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Abstract: There is limited understanding of the mechanisms or direct measurements of 

cement paste hydration, as the main component that determines mechanical, durability, and 

rheology properties of concrete. This dissertation uses non-destructive in-situ X-ray 

imaging at multiple length scales (from 15.6 nm/pixel to 1.45 μm/pixel) to follow the three 

dimensional microstructural evolution and chemical composition change of ordinary 

portland cement (OPC) and monoclinic tricalcium silicate (mC3S) paste at early ages. 

Microscale resolution observations are made on paste at industrially relevant water-to-

solids ratios between 0.40 and 0.70 to investigate the solidification of cement paste, 

evolution of air-filled void system, and stress induced change in kinetics of hydration. 

Complementary nanoscale resolution measurements were also made for a collection of 

OPC and mC3S particles at higher w/s to obtain microstructural and chemical information 

during hydration.  

The results from multiple techniques and different solution environments show that during 

the first hours of the reaction, hydration products with Ca/Si>3 form on and near the surface 

of the hydrating particles. These hydration products seem to change in chemistry and 

density over time. This process seems to be important to the induction and acceleration 

period of cement hydration.   

On the other hand, at the end of the induction period, the volume of air-filled voids reaches 

a maximum value and then decreases during the acceleration period and stays constant. 

The void distribution changes from a few coarse voids to a large number of smaller and 

more uniformly distributed voids after 10 h. This behavior is suggested to be controlled by 

changes in the ionic strength that cause exsolution of dissolved air from the pore solution.   

The results obtained from the loading experiments show that stress applied between 24 h 

and 60 h alters hydration kinetics of portland cement. The application of load caused an 

increase in stiffness, early age creep, and dissolution of individual cement particles in the 

highly loaded samples. These measurements provide insights into the microstructural 

changes that occur due to early age stress applications during the hydration of portland 

cement. Mechanisms are presented that discuss the observed behaviors.
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CHAPTER I 
 

 

INTRODUCTION 

1-1-Introduction 

Concrete is the most consumed construction materials in the world [1]. The wide availability and 

inexpensive nature of the required materials as well as desirable mechanical and durability 

performance make concrete a useful building material. Cement paste is used to bind the 

aggregates in a concrete mixture together and plays an important role in the strength, durability, 

and rheology of concrete. Unsurprisingly, the hydration of cement paste has received significant 

attention among researchers [2-5]. In spite of numerous works performed to understand cement 

hydration, the principal mechanisms of hydration, particularly at the early ages, are still a subject 

of controversy [2, 3, 5].  

Hydration of cement related powder is an exothermic reaction. Once water is added to cement, 

there is a short period of rapid initial reactions identified by a large exothermic signal in 

isothermal calorimetry curve [2]. Later, the rate of heat release decreases significantly and then 

stays about a constant value during a period called the induction period. This time period is 

practically very important since concrete is fresh and can be transported and placed to the desired 

shape. After a certain time, the induction period is terminated and the reactions cause heat release 

again during a period called the acceleration period followed by another decelerating rate period 

called the deceleration period [2]. These time periods correspond to important properties of  
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cement paste such as setting time and strength gain. However, there is currently little understanding 

of the transition between these periods [2, 3, 5]. 

Many studies of hydration use bulk measurements to study the process and so they cannot provide 

detailed measurements of the individual particles during the reactions. Some of these techniques 

include isothermal calorimetry, chemical shrinkage, pore solution analysis, quasi-elastic neutron 

scattering (QENS), and nuclear magnetic resonance (NMR) [2, 6-13]. Some work has also used 

imaging techniques to make observations of the evolution of the microstructure over time. This is 

typically done with scanning electron microscopy (SEM) or transmission electron microscopy (TEM) 

on samples where hydration has been arrested [14-17]. Although SEM and TEM provide images with 

high resolution, the results are limited to the investigated 2D cross-section of the sample [18]. In 

addition, the required sample preparation such as polishing may cause artifacts in fragile samples. 

X-ray computed tomography (XCT) is a powerful and non-destructive technique that can be 

completed in many cases with no sample preparation with a spatial resolution of as small as a few 

nanometers (nano tomography) [19-21] to several microns (micro tomography) [4, 22, 23].  XCT is 

widely utilized in medicine to visualize biological samples non-destructively [24, 25]. These methods 

are similar but the length scales are different. A series of 2D X-ray radiographs are acquired from 

different viewing angles and the data are used to build a 3D rendering of the sample. The 3D 

rendering can be used for morphological and quantitative analyses. The gray value in the produced 

images is a function of X-ray absorption and can indicate differences in chemistry and density of the 

materials [26-28]. The contrast in gray value intensities can be used to evaluate XCT dataset 

quantitatively by separating the collected images into regions of different constituents.  

In spite of the powerful abilities of ordinary XCT, the necessary time for data acquisition at a micron 

length scale may be several hours and so it cannot be used to study rapidly evolving processes, such 

as what occurs during the first hours of cement hydration [4, 29, 30]. Recent breakthroughs in X-ray 
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imaging now allow tomography data collection to be made at near video acquisition rates at the 

Advanced Photon Source (APS) at Argonne National Laboratory. The technique is named fast 

computed tomography (fCT). This advancement is possible because of improvements in detectors, 

precision stages, and increased photon flux [29-33]. 

In this dissertation, several different types of X-ray imaging techniques are used to study cement 

hydration of portland cement related powders at different length scales. These techniques include 

fCT, ordinary X-ray computed tomography (XCT), Transmission X-ray Microscopy (TXM), and 

Nano Computed Tomography (nCT) at multiple length scales. In addition, SEM with Energy-

Dispersive X-ray Spectroscopy (EDS) and Nano X-ray Fluorescence (nXRF) were used to evaluate 

compositional changes. In addition, a special testing setup is design to investigate the impact of 

loading on microstructure evolution and physical properties of cement paste. The mechanisms and 

practical significance of the measurements are also discussed. 

Improved knowledge of these processes would allow for better control over cementitious materials 

and improved usage of both chemical and mineral admixtures. This would allow for improvements in 

the economy, constructability, and sustainability for concrete. The data can also be useful to verify 

analytical models and improve their assumptions.   

 

1-2-Research Objectives 

There is little agreement on the basic mechanisms of cement hydration. In this dissertation, three 

fundamental topics in this area are investigated: 

1. Observations of structure and chemistry changes of portland cement systems during the first 

16 h of hydration. 

2. Evolution of air-filled void system during the first 16 h of hydration. 
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3. The microstructural evolution in cement paste samples under different levels of stress during 

their first 60 h of hydration and its effects on stiffness and early age time-dependent strain of 

the samples. 

The research presented in this dissertation is based on the work performed by the author at Oklahoma 

State University.  The chapters in the dissertation are written in journal paper format for easy 

submission.



5 
 

CHAPTER II 
 

 

MULTI-SCALE IN-SITU OBSERVATIONS OF STRUCTURE AND CHEMISTRY 

CHANGES OF PORTLAND CEMENT SYSTEMS DURING HYDRATION 

 

Abstract 

There is little agreement about the mechanisms or direct measurements of the transition of cement 

paste from a slurry to a solid. This chapter uses five different in-situ X-ray imaging at multiple 

length scales (from 15.6 nm to 1 μm) to follow the three dimensional microstructural evolution of 

portland cement, and monoclinic tricalcium silicate paste over the first 16 h of hydration. 

Measurements of over 60,000 particles in industrially relevant water-to-solids ratios (w/s) 

captured every 10 min were made at the micron scale. Nanoscale examinations of the structure 

and chemistry are used to support this work. The results show that hydration products with an 

average Ca/Si > 3 form on and near the surface of the hydrating particles that appear to control 

the reaction rate. These hydration products appear to change in chemistry right as more rapid 

dissolution and formation of hydration products during the acceleration period. A mechanism is 

proposed that uses these observations to explain the different rates of reaction that describe how 

concrete stiffens and gains strengths.   

Keywords: X-ray Computed Tomography; Cement Hydration, Acceleration Period; 

Calorimetry; Induction Period 
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2-1-Introduction 

Currently, there is little understanding about the mechanisms that govern the transition of 

portland cement or C3S2 paste from a slurry to a solid. This change occurs between what is known 

as the induction and acceleration period [2, 34-39]. Improved knowledge of this process would 

allow for better control over cementitious materials and improved usage of both chemical and 

mineral admixtures. This would allow for improvements in the economy, constructability, and 

sustainability for concrete, the most commonly used building material in the world. 

Several hypotheses have been proposed in the literature to explain the initial dissolution of 

cement particles and the subsequent formation of the microstructure. Some suggest that a 

hydrated layer forms at the particle surface that reduces the accessibility to the surrounding 

solution and then this material subsequently disappears [34, 35, 38]. More recent publications 

have focused on the localized formation of etch pits or more uniform dissolution, depending on 

the calcium concentration within solution [37, 40, 41], and others hypothesize that early hydration 

products form within these etch pits that may slow the release of ions and control the local 

dissolution of the anhydrous particle by covering the most reactive sites [3, 42, 43]. 

Previous work studying changes in the solution chemistry during the first 4 h of hydration of C3S 

with w/s from 0.70 to 20 shows that the Si concentration is low (between 1 μmol/L and 4.5 

μmol/L for w/s = 0.70) while the Ca in solution increases over time and reaches a maximum (≈ 

1700 mg/L for w/s = 0.70) near the end of the induction period [44]. After reaching a maximum 

value the Ca begins to decrease and the Si concentration begins to slightly increase. At this same 

time the heat given off by the reaction begins to increase [37, 45, 46]. It is not clear what causes 

this observation but it has been proposed to be caused by rapid dissolution of C3S [2, 37, 45]. 

                                                           
2 Conventional cement chemistry notation is used throughout this dissertation: C = CaO, S = SiO2, H = 

H2O. 
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Unfortunately, these measurements only examined the average ionic concentration in the solution 

and no information is obtained about the change in microstructure for these periods.   

Many hydration studies use bulk measurements to study the process and so they cannot provide 

detailed measurements of the individual particles during the reactions. Some of these techniques 

include isothermal calorimetry, chemical shrinkage, pore solution analysis, quasi-elastic neutron 

scattering (QENS), and nuclear magnetic resonance (NMR) [2, 6-13]. Imaging has been used to 

make complementary observations of the evolution of the microstructure over time. This is 

typically done with scanning electron microscopy (SEM) or transmission electron microscopy 

(TEM) on samples where hydration has been arrested [14-17]. In order to examine these samples 

with these techniques the hydration must be stopped. This is typically done by using isopropyl 

alcohol or other solvents to remove the water through solvent exchange followed by drying [47-

50]. These samples are then cast into epoxy and polished or fractured and a surface is 

investigated. This process has the potential to introduce artifacts [15, 16, 42, 48, 49, 51]. If an in-

situ technique could be used to study this process then more insights may be able to be gained.  

One important study used a single particle of C3S with w/s = 2. Hydration was arrested on three 

different samples with acetone after 5min, 30 min, and 60 min [51]. The selected times 

corresponded to the initial reaction, the induction period, and the onset of the acceleration period 

in the calorimetry curve. After arresting hydration, the sample was broken and investigated by 

SEM. The authors observed a non-uniform layer of hydration product around the original particle 

which grew in thickness in the induction period and then shrank at the onset of the acceleration 

period. Poorly crystalized CH precipitates were observed at the end of the induction period that 

dissipated during the acceleration period. This observation aligns well with some other 

publications that suggested the formation of CH is an important parameter in the transition from 

the induction period to the acceleration period [46, 52, 53]. Despite these important observations 

this paper is rarely discussed in the literature. One possible reason is that the quality of the SEM 
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images was poor, there was no chemical analysis to support their claims, and there may have been 

concerns over the high w/s and the use of acetone to arrest hydration. 

Some in-situ imaging has been done by using soft X-ray transmission imaging to collect time-

lapse transmission images while C3S reacts at a w/s = 5 [54]. These images suggest that the 

hydration process is not limited to the surface of the C3S particle and can occur inside the particle 

as well. However, if the transmission path of the X-rays is too long (> 10 μm for anhydrous C3S), 

then there will be insufficient transmission of X-rays. Higher energy X-ray imaging techniques, 

such as laboratory and synchrotron X-ray Computed Tomography (XCT) allows for more than an 

order of magnitude higher penetration. This can allow 3D microstructural data to be obtained 

non-destructively from the micron to nanometer length scale for thick samples [19, 20, 55-61].    

Recent work has combined nano-tomography and nano-X-ray fluorescence with a technique 

called nano-tomography assisted chemical correlation (nTACCo) that is used to observe early 

particle dissolution and subsequent hydration products with a resolution of 50 nm [27, 62]. This 

technique provides quantitative measurements of 3D structure, chemical composition, and mass 

density of the hydration products. These experiments yield important observations of the changes 

in structure and chemistry but these observations have not been made continuously or in 

industrially relevant w/s.  

More in-situ observations are needed of cement particles as they react at industrially relevant w/s. 

However, the acquisition time for typical XCT is several hours and there will be artifacts created 

if there is movement. Because of this, XCT is a challenging technique to use to study in-situ early 

age hydration reactions and often requires the reactions to be first arrested in order to be studied 

[29, 30]. Fortunately, recent developments in fast data acquisition rates from high-flux 

synchrotron sources have made it possible to collect 3D data at the micron scale in a few seconds 
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[29-33, 63]. This technique is named fast computed tomography (fCT). This reduction in 

acquisition time makes this technique useful for studying early cement hydration.   

In this chapter, five different types of X-ray imaging techniques are used to study hydration of 

portland cement related powders at different length scales. These include fCT, Transmission X-

ray Microscopy (TXM), and Nano Computed Tomography (nCT) at multiple length scales. In 

addition, SEM with Energy-Dispersive X-ray Spectroscopy (EDS) and Nano X-ray Fluorescence 

(nXRF) were used to evaluate compositional changes of some samples before and after hydration. 

The focus of this work is to find greater insights into the mechanisms that control the change 

from the induction to the acceleration period in both C3S and portland cement hydration. 

 

2-2-Method and Experiment 

2-2-1-Materials 

Cementitious materials used for the tests were NIST cement number 168 from the Cement and 

Concrete Reference Laboratory (Frederick, Maryland) (OPC) [64], and monoclinic C3S (mC3S). 

The mC3S samples were produced by Mineral Research Processing (Meyzieu, France). These 

materials were investigated by ASTM C114 test method, automated scanning electron 

microscopy (ASEM), XRD analysis, isothermal calorimetry, and Blaine fineness (ASTM C204).  

The specifications and bulk chemical composition of the investigated materials are presented in 

Table 2-1. The experimental details are included in the appendix A. According to ASEM and 

Blaine fineness, OPC was slightly finer than mC3S.  

XRD analysis demonstrates that mC3S powder is close to pure C3S. XRD analysis of OPC 

powder can be found in another publication [64]. Isothermal calorimetry results are presented in 

Figure 2-1 for five different mixtures. These mixtures match the conditions of the imaging 
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experiments in this chapter. One sample used w/s = 5. Some sedimentation may happen in this 

sample during the calorimetry test; however, the results provide an average w/s that matches the 

experimental conditions.   

 

Fig. 2-1. Heat flow from isothermal calorimetry over time. 

 

Table 2-1. Specifications and chemical composition of binders. 

 
Blaine 

(cm2/g) 

BET surface 

area (m2/g) 

Density 

(gr/cm3) 

Chemical Composition (%) Phase concentration (%) 

SiO2 CaO Al2O3 MgO Fe2O3 SO3 C3S C2S C3A C4AF 

OPC 4080 NA 3.15 19.91 62.27 5.11 3.87 2.15 3.49 54.5 15.7 8.0 7.0 

mC3S 3588 0.86 3.12 26.54 71.97 0.94 0.06 0.48 - ≈100 - - - 
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2-2-2- Examination of Pastes 

2-2-2-1-Sample Preparation and Instruments Setting 

Four paste samples were examined at industrially relevant w/s with 1 µm/pixel spatial resolution 

with fCT. These experiments were conducted at beamline 2-BM at the Advanced Photon Source 

(APS) at Argonne National Laboratory. The instrument details can be found in Table 2-2. More 

details about the facility can be found in other publications [31, 32]. 
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Table 2-2. Instruments settings for fCT, TXM, SEM, and EDS experiments. 

fCT 

Resolution 1 μm/pixel 

Source energy 30 keV 

Total scan time 5 s 

Number of projections 1500 

angular increments 0.125° 

projection dimensions 2016×1536 pixel×pixel 

TXMa 

Resolution 241 nm/pixel 

Exposure time 50 s 

Source energy 40 keV 

Power 10 W 

Current 250 μA 

nCT 

Resolution 15, 65, and 130 nm/pixel  

Source energy 5.3 and 8.3 keV 

Dynamic rangeb 
Min 0 

max 65,536 

SEMc 

Accelerating voltage ~20 keV 

Filament drive 71.6% 

Emission current ~55 μA 

Brightness -15% 

Contrast 90% 

Working distance 17 to 18 mm 

EDS 
Minimum counts per second 3500 

Live time (acquisition time) 5 sec 

nXRF 

Resolution 50 nm/pixel 

Detector dwelling time 0.1 s 

Scaler count time 0.1 s 
 

a radiographs from this test are used 
b data are displayed in FLOAT type 
c backscattered imaging mode under vacuum condition 

 

As reported in Table 2-3, four different paste samples were investigated. Dry powders were also 

investigated to aid in the segmentation of the data sets. This will be discussed later in the chapter. 
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Table 2-3. Properties of samples and scan times for fCT test. 

Cementitious material w/s Time for first tomograph (minutes) 
Time for last tomograph 

(hours: minutes) 

mC3S 0.70 70 15:40 

mC3S 0.45 70 15:40 

OPC  0.60 34 11:34 

OPC  0.40 34 11:34 

mC3S powder - - - 

OPC powder - - - 

 

Samples were prepared with 5 g of powder and the necessary water to reach the desired w/s. Two 

different w/s (one lower and one higher) were used because it was important to make a sample 

that was well compacted and to investigate the differences in performance. The mixing and 

sample preparation are discussed in the appendix A. 

 

2-2-2-2-Overview of fCT and XCT 

Sample alignment took between 34 and 70 min. After alignment, 3D tomographs were collected 

every 10 min. Figure 2-2 shows the 3D tomograph and a typical slice from the mC3S sample with 

w/s = 0.70. The gray values in the XCT and fCT datasets correlate to the x-ray absorption of the 

material. Therefore, a change in gray value for a given location could be attributed to the 

difference in chemistry, density or both. These gray values allow the data to be separated into 

different constituents and then quantitatively evaluated. This process is called segmentation. A 

segmented or binary image showing the material with high X-ray absorption is shown in the 

lower right of Figure 2-2. The steps used to create this image will be discussed in the next section. 
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Fig. 2-2. Examples of 3D model, a 2D slice, and a region before and after segmentation of 

high-absorption materials from mC3S paste with w/s = 0.70. 

