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Abstract 

Issues concerning mechanisms of durability of hydrated cement phases in aggressive 

environments were studied. The possibility of using organic compounds in order to modify 

the micro- and nanostructure of the calcium-silicate-hydrate (C-S-H) phases was also 

investigated. Pure cement-based hydrated phases were synthesized and characterized by 

several analytical techniques such as X-ray diffraction, thermal gravimetric analysis, 

Fourier transform infrared spectroscopy and scanning electron microscopy. Compacted 

samples of the synthetic hydrated cement phases were also prepared and used for the 

assessment of durability and mechanical properties. This doctoral thesis is comprised of 

several research chapters which can be categorized into two main parts. The first part 

focuses on the development of novel organically modified C-S-H systems. The second part 

involves the mechanisms underlying the volume stability of phase pure sulfoaluminate and 

related phases. A brief description of each part is as follows:  

- development of novel organically modified C-S-H systems: The mechanisms of 

interaction of organic compounds with the nanostructure of C-S-H systems were studied. 

A model for the nanostructure of the resulting composite systems was proposed. In 

addition, the organically modified systems were tested for length-change, calcium-ion 

leaching and diffusion of isopropanol. Dynamic mechanical analysis and 

microindentation techniques were also used to determine the mechanical performance. 

Evidence of the superior engineering performance of the novel organically modified 

C-S-H systems was provided.  

- mechanisms of the volume stability of sulfoaluminate and related phases: Volume 

stability and change in the microstructure of the synthetic ettringite, monosulfate and 

thaumasite was critically examined in de-ionized water as well as in highly concentrated 

gypsum- or lime-water.  A new dissolution-based mechanism for the expansion of these 

phases was proposed. The volume stability of multicomponent systems comprised of the 

C-S-H-based system (prepared in part I) and these sulfate-based hydrated phases was 

also investigated. It was suggested that the systems containing the modified C-S-H 

rather than the phase pure C-S-H had better resistance to crack growth and disintegration 

originating from the presence of ettringite or thaumasite.   
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Chapter 1  

Introduction and Objectives 

 

 

 

 

  

1.1 Introduction 

Concrete is the most widely used material in the construction industry. It is estimated that 

more than 1 m
3
 of concrete per person is produced annually world-wide [1]. Numerous 

studies have been carried out, in the last century, to improve the characteristics of concrete 

materials. Significant advances have been achieved in the design and implementation of 

concrete structures. However, despite documented progress, the issue of concrete durability 

still remains as one of the major challenges for the sustainable engineering solutions [2-12]. 

The exposure of concrete infrastructure to aggressive solutions, e.g. those containing 

chloride and sulfate ions, leads to significant damage every year [13-18]. Recent 

deterioration of the reinforced concrete foundations of two Canadian arctic buildings due to 

thaumasite formation is an example. Expansion and premature loss of structural integrity in 

the buildings was so severe that some of the columns had to be replaced after a two-year 

service period [17].  

Map cracking due to alkali-silica reactivity is another issue leading to serious damage to the 

concrete structures [2, 6, 9]. The cyclic freezing and thawing of water may also result in 

large expansions that lead to deterioration of concrete structures through internal cracking. 

The frost damage problem has been aggravated by the use of de-icing salts that results in 

the progressive scaling of concrete surfaces [1]. It is estimated that deterioration of concrete 

results in billions of dollars of repair costs to the North American infrastructure [19].  
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Hydrated Portland cement - the principal binder in concrete - plays an important role in 

most of the durability related problems. Calcium Silicate Hydrate (C-S-H), the primary 

binding phase in cement paste, is a major contributor to the important properties of 

hardened concrete such as strength, volume stability, and durability [20]. Secondary phases, 

e.g. sulfoaluminate phases, can also have a significant role in determining the durability of 

concrete structures [21-28]. A clear understanding of the mechanisms responsible for the 

durability of the hydration products and the development of new construction materials 

with improved durability is, therefore, strategic for enhancing the service-life of concrete 

structures. 

 

1.2 Objectives 

The current doctoral thesis was designed to explore new methods for enhancing the 

durability and sustainability of cement-based materials. Two approaches were considered; 

the development of novel organically modified C-S-H systems with enhanced durability, 

and the investigation of the mechanisms underlying durability and volume stability of 

secondary hydrated cement phases, especially sulfoaluminate and related phases, in the 

aggressive solutions. Several studies have been conducted, during the past few years, on the 

development of organically modified C-S-H systems and the assessment of the physico-

chemical behavior of these systems [29-43]. In spite of the numerous studies, the 

mechanisms of interaction of organic compounds with the nanostructure of C-S-H systems 

are not clearly understood. In addition, a comprehensive assessment of the engineering 

performance of the resulting C-S-H systems is still lacking. The ultimate goal of using 

organic compounds for the modification of C-S-H systems is to improve the durability and 

mechanical properties of the C-S-H-based materials. Selected organic compounds with this 

potential can be used as chemical admixtures in cement-based construction materials. It is 

argued that this can contribute to the construction of more sustainable concrete 

infrastructure. The first part of this research (chapters 4 to 11) was designed to contribute 

towards the attainment of this goal.  

The mechanism of volume stability of the sulfoaluminate and related phases is the focus of 

the second part of this doctoral research (chapters 12 to 15). It is well-known that presence 
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of the calcium sulfoaluminate phases (ettringite and monosulfate) in concrete can 

contribute to expansion and cracking of concrete elements. The primary mechanism of 

these expansions, however, has been the subject of considerable debate for more than 40 

years. The second part of this research comprises a substantial contribution towards the 

resolution of this debate. The mechanism of expansion of pure synthetic thaumasite, which 

is structurally similar to ettringite, was also investigated in this research for the first time. 

The efficiency of the modification of C-S-H with organic compounds in improving the 

volume-stability of multicomponent samples comprised of both the C-S-H-based systems 

and these secondary hydrated cement phases was also studied in the last chapter. Specific 

objectives for each chapter are stated as follows:  

Chapter 2. To critically examine published information and identify any 

controversial issues relevant to the mechanisms of interaction of organic compounds 

with the nanostructure of C-S-H as well as those underlying the durability and 

engineering performance of hydrated cement phases, 

Chapter 3. To select appropriate experimental techniques for the study of the key 

problems identified in chapter 2, 

Chapter 4. To investigate the mechanisms of interaction of nitrobenzoic acid isomers 

with the micro- and nano-structure of C-S-H systems and to propose a model for the 

nanostructure of C-S-H/nitrobenzoic acid composite systems, 

Chapter 5. To study the durability and mechanical properties of C-S-H/nitrobenzoic 

acid composite systems synthesized in chapter 4, 

Chapter 6. To explore the characteristics and engineering performance of 

C-S-H/aminobenzoic acid composite systems and compare them with those obtained 

for the C-S-H/nitrobenzoic acid composite systems investigated in chapters 4 and 5, 

Chapter 7. To examine the change in the mechanical performance of C-S-H systems 

modified with nitro- or amino-benzoic acid isomers under dynamic loading at 

elevated temperatures, 

Chapter 8. To study the fatigue behaviour of the phase pure and organically 

modified C-S-H systems, 
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Chapter 9. To study the influence of selected organic polymers and compounds on 

the nanostructure and engineering performance of C-S-H system,  

Chapter 10. To investigate the volume stability of C-S-H/polyaniline composites 

(prepared using an in-situ polymerization technique) in potentially aggressive salt 

solutions,  

Chapter 11. To investigate possible mechanisms contributing to the mechanical 

stability of C-S-H/polyaniline composite systems at elevated temperatures, 

Chapter 12. To propose a new mechanism underlying the expansion of calcium 

sulfoaluminate phases, 

Chapter 13. To explore the possible damage to the microstructure of ettringite due to 

drying with the solvent-exchange technique, 

Chapter 14. To explore the possible damage to the microstructure of monosulfate 

due to drying with the solvent-exchange technique, 

Chapter 15. To investigate the mechanisms of expansion of thaumasite in aqueous 

solutions and compare these mechanisms with those proposed for ettringite. It is also 

intended to investigate the mechanisms of expansion of multicomponent systems 

composed of ettringite or thaumasite with the C-S-H-based systems, and determine 

the efficiency of the use of organically modified C-S-H systems rather the phase pure 

C-S-H system in reducing the expansions,  

Chapter 16. To provide a summary of the research achievements and a list of 

recommendations for future study. 

  

1.3 Overview 

The current doctoral thesis is composed of 16 chapters. Each chapter has the format of a 

research paper, and includes an abstract, introduction, experimental program, results and 

discussion, concluding remarks and references. Chapters 4 to 11 focus on the development, 

characterization and durability assessment of novel organically modified C-S-H systems. 

The nature of the interactions of various organic compounds with the micro- and nano-
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structure of C-S-H systems was investigated. The efficiency of the organically modified 

C-S-H systems for improved durability and sustainability of cement-based materials was 

also assessed. Chapters 12 to 15 include the synthesis of pure selected secondary hydrated 

phases (ettringite, monosulfate and thaumasite), and examination of a novel mechanism 

underlying their expansion in aqueous solutions.  

An overview of chapters 2 to 15 is provided: 

Chapter 2. The literature review includes a brief description of the microstructure and 

characteristics of Calcium-Silicate-Hydrate (C-S-H) systems, organically-modified C-S-H-

systems and the secondary phases in cement paste. The role of each phase as it relates to the 

durability of concrete structures is also provided.  

Chapter 3. The application of various experimental techniques in cement science is 

described. The techniques for the synthesis of pure cement-based hydrated phases are also 

provided.  

Chapter 4. The mechanisms of interaction of nitrobenzoic acid isomers with the 

nanostructure of C-S-H systems were investigated in this chapter. C-S-H systems with 

various concentrations of nitrobenzoic acid isomers were synthesized using a pozzolanic 

reaction technique. The resulting composite systems were characterized by the X-ray 

diffraction, thermal gravimetric analysis, Fourier transform infrared spectroscopy and 

scanning electron microscopy techniques. BET nitrogen surface area measurements were 

also obtained. A model for the nanostructure of the C-S-H/nitrobenzoic acid systems was 

proposed.  

Chapter 5. The durability and mechanical performance of the C-S-H/nitrobenzoic acid 

systems prepared in chapter 4 were studied in this chapter. Compacted porous bodies of the 

C-S-H/nitrobenzoic acid systems with a porosity of about 30% were prepared, and data 

from the length-change measurements and calcium ion leaching in aggressive aqueous salt 

solutions was obtained. Mass-change of the compacted samples due to the diffusion of 

isopropanol into their porous structure was also measured. In addition, the microindentation 

technique was used to assess the creep modulus and the hardness of the samples. Evidence 

was provided on the contribution of the nitrobenzoic acid isomers to the durability and 

mechanical performance of the C-S-H-based composite systems. 
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Chapter 6. C-S-H/aminobenzoic systems were synthesized and characterized by the X-ray 

diffraction and Fourier transform infrared spectroscopy. BET nitrogen surface area 

measurements were also made. The length-change of the compacted samples in LiCl and 

MgSO4 solutions, their mass-change in isopropanol as well as their microindentation creep 

measurements were determined. It was shown that the C-S-H systems modified with 

aminobenzoic acid had improved volume stability and microindentation creep modulus.  

Chapter 7. Dynamic mechanical thermal analysis (DMTA) was employed to assess the 

dynamic mechanical stability of the C-S-H systems modified with nitro- or amino-benzoic 

acid isomers upon heating. Evidence was provided on the structural role of nitrobenzoic 

acid isomers in these composite systems. The role of aminobenzoic acid isomers, however, 

was not as significant.  

Chapter 8. Fatigue behaviour of the phase pure C-S-H and C-S-H systems modified with 

nitrobenzoic acid isomers was studied by the dynamic mechanical analysis (DMA) 

technique. The effect of the Ca/Si ratio and hydration time of the phase pure C-S-H was 

also considered. The organically modified C-S-H systems and those with lower Ca/Si ratios 

or increased hydration time had higher resistance to change of their storage modulus and 

fracture under repetitive loading.  

Chapter 9. Possible intercalation of organic polymers in the interlayer region of C-S-H 

systems as reported by Matsuyama and Young [29-32] indicated that these polymers likely 

have potential to improve the engineering performance. Accordingly, three different 

polymers (polyvinyl alcohol, polyacrylic acid and polymethylmethacrylate) were selected 

for the preparation of the C-S-H-based composite systems. The volume stability and 

mechanical properties were assessed. Several other organic compounds with the potential 

application for use as chemical admixtures were also selected. No significant evidence of 

the interaction of the organic polymers/compounds with the nanostructure of C-S-H was 

obtained except for that incorporating the higher concentration of an organosilane 

compound. In most cases, the resulting systems had poor volume stability/mechanical 

properties.  
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Chapter 10. The C-S-H/polyaniline nanocomposites were synthesized for the first time by 

Alizadeh et al. [41] using an in-situ polymerization technique. In this chapter, the volume 

stability of these nanocomposites was assessed in various aggressive salt solutions. The 

damage to the microstructure of the samples was also assessed using various analytical 

techniques. It was suggested that the C-S-H/polyaniline nanocomposites had superior 

volume stability in the test solutions. The improvement was more pronounced for the 

samples with a higher Ca/Si ratio of the host C-S-H. 

Chapter 11. The mechanisms underlying the mechanical stability of C-S-H/polyaniline 

nanocomposites were discussed in this chapter. The preliminary test results had been 

reported by Alizadeh in 2009 [44]. Additional discussions relevant to the mechanisms 

underlying the stability of these nanocomposites at elevated temperatures were provided in 

the current study. 

Chapter 12. The mechanisms of expansion of sulfoaluminate phases in cement paste have 

been debatable for more than 40 years. In this chapter, pure ettringite and monosulfate were 

synthesized and compacted into porous samples. The length-change of these samples in de-

ionized water as well as in aqueous solutions saturated with lime or gypsum was 

determined. A dissolution mechanism was suggested for the length-change measurements. 

Evidence of the changes in the pH of the solutions and changes occurring in the crystalline 

structure and morphology of the samples was provided in support of a proposed dissolution 

mechanism.       

Chapter 13. Drying of pure ettringite samples using the solvent-exchange technique was 

investigated in this chapter. Three different alcohol-based solvents (methanol, ethanol and 

isopropanol) were selected. The mechanism of dehydration of ettringite and any possible 

interaction between the organic solvents and the microstructure of ettringite were 

investigated using various analytical techniques. Evidence was obtained on the damaging 

effect of methanol. These effects were, however, limited for the isopropanol.  

Chapter 14. A similar study to that in chapter 13 was performed on pure monosulfate 

containing 12 moles of hydrate water (AF-12) in order to elucidate the mechanism of 

drying of this phase, further understand its microstructure and explore any possible 
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interaction between the organic solvents and the microstructure of monosulfate. It was 

suggested that dehydration of AFm-12 to AFm-10 occurs readily in any of the organic 

solvents. In addition, application of isopropanol for a limited time had the least damaging 

effect compared to that caused by methanol or ethanol.   

Chapter 15. Several investigations have been published with a focus on the mechanisms of 

formation of thaumasite in cement-based systems. The published investigations on the 

mechanisms of expansion of thaumasite are, however, very limited. Pure thaumasite was 

synthesized in this chapter and length-change measurements were made in de-ionized water 

and in aqueous solutions containing a high concentration of gypsum or lime. Possible 

mechanisms of the expansions were discussed based on a comparison with those suggested 

in chapter 12 for the expansion of ettringite. In addition, multicomponent compacted 

samples comprised of 10% of ettringite or thaumasite and 90% of C-S-H-based systems 

were prepared and length-change measurements obtained. The efficiency of the 

modification of the C-S-H system with nitrobenzoic acid in reducing the expansions was 

also considered. It was suggested that the proposed dissolution mechanism plays a 

significant role in the length-changes observed. Modification of C-S-H with the 

nitrobenzoic acid isomers was also effective in increasing the service-life of the 

multicomponent systems in the test solutions.    
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Chapter 2 

Overview of Hydrated Cement Phases 

 

 

 

 

  

Several hydrated phases are formed during the reaction of cement with water. A summary 

of research progress on the characteristics and engineering performance of these phases is 

provided in this chapter. The focus is on those of the calcium silicate hydrate (C-S-H) 

phases, C-S-H-based nanocomposites as well as the calcium-sulfoaluminate phases relevant 

to the objectives of the current thesis. A more specific literature review will be provided in 

the introduction section of each of the following chapters. 

