5-2%. A clear trend 1038 

of pore structure as a function of GO dosage in the mortars was not shown. On the contrary, 1039 

another MIP study of GO-reinforced paste reported a reduction in total porosity by 4% and a 1040 

reduced critical pore size by 8nm at 28d [235,236]. In addition, a recent MIP study recorded a 1041 

relatively unchanged total porosity at around 20%, but also reported a slight reduced critical 1042 

pore size by 1-2 nm [231]. The deviating results regarding total porosity of pastes and mortars 1043 

might be related to the agglomeration of GO in pore solution, which is often observed with an 1044 

overdose of nanoparticles. By coupling MIP and x-ray tomography, Long et al. found a reduced 1045 

volume fraction of pores at 6–20 μm and 0.05–0.23 μm by 0.1wt.% addition of GO, which also 1046 

supported the pore-refinement concept of GO use [237]. The pore-refinement concept was 1047 

reinforced by studies using nitrogen isotherm adsorption. Compared to unreinforced paste, the 1048 

surface area of paste reinforced by 0.05 wt.% GO is increased by 2.5% at 28d, the author 1049 

assigned the increase to a higher degree of cement hydration with GO use [238]. Reduced size 1050 

of gel pore and increased amount of gel pore in GO-modified mortars were also observed in 1051 

another nitrogen isotherm adsorption test [239]. Many SEM studies presented a greater number 1052 

of nuclei on the surface of GO-modified cement at early ages and a denser microstructure with 1053 

fewer and finer microcracks at 28d. Since a typical dosage of GO in cement is below 0.1 wt.%, 1054 

it is challenging to locate the GO nanoplatelets at late ages if GO has been well dispersed 1055 

[228,230,231]. Several nanoindentation studies have reported a decreased volume fraction of 1056 

pores and an increased volume fraction of high-density C-S-H with a negligible change in 1057 

volume fraction of low-density C-S-H, suggesting a denser microstructure of pastes with the 1058 

addition of GO [237,240]. AFM-nanoindentation studies provided similar results compared to 1059 
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conventional nanoindentation- Horszczaruk et al. found that the elastic modulus of paste with 1060 

3wt.% GO ranged from 5-20GPa, while the elastic modulus of unreinforced paste was 1-10 1061 

GPa [241]. Tong et al. revealed that the area of C-S-H in mortars with 0.1 wt.% GO at 28d was 1062 

larger than that in an nonreinforced mortar, and no apparent interfacial zone was found between 1063 

C-S-H and GO nanoplatelets [240]. The trend in enhanced elastic moduli of GO modified 1064 

pastes measured by AFM and nanoindentation are in a good agreement with the elastic moduli 1065 

obtained from bulk strength measurements. The phase assignment in AFM-nanoindentation 1066 

studies has been supported by the modification of C-S-H nanostructure by functional groups 1067 

of GO, as suggested by a computational study and XPS results by Hou et al. [234].  1068 

 1069 

5. Cement matrix at the mesoscale: experimental evidence and model 1070 

5.1 Structure of C-S-H at the mesoscale 1071 

The structure of C-S-H at the mesoscale has been the subject of experimental studies, which 1072 

interpret the mesotexture either in terms of the pore structure or its dual solid matrix. Aside 1073 

from microscopic air pockets, the C-S-H gel created from the hydration of portland cement 1074 

contains capillary (dp > 10 nm) and gel pores (dp < 10 nm) [242]. The nanoscale porosity 1075 

exhibits a bimodal size distribution in small-angle neutron scattering (SANS) measurements 1076 

[243,244]. As for the solid constituents, independent experimental techniques point to the 1077 

formation of two C-S-H morphologies during OPC hydration. Although qualitative, 1078 

transmission electron microscopy (TEM) images indicate the presence of a fine-textured inner 1079 

product along with a fibrillar/foil-like outer product [48,49]. From mechanistic point of view, 1080 

statistical nanoindentation experiments identify two distinct C-S-H phases, low-density (LD) 1081 

and high-density (HD), with identical composition but mechanically distinct signatures 1082 