2-2-2-3-Image Processing 

First, a median filter (radius of 2.5 μm) was used to remove noise from the images. This popular 

filter is used to preserve image edges with minimal signal distortion [65, 66]. It is common to 

choose different ranges of gray values to separate the different materials for data processing. To 

help guide this decision, the dry powder was scanned and the bulk density was measured. By 

using the bulk density and the volume of the container, the volume of the powder could be 

calculated. Once the volume of powder was known, different threshold values could be chosen 
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and the volume could be estimated and compared to the calculated volume of powder. The 

calculated threshold value is applied to all collected tomographs and the single voxel regions 

were removed from the data as they are at the spatial limit of the method and therefore treated 

like noise.    

For this work, it was convenient to separate the data into low and high X-ray absorption material 

due to the high X-ray energy level in fCT measurements. The low-absorption material consists of 

voids, water filled space, mixtures of water and small anhydrous particles, and low density 

hydration products. The high-absorption material consists of everything else including anhydrous 

cement and some hydration products close to the surface of the anhydrous cement grains.  

A limited region of the sample that is 1000 μm in diameter by 100 μm in height was used for the 

analysis. This region was used to reduce the computational expense and also to avoid beam 

hardening artifacts that may occur near the edges. This allowed over 60,000 particles to be 

investigated from each sample in the region of interest. These same settings were then used to 

segment the high-absorption material in the slurry scans. Figure 2-2 shows a region of a cross 

section both before and after the segmentation of high-absorption materials.   

These same settings were used on the slurry scans. While these samples contain water, this should 

have minimal impact on the measured gray values as water has a low X-ray absorption and so this 

should not affect the X-ray attenuation. In medical CT scans it is common to use a fixed range of 

gray values for segmentation regardless of the surrounding fluid [23]. The sensitivity of the 

results of the segmentation was investigated by altering the segmentation values by ±2.5% of the 

calculated threshold value. These differences were chosen based on the expected variation that 

may occur from the bulk density calculation of the powder. Over this range of values the same 

trends were observed and the magnitude of the changes only slightly changed. Therefore, the 

selected segmentation method seems reliable for this study. This is discussed in more detail later 
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in the chapter. More details about segmentation and quantification can be found in the appendix 

A.   

 

2-2-3- Examination of Individual Particles 

A collection of particles was investigated with other imaging techniques at higher resolutions to 

complement the fCT data. These particles were epoxied to the end of a graphite rod and then 

allowed to react in higher w/s solutions. These more dilute solutions were used so that the in-situ 

reactions of the particles could be imaged. Reactions of cement particles in dilute solutions is 

reported to be quite rapid because of the undersaturation of the solution surrounding the particles 

[67]. To address this, the particles were immersed in 15 mM lime or saturated lime and gypsum 

solutions. These solutions were shown to have heat evolution curves comparable to suspensions 

with w/s from 0.5 up to 5.0 [34, 67]. The heat flow curves shown in Figure 2-1 also confirm this.  

TXM and nCT are used to investigate the microstructure change of the reacting particles, while 

SEM/EDS and nXRF are conducted to obtain chemical information of individual particles. 

 

2-2-3-1- TXM 

Radiographs were used to take in-situ projections of a few OPC particles epoxied to a graphite 

rod as they reacted at w/s = 10 in 15 mM lime solution. This allowed data complementary to the 

fCT to be gathered at a finer length scale (0.241 µm versus 1 μm). Figure 2-3 shows the 

experimental setup.  

The rod was placed in a polyethylene tube and 15 mM lime solution and additional OPC particles 

were placed inside the container so that w/s = 10. All the testing was done in a N2 environment to 

minimize carbonation. The tube was then capped with clay to prevent moisture loss and air 
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penetration. Radiographs were taken every 50 s over 2 h with a spatial resolution of 0.241 

µm/pixel. The scan was performed with a Zeiss Xradia 410 Versa machine. Details of the settings 

can be found in Table 2-2. 

The gray value in TXM datasets correlates to the transmitted X-ray intensity (I), which is a 

function of the mass attenuation coefficient (μm), density of material, and path length (x) 

according to the following equation: 

𝐼

𝐼𝑜
= exp(−𝜇𝑚𝜌𝑥)    (2-1) 

where 𝐼0 is the original intensity of the X-ray beam, μm is the mass attenuation coefficient, 𝜌 is 

density, and x path length [45]. The mass attenuation coefficient is a function of chemistry and 

density of the materials studied, and the energy level of the X-rays [68]. 

Unlike the tomography data, the most absorbent phases in a radiograph are dark and the solution 

filled space is light. The gray value in the radiograph is not only determined by the chemistry and 

density of the material but also related to the geometric length along the projection. In general, a 

radiograph is not as sensitive as a tomograph to detect the presence of the high absorption-

material. However, it is still useful to provide supporting evidence. An Otsu segmentation method 

was used to find the high-absorption materials in the radiographs [69]. A constant threshold value 

was used to segment the high-absorption material for the time-series radiographs. 

This experiment was repeated 12 times to investigate particles greater than 20 μm. Each 

experiment was investigated for up to 15 h and the increase of high-absorption materials was only 

observed in one of these particles. It is possible that this increase in high-absorption material 

occurred in other particles but the changes were not detectable by the technique at this w/s 

because they occurred too quickly to be imaged, or they occurred so close to the particle surface 

that they were not able to be detected. Another possibility is that the change may not be 
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significant enough to be consistently detected. Since the gray value in a transmission image is a 

function of the X-ray path length, the material investigated has to have enough mass to be 

detected in the transmission image. This means that the changes would need to occur over a large 

enough volume for the changes to be observed with this method. This makes the TXM less 

sensitive to this phenomenon. Despite the technique being less sensitive it still provides helpful 

insights.   

 

Fig. 2-3. Details of TXM and nCT experiments. 

2-2-3-2- nCT 

A 3D tomograph was acquired at nano scale resolution both before and after a certain period of 

reaction. The measurements were made using an UltraXRM-200 with an X-ray energy 8.3 keV at 

a resolution of 130 nm/pixel and with an Ultra 810 with an X-ray energy of 5.3 keV at 65 nm and 



19 
 

15 nm/pixel. The details of the instruments can be found in Table 2-2. The UltraXRM-200 was 

used to investigate the 10 h anhydrous sample. The lower X-ray energy levels of these imaging 

methods provide higher contrast to the X-ray absorption of the hydration products. This gives 

more insights to the hydration products which may not be able to be observed with the higher 

energy imaging methods such as fCT and TXM. 

Two samples with a collection of particles on the tip of a graphite rod were investigated for 

hydration period of 2 h and 10 h with w/s = 5 in saturated lime and gypsum solution as shown in 

Figure 2-3. Both samples were imaged before and after reaction in order to compare their changes 

with their initial state. After the initial scan the sample was placed in a N2 environment and then 

added to a sealed cell for the reaction. The cell was stored in the N2 environment to protect it 

from carbonation as it hydrated. The reactions were then arrested by 99% isopropyl alcohol after 

the desired amount of hydration at the desired time and the sample was scanned again with nCT.  

A computer algorithm for 3D image registration was created to align the two scans [19, 27]. A 

qualitative segmentation of the anhydrous C3S and hydration product were completed by 

choosing gray values that adequately separated the materials and minimized background noise. 

The threshold values for anhydrous C3S were chosen to match the border of the sample as found 

by the nXRF scans.  Since the nXRF shows high contrast between material that is air and solid 

then this was useful to compare the data sets. This has been successfully used in the past [62].  

 

2-2-3-3-Changes in Chemistry 

2-2-3-3-1-SEM/EDS 

To learn more about the changes in the surface chemistry, OPC and mC3S particles were 

examined by SEM/EDS analysis in the same orientations and locations both before and after 
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being placed in dilute 15 mM lime solution with w/s = 10 and then subsequently in isopropyl 

alcohol. The test condition is similar to the TXM experiment. A typical sample can be seen in 

Figure 2-4. 

Since the goal of this work was to investigate the changes in the surface chemistry at known 

locations, no sample preparation or surface coatings were used.  Because the sample surface was 

not flat and the surface was not coated, the analysis is only qualitative. Previous work has shown 

that this method of investigation showed agreement with nano X-ray Fluorescence of hydration 

products and so a validation of the procedure is not presented [62].   

For this analysis several samples were investigated both before and after hydration for OPC and 

mC3S. The samples were carefully aligned after reaction so that the same orientation and 

locations were investigated. Different samples were investigated after 5 min, 10 min, 20 min, and 

36 min of hydration in 15 mM lime solution with w/s = 10. Points were only investigated if the 

Ca/Si was less than 4. This is done because points outside this range are not likely C3S.       

 

Fig. 2-4. Example of an OPC sample before hydration (left) and after 5 min of hydration 

(right), chemical compositions of several points (shown in blue) were obtained from 

SEM/EDS. 
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2-2-3-3-2- nXRF and nTACCo 

The chemical composition of the reacted particles in nCT were investigated with nXRF. In this 

technique, a primary X-ray beam illuminates the sample and x-ray fluorescence radiation leaving 

the sample is detected with a four-element silicon drift diode detector that is perpendicular to the 

X-ray beam direction (Vortex ME4) [70]. Each element is characterized by its characteristic 

emitted fluorescence radiation. The collected X-ray fluorescence data were analyzed using the 

software package MAPS [71]. Also, fitting and quantification of the fluorescence data were 

completed with thin-film standards (National Bureau of Standards, Standard Reference Material 

1832 and 1833). As an additional standard material, an anhydrous C3S particle was utilized to 

improve the accuracy of the analysis. 

An area close to the detector (less than 4 µm from the edge) was carefully selected to reduce the 

travel path of X-rays and so minimize the artifacts created by X-ray absorption. The 

measurements were conducted with an X-ray spot size smaller than 50 nm at the hard X-ray 

nano-probe beamline at sector ID-26 of the Advanced Photon Source (APS) and the Center of 

Nanoscale Materials (CNM) at Argonne National Laboratory. The instrument details are provided 

in Table 2-2. Additional details can be found in other publications [27, 70]. 

Nano-tomography assisted chemical correlation (nTACCo) is a technique that can combine nCT 

and nXRF data. By fusing the 3D structure information into the 2D chemical mapping, the 

chemistry information as elemental density with unit of g/cm3 can be measured for intermixed 

phases at nano-length scale. First, the coordinate systems of nCT and nXRF datasets were aligned 

by matching the orientation using radiograph images from nCT with the Ca map from nXRF. The 

details of this procedure are given in previous publications [19, 27, 62]. Next, a region that was 

known to be more than 90% anhydrous C3S was used to solve for the elemental density of 

anhydrous C3S. Since the 3D geometry of the sample was well known from the nCT data and the 
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chemical density was well established for the C3S this information could be combined to find the 

chemical density of the hydration products. Excessive values with Ca/Si >10 are excluded from 

the analysis as they are likely CH. 

  

2-3-Results  

2-3-1- Paste Samples  

2-3-1-1- Changes in High-Absorption Material  

Figure 2-5 illustrates the changes of the volume of high-absorption materials during hydration. 

These measurements are based on the volume of more than 60,000 particles. Since it took time to 

align the samples there are no tomography data for the early age hydration of the pastes. The 

theoretical volumes of the high-absorption materials for the OPC and mC3S samples at time zero 

were calculated based on the known w/s, particle densities, and an assumed air content of 2%. 

These values are shown at time zero on the graph. Lines of interpolation are shown in a lighter 

color to connect the estimated initial values of high-absorption to the first measured value.   

In all samples, the volume of the high-absorption materials continuously increased and reached a 

maximum value and then decreased and did not change. The initial increase was not observed in 

mC3S with w/s = 0.45; however, this behavior could have occurred prior to the first tomograph at 

70 min. It should be noted that the measured maximum volume of high-absorption materials was 

higher than the estimated volumes of the anhydrous powder at the time of mixing. The increase 

was higher for pastes with higher w/s.   

The shape of the curve is similar for all four samples. This repeat behavior by different samples 

and materials suggests that there must be a repeatable event in the hydration of both mC3S and 

portland cement and is not an anomaly. Furthermore, the observed changes are several times 



23 
 

higher than the variation after 5 h when the data is not changing. This suggests that these changes 

observed in the first 5 h of hydration are significant.  

To examine the sensitivity of these measurements the gray values used for segmentation the gray 

value threshold values for mC3S paste with w/s = 0.70 were varied by ±2.5%. The results are 

shown in Figure 2-6. The change in the threshold value seems to have a one-to-one correlation 

with the measured volume. While these changes did impact the magnitude of the measured 

values, they do not change the trend and timing of the curves. Therefore, the segmentation 

procedure seems to be robust enough for the conclusions drawn.   

 

Fig. 2-5. Volume change of high-absorption material versus time after mixing. 
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Fig. 2-6. Effect of threshold gray value on the trend of the hydration curves for mC3S at w/s 

= 0.70.  A threshold value of 39000 was chosen based on the segmentation method. 

Figure 2-7 shows the isothermal calorimetry and the percentage of high-absorption material on 

the same plot. Since the preparation of the paste samples for fCT uses the same procedure as 

calorimetry experiment, these results from two different experiments should be comparable and 

provide insight into correlations between the microstructure changes and the rate of reaction. 

The increase in the high-absorption material appears to closely match the beginning of the 

acceleration period. Others have suggested that hydration products begin forming as soon as 

solution is introduced to anhydrous particles [44, 46, 51]. If these hydration products form on the 
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surface of the original high-absorption material then this could explain why the material is 

observed to increase in size.  

The decrease in the high-absorption material occurs at the beginning of the acceleration period. 

This suggests that high-absorption material that is forming is decreasing in volume over time. 

This could occur if the products are not stable. This also may occur if the local solution chemistry 

changes enough to cause these hydration products to dissolve or transform to another phase with 

different chemistry. The high-absorption material stays almost constant as the acceleration period 

continues; however, the calorimetry curves suggest the rates of reaction are still high. The OPC 

system has a greater volume increase as well as heat release than the mC3S powder. This may 

occur because of the lower w/s, particle size distribution, differences in chemistry, and the 

simultaneous formation of multiple hydration products. While bulk observations of the change in 

high-absorption material are useful, investigation of individual particles could provide more 

insight to what is occurring.   
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Fig. 2-7. Comparison of isothermal calorimetry to volume change of high-absorption 

material from fCT. 

2-3-1-2- Volume Change of Individual High-Absorption Material  

Single mC3S and OPC particles were investigated to determine how particles of different sizes 

change over time. These particles were found by investigating the sample and finding particles 

that could be isolated and therefore easier to follow. The particles were categorized into three size 

ranges according to their average diameters. A summary of the data is shown in Table 2-4. Since 

small particles were shown to react rapidly, it was not possible to investigate particles smaller 

than 8 μm.    
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Table 2-4. Details of sample individual particles within pastes. 

Paste type 
Average diameter 

(μm) 
Number of individual particles observed 

OPC, w/s=0.40 

8-20 13 

20-40 13 

40-60 11 

mC3S, w/s=0.70 

8-20 11 

20-40 11 

40-60 10 

 

Figure 2-8 shows the volume change of high-absorption materials of individual particles with 

respect to their volume in the first collected tomograph (70 min for mC3S and 34 min for OPC). 

The absolute volume change was calculated by subtracting the volume of the particle at the target 

time period from the volume of the particle in the first measurement. Also, the percentage change 

was calculated by normalizing the absolute volume change to the initial volume of the particle. 

Each point shows the average volume change of the investigated particles. One standard error 

(SE) of the mean is also reported in the graphs. The standard error depends on both sample size 

and standard deviation and is useful to calculate a confidence interval around the mean [72]. The 

variations for the larger particles are wide because there was a large difference in the starting 

diameters of these particles. Despite this high variation the averages show that there are different 

performances of different sized particles.   

The following observations can be made based on the graphs: 

 All particles, except the smallest group in the mC3S sample, had an increase in volume of 

high-absorption materials followed by a decrease.    
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 The volume percentage change of high-absorption materials in smaller particles was 

higher than for the larger ones over the period of the test.  

 Absolute volume of high-absorption materials in the larger particles changed more than 

smaller particles. 

The general performance of the individual particles was in accordance with the trends of the total 

particle volume except that a maximum value was not observed in the smallest particles of OPC. 

It is possible that the maximum observed high-absorption volume could have occurred before the 

first collected data set for this sample.  

After the initial volume change, the larger particles seem to have negligible change in volume 

while the smaller particles are monotonically decreasing in volume. Since the smaller particles 

have a higher surface/volume ratio this would promote more rapid dissolution. Also, the larger 

surface area of the larger particles make them more likely to serve as points of nucleation and 

therefore appear to grow in size [73].   

These results provide insights as to why the volume percentage change of high-absorption 

material can be almost constant while the calorimetry results suggest that there is continued 

reaction. First, the particles that are smaller than 8 μm that are not included in the analysis but 

likely continue to dissolve. Since the large particles account for the majority of the volume of the 

paste their behavior will govern the observed volume changes.   
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Fig. 2-8. Percentage and absolute volume change in individual high-absorption particles 

with respect to the initial volume at 34 min for OPC and 70 min for mC3S pastes. 

Three dimensional reconstructions of three mC3S particles at w/s = 0.70 in different size ranges 

are shown in Figure 2-9. The volume of high-absorption material and average diameter are also 

reported. The particles are shown at the first measurement and then at different time periods that 

match critical times in hydration as suggested by the calorimetry curve. Regions that appear to 

have decreased X-ray absorption when compared to the earliest tomograph are shown in green. 

These regions are regions where part of the anhydrous particle is no longer detected. This space 
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may now be filled with fluid and/or low absorption hydration products. Also regions that appear 

to have increased X-ray absorption are shown in dark gray. The 3D renderings show that the 

regions near the surface of the anhydrous particles simultaneously increase and decrease in X-ray 

absorption. These regions of change seem to be found at only a few locations on the surface and 

do not occur uniformly. This could be attributed to higher crystallographic defects or mechanical 

damage as suggested in other publications [2, 3, 27, 36, 74-77]. This also shows that smaller 

high-absorption particles show more volume decrease and the larger particles show growth. 