   

2.1 Calcium-silicate-hydrate (C-S-H) 

Portland cement normally contains four major phases: tricalcium silicate (C3S), dicalcium 

silicate (C2S), tricalcium aluminate (C3A) and tetra-calcium aluminoferrite (C4AF).
1
 A 

variety of hydrates are formed when these phases react with water. Calcium-silicate-hydrate 

(C-S-H) is the primary hydrate phase. It occupies up to about 60% by volume of the 

hydration products in hydrated cement paste, and is a major contributor to most of its 

principal properties such as strength, volume stability, and durability [1]. C-S-H in hydrated 

cement paste is known to have an amorphous or a poorly crystalline structure. Its exact 

composition and microstructure is, however, uncertain and variable. The hyphens indicate 

that no specific stoichiometry is implied. 

                                                 
1
 Mineralogical notations of C, S, A and F are often used, in cement chemistry, for CaO, SiO2, Al2O3 and 

Fe2O3, respectively. 
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2.1.1 Characteristics of C-S-H  

Various descriptions can be used for the characterization of C-S-H systems as a material. 

The primary ones that are relevant to this research are provided in this section.  

 

Ca/Si ratio 

The molar ratio of CaO to SiO2 (Ca/Si ratio) is a principal parameter in the characterization 

of C-S-H. It is possible to calculate the Ca/Si ratio of the C-S-H by determining the amount 

of calcium hydroxide [2] and unreacted materials in the hydrated cement paste using 

analytical methods such as thermal gravimetric analysis or quantitative X-ray diffraction. 

The Ca/Si ratio in calcium silicate hydrates usually covers a range from 0.7 to 2.0 [3]. The 

C-S-H formed due to the hydration of C3S and C2S in the hydrated cement paste normally 

has an average of about 1.7 [4]. The formation of C-S-H with low Ca/Si ratio is also 

possible when the hydrated C3S is decalcified, e.g. by leaching of the calcium in either 

de-ionized water or ammonium nitrate [5, 6]. Examples of SEM micrographs of synthetic 

C-S-H (using the precipitation technique) with Ca/Si ratio of 0.8 and 1.5 are presented in 

Figure 2-1.  

         

Figure 2-1- SEM micrograph of synthetic C-S-H with Ca/Si = 0.8 (left) and 1.5 (right) 

 

Taylor categorized C-S-H systems as C-S-H (I) and C-S-H (II) for Ca/Si ratios below and 

above 1.5 [7-9]. Many other studies, however, distinguished various differences for the 

phase transition that occurs at the Ca/Si ratio of 1.0 within the composition range of 

C-S-H (I) [10-17]. The most significant changes in the structure of C-S-H with decreasing 
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the Ca/Si ratio are the longer silicate chains and the increase in the distance between the 

layers of C-S-H, i.e. X-ray basal-spacing [18]. The nitrogen BET surface area of the 

synthetic C-S-H also increases noticeably when the Ca/Si < 1.0. These characteristics have 

been shown to affect the physico-chemical behavior of C-S-H [17].  

Aging effects (e.g. silicate polymerization) and the degree of hydration in hardened C3S 

paste are dependent on the Ca/Si ratio of C-S-H systems [19]. Richardson and Groves [19] 

reported that the Ca/Si ratio of C3S paste, measured by the transmission electron 

microscopy (TEM) analysis, was 1.71 ± 0.05, 1.77 ± 0.20, 1.74 ± 0.13 and 1.75 ± 0.05 after 

1 month, 3 months, 3.5 years and 26 years, respectively.  

 

State of water in C-S-H systems 

Water is a key ingredient in cement paste. A minimum water content is required for the 

completion of the hydration reactions of Portland cement. It also provides the 

microstructural stability of the hydrated phases after the setting of cement paste. The 

presence of water in the pore structure, however, is usually considered as a concern for the 

durability of concrete structures. It facilitates the movement of aggressive ions into the 

concrete. The freezing of water into ice crystals is also known to cause disruptive volume 

changes. The role of water and its nature in hydrated cement paste is complex and has been 

controversial for decades. 

The classification of the state of water in cement paste is generally based on the location 

where it is held and, the nature of its bonding with the solid structure. Various techniques 

such as nuclear magnetic resonance (NMR), dynamic mechanical analysis (DMA) and 

helium inflow techniques have been used to differentiate the role of water in various 

structural locations in the cement paste and also in the synthetic C-S-H systems [17, 20-22]. 

Although several investigations have attempted to separate the various forms of water, the 

dividing line between them is not completely clear [23, 24].  

It has been suggested by Pellenq et al. [25] that the C-S-H lamellae are held together by an 

electrostatic force. The interlamellar space is also filled with quasi-immobile water 

molecules, and the calcium ions that are bonded to the C-S-H layer by partially covalent 

bonds. In addition to the water vapor in the pores, it is suggested by Ramachandran et 
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al. [26] that water can exist in various forms e.g. capillary water (in voids larger than 5 nm), 

adsorbed water (held by hydrogen bonds on the surface of the hydrated particles) and 

interlayer water. The discussion and debate about the latter (water that is associated with 

the nanostructure of C-S-H and is strongly held) still continues [27-29]. A recent 

investigation by Alizadeh [17] has provided additional evidences on the structural role of 

the interlayer water in the nanostructure and on the engineering performance of C-S-H 

systems. Alizadeh et al. [30] suggested that water molecules in the interlayer region of 

C-S-H systems act as restraints in the silicate structure, and contribute to some of the elastic 

properties of C-S-H. 

 

Silicate polymerization 

The silicate tetrahedra of the C-S-H structure are flanked on both sides of the Ca-O sheets 

(See section 2.1.2). They can be present in the form of dimers, dreierketten or a chain of 

dreierketten. Silicate polymerization, i.e. the mean length of silicate chains, is usually used 

to describe the connectivity of silicate chains in the C-S-H systems. The polymerization of 

silicate chains is often determined by the 
29

Si NMR technique. The chemical shift of a 

silicon atom which is bonded to n bridging oxygen, Q
n
, is generally used in the technique 

for the interpretation of the results. In the absence of Q
3
, the mean silicate chain-length is 

normally calculated from the Q
2
/Q

1
 intensity ratio as following [31]: 

 mean silicate chain-length = 2 (1 + Q
2
/Q

1)  (2-1) 

Polymerization of C-S-H is significantly affected by its compositional Ca/Si ratio. Chen et 

al. [31] suggested that the silicate chain-length increases significantly from 2.6 to 9.2 units 

as the Ca/Si ratio decreases from about 1.44 to 0.92 in synthetic C-S-H systems.  

It has been suggested that incorporation of supplementary cementitious materials in 

hydrated cement paste results in the formation of secondary C-S-H with a relatively low 

Ca/Si ratio (about 1.0) [7, 32]. The degree of silicate polymerization is likely to be higher in 

this type of C-S-H. This results in different characteristics of the C-S-H formed [33] which 

may also account for some of the enhanced durability aspects of the concrete using 

pozzolanic materials.   
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Dolado et al. [34] also investigated the Q
n
 distributions versus the time evolution for the 

C-S-H systems with Ca/Si = 0.7, 1, 1.4 and 2 using a molecular dynamic modeling 

approach. These researchers suggested that the number of Q
0
 species was reduced more 

slowly in the C-S-H systems with higher Ca/Si ratio.  

Silicate polymerization is also affected by the humidity and temperature. The C-S-H in 

moist cured cement paste samples contained virtually all dimers, whereas pastes cured at 

the low relative humidity conditions (RH < 10%) had a greater degree of polymerization 

[35]. This effect was not noticeable in aged samples. Okada et al. [36] also suggested that 

C-S-H samples prepared at temperatures above 120 ºC are highly polymerized at all Ca/Si 

ratios ranging from 0.3 to 2.0. Richardson and Groves [19] suggested that the degree of 

hydration also affected the mean chain-length. They reported that a 10%-hydrated C3S 

paste sample had a silicate mean chain-length of about 2.0. This value was increased 

linearly to about 2.5 at 85% and about 5.0 at 100% hydration.   

Dehydration of C-S-H systems is also known to affect their degree of polymerization. 

Alizadeh [17] examined the 
29

Si NMR spectra of the synthetic C-S-H with Ca/Si ratio of 

0.8 and 1.2 upon dehydration. He suggested that the Q
2
/Q

1
 ratio of the samples was 

significantly increased when their mass-loss exceeded 5%. The formation of new Q
2
 sites 

during dehydration is schematically presented in Figure 2-2. Yu and Kirkpatrick [37] also 

studied the effect of elevated temperatures up to 1000 C on synthetic C-S-H systems. Q
3
 

and even Q
4
 chemical shifts were observed in various samples after heat treatment at 

250 C.   

 

Figure 2-2- Formation of new Q
2
 sites in the C-S-H structure from the initial Q

1
 sites upon the removal of the 

interlayer water [17] 
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Wieker et al. [38], for the first time, applied 
29

Si NMR to study the structure of various 

tobermorites
2
. Most of the samples were prepared at high temperatures and by the 

dehydration of other forms of tobermorite. Their results indicated a high degree of 

polymerization with the presence of Q
3
 site even at the Ca/Si ratio of 1.0. The observed Q

3 

sites were attributed to the bridging tetrahedra connected between the layers by hydrogen 

bonds. These results were expected because of the effect of heat treatment on the increase 

of degree of silicate polymerization. The decrease in the intensity of Q
1
 (end groups) 

contributed to the condensation of the single chains due to dehydration.  

 

Relationship of C-S-H with more highly ordered phases 

Many naturally occurring crystalline calcium (alumino) silicate hydrates are of interest to 

cement chemists either because they are formed hydrothermally, as in deep oil wells, in 

autoclaved or hot-pressed materials, or because their structures are very useful in modeling 

the considerably variable and uncertain structure of C-S-H systems in cement paste [39]. 

Taylor [8, 40] suggested, in the early 1950’s, that the short-range order structure of C-S-H 

can be related to the structure of crystalline compounds with a silicate-chain repeat distance 

of 0.73 nm in one direction. The crystal structure of Maddrell’s salt (isostructural with 

-wollastonite) was also determined by Dornberger-Schiff et al. at the same time period 

[41]. It was found that -wollastonite has infinite chains of SiO3
2-

 repeating at the intervals 

of three tetrahedra referred to as dreierketten. Repeating intervals for the Ca-O polyhedra 

are 0.365 nm (half of that for the silicate chain) considering the type of the silicate 

dreierkette’s linkage to the Ca-O layer. Water molecules and calcium ions also fill the 

space between these layers.  

Among various calcium silicate hydrates, 1.4 nm tobermorite (C5S6H9 approx.) and jennite 

(C9S6Hn), which can be formed at temperatures below 100 °C, appear to provide a much 

closer structural relationship to the C-S-H gel in hydrated Portland cement. Both of these 

minerals have a layered structure. The layers are derived from those in CH by substantial 

distortions of the Ca-O layer and replacement of some or all of the hydroxyl ions by 

silicate. There are two peaks in the XRD pattern of C-S-H in the region of 0.3 nm and near 

                                                 
2
 The structure of tobermorite is discussed in the following section. 
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0.18 nm which correspond to important repeat distances in the Ca-O parts of these 

structures and also of CH [7].  

The crystal structure of 1.4 nm tobermorite was resolved by Bonaccorsi et al. [42]. A 

schematic presentation of a tobermorite layer is shown in Figure 2-3. As shown in the 

figure, the crystal structure of 1.4 nm tobermorite consists of complex layers with the 

chemical composition of [Ca4Si6O16(OH)2(H2O)4]
2−. It has a central Ca-O sheet with 

silicate chains on both sides, which are kinked with a periodicity of three tetrahedra; these 

chains are called dreierketten, or wollastonite-like chains. The silicate chains that belong to 

adjacent layers, however, are not condensed into double chains as in 1.1 nm tobermorite. 

They are shifted by b/2 with respect to one another; the layers are also further apart, with 

the extra interlayer space occupied by H2O molecules and Ca
2+

 ions. Jennite is another 

crystalline calcium silicate hydrate that has dreierkette silicate chains, but it has a much 

higher Ca/Si ratio than tobermorite. Details of the structure of jennite are described in [39]. 

 

Figure 2-3- Schematic diagram of dreierkette chains present in 1.4 nm tobermorite. The directly connected 

silicate tetrahedron is called paired (P) and the silicate tetrahedron connecting two paired tetrahedra is called a 

bridging (B) tetrahedron. It should be noted that the two sets of chains in the central part of the figure are not 

linked. They are offset from one another by b/2 [39].  
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2.1.2 C-S-H models 

The proposed models for C-S-H can be categorized into two main categories; structure-

based models and composition-based models. The former mainly describes the structure of 

the C-S-H systems, and the latter mainly deals with the chemical composition of these 

systems. Some of the features of the most important models in each category are described 

in the following section. 

 

Structure-based models 

A model for the poorly crystalline structure of hardened Portland cement paste was 

proposed by Powers and Brownyard in 1946. This model, known as P-B model [43], was 

developed primarily based on mass-change measurements at varying humidity and 

temperature. It was intended to clarify the role of water within the structure of the cement 

paste. Based on this model, water could be present in two forms; ‘evaporable’ and ‘non-

evaporable’. Evaporable water was referred to as water lost under d-drying conditions i.e. 

over the vapor pressure of dry ice at -79 °C, while non-evaporable water was the remaining 

water that could be removed by heating up to 1000 ºC. The evaporable water was also 

categorized as ‘gel water’ and ‘capillary water’. 

The P-B model was almost generally accepted until Feldman and Sereda proposed their 

model in 1968 [44]. This model was further clarified in 1970 in a comparison with previous 

models [45]. The Feldman-Sereda (F-S) model was developed based on nitrogen surface 

area and porosity measurements, and isotherms for mass-, length- and modulus of 

elasticity-change at different humidity conditions. Evidence of a layered model for C-S-H 

gel was provided. It was also suggested that the water in the interlayer region had a 

structural role, and the adsorption-desorption curve for the water in this state was 

irreversible. The schematic picture of the C-S-H in the F-S model is presented in Figure 2-4 

[45]. Feldman’s later investigation on the diffusion of helium into the C-S-H gel at various 

humidity conditions provided more clear evidence of the layered nature of the C-S-H gel 

[46]. A recent study by Alizadeh [17] on the nanostructure and mechanical properties of 

C-S-H systems further supports the layered structure of C-S-H, and the structural role of the 

interlayer water.  
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Figure 2-4-  Feldman-Sereda model for the structure of C-S-H in hardened Portland cement paste [45] 

 

The P-B and the F-S models have had many followers over the years. These models, 

however, have also been the source of many discussions and debates [45-50]. Some 

nanostructural models for the C-S-H in hydrated Portland cement have been recently 

developed. They, however, are not capable of describing all the C-S-H features, especially 

the nature and the role of the interlayer water [27-29, 51-53]. 

    

Composition-based models 

The composition-based models for C-S-H have been developed to describe the molecular 

structure of C-S-H (i.e. the silicate anions, their arrangement and other molecular bonds in 

the C-S-H structure). These models were proposed based on X-ray diffraction, microscopic 

and spectroscopic methods and rarely were concerned with mechanical properties.  

The first dreikette-based model for C-S-H was proposed by Bernal et al. in 1952 [54]. It 

was suggested in this model that the hydrated C3S contained similar products to the C-S-H 

formed in dilute suspension which had a layered fibrous structure associated with 1.1 nm 

tobermorite. Taylor and Howison [55] suggested that the generally accepted Ca/Si ratio of 

0.83 for tobermorite could be increased by the removal of some of the ‘bridging’ tetrahedra 

and replaced by interlayer Ca
2+

 ions [13, 31, 56-62]. A few other studies proposed that the 

C-S-H had a structure related to that of jennite [55]. In jennite, half of the oxygen atoms 

from the central Ca-O part of the C-S-H layer are shared with OH
–
 groups, whereas in 

Interlayer water

Tobermorite sheets

Physcially 

adsorbed water
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tobermorite all the oxygen atoms are shared with the infinite parallel rows of silicate 

chains.   

Taylor [63] suggested that the C-S-H in cement paste had a disordered layer structure and 

was a mixture of structures of both 1.4 nm tobermorite and jennite (T/J model). This 

provided an explanation for the high Ca/Si ratio of C-S-H in cement paste (1.7 to 2.0). It 

was shown that dimeric 1.4 nm tobermorite and jennite type structures could, respectively, 

have a Ca/Si ratio of about 1.25 and 2.25 at early ages. In addition, the ratio of water to 

calcium of the C-S-H at 11% relative humidity (RH) was in the range suggested by the 

models. Richardson and Groves [19] further explained the generalized model incorporating 

the features of the tobermorite-jennite composition (T/J) or the tobermorite-‘solid solution’ 

calcium hydroxide (T/CH). It was predicted that the very old C-S-H entirely consisted of 

jennite-like units. The initial carbonation of C-S-H in cement paste, however, resulted in 

the loss of calcium from the J unit, and leaving a C-S-H with entirely T-like units. Recent 

investigations by Pourbeik et al. [64] provided further evidence in support of the T-J model 

for the structure of synthetic C-S-H and that in cement paste. This research was based on 

the mechanical performance of synthetic tobermorite, jennite and other C-S-H-based 

systems rather than the physico-chemistry of these systems.  