[27,245,246]. Similarly, time-resolved SANS [247] and nitrogen adsorption isotherms [248] 1083 

separately capture the formation of two morphologies with different surface areas. The 1084 

observed duality is routinely explained by the free volume theory, i.e. interparticle vs. 1085 

intraparticle space available for C-S-H's nucleation and growth [249,250]. It is intriguing to 1086 

note that a more detailed analysis of SANS [244], nanoindentation [251] and adsorption [252] 1087 

experiments independently suggest a unique nanogranular origins for C-S-H's seemingly two 1088 

different morphologies. In particular, SANS data are interpreted using a self-similar fractal 1089 

structure as produced by the diffusion-controlled single-particle aggregation of polydisperse 1090 

non-spherical C-S-H nanoparticles with the average size of 5 nm [244]. Similar conclusions on 1091 

the particle size have been recently reported through peak broadening analysis of X-ray 1092 

diffraction (XRD) data [253,254]. Despite these efforts, several questions regarding the nature 1093 

of C-S-H gel at the mesoscales remain to be answered. For instance, the relations between the 1094 

size/shape of C-S-H nanoparticles and their chemical compositions remain elusive [52]. The 1095 

thermodynamics routes to modulate the mesoscale texture of C-S-H are still unclear, and the 1096 

impact of such modifications on concrete's macroscopic properties remains yet to be studied. 1097 

The mesoscale simulations intend to systematically address these questions by combining the 1098 

notions of intermolecular and surface forces with coarse-grained colloidal soft matter 1099 

simulation approaches, which are discussed in following sections.  1100 

 1101 

5.2 Effective interactions between C-S-H layers  1102 

Effective interactions between precipitating C-S-H particles govern the textural attributes of 1103 

the C-S-H gel as it controls the local packing density during the mesoscale agglomeration 1104 

process. These effective interactions are conventionally studied within the framework of the 1105 
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so-called potential-of-mean-force (PMF). The PMF is a thermodynamic state function, 1106 

Helmholtz free energy, between two interacting objects, colloidal particles or surfaces, at a 1107 

specified thermodynamic state, i.e. pressure, temperature, ionic concentration, etc. PMFs have 1108 

been the subject of intensive research in condense matter physics, physical chemistry, and 1109 

colloidal science in the past century and have shaped the notion of cohesion and setting in the 1110 

cement and concrete community in modern times. Within the realm of intermolecular and 1111 

surface forces, PMFs can be studied using theoretical, simulation and experimental approaches. 1112 

In what follows, we will discuss these techniques in terms of the chemo-physical insight they 1113 

provide to understand the effective interactions between C-S-H layers, their foundational 1114 

assumptions, limitations and difficulties in utilizing these techniques to measure these 1115 

thermodynamic state functions as well as possible future research opportunities.    1116 

From the theoretical perspective, PMFs have been studied within the context of mean-field 1117 

theories [255–259]. Charged colloids in electrolytes, e.g. C-S-H layers formed in the 1118 

compositionally time-varying electrolyte created in the clinker dissolution process, are 1119 

subjected to a complex combination of repulsive, attractive and oscillatory forces. Based on 1120 

the solution of the Poisson–Boltzmann (PB) equation, the electric double layer theory of Gouy 1121 

and Chapman, describes the formation of electric double layer when two homogenously 1122 

charged surfaces are submerged in an electrolyte solution [255]. Within this framework, one 1123 

finds that the electrostatic pressure P, i.e. the derivative of the PMF with respect to the 1124 

interparticle distance (D) divided by the surface, between two charged surfaces is given by 1125 

P(D)=kBT[Cion(D/2) – C(∞)], where kB, T, and Cion(D/2) are respectively the Boltzmann 1126 

constant, temperature and cation concentration at the mid-separation. It appears that the 1127 

pressure depends only on the midplane ionic concentration, and, therefore, the double layer 1128 

force is entropic in nature. Following the work of Gouy and Chapman, the Derjaguin-Landau-1129 