 

Fig. 2-9. Three Dimensional views of three mC3S particles from different size ranges in 

critical time periods. 
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2-3-2- Complementary Experiments on Individual Particles 

2-3-2-1- Microstructure Observations 

2-3-2-1-1-TXM 

The results from the TXM experiment with detectable changes are shown in Figure 2-10. The raw 

images are shown at the top of the image with the borders from the segmented images overlaid in 

the middle images. The lower plot shows the area change with time. Specific time periods are 

highlighted with a different color showing the border of the particles. These same colors are used 

in the area versus time plot to highlight when these images were captured. The raw measurements 

are shown by the jagged line and the smoothed line is a polynomial curve fit. The area change 

was similar to what was observed in the fCT data but over a shorter time period. This shows that 

a material of high X-ray absorption can be observed with a different in-situ imaging method. The 

difference in timing may be due to the differences in solution chemistry and the differences in the 

w/s.  

The borders, defined by a constant threshold value, show that the change of the high-absorption 

material is not uniform around the particles. This non-uniform change around the OPC particle 

was also observed in the 3D observations of individual particles as shown in Figure 2-9. The 

irregular areas at the bottom of the particle had the most change. This could be caused by 

increased particle defects or a different crystal structure in these areas.  
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Fig. 2-10. Area change of high-absorption materials of OPC particle immersed in 15 mM 

lime solution at w/s = 10.  The raw images are shown at the top, the overlaid borders are 

shown in the middle images, and then a graph of the area change over time is shown at the 

bottom. 

2-3-2-1-2- nCT  

The nCT results for a collection of mC3S particles are shown in Figure 2-11 and Figure 2-12 for 

hydration periods of 2 h and 10 h. These periods show the evolution of the microstructure from 

the induction period to the end of the acceleration period. The slice images from three different 
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locations from both before and after hydration are labeled on the 3D model by dashed lines. The 

3D models also show where hydration product has formed where it was not previously present.   

The sample that has hydrated for 2 h shows that hydration product forms both directly on the 

surface of the particle and also extend over a micron away from the original particle. The 

hydration product that covers the surface of the anhydrous particle has a thickness between 60 nm 

to 100 nm. A product layer of this thickness would not be expected to be detected by the fCT 

experiments. However, the product that extends from the anhydrous particle surface could be 

detected. Furthermore, as particles hydrate in proximity to one another in lower w/s then this 

could create more extended product growth and be further detected. This has been observed in 

previous publications where collections of particles were observed in similar experiments [62].    

It should also be noted that the observed product occurs on only certain local regions of the 

particle surface with other regions remaining almost unreacted. This non-uniform reaction of a 

pure anhydrous C3S particle has been reported in previous publications to be caused by a high 

density or defects or different crystal structure [3, 27, 40-43].  

After 10 h of hydration the isolated regions of hydration product that were observed at 2 h are no 

longer present. Instead, the sample shows a high degree of reaction with a decrease in the 

anhydrous boundary by as much as 1 µm. This change in the anhydrous particle dimensions will 

contribute to the decrease in high-absorption material observed in the fCT data.  

Although the overall volume of the particle shows an increase in size from the formation of 

hydration product, if these products are made up of a hydration product with a low X-ray 

absorption then this may explain why they are not observed in the fCT dataset. This idea agrees 

with the observations of the individual particles in the fCT datasets shown in Figure 2-8. These 

observations show that particles that range in size from 8 to 20 µm show a significant decrease in 

the volume of high-absorption material at the end of the acceleration period. This could be 
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explained by the formed hydration product changing chemistry and/or structure over time. This 

will be addressed in more detail after discussing the chemistry of the hydration products. 
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Fig. 2-11. The nCT dataset for a mC3S particle showing 3D structure and three different 

cross sections before and after 2 h of hydration in saturated lime and gypsum solution. 
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Fig. 2-12.  The nCT dataset for a mC3S particle showing 3D structure and three different 

cross sections before and after 10 h of hydration in saturated lime and gypsum solution. 
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2-3-2-2-Chemistry observations 

2-3-2-2-1- SEM/EDS investigation 

Analysis with SEM-EDS was used to provide a qualitative measurement of the chemistry of the 

surface materials. The method was first used to make repeated measurements on the surface of 

the anhydrous OPC and mC3S particles to examine the repeatability of the method and obtain a 

baseline chemistry. Next several OPC and mC3S particles were investigated both before and after 

hydration at 5 min, 10 min, 20 min, and 36 min in 15 mM lime solution with w/s = 10. These 

times and solution environment were chosen to complement the observation made by TXM 

experiment as shown in in Figure 2-10. As described in the methods the samples were carefully 

aligned before after reaction to measure the chemistry changes. The normalized percentage of Ca, 

Si, O, Fe, and Al both before and after hydration can be found in Table 2-5. The Ca/Si is used to 

provide additional insight and compare between other measurements. This ratio is used because 

this technique provides normalized elemental content and not actual concentrations. 
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Table 2-5. Average normalized percentages of the main components as measured by EDS 

analysis. 

Powder type Time 
element % 

Ca/Si 
number of 

measurements Ca Si O Al Fe 

OPC 

Anhydrous 
mean 51.2 12.5 28.2 2.7 0.4 2.9 98 

SE* 0.8 0.2 0.9 0.4 0.1 0.0 

Anhydrous 

Repeat 

mean 50.4 12.7 26.7 7.0 0.8 2.8 31 

SE 0.9 0.3 1.2 0.7 0.2 0.1 

5 min 
mean 49.3 10.7 29.9 1.3 0.5 3.6 24 

SE 2.3 0.9 2.5 0.3 0.3 0.3 

10 min 
mean 60.1 11.9 22.1 1.5 0.7 3.6 14 

SE 3.4 0.4 3.4 0.3 0.3 0.2 

20 min 
mean 66.1 13.0 15.4 3.0 0.4 3.8 9 

SE 3.8 0.9 3.7 0.6 0.2 0.5 

36 min 
mean 51.8 11.4 31.1 1.4 0.5 3.3 20 

SE 2.3 0.6 1.8 0.3 0.2 0.2 

mC3S 

Anhydrous 
mean 53.2 12.9 32.3 0.0 0.0 2.9 72 

SE 1.2 0.2 1.3 0.0 0.0 0.1 

5 min 
mean 51.3 13.0 33.7 0.0 0.0 2.9 27 

SE 2.1 0.5 2.1 0.0 0.0 0.2 

10 min 
mean 62.3 13.9 21.4 0.2 0.0 3.3 18 

SE 3.4 0.6 3.1 0.1 0.0 0.3 

20 min 
mean 54.3 12.2 31.2 0.0 0.0 3.4 15 

SE 3.1 0.8 3.7 0.0 0.0 0.4 

36 min 
mean 52.0 12.0 32.6 0.6 0.0 3.2 12 

SE 2.8 0.9 2.7 0.3 0.0 0.2 

 * Standard Error 

A repeat measurement of anhydrous OPC was completed and the results were almost identical 

except for Al. The average variation of Ca/Si between two repeat measurements of anhydrous 

materials was 0.1.    

Figure 2-13 shows the change in the Ca/Si of the examined samples in different testing 

conditions. One standard error is also reported on the curves. The figure shows that the Ca/Si of 

the measurements on the anhydrous samples were close to 3.0 as expected. Subsequently, the 
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OPC particles hydrated for 5 min show that the Ca/Si changed from 2.8 to 3.5. These 

measurements could represent the initial precipitation of hydration products on the surface of the 

sample. However, the Ca/Si in mC3S particles did not change considerably after 5 min. This may 

be caused by the higher reactivity of OPC compared to mC3S as observed by the calorimetry 

curves shown in Figure 2-1 and volume change in fCT data from Figure 2-5. 

In each system the measured Ca/Si increased until 20 min and then started to decrease. For the 

particles that hydrated for 20 min there was an observed increase in Ca/Si of 36% and 19% for 

OPC and mC3S, respectively. This increase is greater than the standard error. Further 

investigation of Table 2-5 suggests that the Ca concentration seems to be increasing as the Si 

concentration is almost constant. This suggests that the hydration products have a higher amount 

of Ca. This could mean these materials are a mixture of C-S-H and CH with a larger amount of 

CH or possibly another hydration product that is rich in Ca. After 36 min of hydration, both 

materials showed a decrease of 10% and 6% with respect to 20 min in Ca/Si of OPC and mC3S 

samples, respectively. Again, this seems to be a change in the amount of Ca in the material as the 

Si concentration does not change significantly.   

The change of the Ca/Si shows the same pattern as the percentage of high absorption materials in 

XRM and fCT data. This suggests that the average Ca/Si in these regions is changing over time.  

This change in chemistry is an important observation that would change the X-ray absorption of 

the hydration products over time. This is further discussed in the upcoming sections. 

Care has to be taken in interpreting these results as the conditions for conducting this experiment 

were not ideal for SEM/EDS measurements. Furthermore, the interaction volume of the electron 

beam could consist of a mixture of the hydration product and an unknown proportion of 

anhydrous C3S. However agreement has been found for SEM-EDS on materials of similar age 

and nXRF for early age hydration products [62]. Also, there are very few techniques that are 
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capable of providing insights into the surface chemistry of particles at this fragile point in their 

hydration. 

 

 

Fig. 2-13. The Ca/Si for different time periods after hydration for a collection of OPC and 

mC3S particles in saturated lime water with w/s = 10 as measured by SEM/EDS. 

2-3-2-2-2- nXRF and nTACCo 

The elemental maps for Ca, Si, S and Ca/Si from nXRF are shown with the borders of the original 

particles highlighted by a white line in Figure 2-14. Also, results from nTACCo are given in 

Table 2-6. The average density and one standard deviation are reported for Ca, Si, S, and Ca/Si.   
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For the sample hydrated for 2 h the Ca/Si map shows that the hydration product was almost 

entirely above 4. Also, for this sample several locations were observed with a Ca/Si above 10.  

These regions are likely almost pure CH and were excluded from the analysis in Table 2-6 as they 

are not likely the same material. The results in Table 2-6 show that Si and S have comparable 

densities while the Ca density is about 6x greater. This suggests that the hydration product at 2 h 

could be a mixture of CS, CH, and C-S-H.  

However, for the 10 h data, the Ca/Si of the hydration product is around 2 and there were no 

regions of Ca/Si above 10 but there is a region where the Ca/Si is above 4. The average Ca/Si is 

2.3 for the hydration product and the S density has decreased by 5x when compared to the 

hydration product at 2 h. This suggests that the hydration product at 10 h could be mainly C-S-H 

with only local intermixing of CH.   

The decrease of Ca/Si of the hydration product from 2 h to 10 h indicates that there is an 

evolution of the chemical composition of the material. One explanation is that the hydration 

product at 2 h contains inclusions of CH and CS that dissolve before 10 h. This change in 

chemical composition alters the X-ray absorption of the material. Although the stoichiometry of 

C-S-H is variable as reported by others [78], a rough calculation of X-ray absorption of mixture 

of C-S-H and CH with H/S between 1.2 and 4 corresponding to dry and saturated condition of C-

S-H. The mass attenuation coefficients of mixtures of C-S-H and CH, a mixture with Ca/Si of 

between ≈ 4 and 7.5 can have an X-ray absorption similar to anhydrous C3S. The graph is shown 

in the appendix A. Therefore, the hydration product formed at 2 h with Ca/Si = 4.40±2.39 would 

be expected to have an X-ray absorption similar to C3S. This is why the formation of this material 

would cause an apparent growth in the high absorption material.   

As Ca/Si is reduced to 2.3±0.21 at 10 h, the X-ray mass attenuation coefficient of this material is 

expected to be between 20% and 27% lower than anhydrous C3S and so its gray value in X-ray 
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imaging is lower than anhydrous C3S and this material is identified as low-absorption material in 

image analysis. This could explain the changes observed in high-absorption material observed in 

the fCT data. This will be discussed in more detail in the next section. 

Table 2-6. The elemental density and Ca/Si ratio from nTACCo analysis for mC3S after 2h 

and 10h of hydration. 

 
Hydration product Anhydrous C3S 

2 h 10 h 2 h 10 h 

Ca (g/cm3) 1.12±0.54 0.47±0.19 1.69±0.06 1.68±0.19 

Si (g/cm3) 0.20±0.17 0.14±0.08 0.40±0.08 0.42±0.06 

S (g/cm3) 0.173±0.093 0.037±0.027 0.028±0.013 0.01±0.013 

Ca/Si (molar) 4.40±2.39* 2.31±0.21 3.08±0.64 2.77±0.08 

*Excessive values (Ca/Si >10) are excluded as they are likely CH. 

 

 

 

 

 



43 
 

 

Fig. 2-14. The elemental maps from nXRF analysis after 2 h and 10 h of hydration for mC3S 

of particles from Fig. 2-11 and Fig. 2-12. An image at the right from nCT results shows the 

boundary between the hydration product and the anhydrous region. A white line has been 

included in each plot to highlight this boundary. 

2-4-Discussion 

2-4-1- Change in High-Absorption Material 

Based on the results from five different X-ray imaging techniques at multiple length scales with 

different solution environments, it appears that the hydration products formed within the first few 

hours have a different average chemistry than the hydration products after 10 h. The results show 

that the chemistry of these materials are different enough that they will increase the local X-ray 

absorption and these changes can be detected with fCT and TXM.   

Measurements with fCT of over 60,000 particles for multiple systems and w/s have been used to 

investigate this change in X-ray absorption. The results show that the volume of the high-
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absorption material increases during the induction period until a maximum value is reached near 

the start of the acceleration period. This increase in volume appears to be the formation of 

hydration products with Ca/Si > 4.  Based on the SEM-EDS and nTACCo results these hydration 

products seem to be initially rich in CH and CS. These could be precipitates that form within the 

pores of the C-S-H or some other hydration product.   

Based on the changes of individual particles at industrially relevant w/s from fCT show that 

particles smaller than 20 μm seem to decrease in size with time while the larger particles appear 

to increase in size. This decrease in particle size is likely caused by a higher amount of 

dissolution than the formation of hydration products. This same process may be happening on all 

particle but the smaller particles may show these changes to a greater degree because of the larger 

density of defects and therefore higher reactivity of the smaller particles [75, 79] and/or the 

higher surface area to volume ratio. 

One important observation in the particles larger than 20 μm is that the amount of high-

absorption material seems to increase until the beginning of the acceleration period and then 

decrease. The nXRF and nTACCo results suggest that the Ca and S concentration in the hydration 

products is greater at 2 h of hydration when compared to 10 h. In fact, the Ca/Si at 10 h is 

2.3±0.21. This decrease in chemistry and density will cause the X-ray absorption to decrease. 

This causes the material in the fCT results to appear to decrease. This is caused because the 

chemistry and density of the hydration products are decreasing. This will in turn decrease the X-

ray absorption of the material and this will decrease the contrast in the fCT data and the amount 

of detected high-absorption material will decrease. Again, this apparent change in volume as 

measured by fCT is likely caused by changes in chemistry and density. 

 

 



45 
 

2-4-2- A Mechanism for the Cause of the Induction and Acceleration Period  

Based on the findings from this work and others [27, 44, 46, 51, 62] a mechanism is proposed that 

explains the early processes of hydration that are backed by in-situ microstructural and chemical 

observations and bulk solution changes. Conceptual images of this process are included in Figure 

2-15 to accompany the explanation.  

Certain regions of anhydrous C3S have been suggested to be more reactive than others. These 

regions are shown in Figure 2-15a. When these regions are exposed to solution they will cause 

etch pits in the surface of the reacting grains as shown in Figure 2-15b [3, 37, 40, 41]. The 

smaller particles may have a higher density of these regions and this could cause their rapid 

dissolution as shown with fCT data in this chapter.   

Because of the pit geometry the ion concentration may become high enough that hydration 

products start forming within the pit as shown in Figure 2-15c. Experiments investigating 

hydration of triclinic C3S with nTACCo during the induction period in w/s = 5 have found C-S-H 

with Ca/Si = 1.53 and 1.68 filling these pits [27]. The hydration products with this range of Ca/Si 

are identified as low-absorption material in fCT data. As the hydration products form they will 

slow the movement of ions by decreasing the volume of solution within the pit and also providing 

a physical barrier.   

Over time the reactive surfaces will continue to react, although likely at a slower rate. The solids 

present will decrease the available solution at the reaction site and this will increase the local 

ionic concentration within the pit (Figure 2-15d). This will cause an increase in ions within the pit 

that could cause precipitates such as CH and CS to form (Figure 2-15e). Because these materials 

are forming within the pore structure of the C-S-H within the pit these materials would be 

expected to be <30 nm in size based on previous publications of the pore sizes within C-S-H [80, 

81]. This observation is supported by data in this chapter as nXRF and nTACCo measurements 
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show high concentrations of Ca and S during this time period. This material will increase the X-

ray absorption of the hydration products as high as the X-ray absorption of anhydrous C3S and 

this is why the fCT and TXM results can observe these changes.   

As the nano CH and CS forms within the hydration product this will reduce the porosity and slow 

the ion transport. This will slow the dissolution of the damaged regions and cause the induction 

period. While this slows the dissolution, it will not stop it. Ions will continue to escape and cause 

the ion concentration to increase in the pore solution. The average ionic concentration of Ca in 

the pore solution during the induction period suggests a continuous increase in Ca concentration 

[44, 46]. This will continue until hydration products start forming in the bulk solution as shown in 

Figure 2-15f. Previous publications have shown that hydration product formation coincides with 

the start of the acceleration period [44, 46, 52, 53].   

The formation of these hydration products may cause the region within the pits to no longer be 

saturated with respect to Ca and S. This under-saturation may cause the CH and CS precipitates 

to dissolve into the surrounding solution as shown in Figure 2-15g. This would cause the X-ray 

absorption of the hydration product to decrease as these materials dissolve. This was observed by 

both fCT and TXM datasets as shown in Figure 2-5 and Figure 2-10. 

As these hydrates slowly dissolve the ions will diffuse into the bulk solution and increase the 

porosity of the hydration products and allow the high reactive regions to begin dissolving. Since 

the fast reacting sites have been surrounded by local hydrates or exhausted, this makes the slower 

reacting sites available to the solution and this would promote dissolution and rapid formation of 

C-S-H and CH. This renewal of reaction is when the acceleration period will begin.  

The 10 h nTACCo results suggest that the hydration product has a Ca/Si ≈ 2.3±0.21, which is 

much lower than the Ca/Si ≈ 4.4±2.39 that was observed at 2 h. This supports the idea that the 

chemistry of the hydration product is changing and lowering the X-ray absorption. Another 
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observation made at 10 h is that the particle surface is covered in hydration products (Figure 2-

15h). These products may reduce the availability of solution to the surface and then slow the 

dissolution and therefore the reaction of the surface. This may be responsible for the deceleration 

period.   