Cong and Kirkpatrick investigated the nanostructure of C-S-H prepared by two different 

methods; hydration of -C2S, and the aqueous reaction of silica fume and calcium oxide 

[59, 60, 65]. The 
29

Si NMR spectroscopy was conducted on the C-S-H samples with Ca/Si 

ratios of 0.6 to 1.54. The results provided more evidence on the presence of Ca-OH and 

Si-OH bonds in the C-S-H. The frequency of these bonds, however, depended on the Ca/Si 

ratio. These researchers proposed a 1.4 nm defect-tobermorite structure for C-S-H in which 

some of the bridging tetrahedra are missing (Figure 2-5). The chains are short, and they 

may tilt, rotate or be displaced along the b-axis. 
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Figure 2-5- Defect-tobermorite model for C-S-H [58] 

 

 

2.1.3 Preparation of C-S-H 

The C-S-H in the hydrated Portland cement is mainly formed from the hydration of C3S or 

-C2S according to the Equations 2-2 and 2-3. It, however, incorporates various elements. 

The reaction product can be decalcified with ammonium nitrate in order to achieve almost 

pure C-S-H [31]. This type of C-S-H usually has an average Ca/Si ratio of about 1.7. 

 22222 3Ca(OH)O.3H3CaO.2SiOO6H)2(3CaO.SiO   (2-2) 

 22222 Ca(OH)O.3H3CaO.2SiOO4H)2(2CaO.SiO   (2-3) 

Synthetic C-S-H can be obtained using pozzolanic reaction or precipitation techniques. 

Pozzolanic reaction method includes the mixing of lime and silica in excess water. In the 

precipitation method, a calcium salt (most commonly calcium nitrate) is mixed with a 

soluble silicate salt (e.g. sodium silicate). The C-S-H precipitate is, then, filtered and 

washed with the lime-water.  

 

2.1.4 Mechanical properties of C-S-H 

Mechanical properties, e.g. modulus of elasticity and creep, have been rarely investigated 

on synthetic or phase pure C-S-H. The lack of experimental evidence for the mechanical 

performance of C-S-H is partially due to the fact that the materials are prepared in the 

powder form which is not a suitable state for most engineering investigations. 
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The mechanical properties of C-S-H with various Ca/Si ratios were explored by Beaudoin 

and Feldman [66]. It was shown that the intrinsic modulus of elasticity (modulus of 

elasticity at zero porosity, E0) was likely to be independent of the Ca/Si ratio and the degree 

of polymerization. The mechanical properties of the C-S-H in cement paste were also 

investigated by a nano-indentation technique using an atomic force microscope (AFM) 

instrument [67]. It was suggested that two types of C-S-H existed in hydrated Portland 

cement; low density and high density C-S-H which had a volume fraction of 30 and 70%, 

respectively [68]. It was also proposed that the intrinsic elasticity of the C-S-H systems 

would be decreased during a decalcification process. 

Plassard et al. [58] also determined the elastic modulus of C-S-H with various Ca/Si ratios 

prepared on the surface of a calcite crystal in sodium silicate solution using an AFM 

technique. It was shown that the elastic modulus increased at higher Ca
2+

 values with an 

inflection point at the concentration of about 8 mmol/l which could correspond to a Ca/Si 

ratio of 1.1 [69]. 

Alizadeh [17] investigated the mechanical properties of C-S-H systems with various Ca/Si 

ratios at different humidity conditions and temperatures using dynamic mechanical thermal 

analysis (DMTA) technique. It was shown that the mechanical properties of C-S-H were 

dependent on its Ca/Si ratio. The storage modulus (E’) of the C-S-H systems decreased and 

their internal friction (tan ) values increased by increasing the Ca/Si ratio of the 

specimens. A unique multi-stage change in the stiffness and internal friction of C-S-H 

systems similar to cement paste was observed as samples were conditioned to moisture 

contents lower than 11% RH. It was suggested that the adsorbed and interlayer water 

molecules contributed significantly to the dynamic mechanical properties of C-S-H. Those 

in the interlayer region acted as restraints to the silicate structure. It was also suggested that 

mechanisms such as collapse of the C-S-H structure, cross-linking of silicate sites and the 

interaction of dehydrated interlayer calcium ions with the silicate structure possibly 

contributed to the variations in E’ and tan  at various drying stages. 

The elastic properties of C-S-H systems have also been estimated by the dynamic 

molecular modeling and free energy minimization techniques [70]. It has been suggested, 

based on the models of Hamid [71] and Merlino [72] for tobermorite systems, that the 
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average Young’s modulus values could increase from 63.5 to 89 GPa consistent with the 

increase in Ca/Si ratio from 0.83 to 1.0. This is contrary to the experimental values 

obtained by Alizadeh [17]. Manzeno et al. [73], however, also investigated the mechanical 

properties of crystalline C-S-H systems using lattice dynamic simulations. They suggested 

that both shear modulus (G) and elastic modulus (E) values decrease (although very 

scattered) when the Ca/Si ratio increases. 

The source of the cohesion forces in C-S-H systems has not been clearly determined yet. It 

is likely that, although van der Waals and capillary forces partially contribute to the 

cohesion of such materials [74], the major factor that keeps the layers stable results from 

the iono-covalent properties of chemical bonds in the interlayer region. Calcium ions and 

water molecules are strongly localized in this situation [70].  

 

2.1.5 Durability of C-S-H  

It is known that C-S-H plays a significant role in durability of hydrated cement paste. It 

occupies a high volume percentage of the paste, and is involved in most of the durability 

issues of cement-based materials. It is, for example, a primary phase associated with the 

alkali-silica reactions. Lime-leaching from the C-S-H systems or magnesium interactions in 

these systems is also considered as important durability associated issue [75]. There are, 

however, very few investigations performed on the durability of synthetic or phase pure 

C-S-H. These are important for elucidating the key factors responsible for the durability of 

hardened cement paste.  

 

2.2 C-S-H-based nanocomposites 

Development of advanced construction materials with enhanced mechanical properties and 

durability has always been of interest to the construction engineers and material scientists. 

The general class of nanocomposite materials has, consequently, been a fast-growing area 

of research. Amongst all the potential nanocomposite precursors, those based on clay and 

layered silicates have been more widely investigated possibly because the starting clay 

materials are readily available, and also because their intercalation chemistry has been 
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extensively studied [76-78]. Noticeable improvements in the properties of clay materials, 

especially their resistance to swelling, have been achieved due to the incorporation of 

organic molecules [79-81]. Enhanced performance of organically modified cement-based 

nanocomposites has also been reported [25]. The number of investigations on these 

nanocomposites, however, is very limited. In this section, the polymer/layered silicate 

nanocomposites, which are promising in cement science, are first reviewed. Then, some of 

the related characteristics of C-S-H-based nanocomposites are presented.  

 

2.2.1 Polymer/layered silicate nanocomposites 

The incorporation of layered silicates into polymer matrices has been known for more than 

50 years [82]. The interest in clay-based nanocomposites materials, however, became 

highlighted after publication of a report by a research group in Toyota corporation on the 

formation of Nylon-6/Montmorillonite in 1990 [83]. Since then, this new class of 

composite materials has been extensively developed and characterized [84-87]. The intent 

of these investigations was to improve the properties of polymers (e.g. modulus of elasticity 

and strength) by the formation of a nanocomposite. A layered silicate structure was 

generally used in these investigations. Montmorillonite, a member of the smectite group of 

clays, was the most commonly used layered silicate. Hectorite and saponite were also other 

popular choices [76]. 

 

Structure of nanocomposites 

Any physical mixture of a polymer and a layered silicate material does not necessarily form 

a nanocomposite. When the polymer is unable to intercalate the silicate sheets, a phase-

separated composite is obtained, whose properties are in the similar range as for traditional 

microcomposites [85, 88]. A schematic presentation of these microcomposites is shown in 

Figure 2-6(a). It has been observed that poor physical attraction of organic and inorganic 

phases in addition to the particle agglomeration may result in the poor mechanical 

properties of these microcomposites [89].   
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Beyond the traditional microcomposites, two forms of the polymer/layered silicate 

composites can be achieved depending on the nature of the component used and the 

preparation method (Figure 2-6(b) and 2-6(c)) [85]: 

a. Intercalated nanocomposite: the extended polymer chain is inserted in the interlayer 

region without destroying the layered crystal structure of the silicate. The result, 

therefore, is a well ordered multilayer structure of alternating polymeric and 

inorganic layers with a repeat distance between them. This type can form a 

flocculated nanocomposite when the hydroxylated edge-edge interaction of silicate 

layers occurs. 

b. Exfoliated (or delaminated) nanocomposite: the silicate layers are separated and 

individually dispersed in the continuous polymer matrix. The average distance 

between the layers depends on the polymer content. 

 

 

Figure 2-6- Possible composite materials formed by the interaction of polymer and layered silicate; (a) 

traditional microcomposite, (b) intercalated nanocomposite, and (c) exfoliated nanocomposite [85]. 
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Synthesis of nanocomposites 

There are four principal methods for preparing polymer/layered silicate nanocomposites 

depending on the starting materials and processing technique [76, 85, 90]: 

a. In-situ intercalative polymerization: It was the first method used to synthesize 

polymer/clay nanocomposites based on polyamide 6. In this method, the layered 

silicate is initially swollen in the monomer solvent. The monomers are intercalated 

into the galleries of layered silicate. The polymerization reaction is, then, initiated 

either by heat, radiation or the use of an initiator. 

b. Intercalation of polymer from the solution: The layered silicate is initially swollen 

in the solvent. The polymer is, then, added to the solution, and intercalates between 

the silicate layers. The solvent is, finally, removed by either vaporization or by 

precipitation.   

c. Melt intercalation: The layered silicate is blended with the molten polymer. If the 

materials are compatible, the polymer can enter into the interlayer of silicate 

structure, and form intercalated or exfoliated nanocomposites. 

d. Template synthesis (sol-gel technology): The layered silicates are formed within an 

aqueous solution containing the polymer and the silicate building blocks. During 

this process, the polymer aids the nucleation and growth of the inorganic host 

crystals and gets trapped within the layers as they grow. This method is widely used 

for the synthesis of layered double hydroxide (LDH)-based nanocomposites [91, 

92], but it is not very common in the synthesis of layered silicate nanocomposites. 

A reason possibly is that the synthesis of clay minerals generally requires high 

temperatures which decompose the polymers. Another problem is also the 

aggregation tendency of the growing silicate layers. 

 

Characterization of nanocomposites 

The characterization of the nanocomposite and the extent of interaction can be studied by 

various techniques. X-Ray Diffraction (XRD), Nuclear Magnetic Resonance (NMR) 

spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy and Transmission Electron 

Microscopy (TEM) are among most practically applied methods in this regard. In the 
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intercalated specimens, there is usually an increase in the interlayer space that can be 

detected by XRD [17]. 

The possibility of chemical bonding between the polymer and the layered silicate structure 

are usually investigated by NMR and FTIR. The 
13

C, 
29

Si and 
1
H atoms have been of 

interest in NMR studies of polymer/layered silicate nanocomposites [93]. The FTIR 

technique also provides information on the type of chemical bonds. TEM also allows a 

qualitative understanding of the internal structure of the nanocomposites, and can directly 

provide information in real space, in a localized area, on morphology and defect structures 

[94, 95]. 

 

2.2.2 C-S-H/polymer nanocomposites 

The main ideas for the synthesis of polymer modified nanocomposites have been originally 

developed in clay science [85]. Similar applications in cement science are relatively new 

and still limited. The first intercalated C-S-H systems were developed by Matsuyama and 

Young in 1999 [96-99]. These researchers used a range of anionic, cationic and neutral 

polymers such as poly(acrylic acid), poly(methacrylic acid), poly(4-vinyl benzyl 

trimethylammonium chloride) and poly(vinyl alcohol) for the modification of the C-S-H 

systems. It was suggested that the polymers intercalated into the interlayer region of C-S-H 

depending on the Ca/Si ratio. Intercalation of anionic polymers was more pronounced in 

C-S-H systems with higher Ca/Si ratios (especially Ca/Si > 1.3). For the cationic polymers, 

however, the intercalation was favored when Ca/Si < 1.0. The intercalation was also 

dependent on the type and the amount of polymer used. An increase of about 1.5 nm in the 

interlayer spacing was achieved for example in the intercalation of poly(methacrylic acid) 

(0.36 g/g of calcium nitrate salt) in the C-S-H system made from the double precipitation of 

the mentioned calcium salt and sodium silicate nanohydrate salt solution with Ca/Si ratio of 

1.3. Considerable expansion of the basal-spacing of the C-S-H system (about 1 nm) was 

also observed due to the intercalation of poly(acrylic acid) with the concentration of 

0.31 g/g of calcium nitrate salt in a C-S-H system with Ca/Si = 1.3. The change in the 

basal-spacing of C-S-H systems due to the poly(vinyl alcohol) intercalation, however, was 

not significant [97]. The method used for the synthesis of C-S-H-based nanocomposites 
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also affects the intercalation of polymer in the C-S-H structure. Larger expansion of the 

basal-spacing of C-S-H systems was observed when the precipitation method is used for the 

synthesis compared to using the pozzolanic reaction technique [99]. 

There is not a general agreement on the possibility of achieving an intercalated C-S-H 

structure. Popova et al. [100] and Merlin et al. [101], in separate studies, examined the 

possibility of the formation of intercalated C-S-H/polymer nanocomposites using various 

types of polymers. Their results did not show any significant change in the interlayer 

spacing as detected by XRD technique. 
29

Si NMR did not show any change in the silicate 

polymerization either. It was suggested that a “mesocomposite” is formed during this 

interaction in which the polymer interacts with the stacking of C-S-H lamellae, and is also 

adsorbed on the surface of the spacing between “C-S-H stacks”.  

Mojumdar and Raki, however, synthesized and characterized C-S-H/poly(vinyl alcohol) 

and C-S-H/poly(acrylic acid) nanocomposites using the precipitation method [102-104]. An 

increase of about 0.20 nm was observed in the interlayer spacing as well as broadening of 

this peak in XRD patterns of the nanocomposites suggesting the development of both 

intercalated and exfoliated nanocomposite materials. In a recent investigation, Alizadeh et 

al. [105] also successfully synthesised C-S-H/polyaniline nanocomposites using the in-situ 

technique. The C-S-H host systems had Ca/Si ratio of 0.8 and 1.2. These were synthesized 

using the pozzolanic reaction method.  

Another type of C-S-H/polymer nanocomposite has been successfully developed recently 

by Minet et al. [106] and Franceschini et al. [107]. Organic groups of these nanocomposites 

were covalently attached to the inorganic part of C-S-H via Si-C bonds as shown in 

Figure 2-7. Modified polymers were used containing silane functions that could be 

incorporated in the silicate chain of the C-S-H. The basal-spacing increased due to the 

occurrence of these covalent bonds in the interlayer region. The increase in the basal-

spacing was linearly correlated with the length of the alkyl chains [108].  
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Figure 2-7- Microstructural model for the covalent bonded C-S-H/polymer nanocomposite suggesting the 

linkage of organotriethoxysilane to the end chain (Q
1
) and middle chain (Q

2
) silicate sites. This created new 

silicate sites referred to as T
1
 and T

2
, respectively [106] 

 

 

2.2.3 Durability and mechanical properties of C-S-H-based nanocomposites 

It has been suggested by Pellenq et al. [25] that the modulus of elasticity of C-S-H can be 

increased by as much as 40-100% when organically modified. A recent study, however, 

indicated that the elastic modulus (as measured using an indentation technique) decreased 

in the polymer modified C-S-H nanocomposite possibly due to the lower packing density 

[109]. This study, however, does not compare the engineering properties at similar porosity 

levels. 

It is noted that most published investigations on the C-S-H-based nanocomposites are 

associated with the synthesis technique and chemical characterization of these materials. 

Only few investigations have been reported on the durability and mechanical properties of 

these novel systems. As the final aim of the development of these systems is to apply them 

in the construction industry, a link between the chemistry of organically-modified materials 

and their engineering performance is needed.  
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2.3  Secondary hydrated cement phases 

Various hydrated phases are formed when Portland cement reacts with water. Calcium 

silicate hydrates (C-S-H), formed due to the hydration of C3S or C2S, are the primary 

phases, as previously mentioned. Several other hydrates, however, are also formed which 

can play important roles in the mechanical properties and durability of cement-based 

systems. These phases mainly include calcium hydroxide and the sulfoaluminate phases. 

Their microstructure and role in the durability of cement-based materials are discussed in 

this section. 