Verwey-Overbeek (DLVO) theory was established to address the cohesion and stability of 1130 

charged layers separated by an electrolyte solution [260,261]. In DLVO theory, the overall 1131 

interaction between charged colloids is decomposed into the double-layer repulsive and van 1132 

der Waals attractive forces. This theory is designed for point charges, it is, therefore, a mean-1133 

field approach that ignores correlations in ionic fluctuations due to thermal agitations. 1134 

Furthermore, it assumes that thermodynamic properties of electrolyte solutions around 1135 

particles are akin to those of bulk, and the ion distribution in the slit pore follow the Maxwell-1136 

Boltzmann distribution. These constraints limit the application of DLVO theory to large 1137 

separation distances (much greater than the size of a water molecule or cations), dilute 1138 

electrolyte systems and surfaces with low surface charge densities. The actual charge of C-S-1139 

H layers depend strongly on the calcium-to-silicon ratio (C/S), the pH level of the solution as 1140 

well as the ionic strength, and varies between 2.8 to 5.5 (�̅�/nm2) depending on these conditions 1141 

[262–265]. C-S-H’s high surface charge is induces cation condensation, which deviates the 1142 

charge distribution from Maxwell-Boltzmann distribution. This condition is enough to 1143 

undermine the application of DLVO theory to investigate the cohesion and surface forces in 1144 

the cement paste.      1145 

 1146 

To provide a more effective tool to study highly charged colloids, physicists have developed 1147 

the so-called primitive model in the 80s [266,267]. In this approach, the charged layers and the 1148 

solvated cations are represented respectively by uniformly charged infinite surfaces and point 1149 

charges, while the solvent is implicitly described via the dielectric continuum approach. Within 1150 

framework of primitive models, Kjellander et al. [266,268] and Valleau et al. [269] 1151 

demonstrated that a system of charged plates and counter-ions can generate strong attractive 1152 

electrostatic interactions. They argued that ion-ion correlated density fluctuations give rise to 1153 

an attractive force, known as ionic correlation forces (ICFs), that are akin to correlations 1154 
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between instantaneous electronic dipoles in London dispersion forces. Subsequently, Pellenq 1155 

and coworkers [270,271] studied the phase diagram of the attracto-replusive forces as function 1156 

of the surface charge and interlayer distance. They showed the competition between ICFs, 1157 

entropic and contact repulsive forces. At low surface charges and small separation distances, 1158 

the entropic repulsive forces dominate leading to interlayer swelling and low cohesion as 1159 

observed in sodium Montmorillonite clay systems. However, at high surface charges, 1160 

counterions condensate on the charged surface entailing the reduction of entropic forces and 1161 

ICFs dominance that result in strong cohesion and setting in cementitious materials. Focusing 1162 

on the cement chemistry, Jönnson et al. [272,273] demonstrated that the electrostatic forces are 1163 

sufficient to explain the charge inversion (reversal) phenomenon occurring in C-S-H at 1164 

pH~11.7, while varying Ca(OH)2 concentration in the solution. As suggested by the change in 1165 

the sign of the zeta potential in electrophoresis experiments [264,274], the apparent charge of 1166 

C-S-H layers, i.e. the total charge of the C-S-H layer and adsorbed cations, switches from 1167 

negative to positive values by increasing the solution pH or equivalently the surface charge. 1168 