This mechanism provides a probable explanation of a series of events that could cause the onset 

of the induction period and then the rapid dissolution of the acceleration period and then the 

slowing of reaction in the deceleration period. This information is based on a large number of in-

situ X-ray imaging methods to measure the structure and chemistry. This mechanism suggests 

that detailed understanding of both chemistry and structure are needed to accurately describe this 

phenomenon. Additional work is underway to make a larger number of observations of these 

critical periods as well as nano scale in-situ measurements that will help provide even more 

insight into this mechanism. Ultimately this work will be useful to build mechanistic based 

numerical models that can more accurately predict behavior of hydrating cement systems. This 

could also be used to provide new insights into admixture design and manufacturing processes of 

cements to improve performance.   
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Fig. 2-15. Schematic demonstration of the proposed mechanism; a) region of defect on 

anhydrous cement particle, b) formation of etch pit with high ionic concentration within, c) 

increased ionic concentration within the pit and formation of hydration products, d) the 

region of defect continues to react but at a reduced rate and local ion concentration 

increases within the pit, e) ion concentration increase continues and CH and CS precipitates 

within the pores of the C-S-H, f) ion concentration builds in solution until hydration 

products form in the bulk solution, g) the hydration product formation in the bulk reduces 

ions in solution and causes the CH and CS precipitates to dissolve as well as the slower 
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reacting surface of the anhydrous particle, h) the surface of particle is covered by hydration 

products and this slows dissolution. 

2-5-Conclusions 

This chapter provides in-situ observations of the evolution of OPC and mC3S during hydration 

over the first 16 h by using five different X-ray imaging methods. A strength of the current study 

is the use of fCT to observe 3D changes of roughly 60,000 particles with industrially relevant w/s 

= 0.40 to 0.70 at 1 μm resolution. These observations are then supported by nanoscale 

observations in dilute solutions with TXM and nCT. Also quantitative measurements of the 

chemistry and structure at the nanoscale were made by nTACCo. The following conclusions can 

be drawn from the findings of this study: 

• All five experimental techniques suggest that the hydration product formed during the 

induction period had an average Ca/Si greater than 3. 

• Micron scale measurements showed that the volume of the high X-ray absorption 

material increases during the induction period and seems to form on the surface of the 

particles larger than 20 μm while the particles smaller than 20 μm show primarily 

dissolution. These same measurements show that as the acceleration period begins the X-

ray absorption of the hydration product decreases.   

• Nanoscale measurements during the induction period for 2 h of hydration in a saturated 

lime and gypsum solution found an average Ca/Si of 4.4 (±2.39) while the same 

measurements on particles after 10 h of hydration found an average Ca/Si of 2.31 

(±0.21). 

• Regions at 2 h of hydration also showed regions with Ca/Si > 10 which are likely CH and 

regions with high S content.  After 10 h of hydration these same areas were not observed. 
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The hydration products showed that the Ca and S decrease by 6x between 2 h and 10 h 

while the Si concentration decreased by ≈ 30%.  

• The nanoscale measurements show that the hydration products form locally on the 

surface of the reacting particles and these extended a few microns away from the particle 

surface. 

• The micron scale measurements also show non-uniform growth and dissolution were 

observed on each particle. 

These observations suggest that the formation and subsequent change in chemistry of these early 

age hydrates is important to the mechanisms of hydration. The hydration product observed during 

the induction period is thought to be a mixture of C-S-H, CH, and CS. A mechanism is proposed 

that explains how the formation and dissipation of this material may be responsible for the 

induction and acceleration period in cement hydration. Further experiments are needed to clarify 

the chemistry and nature of the changes that occur at the surface and in the surrounding fluid 

during this critical time period but these observations give important insights into the 

mechanisms. 
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CHAPTER III 
 

 

DIRECT OBSERVATION OF VOID EVOLUTION DURING CEMENT HYDRATION  

 

Abstract 

This chapter follows the hydration of both portland cement and tricalcium silicate pastes between 

30 min and 16 h of hydration. In-situ fast X-ray Computed Tomography (fCT) was used to make 

direct observations of the air-filled void formation in w/s of 0.40 to 0.70 with a micron resolution.   

The results show that at the end of the induction period the volume of air-filled voids reaches a 

maximum value and then decreases during the acceleration period and stays constant. The void 

distribution changes from a few coarse voids to a large number of smaller and more uniformly 

distributed voids. This behavior is suggested to be controlled by changes in the ionic strength that 

cause exsolution of dissolved air from the pore solution.   

Keywords: X-ray Computed Tomography; Cement Hydration; Void Evolution; 

Calorimetry; Induction Period 
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3-1-Introduction 

The hydration of cement paste has received significant attention because the ultimate mechanical 

properties and durability of hardened concrete are controlled by the microstructure development 

[2-5]. Specifically, the porosity of cementitious paste directly impacts the mechanical properties, 

durability, and dimensional stability of concrete [2, 82-84]. Therefore, a better understanding of 

pore system development and the influencing parameters are of great importance.  

Most conventional methods of measuring porosity, such as mercury intrusion porosimetry, 

sorptivity, gas adsorption, helium inflow, acoustic emission, and alternating current impedance 

spectroscopy, are useful to provide information about the total pore content and give insights into 

the bulk void size distribution [85-91]. However, these techniques cannot resolve details of the 

shape, size or spatial distribution of the voids. Moreover, most of these techniques cannot 

investigate the in-situ development and formation of pores at early ages without disturbing the 

sample. In recent decades, imaging techniques such as scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) are widely used to investigate the microstructure and 

pores at various ages in cement paste [14-17, 20]. Although SEM and TEM provide images with 

high resolution, the results are limited to the investigated 2D cross-section of the sample [18]. In 

addition, the required sample preparation such as polishing may cause artifacts in fragile samples.   

X-ray computed tomography (XCT) is a powerful and non-destructive technique that can be 

completed in many cases with no sample preparation [19, 20, 26, 27, 62, 92-94]. This method has 

been used in numerous studies to identify the engineering properties of a cementitious system 

such as aggregate spatial distribution [95], transport properties [96, 97], determination of air void 

parameters [95, 98-101], and to examine leaching [93]. This equipment is also widely used in 

medicine to look at biological samples non-destructively [24, 25]. The methods used are the 

same, only at different length scales. A series of 2D X-ray radiographs are acquired from 
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different viewing angles and the data are used to build a 3D rendering of the sample. The 3D 

rendering can be used for morphological and quantitative analyses. The gray value in the 

produced images is a function of X-ray absorption and can indicate differences in chemistry and 

density of the materials [26-28]. The contrast in gray value intensities can be used to evaluate 

XCT dataset quantitatively by separating the collected images into regions of different 

constituents. This process is called segmentation. 

In spite of the powerful abilities of ordinary XCT, the necessary time for data acquisition at a 

micron length scale may be several hours and so it cannot be used to study rapidly evolving 

processes, such as what occurs during the first hours of hydration of cementitious paste [4, 29, 

30]. Measurements show that the Ca concentration continuously increases over the first hours of 

hydration reaching a maximum at the end of the induction period and then decreasing [44, 46, 

102]. These ionic concentration changes have been linked to changes in the microstructure and 

are important in hydration [3, 67, 94, 102, 103]. It is also important to note that previous 

experiments using acoustic emission have detected signals that were interpreted as void formation 

during the solidification of cement paste at early ages [91]. The acoustic emission technique is a 

bulk measurement, so it is not able to give detailed description of the void formation.  

To study cement hydration at early ages, some researchers have collected tomographs from the 

first hours of hydration by lowering the exposure time and number of acquired projections [4, 

104]. However, the results have significant artifacts and limited contrast. This has limited their 

findings. Consequently, previous XCT studies on porosity have focused on systems after initial 

set and have observed porosity decrease from infilling of hydration products [4, 18, 26, 105].   

Recent breakthroughs in X-ray imaging now enable tomography data collection to be made at 

near video acquisition rates at the Advanced Photon Source (APS) at Argonne National 

Laboratory. The technique is named fast computed tomography (fCT). This advancement is 
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possible because of improvements in detectors, precision stages, and increased photon flux [29-

33]. While this technique has been used to study many dynamic processes, there are few 

published works that have used fCT to investigate cement hydration [4, 94, 106, 107].  

This chapter used fCT to investigate the air-filled void system evolution in cementitious pastes 

with industrially relevant w/s during the first 16 h of hydration. The data provide important 

insights about the void formation and can be useful to verify analytical models and improve their 

assumptions about mass transport.   

 

3-2-Methods 

3-2-1-Materials  

Two cementitious materials were used in this study, portland cement 168 (hereafter termed OPC) 

from the Proficiency Sampling Program of the Cement and Concrete Reference Laboratory 

(Frederick, Maryland) and monoclinic tricalcium silicate powder (mC3S) from Mineral Research 

Processing (Meyzieu, France). These powders were characterized by ASTM C114 testing method 

and X-ray diffraction (XRD) for chemical analysis of OPC; automated scanning electron 

microscopy (ASEM) was used for particle size distribution and chemical analysis of mC3S.  

The results of the chemical composition analysis, Blaine fineness (ASTM C204), and the density 

of the used materials are presented in Table 3-1. XRD analysis showed that mC3S is close to pure 

C3S. XRD analysis of OPC is available in another publication [64]. The details of the ASEM 

technique and the particle size distribution of both powders can be found in the appendix A. 

Based on the Blaine fineness and particle size distributions, OPC is finer than mC3S. 
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Table 3-1. Specifications and bulk chemical composition of cementitious materials. 

 
Blaine 

(cm2/g) 

BET surface 

area (m2/g) 

Density 

(gr/cm3) 

Chemical Composition (%) Phase concentration (%) 

SiO2 CaO Al2O3 MgO Fe2O3 SO3 C3S C2S C3A C4AF 

OPC 4080 NA 3.15 19.91 62.27 5.11 3.87 2.15 3.49 54.5 15.7 8.0 7.0 

mC3S 3588 0.86 3.12 26.54 71.97 0.94 0.06 0.48 - ≈100 - - - 

 

3-2-2-Sample Preparation 

The mixing procedure was the same for all samples examined by fCT, isothermal calorimetry, or 

chemical shrinkage. First, water was added to 5 g of the powder. After adding the water, the 

mixture was stirred by a stainless steel rod ten times clockwise and then ten times 

counterclockwise in a glass vial. Then the vial was shaken by a vortex mixer (produced by Stuart-

Staffordshire, UK) with a speed of 1000 rpm for 3 min. After mixing, a 1.5 mm diameter by 6 

mm length polyethylene tube was pushed into the fresh paste. The tube was inserted to capture 

about 4 mm of paste. A finger was then used to cover the end of the tube and it was removed 

from the fresh paste. The generated vacuum in the sealed tube held the fresh paste within the tube 

as it was removed. The tube was then sealed with clay to minimize vapor transport and loss of 

mixing water during scanning. Finally, the sample was compacted by holding the sealed sample 

in one hand and clapping it into other hand ten times.  

Five paste samples were produced for examination and the details of the tests are presented in 

Table 3-2. Four paste samples were produced with deionized water as a mixing liquid, while the 

fifth sample was made with OPC and de-aired water with w/s = 0.60. To produce the de-aired 

water, the deionized water was boiled and then cooled to room temperature in a He environment. 

Helium was used because of its low solubility in water [108]. While still in the He environment 

the de-aired water was added to the OPC powder by a syringe and then mixed as per the standard 

procedure.   
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The first tomograph was acquired after sample preparation and alignment of the instrument. This 

took between 34 to 70 min for each sample. 

Table 3-2. Details of fCT paste samples. 

Cementitious 

material 
w/s Water type 

Time for first 

tomograph (min) 

Time for last tomograph 

(h: min) 

mC3S 0.70 Deionized 70 15:40 

mC3S 0.45 Deionized 70 15:40 

OPC 0.60 Deionized 34 11:34 

OPC 0.40 Deionized 34 11:34 

OPC 0.60 de-aired 43 9:47 

 

3-2-3-Isothermal Calorimetry and Chemical Shrinkage  

Isothermal calorimetry was used to measure the heat of hydration. This test was conducted with a 

Tam Air Isothermal Calorimeter on samples at a constant temperature of 25 °C over 18 h. The 

assumed heat capacity of OPC and mC3S was 0.753 Jg-1K-1, and the capacity of deionized water 

was 4.1814 Jg-1K-1. The samples were made in the same way as the fCT experiments, except that 

3 g of powder was used. After mixing, the vials containing the fresh paste were capped and added 

to the calorimeter.  

The chemical shrinkage measurements were made in the same manner as other samples in this 

chapter but the mixture used 20 g of powder and the chemical shrinkage was measured for 18 h. 

In this method, a sensitive differential pressure sensor is used to measure the water level drop 

caused by chemical shrinkage in a capillary tube. More details can be found in other publications 

[109, 110].   

 



57 
 

3-2-4-Fast X-Ray Computed Tomography 

The fCT was conducted at the 2-BM beamline at the Advanced Photon Source (APS) at Argonne 

National Laboratory. This technique allows collection of tomographs in less than 5 s; however, 

the tomographs were collected at 10 min intervals in a room with constant temperature of 25 °C. 

The instrument settings for the scans are provided in Table 3-3. More details about the facilities 

can be found in other publications [31, 32]. 

Table 3-3. Instruments settings for fCT instrument. 

Resolution 1 μm/pixel 

Source energy 30 kev 

Total scan time 5 s 

Number of projections 1500 

angular increments 0.125° 

projection dimensions 2016 pixel×1536 pixel 

Reconstruction algorithm Gridrec  

 

3-2-5-Reconstruction and Segmentation 

The 2-D radiographs were reconstructed using a Fast Fourier Transforms (FFT) algorithm [32]. 

The same instrument and reconstruction settings were used for all subsequent tomographs to 

make quantitative comparisons. Figure 3-1 shows a typical data set from mC3S with a w/s = 0.70 

as well as a typical cross section and a segmented image that highlights the voids. The 

segmentation process will be discussed further later in the chapter.   

Each image is made up of individual pixels with a 16-bit gray value. The variation of gray value 

within the scanned sample is caused by the differences in the atomic electron density and/or the 

bulk density of the imaged material [22]. Absorption tomography is defined by the Beer-Lambert 

Law: 
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𝐼

𝐼𝑜
= exp(−𝜇𝑚𝜌𝑥)    (3-1) 

where I is transmitted intensity, I0 is incident intensity, μm is X-ray linear attenuation coefficient, 

ρ is density, and x is the length travelled by the X-rays [68]. 

To reduce computational efforts, 100 slices out of 1500 were analyzed from each data set. 

Moreover, the inner section of the sample was investigated to avoid edge effects. This space 

contained roughly 60,000 anhydrous particles to be imaged in each tomograph [94]. To reduce 

noise in the data, a median filter with a radius of 2.5 μm was applied to all slices. This filter is 

used to preserve image edges with minimal signal distortion. It has been widely used by others 

[65, 66, 111, 112]. 

While there are many possible segmentation algorithms, one common method is to use a single 

gray value that separates a target material in the images. This study aims to track the evolution of 

air-filled voids. This means that the method needs to be used to track how the air-filled voids 

changed in comparison to the rest of the paste. To determine which gray value should be used to 

separate air-filled space in each sample, at least 30 individual air-filled voids from various 

locations of region of interest (ROI) and from different time periods were identified by an 

operator and the average gray value of each one was determined. This process was repeated for 

each sample to find the average gray value of voids for that specific sample. A histogram of the 

measured data on OPC w/s = 0.60 can be found in the appendix B.  

The gray values within voids were found to be normally distributed. This means that 99.7% of the 

expected values are contained within three standard deviations of the mean and so this value was 

used for the void segmentation. This provided an easy approach that could be applied for each 

investigated sample while still providing a high level of confidence in the data. Fig. 1 shows a 

region of a slice obtained from mC3S with w/s = 0.70 before and after the segmentation of air-
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filled voids. More details of the reconstruction and image processing can be found in the 

appendix B. 

 

Fig. 3-1. Typical data sets from fCT of the 3D model and region of interest. The result of the 

segmentation for the air filled space is shown for mC3S paste with w/s=0.70. 

 

3-2-6-Measuring Void Spacing 

The uniformity of void distribution is quantified by estimating the average nearest-neighbor 

distance between individual voids at different time periods. This was investigated by measuring 
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center-to-center nearest-neighbor distance for each individual void within each tomograph 

corresponding to a specific time period. Then, the average and standard error of all measured 

distances are calculated in the tomograph and reported as the average nearest-neighbor distance 

of voids in the sample at the corresponding time period.  

 

3-3-Results and Discussion 

3-3-1- Isothermal Calorimetry and Chemical Shrinkage 

Figure 3-2 demonstrates the heat flow results of four examined pastes over the 18 h of hydration. 

The results of the OPC samples are shown by black lines, while gray color is used to show the 

results of mC3S. This same nomenclature is used throughout the chapter. The w/s was chosen to 

match the values used in the fCT experiments. The OPC system showed a higher heat release 

compared to the mC3S system. This difference may be attributed to the different chemical 

composition, w/s, and particle size distribution of the examined powders. 
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Fig. 3-2. Heat evolution curve of the examined pastes made with deionized water. 

As can be seen in the Figure 3-3, OPC with w/s = 0.60 has the lowest shrinkage over the first 16 

h, while mC3S with w/s=0.70 showed the highest shrinkage among the examined samples. Also, 

there is a significant difference between the chemical shrinkage in mC3S w/s = 0.45 and mC3S 

w/s = 0.70, while the difference in two examined OPC pastes is not significant. The mC3S sample 

with w/s = 0.70 seems to have a very different performance over the first 2 h that may be due to 

experimental error.   
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Fig. 3-3. Chemical shrinkage of the examined pastes made with deionized water. 

 

3-3-2-Volume Change of Air-Filled Voids and Heat of Hydration 

Figure 3-4 demonstrates the changes in total volume of the air-filled voids over the first 16 h of 

hydration. Each point in the graph represents the volume percentage of the air-filled voids at each 

time period.  

For all of the samples investigated the air content increases and then decreases to a constant 

value. It is probable that a peak has occurred in mC3S with a w/s = 0.45 before the first collected 

tomograph at 70 min. The samples made with lower w/s seem to have reached their peak earlier 

than those with a higher w/s. 
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The sample with de-aired water had the lowest measured volume of air and showed minimal 

volume change during the time investigated. The observed volume change is slightly higher than 

the almost constant volume of air that was measured for the samples with deionized water with 

mC3S at w/s of 0.70 and 0.45 and OPC at w/s of 0.40.  It is expected that some air filled space 

would be trapped during mixing and there may be only a slight increase in the observed volume. 