 

2.3.1  Calcium hydroxide 

Calcium hydroxide (CH) is one of the hydrated phases in Portland cement paste. It is 

formed during the hydration of the silicate phases, and occupies about 20% to 25% of the 

solid volume in the hardened cement paste. It has a hexagonal-prism morphology, and 

usually forms large crystals [75]. CH is known to have a layered structure as shown in 

Figure 2-8. The calcium atoms are octahedrally coordinated. The oxygen atoms are also 

coordinated tetrahedrally. The interlayer forces are weak with negligible hydrogen bonding. 

 

Figure 2-8- Structure of a single layer of Ca(OH)2  - A hydrogen atom, not shown, completes the tetrahedral 

coordination of each oxygen atom [7, 110].  
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Calcium hydroxide is readily soluble in water and is very susceptible to hydrolysis and 

leaching. When most of the CH has been leached out, lime-leaching from other 

cementitious components exposes them to decomposition. If this process still continues, it 

leaves behind silica and alumina gels with little or no strength [75]. According to 

Terzaghi [111], the strength of a concrete that had lost about a fourth of its original lime 

content was about one-half of the original one. In addition to the deterioration of 

mechanical performance, the leachates usually interact with CO2 present in the air, and 

form calcium carbonate on the surface. This is undesirable from an aesthetic point of 

view [75]. It is also suggested that lime-leaching from hydrated cement paste may cause 

expansion. The mechanisms underlying this expansion are discussed in [112, 113]. 

 

2.3.2  Sulfoaluminate phases 

Two common forms of calcium sulfoaluminate phases present in the hydrated cement paste 

include ettringite (3CaO.Al2O3.3CaSO4.32H2O) and monosulfate (3CaO.Al2O3.CaSO4. 

12H2O). These phases are important as they influence the durability of cement-based 

materials in sulfate environments. The detailed structure of these phases is discussed 

afterwards. 

 

Ettringite  

Ettringite (3CaO.Al2O3.3CaSO4.32H2O) is usually formed due to the hydration of 

aluminate phases during the early ages of hydration of Portland cement [7]. Its formation is 

a key factor in the setting process of the cement paste. Ettringite, however, normally 

converts to monosulfate as the cement hydration continues [114]. Ettringite is known to 

have a column and channel-like structure in which the columns have the empirical chemical 

formula of [Ca3Al(OH)6.12H2O]
3+

, and the SO4
2-

 anions and water molecules occupy the 

intervening channels [115]. The crystalline structure of ettringite is presented in Figure 2-9. 

As it is shown in the figure, each of the columns in the ettringite structure is a chain of Al 

and Ca polyhydra (one of Al and three of Ca). It is estimated that about two out of the 

32 water molecules of ettringite are located in the intercolumnar space. 12 water molecules 

are located in the main apices, and 12 in the additional apices of the trigonal prisms of Ca 
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polyhedra. The remaining six water molecules (in the form of hydroxyl groups) are also 

linked between the Ca and Al polyhedral [115-117]. 

 

Figure 2-9- Crystalline structure of ettringite [114] 

 

Several methods have been proposed in the literature for the synthesis of ettringite. An 

efficient method developed by Struble and Brown [118] includes reacting stoichiometric 

amounts of aluminum sulfate (Al2(SO4)3) solution and 10% sugar solution of calcium oxide 

(CaO). The XRD pattern of synthetic ettringite is presented in Figure 2-10. The main peak 

at 9.73 Å corresponds to the intercolumnar space in the ettringite structure. Ettringite is also 

known to have a needle shaped morphology as shown in Figure 2-11. It is, however, noted 

that the size of needles is dependent of the synthesis procedure and the properties of the 

reactant materials.  
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Figure 2-10- XRD pattern of synthetic ettringite 

 

 

 

Figure 2-11- SEM micrograph of synthetic ettringite 
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Monosulfate  

During the hydration of Portland cement, ettringite eventually transforms into the 

monosulfate hydrate phase. Monosulfate (3CaO.Al2O3.CaSO4.12H2O) has a lamellar 

crystalline structure. Its main layers are composed of [Ca2Al(OH)6]
+
, and the SO4

2-
 anions 

and water molecules are located between the layers [119]. Monosulfate phases can be 

synthesized either by reacting C3A and ettringite or by reacting C3A and gypsum as 

reported in the literature [120]. Synthesis of monosulfate is, however, very difficult and 

sensitive to the synthesis time, temperature, filtering and drying methods. Several 

precursors are, thus, needed to succeed in achieving pure monosulfate. An effective method 

of synthesis of monosulfate was proposed by Kuzel [121]. It includes reacting the 

stoichiometric amounts of tricalcium aluminate (C3A) and calcium sulfate (CaSO4.2H2O) in 

excess water, and heating at 150 C for four days. 

An XRD pattern of synthetic monosulfate with 12 molecules of water (AFm-12) is 

presented in Figure 2-12. The main basal-spacing at 8.93 Å is, however, varied in 

monosulfate phases with varying numbers of water molecules. The basal-spacing of 

monosulfate with 16 water molecules (AFm-16) is reported to be located at 10.3 Å, which 

is reduced to 9.5, 8.93, 8.15 and 7.95 Å for monosulfate phases with 14, 12, 10 and 8 water 

molecules, respectively [7, 122]. Monosulfate is also known to form platey hexagonal 

crystals under the ideal crystallization conditions as shown in Figure 2-13.  
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Figure 2-12- XRD pattern of synthetic monosulfate (AFm-12) 

 

 

 

Figure 2-13- SEM micrograph of synthetic monosulfate 
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Thaumasite  

Thaumasite is a form of calcium-silicate-sulfate-carbonate hydrate phase with the 

approximate formula of O.15H.SO.CO3CaO.SiO 2322  which has close crystallographic 

similarities to ettringite [123]. The Si is in place of Al in the columns, and carbonate ions in 

place of water molecules in the intercolumn region. More details of the crystalline structure 

of thaumasite are discussed by Edge and Taylor [124].  

Thaumasite can be formed in cement paste as a result of reaction between sulfate ions and 

the C-S-H systems in the presence of carbonate ions [125]. It has been observed that 

temperatures below 15 C, particularly between 0 and 5 C, are more favorable for the 

formation of thaumasite [126]. It is possibly due to the higher solubility of calcium 

carbonate at lower temperatures.   

Synthesis of pure thaumasite has been attempted by several researchers [118, 127-130]. 

Only a few of them, however, were able to successfully prepare pure thaumasite. An 

efficient method is described by Blanco-Varela et al. [129]. This method includes mixing 

two sugary solutions; a calcium oxide solution, and a solution of sodium salts of silicate, 

sulfate and carbonate with non-stoichiometric concentrations. The resulting mixture is, 

then, kept at low temperatures (about 5 °C) for several weeks to form the thaumasite 

crystals. The XRD pattern of synthetic thaumasite is presented in Figure 2-14. As 

discussed, it resembles that of ettringite (Figure 2-10). Thaumasite can also form long 

needle-shape crystals as are presented in Figure 2-15.  
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Figure 2-14- XRD pattern of synthetic thaumasite 

 

 

 

Figure 2-15- SEM micrograph of synthetic thaumasite 
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Other phases may also form during the hydration of Portland cement. These phases, 

however, are present in minor amounts in the hardened Portland cement paste. They are not 

included in this investigation. 

 

2.3.3  Role of sulfoaluminate phases in the durability of cement-based systems 

Sulfoaluminate phases in the Portland cement paste and their potential for producing 

expansion are directly linked to the durability problems of concrete structures in the sulfate 

rich environments. The formation of ettringite in high-concentrated sulfate environments 

has been widely accepted as a primary cause of expansion referred to as sulfate attack [131-

134]. Monosulfate can react with sulfate ions, in the presence of Ca
+2

 and moisture, and 

form ettringite according to the following equation: 

 2+ 2-

2 3 3 2 4 2 2 3 3 24CaO.Al O .SO .12H O+2Ca +SO +24H O 6CaO.Al O .3SO .32H O  (2-4) 

The anisotropic growth of ettringite crystals is then believed to be expansive. The ettringite 

formed can fill the pores or come into contact with pore boundaries in the hardened cement 

paste. When the pores are filled, formation of additional ettringite will cause additional 

tensile stress to the cement-based structure and results in its cracking [125, 135-137].  

There is, however, no general agreement on the theories of expansion of ettringite. 

Mehta [138-140], reported that the expansion of ettringite does not necessarily occur in the 

presence of high sulfate concentrations. He attributed the expansion of ettringite crystals of 

colloidal dimensions to the imbibition of liquid water. The observed expansion in this case 

could be considerably greater than the expansions due to the ettringite formation 

itself [139]. Other proposed mechanisms include the expansion of ettringite associated with 

the osmotic forces, similar to those responsible for the swelling of the clay particles [141]. 

Further understanding of the mechanisms of expansion is essential in improving the 

durability of concrete infrastructure.   

Investigations on thaumasite formation are more recent and much fewer than those on the 

ettringite and monosulfate phases. Although the first studies on the deterioration of cement-

based materials in sulfate environments go back to 1892 [142], the first thaumasite 

formation was reported in 1965 in two sanitary sewer pipes in the USA. However, it was 
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not until 1998 that thaumasite formation began receiving significant attention, when it was 

found that the buried elements of a thirty-year old highway bridge in the UK had been 

damaged as a result of thaumasite sulfate attack [143]. The investigations on the phase pure 

thaumasite is also very limited due to the difficulty in synthesising this phase. It is, 

therefore, valuable to study the microstructure of phase pure thaumasite, and to provide 

information of its behaviour in various environmental conditions. 

 

2.4 Key questions 

Numerous investigations have been published on the durability of cement-based 

construction materials. There are, however, several uncertainties regarding the primary 

causes underlying the durability problems as well as the possibility of the development of 

novel construction materials with enhanced durability. A brief summary of the problems 

that are not fully resolved yet are as follows:   

1- What are the mechanisms of interaction of organic compounds with the micro- and 

nano-structure of C-S-H systems? 

2- What are the key parameters affecting the possibility of the interaction of organic 

compounds with the nanostructure of C-S-H systems?  

3- Is the modification of C-S-H nanostructure with organic compounds effective in 

improving the durability and mechanical properties of the C-S-H-based systems? 

4- What are the primary mechanisms underlying the expansion of sulfoaluminate 

phases in cement paste? 

5- Are the mechanisms of expansion of thaumasite and the damage due to these 

expansions similar to those associated with the expansion of ettringite?   

6- Is improving the nanostructure of C-S-H effective in reducing the damage due to the 

presence of ettringite or thaumasite in concrete structures? 

These questions are among the important issues which are addressed in this doctoral thesis. 

Details of the experimental procedure designed to provide insight into the mechanisms of 
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damage relevant to the durability of cement-based phases and novel mitigation techniques 

will be presented in the following chapters.      
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Chapter 3 

Experimental Program 

 

 

 

 

  

The experimental techniques in the study of cement-based materials are now well 

established. Some of the techniques used for the characterization, and the assessment of 

durability and engineering performance of hydrated cement phases are described in this 

chapter. It should be noted that each of these techniques has its own benefits and 

limitations. A combination of these techniques, therefore, should be employed in order to 

provide greater confidence in the conclusions made about the structure and behavior of the 

cementitious materials. The details of synthesis of cement-based phases, humidity 

conditioning and preparation of the compacted samples are also presented in this chapter. 

More specific details of the experiments for each part of the thesis are explained in the 

relevant chapters.   

 

3.1 Experimental techniques 

A description of the most common experimental technics used in this research for the study 

of cement-based systems is presented in this section. These techniques are categorized into 

two parts: those used for the characterization and those used for the assessment of 

durability and engineering performance. 
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3.1.1 Characterization techniques  

X-ray Diffraction 

The X-ray diffraction (XRD) technique is one of the most commonly used methods in 

cement chemistry. As each crystal has a unique X-ray pattern, the XRD technique is an 

effective tool for the characterization of crystalline materials. In a crystalline structure, 

various atoms are located in a repeating order which results in the formation of similar 

atomic planes. The distance between these planes is referred to as d-spacing. X-ray beams 

give constructive interference when they hit different parallel layers. The diffracted beams 

can be detected if they are in phase. This occurs according to Bragg’s law: 

  n = 2 d sin (3-1)

in which  is the wavelength of the X-ray (e.g. about 0.15 nm for copper), d is the distance 

between the atomic planes,  is the angle between the incidence beam and the normal to the 

reflecting lattice plane, and n is an integer called order of reflection (Figure 3-1). 

 

Figure 3-1- Diffraction of X-rays expressed by Bragg’s law [1] 

 

In order to identify the compounds of a sample, the powder diffraction pattern is recorded 

using a diffractometer. These data are, then, compared with the standard line patterns 

available for various compounds in the powder diffraction file (PDF) database. This file is 

updated annually by the international center for diffraction data (ICDD). In practice, the 

appearance of the three most intense characteristic lines from the PDF line pattern is 

sufficient to indicate the existence of a crystalline phase in a material. However, a prior 

d

d


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knowledge of the class of the investigated materials and the chemical analysis data is of 

significant value [1].   

 

Thermal analysis 

A chemical compound may be decomposed or experience a phase transition when it is 

subjected to heating. Bulk water, for example, is gradually lost at temperatures up to 

100 ºC. Calcium hydroxide is also decomposed at about 400 º C. The thermal analysis 

technique determines the physical or chemical changes of a compound due to the thermal 

treatment as a function of temperature. It may be conducted by measurement of the 

decrease in the mass of the compound during heating or by the estimation of the heat that is 

adsorbed or generated through an endothermic or exothermic change of the compound. 

These measurements are referred to as thermal gravimetric analysis (TGA) and differential 

thermal analysis (DTA), respectively. Differential mass-loss measurements can be used to 

estimate the amount of each chemical compound. Various types of materials can also be 

identified based on the heat flow during the physicochemical changes.  

 

Scanning electron microscopy 

The Scanning Electron Microscopy (SEM) technique is used to investigate the morphology 

and surface characterization of materials by capturing images at the micro or nano scale. In 

this technique, a focused beam of electrons strikes the surface of the material. The surface 

interactions result in the emission of secondary and backscattered electrons as well as 

X-rays and other responses. The electrons are collected and converted to an image of the 

surface. Any compound, as long as it is electrically conductive, can be examined by this 

technique. The contrast formed by the collected electrons originates from the difference in 

surface topography and composition. Both secondary electrons (SE) and backscattered 

electrons (BSE) modes provide imaging facility. The SE mode is dominated by topographic 

contrast, whereas the BSE mode mainly detects atomic density which helps differentiate 

regions rich in a specific atom. It is also possible to collect the X-rays emitted from the 

surface. This technique which is referred to as energy dispersive X-ray spectroscopy (EDX) 
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enables elemental analysis and the detection of different atoms in the compound. EDX 

imaging facilitates estimation of the distribution of various elements in the compound. 

 

Fourier Transform Infrared Spectroscopy 

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique for the 

identification of the chemical bonds of molecules. It has different applications in the areas 

of determination of molecular structure and identification of chemical components of a 

mixture of either organic or inorganic materials. This technique can be applied for the 

investigation of materials in the solid, liquid, or gaseous state. The principle of this 

technique is that molecular bonds vibrate at various frequencies depending on the type of 

atoms and bonds. The adsorption of the energy of the infrared portion of the 

electromagnetic spectrum by a molecular bond can change the vibration state of a chemical 

bond from ground state (lowest frequency) to an excited state. The energy required for this 

transition is unique for each bond and, thus, can be used for the identification of various 

bonds in the molecules. 

 

Nitrogen surface area 

The surface area of cement-based compounds can be estimated from the nitrogen gas 

sorption isotherm based on the Brunauer, Emmett and Teller (BET) theory. It is assumed 

that the surface of the porous material is like an array of adsorption sites, and each site is 

capable of adsorbing one or more molecular layers. The mathematical form of this theory is 

as follows [2, 3]: 

 
0 0

1 1

( ) m m

p c p

x p p x c x c p


 


 (3-2) 

where p  is  the existing vapor pressure, 0p  is the  pressure of saturated vapor, x   is the  

quantity of vapor adsorbed at vapor pressure p , mx  is the monolayer capacity of adsorbate 

per unit quantity of solid, and C  is a constant related to the heat of adsorption. The BET 

equation (Eq. 3-2) shows that the surface area of the adsorbent should be equal to the 
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summation of the area covered by all the molecules required to fill the first layer of the 

adsorbent. The surface area of the solid can, therefore, be evaluated by: 

 
m mA x N

S
M

  (3-3) 

where N  is the  number of molecules in a gram-molecular weight ( 236.022 10 ), M is the  

molecular weight of the adsorbed gas, and mA  is the surface area covered by a single 

adsorbed molecule ( 1616.2 10  cm
2 

per molecule of nitrogen) [2, 3]. Eq. 3-3 can also be 

used in the volumetric form. In this form, mx  is expressed in volume per volume of 

adsorbate, and M  is the molecular volume of the adsorbed gas which is equal to 22.414 l in 

the standard temperature and pressure condition ( 0T C  and 1P atm ).  