The charge overcompensation at high surface charges causes swelling of the overcrowded 1169 

interlayer spacing by surpassing ICFs. Unequivocally, these primitive model studies confirm 1170 

that the cohesion in cementitious materials is higher in the case of multivalent ions, which 1171 

explain the high fluidity of alkali sulfate cement systems [271,272,275]. 1172 

 1173 

Primitive Models have obviously their own limitations. The surfaces of the slit pore are 1174 

assumed to be fee of structural asperities [276] with uniform charge distributions, ions are 1175 

considered to be fully hydrated and mobile and more importantly the solvent is considered to 1176 

follow the dielectric continuum description, the dielectric constant of which is that of bulk 1177 

water. These assumptions make the Primitive Model questionable, in particular at small 1178 

interlayer separations in the order of a few nanometers. Full atomistic simulations have shown 1179 

that the dielectric constant of the confined water between C-S-H layer at different C/S ratios 1180 

diverge exponentially from that of bulk [262]. The dielectric constant converged to bulk values 1181 

at a characteristic length scale of 5 nm. These results are in line with observation of interfacial 1182 

liquid ordering at hydrophilic surfaces [277–279] that are at the origins of oscillatory solvation 1183 

forces [278,280]. To address the discrepancy in dielectric constant, Carrier [281] developed an 1184 

explicit solvent primitive model with point dipoles representing water molecules. The model 1185 

was subsequently used to explore the role of cation valency in the swelling of 1186 

Montmorillonites. These models are currently undergoing further refinement to investigate 1187 

surface forces in cementitious materials. An accurate alternative approach to calculate PMFs 1188 

is the full atomistic simulation. These simulations employ perturbative statistical physics-based 1189 

approaches, known as free energy perturbation (FEP), to precisely measure incremental 1190 

changes in the free energy profile along a prespecified reaction coordinate, e.g. the distance 1191 

between C-S-H layers. While umbrella sampling technique [282] measures free energy 1192 

difference by applying a bias potential, usually a harmonic potential, between two adjacent 1193 

states, the weighted histogram analysis method [283] streamlines free energy calculations 1194 

along a series of consecutive steps. Metadynamics [284,285] approach, on the other hand, 1195 

measures the free energy by imposing gaussian bias functions along collective variables. 1196 

Unlike previous approaches, simple overlap sampling [286] method does not require a bias 1197 

potential and measures the free energy difference using a large number of half state 1198 

perturbations. Regardless of the selected method, the free energy approaches are 1199 

computationally expensive as they need long molecular dynamics (MD) trajectories or large 1200 

number of Monte Carlo (MC) steps to properly sample the overlapping of energy levels 1201 

between neighboring states.  1202 

 1203 
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 1204 
Figure 23. Construction of the potential-of-mean-force between C-S-H layers via the full 1205 

atomistic simulations. In this approach, the interaction in a general configuration between two 1206 

finite-sized layers in an electrolyte solution, as depicted on the top left, is approximately 1207 

realized by interactions in face-to-face, edge-to-edge and edge-to-face interactions. The graph 1208 

on the right, shows the interaction free energy in face-to-face direction between two 1209 

tobermorite layers, see Masoumi et al. (2017) for details [287].  1210 

 1211 

A number of full atomistic works have already used FEP approaches to study for the 1212 

interlamellar swelling of smectite clays [288] or cohesion between C-S-H layers 1213 

[262,276,280,289]. Using grand canonical Monte Carlo (GCMC) approach, Bonnaud et al. 1214 

[289] calculated the grand interaction potential between C-S-H layers at C/S=1.7 and 1215 

demonstrated the short-range attraction followed by a repulsive shoulder at 10% relative 1216 

humidity and room temperature. Later, Masoumi et al. [280] calculated the PMF between 1217 

Tobermorite layers at the ambient conditions and 100% saturation and observed a single 1218 

attractive well with no entropic repulsive shoulder. Furthermore, they observed that the surface 1219 

forces between Tobermorite layers exhibits an oscillatory force that originates from entropic 1220 

solvation forces arising from ordering of water layers on the surface, see Figure 23. More 1221 

recently, Masoumi et al. [262] have systematically investigated the change in PMF between C-1222 