This suggests the de-aired water is important to the mechanism causing the void volume increase. 

This will be discussed in more detail later in the chapter.   

 

Fig. 3-4. Volume change of air-filled voids over time. 

 



64 
 

Figure 3-5 combines the volume change of the air-filled voids for the samples that did not use de-

aired water with the isothermal calorimetry curves. The total volume of air-filled voids is 

increasing during the induction period. The peak void volume seems to correspond to the 

initiation of the acceleration period. Later, the total volume of voids apparently decreases during 

the acceleration period. Finally, the bulk volume stays almost constant. This may be caused by 

initial set.  

Another study discussed in chapter 2 on the same data set showed that the increase in void 

content coincides with formation of a hydration product with a high X-ray absorption near the 

surface of the hydrating grains [94]. These phenomena are likely related. This will be discussed 

further in section 3-4.   

 

Fig. 3-5. Comparison of heat release to volume change of air-filled voids in samples made 

with deionized (not de-aired) water. 
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3-3-3- Spatial Distribution of Voids 

The evolution of voids in OPC w/s = 0.40 and mC3S w/s = 0.70 is shown in 3D and with 

representative 2D slices in Figures. 3-6 and 3-7. The raw data from a 2D slice are shown at the 

left with the segmented image in the middle showing the air-filled voids as a binary image. The 

3D renderings are shown on the right where the volumes of the voids are shown with different 

colors. The voids larger than 200 μm3 are shown in red and those smaller than 25 μm3 are green. 

Other sizes are shown by colors between red and green and details can be found in the legend. 

These images help the reader to visualize the results and make general observations. Similar 

observations are made for both mC3S and OPC at different w/s and so the observations will be 

jointly discussed. More quantitative data will be given later in the chapter. Both images show that 

voids smaller than ≈100 μm3 are forming between 0.6 h and 2.5 h, while the larger voids are 

observed to decrease in size.   
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Fig. 3-6. 3D view of void size distribution in critical time periods of OPC w/s = 0.40. 
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Fig. 3-7. 3D view of void size distribution in critical time periods of mC3S w/s = 0.70. 

It also appears that the spatial distribution of the voids changes over time. Figure 3-8 shows the 

change in the average nearest-neighbor distance between individual voids in different time 

periods of the experiments. Each point in the graph is an average of the calculated nearest-
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neighbor distance for all individual voids in the corresponding time period. One standard error is 

also reported.  

The average distance between voids in samples made with deionized water is higher before ≈ 2.5 

h, which is during the induction period. Over time, the average distance for all samples reaches a 

constant value, such that the spatial distribution of the voids is almost constant after ≈ 4 h. This 

supports the observations made in Figures 3-6 and 3-7. 

The distance between voids in the sample made with de-aired water was significantly higher than 

the other samples. This was expected since this sample has the lowest amount of air-filled voids. 

As a result, the number of voids should be lower and therefore their spacing is higher. If the void 

formation is caused by exsolution of dissolved gas in the liquid then the nucleation location and 

frequency will be dependent on the ionic concentration of the liquid. This will be discussed in the 

next sections. 
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Fig. 3-8. Average nearest-neighbor distance between air-filled voids in different time 

periods. 

 

3-3-4-Change in Individual Voids 

The behavior of individual voids is further investigated by following a collection within mC3S 

paste with w/s = 0.70. These voids have been separated into three different size groups based on 

their observed behavior. The results for all of the voids are included for comparison. The details 

are provided in Table 3-4 and the results in Figure 3-9. 
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Table 3-4. Number of individual voids in each size group. 

Paste type 
Average volume 

(μm3) 

Number of individual particles 

observed 

mC3S, w/s=0.70 

50-200 40 

200-400 18 

>400 4 

 

One standard error has also been included to show the variation. Since there were very few voids 

larger than 400 μm3, the variation for this group is high. In general, the volume change of the 

single voids follows a similar trend to that of the overall system; however, they have some 

differences based on their size. The voids larger than 400 μm3 showed a constant volume between 

3 h and 16 h that was larger than the original volume at 70 min. The isolated voids smaller than 

400 μm3 decreased in volume after approximately 2 h of hydration and reached constant values 

that remained unchanged until the end of the experiments. The rate of change of the voids smaller 

than 200 μm3 may be caused by the higher ratio of surface area to volume.  
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Fig. 3-9. Volume change in single air-filled void in mC3S paste with w/s=0.70.  One standard 

error has been shown for the different void ranges. 

 

3-3-5-Change in Size Distribution 

Further insights can be gained by observing the change in the total volume percentage over time 

for voids of different volumes as shown in Figure 3-10. These graphs have been normalized to the 

total volume of voids in the sample in the specific time periods. Over time the volume percentage 

of small voids increases while the volume percentage of the larger voids decreases. Arrows have 

been added to Figure 3-10 to highlight this. For example, after 1.2 h of hydration, the mC3S paste 
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with w/s = 0.70 had about 18% of the total void volume contained in voids larger than 1000 μm3. 

For this same sample only 2% of the volume was found in these voids after 15.7 h. Conversely, 

after 1.2 h about 9% of total void volume was contained in voids with a volume less than 15 μm3. 

After 15.7 h this increased to 17%. Since these voids are so small this would indicate a significant 

increase in the number of voids. The formation of these < 20 μm3  voids can be observed in Figure 

3-6 and Figure 3-7. Similar behavior is observed in all of the samples made with deionized water. 

In contrast, negligible change has occurred in voids smaller than 100 μm3 in the sample made by 

de-aired water, while the percentage of voids larger than 1000 μm3 decrease from 37.5% at 0.7 h 

to 9.2% after 8.8 h. This is likely caused by the infilling of the hydration products over this time 

period.   

The voids between 100-200 μm3 do not change substantially for samples made with deionized 

water except OPC w/s = 0.40, which has a finer void distribution before 2.5 h compared to the 

other samples. This could be caused by the lower w/s. 

The change in size distribution of samples made with deionized water is considerable over the 

first 2.5 h of hydration. However, the size distribution becomes stable during the acceleration 

period and then shows little change afterward. This matches the total volume changes observed in 

Figure 3-4 and Figure 3-5.   
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Fig. 3-10. Change in the air-filled void size distribution over time. 

 



74 
 

3-3-6- Comparison of Size Distribution Change over Time 

Figure 3-11 takes the data presented in Figure 3-10 and compares the five samples at the same 

time periods. The samples made with deionized water were significantly different than the sample 

with de-aired mixing water. At 1.2 h of hydration, three of the samples have very similar void 

size distribution; however, the OPC with w/s = 0.40 has 33% of the void volume larger than 100 

μm3. The other three samples have almost double this. This might be caused by the closer spacing 

of the cement particles from the lower w/s, different compaction level, and the higher chemical 

reactivity of OPC compared to mC3S. More observations are needed to better understand this. 

At 2.5 h, the amount of air-filled voids larger than 100 μm3 decreased in all samples. Since the 

OPC with w/s = 0.40 started with a lower amount of voids greater than 100 μm3, the decrease in 

these voids caused this sample to have only 21% voids greater than 100 μm3. The other samples 

made with deionized water had between 43%-48% of their voids larger than 100 μm3. As 

mentioned earlier, the sample made with de-aired water is different than others and 92% of air-

filled voids are greater than 100 μm3. While this sample has the lowest volume of air-filled voids, 

the voids greater than 100 μm3 constitute more than 90% of the air-filled space at 1.2 h and 2.5 h. 

After 4.8 h and 9 h of hydration in samples made with deionized water, the samples with close 

w/s showed similar size distributions regardless of whether the paste was mC3S or OPC. The 

samples with a higher w/s were found to have a lower amount of smaller voids and a higher 

amount of the larger voids after 9 h. For mC3S with w/s = 0.70 and OPC with w/s = 0.60 between 

60% to 64% of voids are smaller than 100 μm3 and for the OPC with w/s = 0.40 and mC3S with 

w/s = 0.45 over 82% of voids are smaller than 100 μm3 after 4.8 h. These size ranges did not 

greatly change from 4.8 h to 9 h.  

It should be noted that the samples with a w/s of 0.60 and 0.70 had between 27% to 34% voids 

greater than 100 μm3 while the samples with w/s of 0.40 and 0.45 has < 11% of the voids in this 
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size range. This highlights the importance of w/s in the ultimate size distribution of voids in 

cement paste and will be discussed in more detail in the next section. In contrast, the sample with 

de-aired water has over 89% and 80% of the air-filled voids > 100 μm3 after 4.8 h and 9 h, 

respectively. This highlights the importance of dissolved air on the microstructural evolution of 

portland cement systems. These mechanisms will be discussed further in this chapter. 

 

 

Fig. 3-11. Comparison of size distributions of the examined samples in different time 

periods. 
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3-3-7- Discussion of Findings  

The trends in volume change shown in Fig. 4 are similar for all samples made with different 

materials and w/s except for the sample using de-aired water. In addition, the changes observed in 

the first 3 h of hydration are much higher than the variation in the constant portion of the curves 

observed after 3 h. This is a useful observation as it suggests that the changes that occur over the 

first 3 h are significant.   

The sensitivity of the results to the segmenting value is examined by altering the threshold value 

by ±5% for mC3S with w/s = 0.70. The difference was selected as it was a reasonable range of 

variation greater than the variability in the segmentation method. The results are demonstrated in 

Figure 3-12. The results show that while the different threshold values modify the magnitudes of 

curves, the variation in threshold does not change the general trend or timing of the curves. 

Therefore, the calculated thresholds seem to be reliable for comparing the different samples and 

investigating the general behavior in this study.  

All tests were conducted in an environment with constant temperature and pressure. Because each 

scan was only 5 s in length, this means that each sample was only exposed to the X-ray radiation 

for roughly 7.5 min over roughly 15 h, so the damage from X-ray radiation is expected to be 

negligible. This is supported by other work done with the same instrument to investigate lithium-

ion batteries [113]. In addition, the samples were all prepared in the same way, but the initial 

investigation was not done at the same time and the samples were investigated for different 

lengths of time. Despite these differences, the same trends were observed in all of the 

experiments and the void size distribution in Figure 3-11 was found to be quite comparable at 

similar time periods. This is not likely a coincidence. Finally, other research has inferred void 

formation during this time period through acoustic emission measurements.  [91]. The sum of this 
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evidence suggests that the observations in this study are repeatable and not caused by beam 

artifacts. 

 

Fig. 3-12. Effect of different threshold gray values on the trend of the curves for mC3S w/s = 

0.70; the calculated threshold value was 7256 based on the segmentation method. 

 

3-4- Proposed Mechanisms 

The measurements show that the total volume of air-filled voids in samples made with deionized 

water increases continuously during the induction period and then decreases as the acceleration 

period begins. Also, during the acceleration period the voids stop changing in volume. The initial 
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voids observed may have been trapped by the mixing and consolidation of the sample. However, 

the formation and evolution of the air-filled voids are likely caused by another mechanism. In this 

section, two mechanisms will be discussed that could explain the observed changes: chemical 

shrinkage and change in ionic concentration of the solution. Each will be described and then 

assessed in terms of their compatibility with the experimental observations.   

 

3-4-1-Contributions from Chemical Shrinkage 

Some previous works have inferred some signs of bubble formation in cement paste slurry by 

observing acoustic events during the early age hydration [91, 114]. These studies have attributed 

the formation of the air bubbles to chemical shrinkage during early age hydration reactions. 

According to this hypothesis, water is consumed by the reactions to produce the hydration 

products. Since the hydration products occupy a smaller space than the original reactants, this will 

create empty spaces in the paste which are voids. It is further hypothesized that these bubbles that 

form may decrease in volume over time as water from the surface enters the sample to displace 

the voids [114]. It is also possible that the creation of the voids causes the paste to be unstable and 

then collapse and this causes the voids to decrease in size.  

The total void content of samples with a lower w/s reached its maximum volume change earlier 

than the pastes with higher w/s as shown in Figure 3-4. These observations can be explained by 

chemical shrinkage. As w/s decreases, it is expected that the paste would shrink more and so a 

higher amount of air-filled void is formed in a shorter time period [83, 84, 91, 115]. The finer size 

distribution of voids in the low w/s samples may be attributed to the shorter initial inter-particle 

distance in these paste samples. However, there is minimal chemical shrinkage observed during 

the times when the void formation in the fCT data is the highest. Also, this hypothesis is unable to 

explain why the void volume change does not continue when the chemical shrinkage is higher at 
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the later ages. For example, Figure 3-3 shows that the total chemical shrinkage after 2.5 h is only 

between 0.0013 mL/g and 0.0111 mL/g but the fCT shows the highest rate of change in void 

volume in this same period. Moreover, the chemical shrinkage value reaches between 0.0136 

mL/g and 0.028 mL/g after 10 h and the fCT shows negligible void change. Because of this, it is 

not likely that this could be a major cause of the air volume change that is observed in the four 

samples made with deionized water. 

 

3-4-2-Contributions from Change in Ionic Strength 

An alternative hypothesis is the destabilization of dissolved air within the pore solution caused by 

an increase in the ionic strength. Water typically contains 20 mg/L to 30 mg/L of dissolved air 

and the amount of air can be higher in water that has been pressurized [116-119]. The solubility 

of air in water depends on the temperature, pressure, and dissolved ions of the water [120-122]. 

For all samples, including the one made with de-aired water, the temperature and pressure of the 

testing environment were constant. Since the X-ray exposure is so short (5 s per scan every 10 

min) it should have minimum impact on the sample temperature.   

It is widely reported in the literature that the concentration of ions increases during the induction 

period. Dissolving cement grains will rapidly add significant amounts of ions to the solution in 

seconds and this will continue over time [44, 46, 52]. Many previous studies have shown that the 

Ca concentration will increase until reaching a maximum near the end of the induction period [44, 

46, 51]. A study using triclinic C3S with a w/s = 0.70 showed the average Ca concentration of the 

bulk solution to be ≈ 1700 ppm at the end of the induction period and then drop to ≈ 1450 ppm as 

the acceleration period begins [44]. The reader should be reminded that these bulk measurements 

are expected to be lower than local ionic concentrations near reacting anhydrous particles.   
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Many others have reported that air solubility decreases with an increase in the dissolved ions in 

the water [119, 123-127]. For example, seawater has a higher propensity to produce foam than 

fresh water because of the increased dissolved ions [126]. In the literature, this effect is attributed 

to various factors including the decrease in the surface tension of the water, reduction in the 

hydrophobic force of attraction between bubbles, and desorption of ions from the air-water 

interface that ultimately destabilize the bubbles [119, 124-126, 128-131]. While the mechanisms 

are not well understood, all of the publications agree that the increase in ionic concentration of 

the solution causes a decrease in the solubility of the air. Therefore, it is reasonable that the 

dissolved air in the pore solution will become less soluble and will form gas during the induction 

period. The gas may join other adjacent air-filled space or it may form a new void in water filled 

space. Based on the size distribution changes in Figure 3-10, it appears that the voids have formed 

in the water-filled space. This explains the continuous increase in total volume of air-filled voids 

over the induction period as seen in Figure 3-5.  

Furthermore, the most significant data in support of this mechanism is that the sample made with 

de-aired water does not show a considerable change over time of the air-filled voids. This 

observation reinforces the importance of dissolved air in void formation of hydrating cement 

paste.   

Calculations were done to estimate the volume of air that may be formed from the dissolved air. 

This was done by estimating the dissolved air in paste samples with w/s between 0.40 and 0.70 

and knowing the densities of water and cement. The mixing water in the experiments was from a 

water deionizer that used pressure for distribution.  If the assumed water pressure is between 1 

atm and 4 atm, then the dissolved air in the deionized water is 20 mg/L to 120 mg/L [116-119, 

132]. It is estimated that, depending on the w/s, enough air could be created to fill between 0.9% 

and 6.9% of the total sample volume. All calculations are outlined in the appendix B. These 

rough values are consistent with the observed void volume changes observed in Figure 3-4 as the 



81 
 

maximum volume changes from the experiments were between 1% and 1.8% for the different 

samples. Therefore, these calculations suggest that this phenomenon and the proposed mechanism 

based on the change in ionic concentration are probable. As the acceleration period begins, the 

ionic concentration decreases as hydration products are precipitated [44, 46, 51-53, 75, 94, 133]. 

This decrease in ionic concentration will change the solubility of the air and allow the air to 

dissolve. This could explain why the air leaves the bubbles and dissolves into the solution. This 

behavior was observed in both volume graphs and 3D images (Figures 3-4, 3-5, 3-6, and 3-7). 

This volume decrease could also be caused by the formation of hydration products.  

It is expected that air would transfer from the smaller bubbles to the larger bubbles through 

Ostwald ripening [134]. However, it appears that both the large and small voids start shrinking 

simultaneously. This is not consistent with Ostwald ripening and emphasizes that the changes in 

the strength of the ionic solution must be a dominant in this mechanism.  Furthermore, the 

changes in spatial and size distribution of air-filled voids may be explained by variation in ionic 

concentration. It is reported by several researchers that many electrolytes inhibit bubble 

coalescence above a certain transition concentrations depending on the type of solution [124-126, 

128-130, 135-137]. This means that the average size of the air filled space is a function of the 

local dissolved ion content of the solution. This mechanism is explained further in other 

publications [131].  

Observations from this work support this. The large air-filled voids available in the first collected 

tomographs as shown by Figures 3-6 and 3-7 suggest that there is more of a tendency for 

coalescence when the ionic concentration is low at the beginning of the tests. As the ionic 

concentration increases during the induction period, more bubbles are formed in the paste. The 

high ionic concentration may hinder coalescence of the bubbles in the slurry. These bubbles are 

dispersed and have a finer size distribution, because the solution concentration is not favorable 

for coalescence. This is shown by 3D images and size distribution graphs (Figures 3-6, 3-7, and 
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3-10). Also, a more uniform spacing of the voids is observed in Figure 3-8 after 3 h of hydration. 

Unlike the samples made with deionized water, over 80% of voids are > 100 μm3 in the sample 

made with de-aired water, and the total volume and size distribution of voids do not change 

significantly over time.  

Furthermore, the observed differences in samples with different w/s can be interpreted based on 

the change in ionic concentration. The pastes with the lower w/s can potentially contribute more 

ions to the solution because of the higher solid content in the solution [44]. This might be the 

reason that the total void content reaches its peak volume earlier then samples with a higher w/s.  