 

3.1.2 Engineering performance techniques  

Dynamic mechanical analysis (DMA) 

Dynamic Mechanical Analysis (DMA) is widely used in polymer science to record elastic 

modulus and damping or melting points of polymers [4]. It has also been used in cement 

science in order to provide information on the states of water in hydrated cement phase [5-

7], and in the synthetic C-S-H systems [8]. The DMA technique involves the analysis of the 

response of a specimen under an oscillating force. It can also combine the information with 

temperature response which is referred to as Dynamic Mechanical Thermal Analysis 

(DMTA).  

Applying an oscillating stress on a viscoelastic specimen (that is still in the elastic region) 

results in an oscillating strain response in that specimen which lags with stress by an 

angle δ. The tan δ, which is referred to as internal friction, is a function of frequency of the 

applied stress [9]. Consider a sinusoidal load that is applied on a sample in the form of 

 )(sinmax t   (3-4) 

where σ is the stress at time t, σmax is the maximum stress and ω is the angular frequency of 

the oscillation. If the stress remains within the elastic region of the material, the strain 

response will also be in a sinusoidal form which can be expressed as  
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 )(sinmax   t  (3-5) 

where ε is the strain at time t, εmax is the maximum strain and δ is the phase difference 

angle (Figure 3-2). 

 

Figure 3-2- Phase difference between the stress and strain in a viscoelastic material subjected to sinusoidal 

oscillation 

 

The storage modulus ( E ) and the loss modulus ( E  ) of the specimen are, then, calculated 

based on the maximum stress (max), maximum strain (max) and the phase difference 

angle () [4]: 
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 (3-6) 

The storage modulus is an indication of the elasticity of material. Loss modulus, also 

known as the viscous modulus, determines the loss of energy due to internal friction and 

motions. The complex modulus (E
*
) is defined as  

 EiEE *
 (3-7) 

The tangent of the phase angle (tan δ), also referred to as damping angle, is an indicator of 

how efficiently the material loses energy due to molecular rearrangements and internal 

friction. It can be calculated by Equation 3-8. It is known that tan δ of a sample is 

independent of its geometry. 

 '/"'/"tan EE   (3-8) 
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Microindentation 

The microindentation technique has been successfully used to assess the creep rate and the 

hardness of monophasic cement-based systems. In this technique, a load (P) is applied 

through a probe to the surface of a specimen, and is increased to its maximum value (Pmax). 

This maximum load is held on the specimen for a given period of time. This results in the 

penetration of the probe tip to the surface of the specimen. The specimen will, then, be 

unloaded. The amount of the applied load, the penetration depth (h) with a maximum value 

of (hmax) and the time are recorded during this test. A schematic of the load versus 

penetration depth obtained by the microindentation technique on a synthetic C-S-H 

specimen is presented in Figure 3-3. 

 

Figure 3-3- Load versus penetration depth determined by the microindentation technique 

 

Several suggestions have been proposed to determine the mechanical performance of the 

test specimen based on these parameters. Microindentation creep modulus as suggested by 

Vandamme and Ulm [10] and indentation hardness are used in the current study. The creep 

modulus is inversely related to the creep of the specimens. It is calculated by the following 

procedure: 
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The creep is determined by curve fitting of the indentation-depth versus time curves under 

loading by equation 4321 )1ln()( xtxtxxth  . The creep modulus (C) is, then, 

calculated from )2( 1max xaPC u  where   2/1cu aa  . ca  is the projected area of 

contact between the indenter probe and the indenter surface. It is determined using the 

Oliver and Pharr method [11] as a function of the maximum indentation depth                      

( 128/1

max8

4/1

max3

2/1

max2

1

max1

2

max ...5.24)( hkhkhkhkhth   where nk  is a constant). The 

indentation hardness (H) is also obtained by caPH  .  

 

Length-change measurements 

The Tuckerman extensometer has been successfully used to measure the length-change of 

cement-based systems under various external on internal stimuli [12-14]. It has very good 

accuracy (1 microstrain), and therefore can be used for the length-change measurements of 

small specimens. A schematic picture of this extensometer is shown in Figure 3-4. The 

sample (number 1 in the figure) is put on a holder (5), and is held against the knife edges (2 

and 3) by a light spring (4). The optical system consists of two mirrors: a fixed one (6) and 

a titling one (7). The latter is on the face of a rocking lozenge. The whole set-up is 

supported by a stand (8). The tilting of the mirror is correlated to the length-change of the 

sample, and is monitored using an auto-collimator (Figure 3-5). 

 

Figure 3-4- Tuckerman extensometer [13] 
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Figure 3-5- Relationship of autocollimator and an extensometer [15] 

 

 

Mass-change in isopropanol 

It was previously suggested that diffusion of isopropanol in saturated cement paste samples 

can be successfully used to evaluate resistance of the samples to the chloride diffusion [16]. 

An experimental set-up was designed in the current study to evaluate the rate of diffusion 

of isopropanol in the compacted samples of the C-S-H-based systems. This was based on 

the mass-change measurements of the compacted samples following the immersion in the 

isopropanol. The test set-up is schematically presented in Figure 3-6. A small stainless steel 

basket was attached to a balance by steel wires, and immersed in 450 ml of anhydrous 

isopropanol (Reagent grade, Fischer Scientific). A compacted sample (32 mm in diameter 

and 1 mm thickness) was placed in the basket at the depth of 20 mm from the free surface 

of the isopropanol solution, and its mass-change was monitored until a plateau was 

achieved (about 2 hours).   
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Figure 3-6- Schematic of the set-up used for the isopropanol diffusion measurements 

 

 

3.2 Materials 

Individual hydrated cement-based phases were synthesized and characterized prior to being 

used for the assessments of durability and mechanical properties. The synthesis method, 

humidity conditioning and the compaction technique are described in the following 

sections. Reagent grade chemicals as received by the producers were used for the synthesis 

as well as for the preparation of the test solutions.  

 

3.2.1 Synthesis of pure phases 

C-S-H-based systems 

Phase pure C-S-H (Ca/Si = 1.5) was synthesized using the pozzolanic reaction technique. It 

included the reaction of stoichiometric amounts of calcium oxide and colloidal silica in 

excess water (water/solid mass ≈ 10) for 21 days. Calcium oxide was obtained by calcining 

calcium carbonate (reagent grade, Fisher Scientific) at 900 °C for 24 hours. Reactive 

balance 

data recorder  
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colloidal silica (CAB-O-SIL
®

, grade M-5) was also provided by Cabot Corporation. 

Powders of calcium oxide and colloidal silica were first dry-mixed in a high density 

polyethylene (HDPE) bottle. De-ionized out-gassed water was, then, added to the solid 

mixture to initiate the pozzolanic reaction. The solution was agitated for 21 days at room 

temperature (about 24 °C). It was, then, filtered and dried under vacuum for four hours. The 

gel-like product was conditioned in sealed desiccators at the relative humidity of 11% (over 

saturated lithium chloride solution) for 40 days. The equilibrium of the samples was 

confirmed by the thermal analysis and mass-loss measurements. A similar method was used 

to synthesize the organically modified C-S-H systems. The organic compounds were, 

however, added to the mixing water. The organic compound used included 2-, 3- and 4-

nitrobenzoic acid, 3- and 4-aminobenzoic acid, octadecylamine, oxalic acid, malonic acid, 

adipic acid, lauric acid, aminolauric acid, stearic acid, 3-aminopropyltriethoxysilane, 

vinyltrimethoxysilane, polyvinyl alcohol, polyacrylic acid and polymethylmethacrylate. A 

wide range of concentration of the organic compounds was used. These included from 0.01 

mol. to 0.70 mol. of the organic per mol. of calcium of the host C-S-H. The greatest 

interaction for most the organic compounds and C-S-H was achieved for the organic/Ca = 

0.01. Additional details of each organically modified C-S-H system will be provided in the 

relevant chapter.      

In addition to the organically modified C-S-H-based systems mentioned above, 

C-S-H/polyaniline nanocomposites were used in this study for the assessment of durability. 

These nanocomposites were used as synthesized by Alizadeh et al. through an in-situ 

polymerization technique. A detailed procedure of this technique was provided by these 

researchers [17]. A summary of it is as follows: The C-S-H/aniline system (Ca/Si ratio of 

0.8 and 1.2) was prepared using a pozzolanic reaction technique. The aniline monomer  was 

pre-dissolved in the mixing water. The mixture was hydrated for 90 days. It was then 

filtered and dried to get the powder. The C-S-H/aniline powder was then mixed in water. 

Ammonium persulfate was added to it as the initiator for the polymerization reaction. The 

solution was stirred for three days at room temperature. The final material was washed, 

filtered, and then vacuum-dried. All the powders were kept in desiccators at the relative 

humidity of 11% to be equilibrated before conducting the experiments. 



3. Experimental Program   

 

67 

 

Secondary hydrated cement phases  

Monosulfate - Monosulfate was synthesized by a method proposed by Kuzel [18]. It 

consisted of reacting stoichiometric amounts of tricalcium aluminate (C3A) and gypsum 

(CaSO4.2H2O) in an excess amount of water in a hydrothermal pressure vessel. The C3A 

clinker used was obtained from the CTL group (Skokie, IL). It was ground, and passed 

through a 150 m sieve (#100) before being used for the synthesis. Reagent grade gypsum 

supplied by the Caledon Laboratories Ltd. was used. The mixture of C3A and gypsum 

solution was heated in an oven at 150 °C for four days. The pressure vessel was, then, 

removed from the oven, and the excess water was discharged after reaching equilibrium at 

room temperature. The remaining solid was placed in a desiccator and dried over a 

saturated lithium chloride solution, at 11% relative humidity, for 24 h. 

Ettringite - Ettringite was synthesized by a method described by Struble and Brown [19] 

which consisted of reacting stoichiometric amounts of aluminum sulfate (Al2(SO4)3) 

solution and calcium oxide (CaO) solution. The 98% aluminum sulfate hydrate (supplied 

by Aldrich chemical company) was used as one of the starting materials. The calcium oxide 

was also obtained by calcining reagent grade calcium carbonate at 900 °C for 24 h. The 

aluminum sulfate solution was prepared in de-ionized water, and the calcium oxide solution 

was prepared in a 10% sucrose solution. The two solutions were then mixed, and stirred for 

60 h at room temperature. The resulting mixture was filtered and dried in a vacuum drying 

cell at room temperature for 24 h. 

Thaumasite - Thaumasite was synthesized by a method developed by Blanco-Varela et al. 

[20]. Two sugary solutions (10% by mass) were prepared in this method: Solution 1 which 

contained calcium oxide (CaO), and solution 2 which contained sodium salts of silicate, 

sulfate and carbonate (Na2SiO3, Na2SO4 and Na2CO3). The salt concentrations for each 

solution are summarized in Table 3-1. Both solutions were kept at 5 °C for 5 h. They were, 

then, mixed, and the mixture was stored at 5 °C for 3 months. The mixture was, then, 

washed with de-ionized water and filtered. The filtered material was kept in a desiccator at 

11% RH to be equilibrated.  
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Table 3-1- Salt concentration for the synthesis of thaumasite [20] 

 Solution 1 Solution 2 

Reagent CaO Na2SiO3 Na2SO4 Na2CO3 

Mass (g) 5.05 1.83 7.1 1.59 

Volume/solvent 250 ml/(water + 25 g sucrose) 250 ml/(water + 25 g sucrose) 

 

 

3.2.2 Humidity conditions 

All the powders were conditioned at a relative humidity of 11% to reach equilibrium prior 

to the test. It is known that there is, theoretically, only a monolayer of adsorbed water on 

the surface of the C-S-H particles at the 11% RH in addition to the interlayer water [13]. 

 

3.2.3 Characterization of pure phases 

All the synthetic pure phases were characterized using the XRD, TGA-DSC, SEM-EDX 

and FTIR techniques described in section 3.1.1. The specific test details for each technique 

will be provided in the relevant chapters.    

 

3.2.4 Preparation of the compacted samples 

A rigid body of the powdered material is required for the volume stability and dynamic 

mechanical analysis experiments. In this study, powders were compacted in a steel mould 

consisting of a cylinder and two closely fitting pistons (Figure 3-7). Two types of moulds 

were used depending on the requirements for each experiment; a circular mold was used for 

the length-change and mass-change measurements, and the rounded rectangle for the DMA 

experiments. The cross-section of the prepared samples is shown in Figure 3-8.  
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Figure 3-7- Compaction mould used - (a) circular and (b) rounded rectangle type 

 

 

 

 

Figure 3-8- Cross-section of the compacted samples: (a) circular and (b) rounded rectangle type         

(thickness was about 0.9 to 1.2 mm) 

 

In order to prepare the compacted samples, the mould is mounted vertically, and the 

powder is placed in the cylinder by tamping with the edge of a spatula against the top edge 

of the cylinder. It is very important to have a flat surface for the powder to achieve a 

uniform thickness throughout the compacted sample. The top piston is, then, placed in the 

cylinder and the assembly is mounted in a compression machine. The pressure is increased 

gradually to the required value, maintained at that value for about 10 s, and then is released. 

The compacted sample is finally removed by pressing out the pistons.  

The compaction procedure in this study was performed on the powders conditioned at 

11% RH. The powders were very fine passing through a 150 m (# 100) sieve. The 

( b ) ( a ) 
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pressure of the compression machine was adjusted to reach a porosity of about 30% for the 

compacted C-S-H-based systems. This porosity level was selected as a typical hydrated 

Portland cement paste sample (w/c = 0.40) has a porosity of 26-30% [17]. As the 

mechanical properties and durability of porous materials are dependent of their porosity 

values [8], the porosity of the compacted samples was determined using the helium 

porosimetry method. The details of the helium porosimetry technique are described later.  

The secondary hydrated phases were compacted to reach a porosity of about 10%. This was 

selected so that the samples would have a greater resistance to disintegration during the 

length-change measurements in the test solutions.   

 

Helium porosimetry 

A helium pycnometer was used for the helium porosimetry measurements. A total of about 

five compacted circular samples were put in the pycnometer. Helium gas was allowed to 

flow into the test cell. All small pores of the specimens were instantly filled with the helium 

gas, and the solid volume of specimens could be measured based on the gas laws and the 

assumption of an ideal gas. The porosity of the samples was then estimated knowing the 

solid volume and the apparent volume. A schematic of the helium porosimetry equipment 

is presented in Figure 3-9. 

 

 

Figure 3-9- A schematic of the helium pycnometer [21] 
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Chapter 4 

Interaction of 2-, 3- and 4-Nitrobenzoic Acid with the Structure 

of Calcium-Silicate-Hydrate Systems 

 

 

 

 

  

Possible interaction of nitrobenzoic acid with the structure of calcium-silicate-hydrate 

(C-S-H) was critically investigated in this chapter. Phase pure C-S-H and C-S-H with 2-, 3- 

or 4-nitrobenozic acid (0.01 and 0.02 mol. per mol. of Ca) were synthesized, and 

characterized by the X-ray diffraction, thermal analysis, Fourier transform infrared 

spectroscopy and scanning electron microscope techniques. Nitrogen adsorption 

measurements were also performed to estimate the surface area of the samples. A model for 

the nanostructure of C-S-H/nitrobenzoic acid systems was proposed. All types of 

nitrobenzoic acid with the lower concentration of nitrobenzoic acid were able to fill the 

defects on the surface of the C-S-H layers, block access to the space between the stacked 

C-S-H layers, and possibly partially intercalate the layered structure. The C-S-H-based 

samples prepared with different types of nitrobenzoic acid compounds, however, had 

different characteristics. The interaction of organic and inorganic phases was limited in the 

systems incorporating the higher concentration of nitrobenzoic acid. Accumulation of 

nitrobenzoic acid on the surface or at the edge of the C-S-H layers or between the stacked 

C-S-H layers occurred in these systems. 

 

4.1 Introduction 

Performance enhancement of cement-based materials is desired in order to produce more 

sustainable concrete construction. Most of the studies have focused on the Calcium-
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Silicate-Hydrate (C-S-H) as it is the predominate phase and influences many of the 

properties of cement paste. The modification of the C-S-H nanostructure using organic 

compounds was first suggested by Matsuyama and Young in 1999 [1-4]. These researchers 

investigated the influence of several anionic, cationic and non-ionic polymers, and 

suggested the possibility of the intercalation of selected organic compounds in the 

interlayer region of C-S-H. It was observed that the intercalation of polymers in the C-S-H 

interlayer region is dependent on the type and concentration of the polymers as well as the 

Ca/Si ratio of the host C-S-H. The formation of organically modified C-S-H 

nanocomposites was also reported by Mojumdar and Raki [5-7], Alizadeh et al. [8] and 

Pelisser et al. [9-10].  