S-H layers as a function of stoichiometry, demonstrating a transition from single well to 1223 

multiple well PMF by increasing C/S ratio. They argue that the surface charge of C-S-H layers 1224 

decreases with increasing C/S ratio, leading to an increase in entropic repulsive forces and 1225 

emergence of the repulsive shoulder. These simulations portray a unique picture of the total 1226 

interaction between C-S-H layers, 𝐴𝐶𝑆𝐻 , that can be decomposed in to the following 1227 

contributions: 1228 

 1229 

𝐴𝐶𝑆𝐻 = 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡 + 𝐴𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 + 𝐴𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 + 𝐴𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛                                                                 (1) 1230 

 1231 

where 𝐴𝑐𝑜𝑛𝑡𝑎𝑐𝑡, 𝐴𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒, 𝐴𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 and 𝐴𝑠𝑜𝑙𝑣𝑎𝑡𝑖𝑜𝑛 are respectively short range repulsive 1232 

contact interactions, combined attractive interactions originating from van der Walls and ionic 1233 

correlation forces, entropic repulsive double layer contributions and oscillatory solvation 1234 

interactions. A detailed discussion on the form and coefficients of each of these terms as 1235 

function of C/S ratio can be found in Masoumi’s work [262]. We note that the full atomistic 1236 

simulations are always subjected to the uncertainties arising from the transferability of 1237 
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interatomic force fields. The interested readers are referred to a recent review paper by Mishra 1238 

et al. [290] for discussions about transferability of different force field to cementitious 1239 

materials. Furthermore, the structure of C-S-H, especially at high C/S ratios, still remains the 1240 

subject of intensive research [24,29,30,291–293]. Investigating the impact of uncertainties 1241 

arising from the choice of the force field and molecular structures remain the subject of future 1242 

research. 1243 

 1244 

From an experimental point of view, the ideal setup to measure surface forces is the surface 1245 

force apparatus (SFA). Developed by Winterton in 1960s, the instrument measures the surface 1246 

force between two cylindrical objects in crossed geometry [294]. Later, Israelachvili and co-1247 

workers extended the original design to operate in liquid and electrolyte medium that enabled 1248 

the measurement of solvation and double layer forces [295,296]. The technique requires the 1249 

two mica cylinders to be uniformly coated by the material of interest, making applications to 1250 

cementitious materials rather complicated. Recognizing this difficulty, Lesko et al. [297] 1251 

explored the possibility of using atomic force microscope (AFM) to measure forces between a 1252 

flat C-S-H surface and a C-S-H covered AFM cantilever tip. Later, Plassaerd et al. [298] refined 1253 

the experiments and investigated the impact of solution parameters on C-S-H surface forces 1254 

and confirmed that the calcium counterion concentration controls the attraction to repulsion 1255 

ratio. They showed a transition from purely repulsive to purely attractive forces with increasing 1256 

pH in the solution. More notably, they showed that C-S-H exhibits a repulsive shoulder and an 1257 

attractive well at pH=11.7, the charge reversal pH level [264,274]. Although they do not offer 1258 

the full picture of surface forces, electrophoresis experiments provide a direct measurement of 1259 

the electrokinetic potential at the slipping plane in the double layer. The zeta potential is found 1260 

to be a key factor in superplasticizer adsorption on the surface of hydration products [299,300], 1261 

adsorption of chloride ion on the surface of C-S-H [301], and understanding the mechanisms 1262 

of hydration inhibition in tricalcium aluminate [302]. 1263 

 1264 

5.3 Composition-texture-property relations  1265 

As discussed in the previous section, the PMF is the key information piece allowing to coarse-1266 

grain physical chemistry information within a mesoscale model formulation. These interactions 1267 

can serve as a thermodynamically consistent link between the molecular scale and the scale of 1268 

colloidal C-S-H particles, see Figure 24. Having such interactions at hand, one can use quite a 1269 

few approaches to construct realistic mesostructure of nanogranular materials, namely grand 1270 

canonical Monte Carlo (GCMC) [303], hybrid reverse Monte Carlo [304,305] and advanced 1271 

molecular dynamics packing schemes such as incremental stress marching approach [306] as 1272 

well as a wide-range of learning-based  methods [307,308]. Masoero et al. [309] used the 1273 