The higher ionic concentration of slurry in low w/s samples can also prevent coalescence of the 

voids formed in the solution [126, 135-137]. Because these voids are less likely to coalesce at 

high ionic concentrations, they would be smaller and the number formed would be higher in 

samples with a lower w/s. The void volume, size distribution, and spacing stopped changing after 

about 3 h. This could be attributed to early stiffening or setting that occurs and may prevent 

change in the system.   

Although this mechanism can explain most of the observations in this study, more details are 

needed in order to be able to model this phenomenon accurately. The reported solution 

concentrations in the literature are based on the average ionic concentration of the slurry. This 

will not be necessarily representative of the local ion concentration near the individual hydrating 

particles where the voids form. This makes the modeling of this phenomenon difficult. Research 

efforts are underway to make in-situ with high accuracy and resolution and fill this need.   
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3-5-Practical importance of the findings 

This study follows the evolution of the void system in OPC and mC3S pastes with different w/s. It 

is widely understood that the microstructure impacts the performance of materials. These findings 

suggest that as the microstructure is being formed, there is also a creation of voids that are 

important to the durability and mechanical properties of the concrete. These results also provide a 

deeper understanding on how w/s influences the void system of hardened paste and suggest that it 

contributes to important parameters at the micron scale.  

In addition, these observations reinforce the importance of changes in ionic concentration during 

hydration and how they may impact the volume and distribution of voids within different cement 

systems. If methods could be developed to better control this void formation then improvements 

in the resulting properties of concrete could be made. This would allow increased durability, 

strength, and toughness of the material through manipulation of the hydration process. 

While there are still discussions about the mechanisms of increasing ionic strength on void 

formation [126, 135-137], this technique can provide new insights into the current understanding 

of void formation and coalescence in other ionic solutions. This phenomenon is important for 

recognition of interactions in biological system, fluids, and slurries. The application may include 

drug design, protein crystallization, formulation science, oil recovery, food, and mineral flotation 

[129, 131, 135]. 

 

3-6-Conclusions 

In this chapter, fCT was used to study the evolution of air-filled voids in cementitious pastes 

within the first 16 h of hydration. The change in the total volume and size distribution of air-filled 
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voids were investigated at a micron resolution. The following conclusions can be drawn for 

samples made with deionized water:  

• The total volume of the air-filled voids continuously increased during the induction 

period. During the same time period, the average distance between individual voids 

decreased. A considerable amount of voids < 100 μm3 were observed to form uniformly, 

while the larger voids decreased in size. 

• The total volume of the voids started to decrease over the first hours of the acceleration 

period and ultimately reached a constant value after approximately 4 h. In this time 

period the spatial and size distribution of air-filled voids becomes more uniform. 

• All samples regardless of w/s and whether they were OPC or mC3S showed similar 

volume change and void distribution at comparable times. However, the samples with a 

higher w/s had a higher portion of voids > 100 μm3. 

The following conclusions can be drawn for samples made with de-aired water: 

• A significantly lower volume of air-filled voids is observed in these samples and these 

voids do not significantly change in size or spacing over time.   

• The size distribution of the voids in the sample with de-aired water mainly consisted of 

voids > 100 μm3 and over time these voids decreased in volume. 

• This performance is drastically different than the samples made with the same materials 

and binder that contained deionized water. This highlights the importance of dissolved air 

on the mechanism for the void formation. 

Mechanisms have been discussed involving chemical shrinkage and changes in ionic strength and 

their contribution to the formation of air-filled space. The ionic strength mechanism is consistent 
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with the trends observed for the volume of air formed and the changes in size distribution, and 

provides insights into why the void formation is not observed in samples with de-aired water. 

Furthermore, this study provides insights for improved understanding of void system 

development during hydration. It is noteworthy that the current study was limited by the 

resolution of the scans, and therefore only the voids greater than a few microns were considered. 

The method provides no insight into what occurs at the nanoscale.  

Additional work is needed to investigate how other variables such as chemical and mineral 

admixtures can affect the void formation. This is an important area of ongoing research that has 

potential to improve the performance of concrete.  
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CHAPTER IV 
 

 

STRESS INDUCED DISSOLUTION AND TIME-DEPENDENT DEFORMATION OF 

PORTLAND CEMENT PASTE  

 

Abstract 

While stress-induced dissolution of various minerals has gained attention as an important time-

dependent deformation mechanism in other materials, this has only sparingly been investigated in 

portland cement systems. In this chapter, X-ray Computed Tomography (XCT) is used to make 

direct observations of the microstructural evolution in cement paste samples under different levels 

of stress during their first 60 h of hydration. Stiffness and creep measurements are also made 

while imaging the changes in the microstructure.   

The results show that stress applied between 24 h and 60 h alters the hydration kinetics of 

portland cement. These loads cause early age creep, dissolution of individual particles near the 

loads, and an increase in stiffness. These measurements provide insights into the microstructural 

changes that occur due to early age stress applications during the hydration of portland cement.  

Keywords: X-ray Computed Tomography; Hydration Kinetics; Segmentation; Creep; 

Dissolution 
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4-1-Introduction 

Concrete is the second most used commodity in the world after water [1]. The wide availability 

and inexpensive nature of the required materials as well as desirable mechanical and durability 

performance make concrete a useful building material. Cement paste is used to bind the 

aggregates in a concrete mixture together and plays an important role in the strength, durability, 

and rheology of concrete.   

Recent publications suggest a significant coupling between the mechanics and chemistry during 

the early age reactions or hydration of portland cement paste [138-142]. While stress induced 

dissolution has gained little attention as a mechanism for stress dependent deformation in 

cementitious materials, it has been studied extensively in various rocks and minerals [143-150]. 

Studies over gypsum [145, 149], halite [151], quartz [152, 153], limestone and sandstone [148], 

calcite [144], and some very soluble elastic/brittle salts (potassium alum and sodium chlorate) 

[154] all suggest that stress induced dissolution is an important mechanism for 

viscoelastic/viscoplastic (VE/VP) behavior.   

Other publications suggest that stress may impact the thermodynamic equilibrium, hydration 

kinetics, and/or the VE/VP properties of concrete [142, 155-157]. Previous work measured the 

impact of stress on hydration of portland cement and C3S by thermogravimetric analysis (TGA), 

BET surface area, and mercury intrusion prosimetry pore-size distribution [142]. The work found 

up to a 14% increase in C3S degree of hydration of a paste with w/s = 0.50 and loaded by 6.8 

MPa at 18 h as compared to a similar non-loaded sample after 48 h of hydration. BET surface 

area also showed a 15% decrease of the loaded cement paste compared to the non-loaded 

samples. Other work found that C3S samples with w/s=0.55 that were cured under pressure 

showed an accelerated dissolution through measurements with a conductimeter, quantitative 

XRD, 29Si and 1H NMR, and TGA [155]. They showed that the maximum conductivity is reached 
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earlier under 850 bar compared to samples hydrated at 350 bar. The conductivity curve reaches its 

peak after ≈ 100 min when the sample is pressured by 850 bar, while the maximum conductivity 

was reached at ≈ 200 min for a sample pressured at 350 bar. Others have shown that 15 mm×15 

mm×300 mm cement paste beam samples tested in 3-point loading showed approximately 8% 

higher Young’s modulus than the non-loaded samples after 56 days of hydration [139].  

Computational models have also been proposed to predict the influence of applied stress on 

VE/VP mechanisms in concrete. A recent work suggests that the stress induced dissolution of 

cement particles at early ages controls the time-dependent changes of the apparent VE/VP 

Poisson’s ratio [140]. The significance of stress induced dissolution of cement particles on 

VE/VP properties of concrete is further discussed in other publications [141, 158, 159]. 

Although these studies suggest the importance of stress state on the physical properties of 

materials, these studies are based on either computational models or experimental techniques that 

make bulk measurements with no direct observation of changes in the microstructure caused by 

the loading during hydration. X-ray computed tomography (XCT) is a powerful tool to non-

destructively visualize the internal structure of materials with a spatial resolution of as small as a 

few nanometers (nano tomography) [19-21] to several microns (micro tomography) [4, 22, 23]. 

XCT is widely utilized in medicine to visualize biological samples non-destructively [24, 25]. 

These methods are similar but the length scales are different. A series of 2-D radiographs are 

acquired at different imaging angles. A three-dimensional model is reconstructed from 2-D 

radiographs and the resulting dataset can be used for morphological and quantitative analyses 

[22]. The variations of gray values in the built images are originated from the electron density and 

bulk density of the imaged material [26-28]. The gray values of the images can be used for 

quantitative evaluation of XCT datasets by separating the regions into different constituents. This 

process is called segmentation. 
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This chapter uses XCT to study the dissolution rate and microstructural evolution of cement paste 

over the first 60 h of hydration, both with and without stress. This work makes direct observation 

of the differences in hydration of systems under different stress levels and simultaneously 

measures early age creep deformation, and changes in stiffness. The mechanisms and practical 

significance of the measurements are discussed.   

 

4-2-Method and Experiment 

4-2-1-Materials 

NIST 168 portland cement (OPC) from the Cement and Concrete Reference Laboratory 

(Frederick, Maryland) was used to make the paste samples. Composition is presented in Table 4-

1. The analysis was completed by ASTM C114 for chemical composition and ASTM C204 for 

Blaine fineness. The XRD pattern of this powder can be found in another publication [64]. 

Also, particle size distribution (PSD) was determined by Automated Scanning Electron 

Microscope (ASEM) [160]. The result showed that 95% of OPC particles are smaller than 8 μm. 

The PSD graph and more information about ASEM technique can be found in the appendix A. 

Table 4-1. Specifications and phase composition of OPC. 

 
Blaine 

(cm2/g) 

BET surface 

area (m2/g) 

Density 

(gr/cm3) 

Chemical Composition (%) Phase concentration (%) 

SiO2 CaO Al2O3 MgO Fe2O3 SO3 C3S C2S C3A C4AF 

OPC 4080 NA 3.15 19.91 62.27 5.11 3.87 2.15 3.49 54.5 15.7 8.0 7.0 

 

4-2-2-Sample Preparation 

The samples were produced with a water to solid ratio (w/s) of 0.50 (3 g of OPC powder and 1.5 

g of deionized water). Water was added to the dry powder, and then they were mixed by a 
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stainless steel rod 10 times clockwise and 10 times counterclockwise in a glass vial. Next, the vial 

was shaken with a speed of 1,000 rpm for 3 minutes on a vortex mixer produced by Stuart 

(Staffordshire, UK). This mixing procedure ensures that the slurry is well-mixed and consistent in 

all samples produced. 

The slurry was placed in manufactured polyethylene cylindrical molds with a diameter of 1.19 

mm to 1.58 mm and a height of 9 mm. The variable diameter was caused by differences in 

manufacturing. The mold was then gently tapped by a steel rod to compact the samples. A wet 

paper towel was then placed on the mold for 24 h to keep the sample moist and provide a 

favorable condition for curing. All cylindrical samples were carefully demolded after 24 h and 

covered by petroleum jelly to minimize the loss of moisture during data collection. This means 

that moisture is likely present to promote hydration. The entire width of the samples is imaged, 

but the analysis is performed on a region of interest that is 800 μm in diameter. This region was 

chosen as it was away from the boundaries which may potentially have artifacts or inadvertently 

exposed to the surrounding environment. Approximately 10 identical samples were produced 

from each batch and the best three were used based on visual examination.   

 

4-2-3-Loading Setup 

The loading stage used is shown in Figure 4-1. The stage uses gravity loading through a platen 

and lead weights. The stage is calibrated by a load cell accurate to 0.1 g. The top and bottom 500 

μm of the sample is embedded in the steel platen and fixed by epoxy in order to ensure sufficient 

load transfer, equal load distribution, and to minimize the movement of the top of the sample.  

Because the top portion was embedded in the platen no information can be reported for this 

region.   
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First, two cylindrical specimens were broken by loading them axially with the loading stage to 

determine their 24 h compressive strength (f1day). Then, another sample from the group was 

placed on the loading stage and XCT was used to collect three consecutive tomographs with a 

resolution of 1.45 μm/pixel. Each tomograph, except the non-loaded sample, took approximately 

11.5 h to collect. A 0.5 h rest period between each loading step was used to allow for 

deformations to occur in the load stage and sample. Because of this, each tomograph was 

captured between 24 h to 36 h, 36 h to 48 h, and 48 h to 60 h after hydration.  

One sample was loaded with only the platen for the three time periods. The platen caused 12% of 

the measured f1day stress. This sample is called OPC-PL. Three samples were loaded with the 

platen between 24 h to 36 h, then 50% of the f1day stress between 36 h to 48 h, and then the platen 

again between 48 h to 60 h. These samples are known as OPC-1, OPC-2, and OPC-3. The load 

was held constant during the collection of each tomograph by the lead weight. The platen caused 

between 8% and 15% of the f1day depending on the sample diameter. Single radiographs at a fixed 

angle from each tomograph were used to measure the deformation of the sample while under a 

fixed load or the creep strain. These measurements will be discussed in more detail later in the 

chapter. 

The reader is reminded that not all samples had the same diameter because of differences in 

fabrication. These levels of stress were selected because they were thought to be high enough to 

create a measurable change in hydration kinetics without causing damage to the samples. No 

cracking was observed in the 3D tomographs and so these assumptions appear to be sound.   

One sample that was never loaded was investigated as a control. This sample is labeled OPC-NL. 

The scan time for this sample was 6.5 h for each tomograph. This scan time was shorter because 

the instrument could be reconfigured so that it was closer to the sample when the load stage was 
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not used. Because the scan time was shorter the time between the tomographs was extended to 5.5 

h so that all of the tomographs started at the same time for all the samples examined.  

After completion of the last tomograph at 60 h of hydration, the sample was loaded to 50% of 

f1day three times and the deformations were measured with radiographs with a resolution of 300 

nm/pixel. This allowed the Young’s modulus to be estimated by using a linear regression model 

with the stress and strain data.   

 

Fig. 4-1. Schematic of the loading setup. 

4-2-3- X-Ray Computed Tomography (XCT) 

The experiments were performed by a ZEISS Xradia 410 Versa with photon energy of 55 keV 

and a resolution of 1.45 μm/pixel. This high resolution limits the scan window to 1.45 mm below 

the surface of the platen as shown in Figure 4-1. The details of the XCT machine settings can be 
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found in Table 4-2. Also, XMReconstructor-Cone Beam-10 software was used to reconstruct the 

data into a stack of 2D slices. 

The gray value in the radiographs correlates to the transmitted X-ray intensity (I) according to the 

Beer-Lambert law:  

𝐼

𝐼𝑜
= exp(−𝜇𝑚𝜌𝑥)    (4-1) 

where 𝐼0 is the original intensity of the X-ray beam, μm is the mass attenuation coefficient, 𝜌 is 

density, and x path length [68]. Therefore, difference in gray values can be used to segment the 

acquired images into different constituent phases.  

Table 4-2. Instrument settings for XCT instrument. 

Resolution 1.45 μm/pixel 

Source energy 55 keV 

Optical magnification 10X 

Total scan time 11 h: 30 min 

Number of projections 2800 

Exposure time 12.5 s 

 

4-2-4-Image Processing and Segmentation 

The analysis of the 3D datasets was completed by MATLAB codes, ImageJ, and Amira 4.1.1 

software. First, a median filter with a radius of 2 pixels was used to smooth images and reduce 

noise. This filter is widely used in signal processing because of its ability to reduce noise while 

preserving edges. The details of the application and algorithm of the filter can be found in other 

publications [65, 66, 111, 161, 162]. The gray values of the second and third tomographs were 

transformed so that their histograms matched with the first tomograph. The transformation 

function is determined after obtaining the histograms and cumulative distribution functions of the 
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tomographs and following a procedure described in [163, 164]. This minimizes gray value shift 

from one tomograph to another. No information can be given from the top 500 μm of the sample 

since it is embedded in the platen. Also, the first 10 slices (14.5 μm) near the load platen were 

discarded because of artifacts caused by the platen. Next, the Otsu method was used for 

segmentation. This method is based on minimizing the mean square errors between the original 

and binarized images. More details about the method can be found in the literature [69, 165, 166]. 

The paste samples consist of anhydrous cement particles, hydration products, and voids. In a 

tomograph collected from a cement paste sample, anhydrous cement particles usually have the 

highest X-ray absorption (highest gray values), while voids have the lowest absorption (lowest 

gray values) [4, 167]. The term “high-absorption material” is used in this chapter to describe a 

combination of anhydrous cement particles and dense hydration products with X-ray absorption 

similar to or higher than the anhydrous cement particles. To segment the high-absorption 

materials from the rest of the paste, certain regions of interest (ROI) with high amounts of high-

absorption materials were isolated from different tomographs and the threshold values of these 

regions were determined by the Otsu method. Figure 4-2 shows an example of this process. This 

was repeated for several regions and the average of at least 40 ROIs was used to segment high-

absorption materials in all three collected tomographs. Figure 4-3 demonstrates the satisfactory 

performance of the utilized segmentation method for one slice in different loading conditions in 

OPC-2 sample. This data is provided to allow the reader to judge the quality of the segmentation. 

The raw data is shown in the top row and the segmented data is shown beneath it. 
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Fig. 4-2. An overview of a raw image of a slice and segmentation steps for high-absorption 

materials in an ROI. 
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Fig. 4-3. One slice from OPC-2 sample before and after segmentation of high-absorptions in 

three different time periods. 

 

4-2-5-Deformation Calculation from Radiographs 

Since the steel platen has a high X-ray absorption compared to cement paste this can be used to 

segment the steel platen in the images. Since the platen and sample are in intimate contact, the 

movement of the platen could be used to calculate the deformation of the sample. The strain of 

the sample is calculated by dividing the sample deformation by the sample length. 

The deformation of the samples was determined over the scanning period from the radiographs 

collected at a fixed angle every ≈ 14 min while the sample was under load. The strain is 

calculated with respect to the initial length of the sample at the beginning of each scan. The strain 

values discussed throughout the chapter were taken as zero at the beginning of each scan. 
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Because of the shorter scan time for the non-loaded sample, the strain data is only available for 

the first 6.5 h. Also, the strain rate for the first loading period is taken between 30 h and 36 h 

because of early age movement of the frame. This is discussed in more detail in the results 

section. 

 

4-2-6-Volume Change of High-Absorption Materials 

The percentage volume change of the high-absorption materials in each tomograph is calculated 

by:  

∆𝑉 =
𝑉2−𝑉1

𝑉1
×100   (4-2) 

where V1 and V2 are volumes of the high-absorption material in the first and second collected 

tomographs, respectively. This calculation is done for isolated high-absorption materials. These 

high-absorption materials are anhydrous cement particles and any high-absorption hydration 

products. These volume changes are plotted with respect to distance from the top of the sample. 