After more than a decade of investigation on the interaction of organic compounds with the 

nanostructure of C-S-H, the nature of these interactions is still debatable. Although earlier 

reports provided evidence on the intercalation of polymers in the interlayer region of C-S-H 

[1-4], separate studies by Popova et al. [11] and Merlin et al. [12] indicated that the 

interlayer region of C-S-H is unlikely to be altered by the polymers investigated. The 

polymer was, however, adsorbed in significant amounts on the surface or in the void space 

left by lamellae ‘stacks’ [12]. Minet et al. [13, 14] also suggested that small-sized 

organotrialkoxysilane molecules might be intercalated in the C-S-H layers. Phase 

separation, however, would occur for the large-sized organic compounds. Franceschini et 

al. [15] also suggested that only polymers with trialkoxysilane groups are able to be 

incorporated in noticeable amounts in the C-S-H structure. These polymers could form a 

specific linkage with the silicate chain in C-S-H. They, however, would not modify the 

interlayer region. In addition, Pelisser et al. [9] reported that poly-(diallyldimethyl-

ammonium chloride) could partially intercalate the C-S-H interlayer region. The remainder 

of this organic compound was adsorbed on the “surface” or in “the void space left by the 

C-S-H particles”. 

Most investigations on the formation of C-S-H-based nanocomposites were conducted with 

the use of relatively large molecular-sized organic compounds. The reports on the 

application of small-sized molecules for these purposes are very limited and not 

comprehensive. Matsuyama and Young [1] suggested that small organic molecules (e.g. 

glycerol, propanediol, ethylene glycol, succinic acid and maleic acid) were not intercalated 
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in the interlayer region of C-S-H. The results by Minet et al. [13], however, provided 

evidence of the intercalation of small-sized organic molecules which have a trialkoxysilane 

functional group.  

The focus of the current chapter is on the possible interaction of nitrobenzoic acid with the 

micro- and nanostructure of C-S-H. Nitrobenzoic acid has a small molecular size, and was 

successfully intercalated into the nanostructure of layered double hydroxides [16]. It was 

also previously suggested that nitrobenzoic acid can influence the hydration kinetics of C3S 

[17]. The nature of the interaction of these organics with the structure of C-S-H is, 

however, still unknown. C-S-H systems modified with various concentrations of 2-, 3- and 

4-nitrobenzoic acid were synthesized and characterized in this chapter. The next chapter 

will focus on the assessment of durability and engineering performance of these systems. 

 

4.2 Experimental program 

4.2.1 Materials 

Phase pure C-S-H and C-S-H/nitrobenzoic acid systems with Ca/Si = 1.5 was synthesized 

using the pozzolanic reaction technique as described in chapter 3. The effect of either of 2-, 

3- and 4-nitrobenzoic acid (reagent grade, supplied by Sigma-Aldrich) was investigated. 

The concentration of nitrobenzoic acid was 0.010 moles or 0.020 moles per mole of Ca. 

Two additional mixtures with 0.015 moles and 0.030 moles of 4-nitrobenzoic acid per mole 

of Ca were also prepared and used in a few experiments. 

 

4.2.2 Characterization techniques 

All the samples were tested by the XRD, TGA, FTIR and SEM techniques. The nitrogen 

adsorption measurement was also conducted and used for the surface area determination. 

The detailed test methods are as follows: 

XRD - The X-ray diffraction pattern of the samples was acquired using a Scintag XDS 

2000 diffractometer (CuKα radiation). A 2θ range of 4˚ < 2θ <15˚, a step size of 0.03˚ and a 

5 second count interval was used to detect the changes in the basal-spacing (d002) peak.  
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TGA - A TA Instrument SDT Q-600 was used for the thermal analysis. About 20 mg of the 

sample was heated from the ambient temperature (about 24 °C) to 1000 °C at a rate of 

10 °C/min under the flow of nitrogen gas (10 ml/min). The derivative mass-loss was 

obtained using Universal Analysis 2000 software.  

FTIR – Fine powders were mixed with potassium bromide, and compacted into a disk of 

10 mm diameter using a 10 ton load. FTIR spectra were collected on a Tensor 27 

spectrometer in direct transmission mode between 4000 and 400 cm
-1

. Each FTIR spectrum 

represented the average of 50 scans at 4 cm
-1

 resolution. Air was used as a background for 

the measurements. 

SEM – SEM images were collected using a Hitachi S-4800 Field Emission Scanning 

Electron Microscope. The surface structure images were acquired using a beam current of 

10 mA at 3.2 × 10
–16

 J (2 kV) at the working distance of 4 mm. 

Nitrogen adsorption - A Quantachrome instrument NOVA 2200e surface area and pore 

size analyzer was used for the nitrogen adsorption measurements. The samples were 

vacuum dried at 110 C for three hours prior to starting the measurements. Then, the 

nitrogen BET (Brunauer-Emmett-Teller) surface area was performed on each sample. 

 

4.3 Results and discussion 

4.3.1 X-ray diffraction 

The C-S-H/NBA samples prepared with either 2-, 3- or 4-nitrobenzoic acid 

(NBA/Ca = 0.01) had a similar basal-spacing (d002) of 1.17 nm (Figure 4-1). Although this 

d-spacing was slightly higher than that observed for the phase pure C-S-H (d002 = 1.10 nm), 

it was much lower than what was expected for the intercalated nanocomposites considering 

an average value of about 0.61 nm for the thickness of nitrobenzoic acid molecule. It is, 

however, possible that the nitrobenzoic acid molecules were oriented parallel to the CaO 

layers in the nanostructure of C-S-H. In this case, an increase of less than 0.10 nm in the 

d002 of the samples could be expected. In addition, it is known that silicate tetrahedra are 

mainly in the form of dimers in the structure of C-S-H with Ca/Si = 1.5. The nitrobenzoic 
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acid molecules could possibly fill the gaps between the silicate tetrahedra dimers resulting 

in a lower increase in the d002 of the resulting samples. An additional d-spacing of about 

1.13 nm was also detected in the XRD pattern of the sample incorporating 3-nitrobenzoic 

acid with the NBA/Ca of 0.01. It is possible that this sample was composed of two different 

phases; an intercalated phase forming a nanocomposite and a phase in which the C-S-H 

layers were just slightly altered by the presence of the 3-nitrobenzoic acid. The interaction 

of organic and inorganic phases in the latter, however, is less than that in the former.   

 

Figure 4-1- XRD pattern of the phase pure C-S-H and C-S-H/NBA (NBA/Ca=0.01) 

 

The basal-spacing (d002) of the samples with NBA/Ca ratio of 0.02 was lower than that for 

the samples with NBA/Ca ratio of 0.01 (Figure 4-2). This could be an indication of less 

interaction of the organic and inorganic phases in the samples with higher amounts of 

nitrobenzoic acid. Preparation of two additional samples with 4NBA/Ca ratios of 0.015 and 
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0.03 provided more information of how the d002 value of the samples incorporating 

4-nitrobenzoic acid would be eventually reduced by the gradual increase in the 

concentration of the nitrobenzoic acid. The d002 of the C-S-H/4NBA sample with 

4NBA/Ca = 0.03 was ultimately almost identical to that of the phase pure C-S-H. It is 

suggested based on the XRD patterns that partial intercalation of the nitrobenzoic acid was 

likely achieved in the samples with NBA/Ca = 0.01. Higher concentrations of nitrobenzoic 

acid, however, prevented the intercalation of the organics. In this case, the nitrobenzoic 

acid may have altered the edge of the C-S-H layers resulting in a slight increase in the 

basal-spacing of the sample.  

 

Figure 4-2- basal-spacing (d002) of the phase pure C-S-H and the C-S-H/NBA samples with various 

concentrations of nitrobenzoic acid 

 

It is also noted that the intensity of the XRD peaks was very similar in the phase pure 

C-S-H and the C-S-H/NBA samples regardless of the type and concentration of 

nitrobenzoic acid. No evidence of the significant change in any crystallinity of the samples 

due to the incorporation of the nitrobenzoic acid was obtained.   
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4.3.2 Thermal gravimetric analysis 

The phase pure C-S-H and the C-S-H/NBA samples were heated up to 1000 °C, and the 

mass-loss curves and their derivative were analyzed. It was observed that the removal of 

water from the samples with nitrobenzoic acid (NBA/Ca = 0.01) occurred at relatively 

higher temperatures compared to that in the phase pure C-S-H. The location of the 

maximum peak corresponding to the gradual removal of water from the structure of C-S-H-

based samples is presented in Figure 4-3. It was observed that the peak location was 

increased from about 90 °C in the phase pure C-S-H to about 99 °C in the C-S-H/NBA 

samples with NBA/Ca = 0.01, regardless of the type of nitrobenzoic acid. This possibly 

occurred because the nitrobenzoic acid molecules may have blocked the interlayer region 

and the space between the stacked layers of C-S-H. The peak, however, shifted back to its 

original location in the C-S-H/NBA samples with NBA/Ca = 0.02. This is consistent with 

the XRD results, and is an indication of limited interaction of nitrobenzoic acid molecules 

with the nanostructure of C-S-H, and possible phase separation due to the relatively high 

amount of organics.  

 

Figure 4-3- Temperature of occurrence for the maximum dehydration peak of the mass-loss derivative curve 

due to the heating of the phase pure C-S-H and the C-S-H/NBA samples 
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The mass-loss percentage of the phase pure C-S-H and the C-S-H/NBA samples was also 

estimated by the TGA, and no significant difference was observed. This does not support 

the suggestion by Merlin et al. [12] that the slight increase in the basal-spacing of the 

organo-C-S-H samples could be due to a higher interlamellar hydration degree.      

In addition, about 2.0% of unreacted lime was detected by the TGA in either the phase pure 

C-S-H or the C-S-H/NBA samples. The presence of unreacted lime is common in the 

synthetic C-S-H with Ca/Si ratios of 1.54 and higher [18]. No significant evidence of the 

presence of higher amounts of unreacted lime was, however, observed in the samples 

incorporating nitrobenzoic acid. It is, therefore, suggested that higher concentrations of 

nitrobenzoic acid possibly only resulted in the organic/inorganic phase separation, and did 

not interfere with the pozzolanic reaction. 

 

4.3.3 Fourier transform infrared spectroscopy  

The FTIR spectra of the phase pure C-S-H and the C-S-H/NBA samples are presented in 

Figure 4-4. The peaks at the frequencies of about 820 cm
-1

 and 988 cm
-1

 in the FTIR 

spectra of the phase pure C-S-H are assigned to the Si-O stretching of Q
1
 and Q

2
 tetrahedra, 

respectively [18]. The peak at 820 cm
-1

 was reduced in intensity, and appeared as a 

shoulder at about 821 cm
-1

 in the sample with 2-nitrobenzoic acid (NBA/Ca = 0.01) due to 

the interaction of the 2-nitrobenzoic acid molecule with the Q
1 

tetrahedra in the 

nanostructure of the host C-S-H. The band at the frequency of about 988 cm
-1 

also shifted 

to 989 cm
-1

. The change in the location of these peaks in the sample incorporating 

3-nitrobenzoic acid (NBA/Ca = 0.01) was small. Two additional peaks, however, were 

detected at the frequencies of 729 and 1365 cm
-1

. These peaks, respectively, correspond to 

the symmetric out of plane wagging and symmetric stretching of NO2 in the 3-nitrobenzoic 

acid [19]. This is in conformity with the XRD pattern of Figure 4-1 which suggests the 

formation of a phase with a limited interaction of organic and inorganic in addition to the 

nanocomposite phase in the sample with 3-nitrobenzoic acid (NBA/Ca = 0.01). The 

location of the peaks corresponding to the Si-O stretching of Q
1
 and Q

2
 was altered, and 

shifted to the frequencies of about 826 cm
-1 

and 985 cm
-1 

due to the interaction with the 
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4-nitrobenzoic acid (NBA/Ca = 0.01). No evidence of the presence of unreacted organic 

was detected in this sample.  

 

Figure 4-4- FTIR spectra of the phase pure C-S-H and the C-S-H/NBA samples with various concentrations 

of nitrobenzoic acid 

 

The location of the peaks corresponding to the Si-O stretching of Q
1
 and Q

2
 in the 

C-S-H/NBA samples with NBA/Ca = 0.02 was very similar to that in the phase pure C-S-H 

likely due to the limited interaction of the organic and inorganic phases in these samples. 

The only exception was the shift of the peak at 988 cm
-1 

in the phase pure C-S-H to
 

959 cm
-1 

in the sample with 2-nitrobenzoic acid (NBA/Ca = 0.02). The relative intensity of 

the Q
2
/Q

1 
peak was also lower in the samples with 2- or 3-nitrobenzoic acid (NBA/Ca = 

0.02) compared to the phase pure C-S-H and other C-S-H/NBA samples. It is, therefore, 

suggested that the silicate tetrahedra are more in the form of dimers in the samples 

incorporating higher amounts of 2- or 3-nitrobenzoic acid. Additional peaks also appeared 

in the FTIR spectra of the C-S-H/NBA samples with NBA/Ca = 0.02 likely due to the 

presence of unreacted organics. The peak at the frequencies of 840 cm
-1

, 825 and 825 cm
-1

 

in the spectra of the samples incorporating 2-, 3-, and 4-nitrobenzoic acid corresponds to 
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the symmetric out of plane wagging of NO2. The peaks at 1369 cm
-1

, 1352 and 1349 cm
-1 

are assigned to the symmetric stretching of NO2, and those at 1535 cm
-1

, 1539 and 

1575 cm
-1 

refer to the asymmetric stretching of NO2 in 2-, 3- and 4-nitrobenzoic acid, 

respectively.  

 

4.3.3 Scanning electron microscopy 

The SEM micrographs of the phase pure C-S-H as well as C-S-H/NBA samples with 

NBA/Ca = 0.01 are presented in Figure 4-5. No significant change in the morphology of the 

samples was observed due to the incorporation of nitrobenzoic acid. The morphology of the 

samples with NBA/Ca = 0.02 was also very similar. However, traces of unreacted organics 

were detected by the Energy Dispersive X-ray technique (EDX) on the sample with 

4-nitrobenzoic acid (NBA/Ca = 0.02). This is an indication of the separation of organic and 

inorganic phases in this sample. 

 

Figure 4-5- SEM micrographs of the phase pure C-S-H and the C-S-H/NBA samples with NBA/Ca = 0.01 
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4.3.4 Surface area 

The surface area measurements for the C-S-H/NBA samples with NBA/Ca = 0.01 was 

considerably lower than that for the phase pure C-S-H (Figure 4-6). It was suggested based 

on the significant difference in the surface area of these phases that the nitrobenzoic acid 

molecules were able to adsorb on the exterior surface of the C-S-H layers and fill the 

surface defects in the structure of C-S-H. As the nitrogen molecules are unable to penetrate 

the interlayer region of C-S-H [20], no conclusion could be made on the possible presence 

of nitrobenzoic acid in the interior surface of the layers based on the nitrogen adsorption 

measurement. The difference in the surface area of the phase pure C-S-H and the 

C-S-H/NBA samples with NBA/Ca = 0.01 was more pronounced for the sample 

incorporating the 4-nitrobenzoic acid compared to those with 2- or 3-nitrobenzoic acid. 

This may be due to the symmetry in the location of the nitro and carboxylate group in the 

structure of 4-nitrobenzoic acid. The 4-nitrobenzoic acid isomer, therefore, has a higher 

potential to cover the surface defects and to block the spaces between the stacked C-S-H 

layers compared to 2- and 3-nitrobenzoic acid isomers.  

 

Figure 4-6- BET surface area of the phase pure C-S-H and the C-S-H/NBA samples with various 

concentrations of nitrobenzoic acid 

 

 



4. Interaction of NBA with the Structure of C-S-H  

 

84 

 

The surface area detected by the nitrogen adsorption were lower for the samples with 2- or 

3-nitrobenzoic acid (NBA/Ca = 0.02) compared to those for the samples with 

NBA/Ca = 0.01 (Figure 4-6). The sample with 4-nitrobenzoic acid (NBA/Ca = 0.02), 

however, had a higher surface area compared to the sample with lower concentration of 

nitrobenzoic acid. It is likely due to the organic/inorganic phase separation in the sample 

with higher concentration of 4-nitrobenzoic acid as also evidenced by the SEM/EDX 

examination. It appears, based on these results and those obtained by the other techniques, 

that the interaction of 2- and 3- nitrobenzoic acid with the nanostructure of C-S-H would be 

limited when the NBA/Ca = 0.02. These organics, however, are still able to interact with 

C-S-H at the micro-level. Organic/inorganic phase separation, however, occurred at both 

the micro- and nano-scale for the sample with 4-nitrobenzoic acid (NBA/Ca = 0.02).    