GCMC approach to simulate the mesotexture of C-S-H gel as an agglomeration of coarse-1274 

grained poly-disperse spherical particles. The mechanical stiffness in their models were similar 1275 

to those measured in nanoindentation experiments. Later on, Ioannidou et al. [310] refined this 1276 

model and demonstrated its capability in reproducing a wide range of available experimental 1277 

data including nanoindentation, SANS, pore size, packing fraction and chord length 1278 

distributions. In both studies, the authors intended to study the hardened cement paste and 1279 

therefore they neglected entropic double layer and hydration forces. To this end, they used a 1280 

simplified Lennard-Jones potential, whose parameters were calibrated using the notion of Hertz 1281 

contact and nanoindentation data [309,310]. Otherwise stated, experimental measurements 1282 

serve as the connecting link between the nanoscale chemical composition and mesotextural 1283 

attributes. Furthermore, the coarse-graining of intraglobular features limits their application to 1284 

study physical phenomena that involves disjoining, sliding and agglomeration of individual C-1285 

S-H layers. These issues necessitate the development of mesoscale models with intermediate 1286 
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resolutions that can seamlessly connect the scale of molecular chemistry to mesoscale 1287 

morphology. To this end, more recently, Masoumi et al. calculated the PMF between C-S-H 1288 

layers in full atomistic simulations and applied these interactions between coarse-grained 1289 

descriptions of ellipsoidal C-S-H layers using Ga-Berne potential [276,311]. They showed that 1290 

such description of interatomic interactions reproduces the indentation modulus as a function 1291 

of the C-S-H layers’ packing fraction. This confirms that the shape of C-S-H globules does not 1292 

matter in determining the homogenized elastic response of the C-S-H at the microscale [312]. 1293 

However, the shape of C-S-H globules might be important in controlling the strength and 1294 

fracture properties.  Furthermore, they showed that C-S-H layers form nanoscale clusters 1295 

whose average size is roughly 5 nm in close agreement with SANS measurements. The rigidity 1296 

threshold packing density in these cohesive models were shown to be significantly lower than 1297 

those of hard contact oblate descriptions [312–315], and rather close to the case of overlapping 1298 

ellipsoids of Garboczi and coworkers [316]. 1299 

 1300 

 1301 
Figure 24. A systematic hierarchical modeling of C-S-H gel across scales. a) full atomistic 1302 

simulations of C-S-H structure. See references [24,29,30,291–293] for more details. The 1303 

simulation domains are typically only a few nanometers long. b) Mesoscale structures of C-S-1304 

H gel with coarse-grained oblate C-S-H models. The interaction between C-S-H platelets are 1305 

calculated via the PMF approach. The layers form stacks of C-S-H layers with characteristic 1306 

length scale of about 5 nm [317]. The length of the simulation domains is usually in the order 1307 

of 50-100 nm. C) The coarse-grained structure of C-S-H gel with capillary and gel pores. The 1308 

simulation domains are in the order of 500 nm [310].   1309 

 1310 

Combining MC and MD approaches with more realistic PMFs that include Yukawa-type 1311 

double layer interactions in addition to the Lennard-Jones terms, Ioannidou et al. [318,319] 1312 

investigated cement precipitation and settings at the mesoscale. Their study investigates C-S-1313 

H gels under out-of-equilibrium conditions. They observed hydrate precipitation curves akin 1314 

to those experimentally observed in the acceleration and deceleration regimes and predicted 1315 

the heat of hydration curve without pre-assumed kinetic models that always contain ill-defined 1316 

and/or un-measurable parameters [320]. Later, Shvab et al. proposed an off-lattice kinetic 1317 