Two sets of volume change graphs are produced: 

1. Volume change of high-absorption material from the first loading stage (ΔVa) 

measured between 24 h to 36 h (V1) compared to the second loading stage 

measured between 36 h and 48 h (V2): 

∆𝑉𝑎 =
𝑉2−𝑉1

𝑉1
×100 

2. Volume change of high-absorption material from the second loading stage (ΔVb) 

measured between 36 h to 48 h (V2) to the third loading stage measured between 

48 h to 60 h (V3): 
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∆𝑉𝑏 =
𝑉3−𝑉2

𝑉2
×100 

The number of individual high-absorption materials used for these calculations is between 4,000 

and 5,000 for each sample. More details about the number of regions investigated can be found in 

the appendix C. If a negative number is found for this calculation, then it means that this high-

absorption material has decreased in volume. This would occur when the particle is primarily 

dissolving. If a positive number is found then that means there is more growth of high-absorption 

hydration products than dissolution.  

 

4-3-Results and Discussion 

4-3-1-Stiffness 

Table 4-3 shows the calculated Young’s modulus for the samples after 60 h of hydration. The 

stress history and the coefficient of determination (r2) are also reported. Since the r2 values are 

close to one, this shows that a linear model is appropriate for this data. Data is reported for all 

samples but not for the sample that was not loaded. For the non-loaded sample the platen was not 

fixed to the sample until right before the modulus testing at 60 h after hydration. For the other 

samples the epoxy was placed at 24 h of hydration. This means that the epoxy in the loaded 

samples has a longer time to react before loading. This caused the stiffness of the epoxy to be 

very different between the two samples and this made it not possible to compare the results from 

the tests.   

Samples OPC-1, OPC-2, and OPC-3 have quite similar modulus values and had similar stresses 

during hydration. These samples received higher loading and also had a higher modulus 

compared to the samples that were only loaded with the platen. The higher loaded samples had a 

modulus that was between 1.36 to 1.64 times higher than the sample that was only loaded with 
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the platen. This suggests that the higher applied load between 36 h and 48 h of hydration had a 

significant impact on the mechanical properties. These changes in mechanical properties could be 

caused by the load changing the kinetics of hydration and therefore the microstructure of the 

materials may be different. This will be further investigated in the upcoming sections.   

Table 4-3. Stress history and modulus of elasticity after 60 h. 

Sample code 

Sample 

diameter 

(mm) 

Stress history (MPa) and percentage of f1day Young’s 

modulus 

(GPa) 

r2 
24-36 h 36-48 h 48-60 h 

OPC-NL 1.50 0 0 0 N/A N/A 

OPC-PL 1.28 2.5 (12%) 2.5 (12%) 2.5 (12%) 3.9 0.99 

OPC-1 1.19 2.9 (15%) 9.7 (50%) 2.9 (15%) 5.3 0.99 

OPC-2 1.58 1.6 (8%) 10.7 (50%) 1.6 (8%) 6.4 0.97 

OPC-3 1.57 1.6 (9%) 10.4 (50%) 1.6 (9%) 5.6 0.98 

 

4-3-2-Time-Dependent Deformations 

Figure 4-5 shows the change in strain over time during each tomograph.  This is also known as 

the creep strain. The strain is calculated by dividing the change in length by the original length of 

the sample. The zero point on the graph corresponds to the point of first measurement for that 

loading stage. This was done because the deformation before and just after applying the load was 

not measured. This means that the values in Figure 4-5 are not absolute and are instead are 

change in strain.   

The graph shows the behavior during three different loading stages. Each loading stage is 

separated by a vertical dashed line. The stress applied to each sample is shown near the top of the 

graph. A negative strain value means the sample is shrinking and a positive value means it is 
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swelling. Samples OPC-1, OPC-2, and OPC-3 are shown with solid lines, while OPC-PL and 

OPC-NL are shown with dashed gray lines.  

The samples that were loaded showed an initial strain up to 240 με over the first 3 h of 

measurement. This initial growth could be caused by the thermal changes in the loading stage 

from placing it in the XCT. A heater is used in the XCT to keep the internal chamber at 28 oC.  

This improves the image quality by reducing movement of the imaging stage. The load stage was 

at room temperature before placing it in the instrument. Although the room temperature was not 

measured it was roughly 23 oC. The coefficient of thermal expansion of steel is reported to be 

12×10-6 (°C)-1 [168].  This means that if the frame temperature raised by 2 °C then this could 

cause a change of roughly 240 με. This value is similar to what was observed in the testing and so 

this is a probable explanation for the observed change in strain. This highlights the care that is 

needed in making measurements in these experiments.   

The strain rate of a sample is found from the slope of a linear model fit to each data set. Because 

of the initial movement of the load frame from temperature changes a linear model is fit between 

30 h and 36 h. These results are presented in Table 4-4. Also, the strain at the end of each load 

stage or 35.5 h, 47.5 h, and 59.5 h is used to compare the samples. A negative value means 

shrinkage while a positive value is growth. The data for the first loading stage should be 

interpreted with care because of the early age movement from temperature changes. The reader 

should be reminded that not all of the samples were of the same diameter and so this caused 

different stresses even though the samples carried the same load. Since these samples were small 

these differences can cause significant changes in the stress. 

In OPC-NL the strain rate is very close to zero for all loading stages. While some growth (≈ 50 

με) was observed between 48 h and 60 h, this was within the resolution of the scan and so it is not 
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significant. Since this sample is not loaded then these small changes are in line with what is 

expected.   

The OPC-PL sample is under a constant 2.5 MPa or 12% of f1day between 24 h to 60 h or for all 

three of the tomographs. For each scan period the slope of the line or the strain rate decreases 

over time despite the load being the same. Between 24 h and 36 h the strain rate is 58.4 με/h, then 

between 36 h and 48 h the strain rate decreases by 50% to 29.4 με/h, and then between 48 h and 

60 h the strain rate decreases by 22.4% to 22.8 με/h. This is likely caused by a refinement of the 

microstructure over time caused by hydration.  

For samples OPC-2 and OPC-3, the samples, between 24 h to 36 h were loaded at 1.6 MPa and 

OPC-1 and OPC-PL were loaded at 2.9 MPa and 2.5 MPa, respectively. This difference in the 

stress level is caused by ≈ 25% smaller diameter of OPC-1 and OPC-PL compared to OPC-2 and 

OPC-3. The results show that the strain rate of samples with the 70% higher loading is almost 

half of strain rate in OPC-2 and OPC-3. This result is not expected but has been observed in 

multiple samples. The difference in diameter can alter the stress distribution in the samples and 

this may cause the variation observed. The stress distribution and diameter relationship is further 

discussed in later sections. As mentioned earlier, the initial growth observed can influence both 

the calculated strain and strain rate (slope of the lines) and so this comparison should be 

interpreted with care.  

As the loading is increased to 50% of f1day for OPC-1, OPC-2, and OPC-3 between 36 h to 48 h, 

the creep deformations increase in magnitude. The differences between the observed strains in 

OPC-1, OPC-2, and OPC-3 could be caused by a difference in stress history.   

The creep strain at the end of the second loading period is between 2,190 με and 2,650 με.  

Previous work done with cement pastes with w/s = 0.50 and stressed to 30% of f1day at 24 h 

showed a total strain of 1614 με after 3 days of loading [138]. These differences could be 
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explained by differences in stress and time of loading. This work applied 50% of f1day at 36 h and 

the reference used 30% of f1day at 24 h.   

The creep strain in the higher loaded samples is between 7.6x and 9.2x greater than the creep 

strain of the OPC-PL and the strain rate is between 5.9x and 6.8x of OPC-PL with a load of only 

12% of f1day. These results show the significant increase in early age strain as stress is increased to 

50% of f1day.  

After reducing the stress for OPC-1, OPC-2, and OPC-3 between 48 h to 60 h, a creep strain of 

less than <400 με is observed under the platen weight. This is a reduction in the creep strain by 

2.7x and 4.7x compared to 24 h to 36 h. Also, the strain rates for all of the samples between 48 h 

to 60 h were found to be between 2.9x and 8.9x smaller than the strain rates measured between 24 

h to 36 h. These differences in behavior are likely caused by changes in hydration rate and the 

resulting microstructure from the external loading. Some insights into this are provided in the 

next section. 
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Fig. 4-5. Change in time dependent strain during the scanning of samples, the stress applied 

on the sample is shown at the top of the graph. The zero point on the graph corresponds to 

the point of first measurement. 
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Table 4-4. A summary of different strain values from the change in time-dependent loading 

tests shown in Figure 4-5.  Negative values correspond to shrinkage and positive values are 

for swelling. 

sample 

code 

Time for tomograph collection 

24 h - 36 h* 36 h - 48 h 48 h - 60 h 

applied 

Stress 

(MPa) 

strain 

rate 

(με/h)** 

last 

measured 

strain 

(με) 

applied 

Stress 

(MPa) 

strain 

rate 

(με/h) 

last 

measured 

strain 

(με) 

applied 

Stress 

(MPa) 

strain 

rate 

(με/h) 

last 

measured 

strain 

(με) 

OPC-NL 0 -1.1 -28 0 -1.2 -65 0 29.1 97 

OPC-PL 2.5 -58.4 -402 2.5 -29.4 -289 2.5 -22.8 -283 

OPC-1 2.9 -40.1 -687 9.7 -201.5 -2650 2.9 -4.5 -235 

OPC-2 1.6 -91.0 -669 10.7 -183.9 -2397 1.6 -19 -141 

OPC-3 1.6 -116.6 -1097 10.4 -174.4 -2190 1.6 -39.4 -395 

* The initial growth observed in strain can significantly impact the calculated strain rate and ultimate 

strain at this time period. 

**The slope is calculated for data between 30 h and 36 h. 

 

4-3-3-Volume Change of High-Absorption Material 

4-3-3-1-Change between the First and Second Load Stage  

Figure 4-6 shows the change in volume percentage of high-absorption materials with respect to 

distance from the top of the sample between the first load stage between 24 h and 36 h and the 

second load stage between 36 h to 48 h. Each point on the plot shows the average volume and the 

standard error of the high-absorption material within a given region. A second degree exponential 

model is also shown. The intensity of stress applied during the first and second loading stage is 
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also included in the legend. Some locations are identified by horizontal dashed lines. These 

indicate locations of individual high-absorption materials that will be discussed later.   

The results of the samples loaded to 50% f1day are shown with dashed-lines, while the results of 

OPC-PL with a constant stress of 12% f1day and OPC-NL is shown with solid lines. The load 

platen covers the top ≈ 500 μm of the sample and so no information is available from this region. 

In the non-loaded sample, OPC-NL, and lightly-loaded sample, OPC-PL, the observed changes 

were less than ±1%. This means that these samples either showed very little change in the high-

absorption material over the same period or the changes are below the resolution of the technique.   

The samples loaded to 50% of f1day have a higher percentage change of high-absorption material 

within 900 µm from the sample surface. These changes are not likely caused by elastic 

deformations. The Young’s modulus of anhydrous cement particles are reported to be over 100 

GPa [169]. At the level of stresses applied on these samples this would cause deformations of 

only a few nanometers. This means these observations are not likely caused by elastic 

deformation of these particles.   

It is more probable that the volume change of the high-absorption material could be caused by the 

anhydrous particles showing a higher rate of dissolution from the external stress in this region. 

The maximum decrease in volume of high-absorption material was 3.9%, 6.3%, and 3.5% for 

OPC-1, OPC-2, and OPC-3, respectively. This variation may be caused by the complex nature of 

cement paste and differences in stress history and strength of the examined samples. In addition, 

the particles with different shape, size, orientation, and location might experience different levels 

of stress. More insights on the impact of stress on the kinetics of hydration will be provided in 

discussion section. 

For OPC-1, OPC-2, and OPC-3 the volume change of the high-absorption material was almost 

constant after 600 µm, 900 µm, and 750 µm for OPC-1, OPC-2, and OPC-3, respectively. This 
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suggests that the impacts to the microstructure from the stress are more significant closer to the 

load application. The differences in the samples could be caused by differences in geometry and 

strength of samples as this will impact the stress distribution. This will also be discussed in more 

detail in later sections.   

 

Fig. 4-6. Volume change of individual high-absorption materials with respect to their 

distance from the top of the samples between the first loading stage (24 h to 36 h) and the 

second loading stage (36 h to 48 h). 

 

4-3-3-2- Change between the Second and Third Load Stage   

The volume change from the second loading stage (36 h to 48 h) and the third loading stage (48 h 

to 60 h) of individual high-absorption materials is shown in Figure 4-7. All the samples show 

very little volume change except for some growth of OPC-2 near the load platen. However, this 
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growth is very small and just greater than the sample that is not loaded. These measurements 

show that there is little change in the high-absorption materials from removing the loading. 

 

Fig. 4-7. Volume change of individual high-absorption materials with respect to their 

distance from the top of the samples from the second loading stage (36 h to 48 h) and the 

third loading stage (48 h to 60 h). 

 

4-3-3-3-Three-Dimensional Investigation of Individual High-Absorption Materials 

Five individual high-absorption regions from sample OPC-1 and OPC-2 at different distances 

from the top of the sample are shown in Figure 4-8 with the location of the particles shown in 

Figure 4-6. The time period and the stress applied are reported as well. The platen covers the top 

≈ 500 μm of the sample and therefore no material could be investigated in this region. The 
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reviewer should be reminded that the isolated high-absorption regions are made up of anhydrous 

OPC particles but also could contain some hydration products with high X-ray absorption. The 

boundary of the high-absorption material between 24 h to 36 h is shown in light gray. Regions 

that appear to have decreased X-ray absorption when compared to the first tomograph are shown 

in green. These regions are regions where part of the high-absorption material is no longer 

detected and this is likely a region of dissolution. Regions with increased X-ray absorption are 

shown in dark gray. These are regions where hydration products of increased X-ray absorption 

may have formed. 

The individual high-absorption materials show similar trends to the volume changes in Figure 4-6 

and Figure 4-7. For example the first high-absorption particle is located at 680 μm from the top of 

the sample and it shows a decrease in volume of 3.7% under a 10 MPa load and then it appears to 

grow by 1.5% after the load is removed to 2 MPa. The other isolated high-absorption materials 

that are closer than 950 μm show similar trends with a decrease in magnitude with distance from 

the point where the load is applied. The high-absorption material that was greater than 950 μm 

showed a change of less than 1% by volume.   

The 3D renderings show that the regions near the surface of the anhydrous particles both increase 

and decrease in X-ray absorption. These areas of local dissolution may be attributed to higher 

crystallographic defects or mechanical damage caused by grinding as suggested in other 

publications [2, 3, 27, 36, 74-77].  
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Fig. 4-8. Three dimensional models of individual high-absorption materials in sample OPC-

1 (A,B,C, and E) and OPC-2 (D). 
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4-4-The Relationship between Physical Properties and Microstructural Changes 

All samples loaded by 50% of f1day between 36 h and 48 h had a Young’s modulus that was 1.6x 

higher than the sample that was only loaded with 12% of f1day. This apparent stress-induced 

increase in stiffness is also observed by others [138, 139, 142] and is at least partially attributed to 

the higher degree of hydration and compaction of the system caused by the loading. The higher 

loaded samples also showed an increased creep strain as compared to the samples with lower 

stress. These lower values are expected because of the higher stresses that are applied; however, 

these higher strain rates could cause changes in the hydration rate and the resulting 

microstructure.   

Based on previous literature about stress dissolution and the modification of thermodynamic 

strain energy, it is expected that a higher stress would cause changes in the rate and volume of the 

hydration products that form. Although this work could not observe the nature of the hydration 

products because of limitations in the measurement methods, observations were made that 

suggest that this is likely occurring.   

For example, the high-absorption materials found within 400 µm from the load platen for the 

samples that were loaded to 50% of f1day showed a higher amount of dissolution compared to the 

particles farther than 400 µm from the platen. This difference in the amount of dissolution can be 

caused by a stress gradient. The stress gradient is caused by elastic equivalence of load or Saint-

Venant's Principle [170-173]. This concept suggests that the magnitude of stress is several times 

higher near the point of load application because the load is not applied uniformly at the surface 

of the sample and the stress becomes uniform some distance away from the load point [170, 171]. 

It is also reported that this unequal pressure distribution extends approximately one diameter 

away from the loaded end in a stressed cylinder [174]. Thus, the stress distribution will depend on 

the diameter of cylinder. 
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In addition, The Riecke Principle states that under crystals under pressure have a greater 

solubility compared to a stress-free crystal [175]. Because anhydrous cement is a crystal, it is 

expected to follow this principle. The results obtained from this study showing the higher 

dissolution of high-absorption materials near the load is consistent with what is expected to occur 

according to both Saint-Venant’s and Riecke Principles. The high-absorption materials that are 

under a higher stress level lost volume or dissolved faster than these same regions away from the 

load. In addition, the minimal changes observed in the non-loaded sample (OPC-NL) and the 

small changes observed in the lightly loaded sample (OPC-PL) as shown in Figure 4-6 and Figure 

4-7, reinforces this concept that the magnitude and sample geometry impacts the hydration 

kinetics where the magnitudes are great enough.  

As suggested by Saint-Venant’s Principle the diameter of the sample is expected to impact the 

stress distribution and hence the dissolution of the high-absorption materials. OPC-1 has a 

diameter that is 25% smaller than OPC-2 and OPC-3 and also shows about 30% difference in the 

height of the region that shows a higher dissolution rate of high-absorption materials. This 

observation is also consistent with Saint-Venant’s Principle. 

Also, the investigation of changes of the high absorption material of isolated material shows that 

the changes are not uniform. This is in accordance with recent publications suggesting etch pit 

formation in certain regions of cement particles cause non-uniformly distributed reactions on the 

surface of cement grains [3, 27, 37, 45, 75, 176]. This may be attributed to the different reactivity 

sites on the surface of the particle as well as possible differences in stress state on the surface of 

particles since they do not have a regular shape.  

These differences between dissolution rates are expected to increase the ions in solution and then 

the amount and nature of the hydration products. These differences would be expected to alter the 

physical properties of the paste and there the measured mechanical properties such as the 
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modulus and creep strain. There are a limited number of publications that suggest this. In a 

previous work based on micro-indentation and vertical scanning interferometry experiments, and 

molecular dynamics simulations, it is proposed that concrete creep is originated from dissolution-

precipitation mechanism [177]. Another work suggested that load-induced hydration affects the 

early age short-term creep of hardening cement paste by measuring the degree of hydration and 

creep of loaded samples [138]. 