  

4.3.5 A model for the C-S-H/NBA system 

A schematic representation of the possible interaction of nitrobenzoic acid with the 

structure of C-S-H is suggested in Figure 4-7. The Feldman-Sereda model [20] was used 

for the nanostructure of C-S-H. It is suggested, based on the results of various 

characterization techniques of this study, that the nitrobenzoic acid molecule with the 

concentration of NBA/Ca = 0.01 is able to interact with the structure of C-S-H in five 

different ways. These include: 

1- intercalation in the interlayer region where the silicate tetrahedra is missing in the 

layered structure of C-S-H,   

2- intercalation in the interlayer region so that the orientation of the benzene group is 

parallel to the layers, 

3- adsorbed on the exterior surface of the layers, 

4- adsorbed at the edge of the layers, and 

5- adsorbed between the stacked C-S-H layers. 

The numbers in the above list also correspond to the locations in the model presented in 

Figure 4-7(a).  

The adsorption of nitrobenzoic acid on the exterior surface of the layers, at the edge of the 

layers and between the stacked C-S-H layers is still possible when NBA/Ca = 0.02. 
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However, the interaction of the organic and inorganic phase is limited, and accumulation of 

the organic phase possibly occurs (see Figure 4-7(b)).  

 

Figure 4-7– Schematic representation of the C-S-H/NBA system, (a) NBA/Ca = 0.01, (b) NBA/Ca = 0.02. 

Numbers in (a) refer to the location of NBA molecules. The location of the accumulation of NBA molecules 

is indicated in (b). 

 

4.4 Conclusions 

The influence of 2-, 3- and 4-nitrobenzoic acid on the structure of C-S-H was investigated. 

Evidence was obtained that nitrobenzoic acid with the concentration of NBA/Ca = 0.01 was 

able to fill/modify the defects on the exterior surface of the C-S-H layers, block the spaces 

between the stacked C-S-H layers, and possibly partially intercalate the interlayer region. 
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This resulted in a slight increase in the basal-spacing of the resulting materials, and 

improved their resistance to dehydration. The interaction of nitrobenzoic acid with the 

C-S-H structure is reduced, and the organic/inorganic phase separation occurs when higher 

concentrations of nitrobenzoic acid are used. It was also observed that the 4-nitrobenzoic 

acid (NBA/Ca = 0.01) was the most effective of the organic molecules investigated to 

interact with the C-S-H structure. Phase separation, however, was more likely to occur in 

the composite material when the concentration of the 4-nitrobenzoic acid was relatively 

high. 
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Chapter 5 

Durability and Mechanical Properties of C-S-H/Nitrobenzoic 

Acid Composite Systems 

 

 

 

 

  

The influence of nitrobenzoic acid on the nanostructure of calcium-silicate-hydrate (C-S-H) 

systems was investigated in the previous chapter. The focus of this chapter is on the 

assessment of durability and mechanical performance of the C-S-H/nitrobenzoic acid 

composite systems. Different nitrobenzoic acid isomers in various concentrations were 

studied. The C-S-H-based preparations were compacted into porous bodies. Their 

dimensional stability and the leaching of calcium ions in aqueous salt solutions containing 

Mg
2+

, Li
+
, Cl

-
 or SO4

2-
 ions were evaluated. The resistance of the compacted samples to the 

diffusion of isopropanol was also obtained by the mass-change measurements. The 

microindentation technique was used also to measure the creep modulus and the hardness 

of the samples. Evidence was obtained that nitrobenzoic acid has the potential to 

significantly improve the durability and mechanical properties of the C-S-H systems. This 

improvement, however, only occurred in the systems with the lower concentration of 

nitrobenzoic acid. The systems with higher concentration of nitrobenzoic acid had poor 

durability and mechanical properties likely due to the limited interaction of the organic and 

inorganic phases in these systems.  

 

5.1 Introduction 

Calcium-silicate-hydrate (C-S-H) is the primary binding phase in hydrated Portland 

cement. It has been modeled as a layered silicate structure [1] with similarities to that in 
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smectite clays. Enhancement of the properties of C-S-H is of practical interest as it has a 

direct influence on the performance of cement-based materials. The use of organic 

compounds to modify the nanostructure of C-S-H was proposed by Matsuyama and Young 

in 1999 [2-5]. Although the formation of organo-smectite clay nanocomposites was 

previously well-established [6-10], it was the first time that a study on the possibility of the 

formation of C-S-H/polymer nanocomposites was reported. Expansion of the basal-spacing 

of C-S-H was observed, and assigned to the intercalation of selected polymers in the 

interlayer space of C-S-H. Not all the polymers, however, were able to intercalate 

depending on their type (anionic, cationic or non-ionic) and molecular size as well as on the 

Ca/Si ratio of the host C-S-H.  

The possibility of interaction of organic compounds with the nanostructure of C-S-H has 

been the subject of several investigations during the past few years [11-16]. Merlin et 

al. [12] suggested that intercalation of polymers in the C-S-H interlayer space is very 

difficult to achieve. They argued that a considerable amount of polymer, however, can be 

adsorbed in the voids between the stacked layers of C-S-H resulting in the formation of a 

“meso-composite” system rather than a nano-composite system. The mechanical 

performance of the meso-composite systems formed, however, was not reported. The 

interaction of organotrialkoxysilane molecules with C-S-H was also studied by several 

researchers [13-15]. The nature of the chemical bonds and the nanostructure of the resulting 

material were critically investigated. An assessment of the engineering performance of 

these systems, however, was not covered. 

In spite of the significant role of mechanical properties and durability of C-S-H on the 

service-life of concrete structures, investigations with the focus on these engineering 

aspects of the C-S-H/organic systems are very limited. Pellenq et al. [17] suggested the 

modulus of elasticity of C-S-H can be increased by as much as 40% to 100% when 

organically modified. Pelisser et al., however, reported that the elastic modulus decreased 

in the organically modified C-S-H nanocomposite [18]. The porosity of the samples, 

however, was not controlled in this study. It has been previously observed that the 

engineering properties are porosity dependent [19].  
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The main objective of this chapter is to assess the mechanical performance and durability of 

C-S-H/nitrobenzoic acid (C-S-H/NBA) nanocomposite systems. Synthesis and 

characterization of these systems were reported in chapters 3 and 4. A model for the 

nanostructure of C-S-H/NBA.01 systems (C-S-H/NBA with NBA/Ca = 0.01) and the 

C-S-H/NBA.02 systems (C-S-H/NBA with NBA/Ca = 0.02) was suggested. The 

nitrobenzoic acid, based on this model, can interact with the nanostructure of C-S-H in 

different ways. These include the intercalation in the interlayer space of C-S-H as well as 

the adsorption on the surface of the layers, at the edges of the layers or between the stacked 

layers of C-S-H. The interaction of organic and inorganic phases in C-S-H/NBA.02 

systems, however, is very limited. Local accumulation of organics on the surface of the 

C-S-H layers, at the layer edges or between the stacked layers of C-S-H is expected in these 

systems.  

Porous bodies of the samples were prepared by the compaction technique in the current 

study and their length-change in the concentrated solutions of magnesium chloride 

(MgCl2), magnesium sulfate (MgSO4) and lithium chloride (LiCl) solutions were 

monitored. The concentration of calcium ions leached out of the samples during the 

immersion in the LiCl and MgCl2 solutions was measured and compared with the length-

change measurements. Diffusion of isopropanol into the porous structure of the samples 

was also evaluated. The creep modulus and the hardness of the samples were determined 

using the microindentation technique.   

 

5.2 Experimental program 

5.2.1  Materials 

Phase pure C-S-H and CSH/NBA systems (Ca/Si = 1.5) were synthesized using the 

pozzolanic reaction technique described in chapter 3. Either of 2-, 3- or 4-nitrobenzoic acid 

isomers (reagent grade, Sigma-Aldrich) with the concentration of 0.01 or 0.02 mol. per 

mol. of Ca was pre-mixed with water to prepare the C-S-H/NBA systems. 
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5.2.2 Experiments 

Powders of the phase pure C-S-H and C-S-H/NBA.01 (C-S-H with 0.01 mol. of 

nitrobenzoic acid per mol. of Ca) systems were compacted into porous bodies in the form 

of circular discs (32 mm in diameter × 1 mm thick). The compaction pressure was adjusted 

to obtain a porosity of about 30% for all the samples as determined using a Beckman 

helium pycnometer to measure the solid volume [20, 21]. The powders of C-S-H/NBA.02 

(C-S-H with 0.02 mol. of nitrobenzoic acid per mol. of Ca) systems were compacted with a 

similar load to the C-S-H/NBA.01 systems. A porosity of 15%-18% was determined for the 

C-S-H/NBA.02 compacted samples using the helium pycnometer method. All the 

compacted samples were conditioned at the 11% relative humidity for an additional two 

weeks to reach equilibrium. The details of the tests performed are as follows: 

 

Length-change measurement  

Rectangular prisms (5 mm × 25 mm × 1 mm) were cut from the compacted discs and 

mounted on modified Tuckerman extensometers (see chapter 3). These were, then, placed 

in small vessels containing the test solutions so that the specimens were completely 

immersed. Aqueous solutions of MgCl2, MgSO4 and LiCl with a concentration of 15 mg/l 

were used as the test solution. The ratio of the solid to the solution was 1 g of solid per 50 

ml of the solution. The whole set-up was placed in sealed desiccators containing the same 

salt solution as the test solution to prevent any change in the solution level due to 

evaporation. The length-change of the samples in each solution was measured up to 7 days.  

 

Calcium ion concentration 

Small prisms of the compacted samples were cut and immersed in 20 ml of the LiCl or 

MgCl2 solution (15 g/l). The solution was continuously stirred using a magnetic stirrer 

(Fisher Scientific) with the speed of 250 rpm. The ratio of the sample mass to the solution 

volume was the same as that used in the length-change measurements (1 g of solid per 

50 ml of the solution). The concentration of the calcium ions released into the solution was 

recorded using a Metrohm Titrando titration instrument during the first 30 min after the 

immersion. The measurements after 30 min were not utilized due to a possible deposit of 
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calcite in the test solution. The calcium leaching in MgSO4 was not measured because of 

the rapid precipitation of gypsum.   

 

Diffusion of isopropanol 

The diffusion of isopropanol into the compacted samples was evaluated by the 

measurement of the mass-change of the compacted samples following immersion in the 

isopropanol. A schematic of the test set-up is presented in Figure 3-6. A small stainless 

steel basket was attached to a balance by steel wires, and immersed in 450 ml of anhydrous 

isopropanol (Reagent grade, Fischer Scientific). The compacted circular samples (32 mm in 

diameter × 1 mm thick) conditioned to 11% relative humidity were placed in the basket at 

the depth of 20 mm from the free surface of the isopropanol solution (so that about 100 ml 

of the isopropanol covered the samples). The mass-change of the samples in isopropanol 

was monitored until a plateau was achieved at about 2 hours. It was previously suggested 

that diffusion of isopropanol in saturated cement paste samples can be successfully used to 

evaluate resistance of the samples to the chloride diffusion [22]. 

 

Microindentation measurements  

The microindentation tests were performed using a CSM Instruments Indentation Tester. 

Measurements were conducted using a Berkovich indenter which has the same projected 

area-to-depth ratio as a Vickers indenter. The whole apparatus is housed in an 

environmental chamber. Circular compacted samples equilibrated at the relative humidity 

of 11% were used for the microindentation measurements.  

A total of 25 indents were obtained on each sample. The indentation depth (h) was recorded 

as a function of time at the maximum load of 1 N for a 600 s dwell period. The loading rate 

was 2 N/min. The creep was determined by curve fitting of the indentation-depth versus 

time curves during the loading period by the following equation: 

4321 )1ln()( xtxtxxth 
 

The creep modulus, C, was then calculated from: 



5. Durability and Mechanical Properties of C-S-H/NBA Systems  

 

94 

 

)2( 1max xaPC u
 

 where maxP is the maximum load and   2/1cu aa  . ca  is the projected area of contact 

between the indenter probe and the indenter surface. It is determined using the Oliver and 

Pharr method as a function of the maximum indentation depth [23]. The creep modulus 

parameter was first introduced by Vandamme and Ulm [24]. Higher values of creep 

modulus of materials correspond to lower values creep rate under loading. In addition, the 

indentation hardness (H) was obtained from the software by caPH  . 

  

5.3 Results 

5.3.1 C-S-H/NBA.01 systems  

Length-change in aggressive test solutions 

The length-change values of the phase pure C-S-H and C-S-H/NBA.01 systems after 1 day 

and 7 days of immersion in LiCl, MgCl2, and MgSO4 solutions are presented in Figure 5-1. 

It was observed that the length-change of the C-S-H/NBA.01 systems in all the test 

solutions was significantly lower than that of the phase pure C-S-H after 1 day of 

immersion. For example, the 1 day length-change values of the C-S-H with 2-, 3- and 4-

nitrobenzoic acid (NBA/Ca = 0.01) was, respectively, about 18%, 20% and 40% lower than 

that of the phase pure C-S-H in the LiCl solution. The C-S-H system with 4-nitrobenzoic 

acid exhibited the lowest length-change values compared to those with 2- or 3-nitrobenzoic 

acid. 
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Figure 5-1- Length-change of the phase pure C-S-H and the C-S-H/NBA.01 systems after 1 d and 7 d of 

immersion in (a) LiCl, (b) MgCl2, and (c) MgSO4 solutions 

  

Not all types of the nitrobenzoic acid were effective in limiting the length-change of the 

systems during the long-term exposure to the test solutions. The length-change of the 

C-S-H system with 2-nitrobenzoic acid was similar to that of the phase pure C-S-H after 

7 days of immersion in MgCl2 solution. The length-change values of this sample were even 

higher than that of the phase pure C-S-H after 7 days of immersion in MgSO4 solution. The 

length-change values of the systems with 3-nitrobenozic acid were lower than those of 

phase pure C-S-H in all the test solutions after 7 days. The C-S-H system with 

4-nitrobenzoic acid had even lower values of the length-change. The 7-day length-change 

of the C-S-H/4NBA.01 sample was lower than that of the phase pure C-S-H in LiCl, MgCl2 

and MgSO4 solutions by 20%, 10% and 24%, respectively. 

Calcium-leaching due to the immersion of the C-S-H-based systems in the aqueous 

solutions is possibly an important mechanism underlying their expansion. Penetration of 

   ( a )   ( b ) 

 ( c ) 
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water and ionic species available in the test solution into the pore structure of the 

compacted samples is also a major cause of expansion. It is suggested that the nitrobenzoic 

acid possibly filled the gaps (due to missing bridging silicate tetrahedra), and also blocked 

entry into the stacked layers of C-S-H. This mechanism could possibly limit the calcium-

leaching from the C-S-H layers as well as the penetration of water and ionic species into 

the pore structure of the C-S-H-based systems resulting in the lower length-change of the 

samples incorporating nitrobenzoic acid during the immersion in the test solutions. It is also 

suggested that the 4-nitrobenzoic acid was the most effective among other types 

nitrobenzoic acid possibly because of the opposite side locations of the nitro and the 

carboxylic groups in its structure. These functional groups are located beside each other in 

the structure of the 2-nitrobenzoic acid molecule. This may have resulted in the lower 

efficiency of the 2-nitrobenzoic acid in reducing the length-change values during the long-

term immersion in the test solutions.  

 

Calcium ion concentration 

The concentration of calcium ions leached-out of the C-S-H-based systems due to the 

immersion in the LiCl and MgCl2 solutions after 30 min is presented in Figure 5-2. These 

values were compared with the length-change measurements during the similar immersion 

conditions. It was suggested that, in general, the samples which experienced higher values 

of calcium leaching in a test solution also had higher values of length-change although 

there was not a direct correlation between the calcium leaching and the length-change 

measurements. The concentration of calcium ion leached-out due to the immersion of the 

C-S-H system with 2-nitrobenzoic acid (NBA/Ca = 0.01) was similar to that leached-out 

due to the immersion of the phase pure C-S-H. The leaching of calcium ions occurred due 

to the immersion of the C-S-H systems with 3- or 4-nitrobenzoic acid, however, was 

considerably lower. It is possible that these nitrobenzoic acid isomers blocked the escape 

boundaries of the calcium ions in the structure of C-S-H. This could be due to the presence 

of the nitrobenzoic acid in the interlayer space or between the stacked layers of C-S-H in 

these systems. They both could limit the amount of calcium ions leached-out to the 

solution. 
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Figure 5-2- Concentration of calcium ions and length-change of the phase pure C-S-H and the C-S-H/NBA.01 

systems after 30 min of immersion in (a) LiCl, and (b) MgCl2 solutions 

  

 

Mass-change in isopropanol 

The mass-change of the C-S-H-based systems following the immersion in isopropanol is 

presented in Figure 5-3. In general, two distinct stages were observed in the mass-change 

curves of the samples: stage I, where the samples exhibited a significant mass-increase due 

to the diffusion of isopropanol into their pore structure, and stage II where the mass was 

gradually reduced due to the solvent-exchange in the pore structure of the samples and the 

partial removal of the interlayer water by the isopropanol. The quantity of the isopropanol 

diffused in the C-S-H systems with 3- or 4- nitrobenzoic acid (NBA/Ca = 0.01) in both 

stages was lower than that diffused in the phase pure C-S-H. It is, therefore, suggested that 

the size and connectivity of the pores in the structure of these systems are such that less 

pores are accessible to the isopropanol. In addition, a lower amount of water can be 

removed from the interlayer space of the C-S-H/3NBA.01 and C-S-H/4NBA.01 systems by 

the isopropanol. These two are a result of the blockage of the pores and entry locations of 

the C-S-H layers by the nitrobenzoic acid compound. In addition, it is likely that the 3- and 

4-nitrobenzoic acid isomers are able to fill some of the defects in the layered structure of 

C-S-H. These defects could act as the escape points of the interlayer water to the larger 

pores. In addition, it was observed that the 4-nitrobenzoic acid was more effective than the 

3-nitrobenzoic acid in “sealing” of the pore structure of C-S-H to the diffusion of 

isopropanol.  