Monte Carlo (KMC) framework to study the precipitation of mesoporous C-S-H gel upon 1318 

aggregation of coarse-grained C-S-H nanoparticles [321]. The rate expressions for nanoparticle 1319 

precipitation/dissolution in their KMC approach accounted for both the solution chemistry and 1320 

mechanical interactions. They demonstrated how particle–particle and particle–substrate 1321 

interactions determine various mechanisms such as layer-by-layer precipitation, islands 1322 

formation, Cahn and Avrami nucleation and growth, and gel-like precipitation. To study the 1323 

impact of superplasticizers of the hydration products, Turesson and coworkers developed a 1324 

coarse-grained mesoscale model of C-S-H layers and coupled it with the coarse-grained 1325 
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description of either comb copolymers composed of anionic backbones with attached neutral 1326 

side chains or anionic-neutral linear block copolymers [322]. In agreement with experimental 1327 

studies, they showed that unlike comb copolymers which only adsorb on the external surfaces 1328 

of C-S-H globules, block copolymers are found to intercalate between the platelets. 1329 

 1330 

6. Concluding remarks 1331 

Understanding and modeling the microstructure of concrete remain critical for the development 1332 

of advanced concrete science and technology. The present work reviews existing microscale 1333 

experimental probes for the characterization of hydrated cementitious materials, giving 1334 

emphasis to emerging methods and their pioneering applications. Aside from the improvement 1335 

of the well-established methods, e.g. SEM/TEM, X-CT and (in-situ) XRD, significant progress 1336 

in this area has been achieved with x-ray microscopy, particularly when coupled with 1337 

ptychography imaging. This technique has the added benefit that it is possible to obtained 1338 

valuable x-ray scattering information which can also be integrated with x-ray spectroscopy and 1339 

provide unique integration of high-resolution imaging with chemical information. 1H NMR has 1340 

given new insights in the characterization of the hierarchical porous structure in the 1341 

cementitious matrix, and has been well-tuned for routinely lab-use. DHM is another technique 1342 

that has provided nanoscale vision of surface dissolution process. In contrast to conventional 1343 

description of “pore”, the reported orientation distribution of layered C-(A-)S-H solid provides 1344 

a complementary view of microstructure, which may bring fresh evidence to interpret the nano-1345 

origin of creep and shrinkage of cementitious system. It is noted that there is an increasing need 1346 

for quantitative analysis based on large quantities of images, instead of empirical descriptions. 1347 

There is also a need for 3D morphologic study of phases with mulscale porosity (e.g. C-S-H), 1348 

on the length scales ranging from a few nanometers to several hundred nanometers.  1349 

The use of ideal systems or model cements to study the behavior of chemical admixtures allows 1350 

the identification of the origin of incompatibilities and the understanding of the mechanism at 1351 

a molecular scale. Determination of the admixture behavior based on its molecular structures 1352 

in such simplified systems is the first critical step to control the properties and side effects 1353 

existing in current admixtures and to develop new types of molecules. The next step is to apply 1354 

this knowledge in practice, which nowadays faces more challenging conditions due to the 1355 

increase in complexity of the concrete mixture proportions, the use of alternative binders, and 1356 

the combination of various admixtures.  This fundamental approach will allow improvements 1357 

not only in production rates, mechanical properties, durability but, equally importantly, also in 1358 

sustainability. 1359 

Advances in the understanding the microstructure of concrete should be integrated with 1360 

atomistic modeling to create a realistic and practical concrete nanoengineering, capable of 1361 

developing predictive models and of creating new materials based on fundamental foundations. 1362 

The challenge is great because it is necessary to provide solid relationships between the 1363 

chemical composition and textural attributes of cement hydrates at the mesoscale and create 1364 

efficient mesoscale simulations. Great progress has been achieved with use of potential-of-1365 

mean-force to simulate the effective interactions between precipitating C-S-H particles, an 1366 

important step in fully grasp the mechanism of local packing density during the mesoscale 1367 

agglomeration process. 1368 

 1369 
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