The accelerated stress induced dissolution of cement particles could be responsible for a portion 

of the creep measured in the highly-loaded samples. This is shown to occur in areas of higher 

stress near the load platen. These results can be seen in Figures 4-6 and 4-7. This could be caused 

by the anhydrous OPC forming hydration products that occupy a smaller space than the original 

reactants [83, 84, 91, 115].  

While there is still missing information about the structure and chemistry of the hydration 

products that form during this period, it is likely that these materials have different properties than 

products formed under non-stressed conditions. In fact, previous publications have suggested that 

hydration products may be less likely to form in areas of high stress. In addition, there could be 

other influential phenomena like sliding of the paste phases over each other, and increased levels 

of compaction for samples under stress that are not able to be observed at this length scale. More 

insights may be able to be gained by investigating these changes at the nanoscale. Several 

publications have started to make measurements of coupled chemistry and structure at this length 

scale [19, 27, 62, 94, 108]. These are the subjects of future research. 

Regardless of the shortcomings of these measurements, they provide an important introduction to 

new measurement methods that can be used to provide new insights into these problems and 

serve as the basis for numerical modeling that can combine many different phenomena together.   
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4-5-Conclusions 

This study uses direct measurements by XCT over the first 60 h of hydration and provides 

insights into microstructural changes of anhydrous cement particles and high X-ray absorption 

hydration products as well as the stiffness and creep strain of these materials while under this 

early loading. The following conclusions are drawn from the findings: 

 The Young’s modulus of elasticity of the samples loaded to 50% of f1day was between 

1.4x and 1.6x greater than the samples only loaded to 12% of f1day after 60 h of hydration. 

 The creep strain of the samples loaded to 50% of f1day were 8x greater than the samples 

loaded to 12% of f1day at 48 h and the non-loaded sample did not deform.  

 The sample loaded constantly at 12% of f1day showed a decreased strain rate from 58.4 

με/h over 30 h to 36 h, 29.4 με/h over 36 h to 48 h, and then 22.8 με/h over 48 h to 60 h. 

This stiffness gain over time is likely due to microstructure refinement from hydration.   

 For the samples loaded to 50% of f1day, the high-absorption material between the load 

platen and between 100 μm and 400 μm into the sample showed a decrease in high-

absorption material compared to the regions further away from the platen and for the 

high-absorption material found in the samples under lower stress levels. 

 Non uniform dissolution and formation of high absorption material was observed over 60 

h of hydration. 

The localized decrease in volume of the high-absorption material is likely due to higher stresses 

explained by Saint-Venant’s Principle and the increased dissolution rate of strained crystals as 

explained by Riecke Principle. This means that there should be a relationship between the early 

age time-dependent deformation of paste under load and the dissolution of individual cement 

particles. However, more experiments are needed to more quantitatively couple these two 
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phenomena appropriately. Works are underway to complement the current work by studying the 

effect of stress application on the reactions of hydration products particularly calcium hydroxide 

crystals as one of the major products and also repeat these experiments at different length scales. 

These results will be presented in future publications. 
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CHAPTER V 
 

 

CONCLUSION 

This dissertation provides direct observations of the evolution of OPC and mC3S paste 

over the first three days of hydration by using different X-ray imaging methods. The fCT 

was used to observe 3D changes of roughly 60,000 particles with industrially relevant w/s 

= 0.40 to 0.70 at 1 m resolution during the first 16 h of hydration. Complementary 

nanoscale observations were made to measure the chemistry and structure of individual 

particles in dilute solutions. The same fCT data were used to study the evolution of air-filled 

voids within the first 16 h of hydration. The change in the total volume and size distribution of 

air-filled voids were investigated at a micron resolution. Finally, XCT was used for direct 

measurements over the first 60 h of hydration and provided insights into microstructural changes 

of anhydrous cement particles and high X-ray absorption hydration products as well as the 

stiffness and creep strain of the samples while under early age loading. The following conclusions 

are drawn from the findings: 

5-1-Change in High-Absorption Materials: 

• All experimental techniques suggest that the hydration product formed during the 

induction period had an average Ca/Si greater than 3. 

• Micron scale measurements showed that the volume of the high X-ray absorption 

material increases during the induction period and seems to form on the surface of the  
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particles larger than 20 μm while the particles smaller than 20 μm show primarily 

dissolution. These same measurements show that as the acceleration period begins the X-

ray absorption of the hydration product decreases.   

• Nanoscale measurements during the induction period for 2 h of hydration in a saturated 

lime and gypsum solution found an average Ca/Si of 4.4 (±2.39) while the same 

measurements on particles after 10 h of hydration found an average Ca/Si of 2.31 

(±0.21). 

• Regions at 2 h of hydration also showed regions with Ca/Si > 10 which are likely CH.  

After 10 h of hydration these same areas were not observed. In the other hydration 

products both the Ca and S was observed to decrease by 6x between 2 h and 10 h while 

the Si concentration decreased by ≈ 30%.  

• The nanoscale measurements show that the hydration products form locally on the 

surface of the reacting particles and these extended a few microns away from the particle 

surface. 

• Both micron and nano scale measurements show non-uniform growth and dissolution 

were observed on each particle. 

• The observations suggest that the formation and subsequent change in chemistry of these 

early age hydrates is important to the mechanisms of hydration.  

• A mechanism is proposed that explains how the formation and dissipation of this material 

may be responsible for the induction and acceleration period in cement hydration.  
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5-2-Evolution of Air-Filled Voids: 

For the samples made with deionized water:  

• The total volume of the air-filled voids continuously increased during the induction 

period. During the same time period, the average distance between individual voids 

decreased. A considerable amount of voids < 100 μm3 were observed to form uniformly, 

while the larger voids decreased in size. 

• The total volume of the voids started to decrease over the first hours of the acceleration 

period and ultimately reached a constant value after approximately 4 h. In this time 

period the spatial and size distribution of air-filled voids becomes more uniform. 

• All samples regardless of w/s and whether they were OPC or mC3S showed similar 

volume change and void distribution at comparable times. However, the samples with a 

higher w/s had a higher portion of voids > 100 μm3. 

For the sample made with de-aired water: 

• A significantly lower volume of air-filled voids is observed in these samples and these 

voids do not significantly change in size or spacing over time.   

• The size distribution of the voids in this sample mainly consisted of voids > 100 μm3 and 

over time these voids decreased in volume. 

• This performance is drastically different than the samples made with the same materials 

and binder that contained deionized water. This highlights the importance of dissolved air 

on the mechanism for the void formation. 

• A proposed mechanism based on the ionic strength is consistent with the trends observed. 
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5-3-Cement Paste samples under Stress: 

 The Young’s modulus of elasticity of the samples loaded to 50% of f1day was between 

1.4x and 1.6x greater than the samples only loaded to 12% of f1day after 60 h of hydration. 

 The creep strain of the samples loaded to 50% of f1day were 8x greater than the samples 

loaded to 12% of f1day at 48 h and the non-loaded sample did not deform.  

 The sample loaded constantly at 12% of f1day showed a decreased strain rate from 58.4 

με/h over 30 h to 36 h, 29.4 με/h over 36 h to 48 h, and then 22.8 με/h over 48 h to 60 h. 

This stiffness gain over time is likely due to microstructure refinement from hydration.   

 For the samples loaded to 50% of f1day, the high-absorption material between the load 

platen and between 100 μm and 400 μm into the sample showed a decrease in high-

absorption material compared to the regions further away from the platen and for the 

high-absorption material found in the samples under lower stress levels. 

 Non-uniform dissolution and formation of high absorption material was observed over 60 

h of hydration. 

 It is proposed that the localized decrease in volume of the high-absorption material is 

likely due to higher stresses explained by Saint-Venant’s Principle and the increased 

dissolution rate of strained crystals as explained by Riecke Principle. 
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5-4-Future works: 

While the observations made in the dissertation give important and unprecedented insights into 

the mechanisms and kinetics of cement hydration, there is still missing information in this 

important area of ongoing research. The list of future works is as follows: 

 Further experiments are needed to clarify the chemistry and nature of the changes that 

occur at the surface and in the surrounding fluid of cement particles during critical time 

periods. Particularly, an in-situ measurement of chemical composition changes would 

provide important insights. 

 Additional work is needed to investigate how other variables such as chemical and 

mineral admixtures can affect the void formation. 

 More experiments are needed to more quantitatively couple dissolution of cement 

particles and early age strain. 

 The effect of stress application on the reactions of hydration products particularly 

calcium hydroxide crystals should be studied. This will require a greater contrast of the 

imaging methods. 

 It would be important to repeat the loading experiments at different length scales to make 

a greater number of observations.   
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APPENDICES 
 

 

Appendix-A 

Automated Scanning Electron Microscope (ASEM) 

The particle size distribution (PSD) and chemical makeup of OPC and mC3S powders were 

examined by automated scanning electron microscopy (ASEM). An FEI-ASPEX PSEM 

Explorer instrument with an SDD EDS detector and a tungsten filament was utilized for 

this purpose. The powder was first dispersed using a 1:1 mix of acetone and isopropyl 

alcohol. A drop of the mixture was placed on a carbon tape covering the aluminum stub 

and then dried at room temperature.  

The stub was then placed in the instrument where the contrast between the backscattered 

data and the substrate is used to find and analyze the particles. A computer algorithm finds 

the individual particles automatically over the course of scanning. Also, energy dispersive 

spectroscopy (EDS) is utilized to characterize the chemical makeup of the powder. 

Therefore, the instrument and algorithm are able to provide information about the number 

of particles, diameter, shape factor, and chemical composition of the examined powder. 

The necessary time for conducting the test is roughly five seconds per particle. Figure A1 

demonstrates a schematic representation of the ASEM experiment. More information about 

ASEM can be found elsewhere [1A, 2A]. 

 

Fig. A1. A schematic representation of ASEM method. 
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Figure A2 also demonstrates particle size distributions of OPC and mC3S powders obtained from 

the ASEM technique. According to the figure, OPC powder is slightly finer than mC3S. 

 

Fig. A2. Particle size distribution of OPC and mC3S by ASEM. 

 

Mixing and Sample Preparation for fCT 

Water was added to the cementitious powder, and the mixture was stirred 10 times clockwise and 

10 times counterclockwise in a vial by a stainless steel rod. Then the vial was placed in a Vortex 

Mixer produced by Stuart (Staffordshire, UK) and mixed with a speed of 1000 rpm for 3 minutes.  

After mixing, a 1.5 mm diameter polyethylene tube was inserted into the paste. The end of the 

tube was covered with a finger and the tube was removed. The vacuum created in the sealed tube 

held the paste within the tube as it was removed. The bottom and top of the tube were then sealed 

with clay to minimize loss of moisture. The sample was compacted by holding the sealed tube in 

one hand and clapping it into another hand ten times.  
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Reconstruction and Segmentation of high-absorption materials in fCT Data 

The 2-D projections were reconstructed in 3-D using a Fast Fourier Transforms (FFT) based 

algorithm (Gridrec Algorithm) to produce the necessary data for image processing. More details 

about the Gridrec Algorithm can be found in other publications [3A-5A]. 

A median filter with a radius of 2.5 µm was applied to all images to reduce noise. Median 

filtering is a nonlinear process that smooths the image by reducing noise.   

Tomographs were collected from cement and mC3S powder to determine a single gray value to 

determine the gray value for the high-absorption material segmentation. By having bulk and 

absolute densities of the powders the theoretical volume of cement in the powder sample can be 

determined. To measure the bulk density, the powder was placed and compacted in a container 

with the same specifications as other fCT samples. Based on the measured weight and the known 

volume of the container the bulk density was calculated. A gray value was chosen so that the 

calculated cement volume from the tomograph equals the theoretical value. The theoretical value 

was calculated by dividing bulk density (1.24 g/cm3) by absolute density (3.15 g/cm3 for OPC). 

Therefore, a threshold gray value was found for the powder so that 39.4% (
1.24

3.15
× 100 = 39.4) of 

the volume of the container is cement grains and the rest is void. This threshold value was applied 

to all collected tomographs to segment the high-absorption materials from the rest of the paste. 

Since the density of mC3S and OPC is close to each other, the same calculation was performed 

for mC3S. After segmentation, some single voxel regions were removed as they are likely noise. 

 

Isothermal Calorimetry Test 

The procedure for making the paste for this test was the same as for fast tomography samples. 

The vials were capped and placed in a Tam Air Isothermal Calorimeter at a constant temperature 

of 25 °C, and the hydration rate was monitored for 24 hours. The heat capacities of cementitious 

powders and water were assumed to be 0.753 Jg-1K-1 and 4.1814 Jg-1K-1, respectively.  

 

Mass Attenuation Coefficient of Hydration Products 

The mass attenuation coefficient of a mixture of C-S-H and CH with different Ca/Si and H/S is 

calculated by tool available from NIST [6A] and the results are shown in Figure A3. The mass 

attenuation coefficient of C3S is also shown by a horizontal dashed line. The source energy used 

in calculations matches the condition of fCT and is 30 keV. The H/S was assumed to be between 

1.2 and 4 corresponding to dry and saturated conditions of C-S-H, respectively [7A]. 

The mass attenuation coefficient is correlated to the transmitted X-ray intensity as mentioned in 

the main manuscript [8A] and therefore these calculations can be helpful to obtain a rough idea 

about chemical change in fCT dataset. The nTACCo data showed that Ca/Si of the hydration 
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products at 2 h corresponding to the induction period is >4.4±2.39 and according to the graph, 

they are identified as high-absorption material because of the similar absorption to anhydrous 

C3S. After 10 h of hydration and during the acceleration period, Ca/Si is reduced to 2.31±0.21 

and so X-ray absorption is lower than anhydrous C3S and the mixture is identified as low-

absorption material. This can explain the increase and then decrease in volume of high-absorption 

materials as observed by the fCT and TXM data. Furthermore, this analysis does not take into 

account the presence of CS in the material. This would also be expected to increase the mass 

attenuation coefficient of the material. 

 

Fig. A3. Mass attenuation coefficient of C-S-H with different Ca/Si calculated from [6A]. 

The coefficient for C3S is also shown by horizontal dashed line for comparison. 
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Appendix-B 

Reconstruction and Segmentation of air-filled void in Fast tomography Data 

The acquired radiographs were reconstructed to produce 2D slices using Gridrec Algorithm that 

is a Fast Fourier Transforms (FFT) based algorithm [1B, 2B]. More information on the Gridrec 

Algorithm can be found in the literature [3-5B]. 

The resulting images need some initial pre-processing to be used for analysis. A median 

2.5×2.5×2.5 voxels filter was applied to all reconstructed slices to reduce the noise and artifacts 

in images before implementing image segmentation. This filter is popular for image processing 

because of its simplicity and capability of preserving image edges [6-8B]. This process consists 

of finding the median of a number of pixels in the neighborhood of a pixel and putting the 

calculated median value as the new value for that pixel [9B]. The number of neighbors depends 

on the size of the filter. 

The air-filled voids were separated from the rest of the paste by applying a single threshold value 

to the histogram of the tomographic datasets. The threshold value was decided based on the 

measurements from at least 30 individual voids that were isolated by an operator within each 

tomograph dataset. The average gray value of air-filled voids was calculated based on the 

implemented measurements. Figure B1 shows a histogram of average gray value of voids in OPC 

w/s = 0.60. A normal distribution is fitted to the data. According to normal distribution definition, 

about 99.7% of the voids are within 3×standard deviation from mean. Since voids are the darkest 

phase in the tomographs, the lower gray value threshold is 0. So the calculated values were 

slightly rounded to include 0 in the segmentation range.  

Figure B2 shows the gray value histogram from entire ROI for OPC with w/s = 0.60. The location 

of calculated threshold value can also be found in the graph. 
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Fig. B1. Distribution of average gray value of voids in OPC w/s = 0.60. 
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Fig. B2. Histogram of entire ROI in all time periods for OPC w/s = 0.60. The segmenting 

value is shown by a red dot. 

 

Estimation of dissolved air in the mixture 

A typical calculation for w/s=0.60 and dissolved air Mair=30 mg/l is presented in this section. The 

assumed densities are: air ≈1.20 kg/m3, water ≈1000 kg/m3, cement 3150 kg/m3 [10,11B]. 

For 1 liter of water and w/s=0.6:   

Ms =
1

0.6
= 1.67 𝑘𝑔 

where Ms is mass of solid. 

Total volume of paste Vt is calculated by: Vt=Vw+Vs 

where Vw is the volume of water, and Vs is the volume of solid. Vs can be calculated by dividing 

mass to the density: 

𝑉𝑠 =
𝑀𝑠

𝜌𝑠
=

1.67

3.15
= 0.52 liter 

where ρs=3.15 gr/cm3 is density of the solid. 
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So the total volume of a paste with 1 liter of water and w/s=0.60 would be: 

Vt=Vw+Vs=1+0.52=1.52 liter 

The volume of dissolve air in the mixing water in gas state Vair is:  

𝑉𝑎𝑖𝑟 =
𝑀𝑎𝑖𝑟

𝜌𝑎𝑖𝑟
=

30

1.2
× 10−3 = 0.025 liter 

where ρair=1.2 kg/m3 is density of air. So the percentage of air stemmed from the mixing water in 

the paste can be easily calculated by: 

% of air in paste =
𝑉𝑎𝑖𝑟

𝑉𝑡
=

0.025

1.52
× 100 = 1.64% 

Table B1 shows the calculated values for different conditions. The table shows that the normal 

water at the examined w/s can add between 0.9 to 6.9% of air bubbles to the paste sample. 

Table B1. Estimation of maximum air content originated from mixing water in cement 

paste with different w/s and different levels of dissolved air in the mixing water. 

Dissolve air in mixing water 

(mg/L) 
w/s 

Possible % of void stemmed from 

mixing water in paste 

20 

0.40 0.9 

0.50 1.0 

0.60 1.1 

0.70 1.1 

25 

0.40 1.2 

0.50 1.3 

0.60 1.4 

0.70 1.4 

30 

0.40 1.4 

0.50 1.5 

0.60 1.6 

0.70 1.7 

60 

0.40 2.7 

0.50 3.1 

0.60 3.8 

0.70 3.3 

120 

0.40 5.6 

0.50 6.1 

0.60 6.5 

0.70 6.9 
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Appendix-C 

Number of investigated individual particles  

Table. C1. Number of investigated individual particles for each dataset 

Sample Code 
Number of investigated discrete high-

absorption materials 

OPC-NL 4340 

OPC-P 4611 

OPC-1 3894 

OPC-2 5065 

OPC-3 3899 
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