  ( a ) ( b ) 
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Figure 5-3- Mass-change of C-S-H/NBA.01 systems in isopropanol in comparison with that of the phase pure 

C-S-H. (a) C-S-H/2NBA.01, (b) C-S-H/3NBA.01 and (c) C-S-H/4NBA.01 

 

The 2-nitrobenzoic aid was effective in reducing the diffusion of isopropanol in the C-S-H-

based system during the first minutes following the immersion. More pores, however, 

became accessible to the isopropanol by increasing the immersion time so that the mass of 

the C-S-H/2NBA.01 sample was very similar to that of the phase pure C-S-H after about 

45 min of immersion (Figure 5-3(a)). This is consistent with the results of the length-

change measurements presented in Figure 5-1. It was shown that the C-S-H/2NBA.01 

samples had lower values of length-change compared to those of the phase pure C-S-H 

after 1 day of immersion in the test solutions. These samples, however, had similar or 

higher values of length-change than the phase pure C-S-H when the immersion time was 

( a ) ( b ) 

( c ) 



5. Durability and Mechanical Properties of C-S-H/NBA Systems  

 

99 

 

increased to 7 days. This could be due to a rearrangement of the 2-nitrobenzoic acid 

molecules in the structure of C-S-H/2NBA.01 system during the increased period of 

immersion of the sample in the alcohol or the aqueous test solution. 

 

Microindentation  

Creep modulus and hardness data for the phase pure C-S-H and C-S-H/NBA.01 systems 

are presented in Figure 5-4. The creep (that varies inversely with creep modulus) of the 

C-S-H/NBA.01 systems was generally lower than that of the phase pure C-S-H. The sample 

with 4-nitrobenzoic acid (NBA/Ca = 0.01) had the lowest creep. It has been suggested that 

the creep of C-S-H-based materials involves the sliding of the C-S-H layers against each 

other [25]. The interaction of nitrobenzoic acid with C-S-H could “interlock” the C-S-H 

layers, and limit their sliding. This would result in lower values of creep rate of the samples 

with nitrobenzoic acid. The opposite location of the carboxylate and nitro groups in the 

4-nitrobenozic acid molecule may contribute to the increased effect of the 4-nitrobenozic 

acid in limiting the sliding of the C-S-H layers and reducing the creep. The hardness of the 

C-S-H/4NBA.01 sample was also considerably higher than that of the phase pure C-S-H 

possibly due to the same mechanism. The hardness of the C-S-H/2NBA.01 sample was 

low. This may be due to the rearrangement of the 2-nitrobenzoic acid under long-term 

loading resulting in a higher ultimate indentation value. 

 

Figure 5-4- Creep modulus and hardness of the phase pure C-S-H and the C-S-H/NBA.01 systems  
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5.3.2 C-S-H/NBA.02 systems  

Length-change in aggressive test solutions 

The length-change results of the phase pure C-S-H and the C-S-H/NBA.02 systems in LiCl 

and MgSO4 solutions are presented in Figure 5-5. The incorporation of a higher 

concentration of nitrobenzoic acid was not effective in reducing the length-change of the 

C-S-H-based systems. Especially in the MgSO4 solution, the length-change of the samples 

with nitrobenzoic acid (NBA/Ca = 0.02) was considerably higher than those for the phase 

pure C-S-H. It was previously suggested that the nitrobenzoic acid compound in the 

C-S-H/NBA.02 systems has limited interaction with the nanostructure of C-S-H, and is 

mainly accumulated on the surface of the layers or between the stacked layers of C-S-H. 

The leaching of nitrobenzoic acid in the test solution or other possible reaction of this 

compound with the solution may have resulted in the significant expansion of the 

C-S-H/NBA.02 systems. 

 

Figure 5-5- Length-change of the phase pure C-S-H and the C-S-H/NBA.02 systems after 1 d and 7 d of 

immersion in (a) LiCl and (b) MgSO4 solutions 

 

 

Calcium ion concentration 

The concentration of calcium ions leached-out of the C-S-H/NBA.02 systems due to the 

immersion in LiCl was very similar to that of the phase pure C-S-H (Figure 5-6). The 

higher concentration of nitrobenzoic acid was, therefore, not effective in reducing the 

( a ) ( b ) 
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calcium-leaching from the C-S-H-based systems. This may also be due to the limited 

interaction of organic and inorganic phases in the structure of the C-S-H/NBA.02 systems. 

 

Figure 5-6- Concentration of calcium ions and length-change of the phase pure C-S-H and the C-S-H/NBA.02 

systems after 30 min of immersion in LiCl solution 

 

 

Mass-change in isopropanol 

The mass-change values of the C-S-H/NBA.02 systems in isopropanol were lower than that 

of the phase pure C-S-H. Especially the mass-changes were relatively small during the 

second stage of the measurements. This likely occurred due to the blockage of the entries of 

the C-S-H layers by the nitrobenzoic acid in the structure of the C-S-H/NBA.02 systems. 

The mass-change measurements are in conformity with the helium pycnometer results 

indicating a reduced pore volume of the C-S-H/NBA.02 systems.  
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Figure 5-7- Mass-change of C-S-H/NBA.02 systems in isopropanol in comparison with that of the phase pure 

C-S-H. (a) C-S-H/2NBA.02, (b) C-S-H/3NBA.02 and (c) C-S-H/4NBA.02 

 

 

Microindentation 

The creep modulus and hardness of the C-S-H/NBA.02 systems were considerably lower 

than those of the phase pure C-S-H (Figure 5-8). Poor mechanical performance of these 

samples could also be explained by the separation of organic and inorganic phases. In 

addition, it was previously suggested based on the analysis of FTIR spectra that the silicate 

chains contain more dimers in the structure of C-S-H/NBA.02 systems (see chapter 4). This 

 ( a ) ( b ) 

( c ) 
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could result in a lower resistance of the silicate sheets to sliding in these systems under the 

loading condition.  

 

Figure 5-8- Creep modulus and hardness of the phase pure C-S-H and the C-S-H/NBA.02 systems 

 

5.4 Concluding remarks  

Durability and mechanical performance of C-S-H/NBA systems with two different 

concentrations of nitrobenzoic acid (NBA/Ca = 0.01 and 0.02) were investigated. The 

nitrobenzoic acid with the lower concentration contributed to a significant improvement of 

the durability and mechanical performance of the C-S-H systems. New evidence of the 

interaction of nitrobenzoic acid with the nanostructure of C-S-H (partial intercalation as 

well as surface adsorption) in these systems was consistent with the results of previous 

studies. The C-S-H/NBA.02 systems, however, had poor durability and mechanical 

performance. This could also be explained by the previous model proposed for the 

nanostructure of these systems. It was suggested that in this model the organic and 

inorganic phases have limited interaction in the structure of the C-S-H/NBA.02 systems, 

and nitrobenzoic acid molecules are mainly accumulated at the surface of the C-S-H layers, 

at the edge of the layers or between the stacked layers of C-S-H.  
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Chapter 6 

Characteristics and Engineering Performance of 

C-S-H/Aminobenzoic Acid Composite Systems 

 

 

 

 

  

Calcium-silicate-hydrate/aminobenzoic acid (C-S-H/ABA) composite systems were 

synthesized and characterized for the first time. Each of 3- or 4-aminobenzoic acid with a 

concentration of 0.01 mol. per mol. of Ca was added to the C-S-H preparations during their 

hydration. The C-S-H/ABA systems were filtered and dried after three weeks. These were, 

then, characterized by X-ray diffraction, Fourier transform infrared spectroscopy and 

nitrogen adsorption analysis. Porous bodies were also prepared from C-S-H/ABA 

compacted powders and used for the length-change and mass-change measurements in 

different test solutions. In addition, the microindentation technique was used to determine 

the creep modulus and hardness of the compacted samples. It is suggested that the C-S-

H/ABA systems had improved durability and enhanced mechanical properties compared to 

the phase pure C-S-H reference materials. The influence of the 3- and 4-aminobenozic acid 

on durability factors was similar. The C-S-H/3ABA, however, had superior mechanical 

performance.      

 

6.1 Introduction 

Calcium-silicate-hydrate (C-S-H) is the primary binding phase in the hydrated Portland 

cement. The improvement of properties of C-S-H is of significant interest as it can directly 

influence the performance of cement-based construction materials. Modification of the 
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nanostructure of C-S-H by organic compounds is likely to be a promising approach to 

achieve this goal [1-5]. Several organic compounds have been previously used successfully 

to modify/improve the nanostructure of smectic clays [6-9]. The use of these organics for 

the modification of the C-S-H structure has potential based on the similarities between the 

layered structure of C-S-H and that of the smectic clays [10-11].    

Several studies have been conducted during the past two decades with a focus on the 

physico-chemistry of the C-S-H/organic systems. In spite of this work, the nature of the 

various types of interaction of organic compounds with the structure of C-S-H is still 

unclear. It was suggested by Matsuyama and Young [1-3] that certain polymers are able to 

intercalate the interlayer region of C-S-H systems prepared by the precipitation technique. 

More recent investigations, however, provided evidence that the intercalation of organic 

compounds in the layered structure of C-S-H is much more difficult than that in smectic 

clays. It was suggested by Merlin et al. [12] that this could be due to the higher charge of 

the layers in the C-S-H structure and the localization of the charge on the surface of the 

layers in the structure of C-S-H as opposed to the distribution of the charge within the 

layers as is the case for smectic clays. These two reasons could make the intercalation very 

difficult to achieve. It was, however, observed that a significant amount of the organics 

could be adsorbed in the stacked layers of C-S-H. In addition, it was suggested by Minet et 

al. [13, 14] that trialkoxysilane compounds were able to form covalent bonds with silicate 

tetrahedra in the structure of C-S-H. The formation of these bonds was more probable when 

these organic compounds had a smaller size. A comprehensive investigation of the 

characteristics of covalent-bonded polymer-C-S-H composites was also provided by 

Franceschini et al. [15]. A study of the engineering performance of these composite 

systems, however, is still lacking.  

It was suggested in chapter 4 that different isomers of nitrobenzoic acid could be 

successfully used to interact with the nanostructure of C-S-H. Significant improvement of 

the durability and mechanical performance of the C-S-H-based systems was observed due 

to the incorporation of nitrobenzoic acid with the concentration of 0.01 mol. per mol. of Ca 

of the C-S-H (see chapter 5). Aminobenzoic acid (ABA) has a similar molecular size and 

structure to the nitrobenzoic acid (NBA). However, the amino group is electropositive and 

an activating group of the aromatic ring. This is opposite to the electronegative properties 
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of the nitro group resulting in deactivation of the aromatic ring in the nitrobenzoic acid 

molecule [16, 17]. It has been suggested that the acidity of the aminobenzoic acid isomers, 

increases in the order of 3ABA > 4ABA > 2ABA [17]. The acidity of the nitrobenzoic acid 

isomers, however, increases in the opposite order (2NBA > 4NBA > 3NBA) [16].  

The main objective of this study is to explore the influence of aminobenzoic acid on the 

microstructure and engineering properties of C-S-H systems. The C-S-H/3ABA and 

C-S-H/4ABA systems were synthesized using a pozzolanic reaction technique. Their 

characteristics and engineering performance were compared with those obtained for the 

phase pure C-S-H. 

 

6.2 Experimental program 

6.2.1 Materials 

Phase pure C-S-H, C-S-H/3ABA and C-S-H/4ABA systems (Ca/Si = 1.5) were synthesized 

using the pozzolanic reaction technique described in chapter 3. Either of 3- or 4-

aminobenzoic acid (reagent grade, Sigma-Aldrich) with the concentration of 0.01 mol. per 

mol. of Ca (in the C-S-H) was pre-mixed with the water to prepare the C-S-H/ABA 

systems. The C-S-H/3ABA and C-S-H/4ABA systems had a pinkish and yellowish color, 

respectively, which was different from the white color of the phase pure C-S-H. 

 

6.2.2 Experiments 

All the C-S-H-based systems were characterized using X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR) and nitrogen adsorption analysis. Circular 

compacted samples of the powder were also prepared with a porosity of about 30% 

determined using the helium pycnometer technique [18]. Length-change of the compacted 

samples in MgSO4 and LiCl solutions (15 g/l) was measured up to 7 days. The mass-

change of the samples in isopropanol was also determined as an estimation of the resistance 

of the samples to the diffusion of aggressive ions. The microindentation technique was also 
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used to measure the creep modulus and hardness of the compacted samples. Details of the 

experiments are as following: 

XRD - The X-ray diffraction pattern of the C-S-H-based systems was acquired using a 

Scintag XDS 2000 diffractometer (CuKα radiation). The test was performed in a 2θ ranging 

4˚ < 2θ <15˚, with a step size of 0.03˚ and a 5 second count interval to detect the changes in 

the basal-spacing (d002) peak.  

FTIR – FTIR spectra of the powders were collected between 4000 and 400 cm
-1

 using a 

Thermo scientific Nicolet™ iS™50R instrument in ATR mode. Each FTIR spectrum 

represented the average of 32 scans at 4 cm
-1

 resolution. Air was used as a background for 

the measurements. 

Nitrogen adsorption - The nitrogen adsorption measurements were obtained using a 

Quantachrome instrument NOVA 2200e surface area and pore size analyzer. The samples 

were vacuum dried at 110 C for three hours prior to starting the tests. Then, the nitrogen 

BET (Brunauer-Emmett-Teller) surface area analysis was performed on each sample. 

Diffusion of isopropanol - The diffusion of isopropanol into the compacted samples was 

evaluated by the measurement of the mass-change of the samples following immersion in 

the isopropanol. Each compacted circular sample preconditioned to 11% relative humidity 

was placed in a small stainless steel basket, and immersed in 450 ml of anhydrous 

isopropanol (Reagent grade, Fischer Scientific). About 100 ml of the isopropanol covered 

the samples. The set-up was attached to a balance and a data recorder to measure the mass-

change of the samples for two hours after the immersion. Diffusion of isopropanol in 

saturated cement paste samples was previously used successfully to evaluate the resistance 

of the samples to the diffusion of chloride ion [19]. 

Length-change measurements – Prisms (5 mm × 25 mm × 1 mm) were cut from the 

compacted discs and mounted on modified Tuckerman extensometers. Strains were 

determined with an accuracy of 1 microstrain [20, 21]. These were, then, placed in small 

vessels containing the test solutions so that the specimens were completely immersed. 

Aqueous solutions of MgSO4 and LiCl with a concentration of 15 g/l were used as the test 
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solution. The ratio of the mass of solid to the volume of solution was 1 g of solid per 50 ml 

of the solution. The vessels were placed in sealed desiccators containing the same salt 

solution as the test solution to avoid evaporation. The length-change of the samples in each 

solution was measured up to 7 days. 

Microindentation measurements - The microindentation tests were performed using a 

CSM Instruments Indentation Tester. A Berkovich indenter was used for the measurements. 

The whole apparatus is housed in an environmental chamber. Circular compacted samples 

equilibrated at a relative humidity of 11% were used for the microindentation 

measurements.  

A total of 25 indents were obtained on each sample. The indentation depth (h) was recorded 

as a function of time (t) at the maximum load of 1 N for a 600 s dwell period. The loading 

rate was 2 N/min. The creep was determined by curve fitting of the indentation-depth 

versus time curves during the loading period using 4321 )1ln()( xtxtxxth  . The 

creep modulus, C, was then calculated from )2( 1max xaPC u  where maxP is the maximum 

load and   2/1
cu aa  . ca  is the projected area of contact between the indenter probe and 

the indenter surface. It is determined using the Oliver and Pharr method as a function of the 

maximum indentation depth [22]. In addition, the indentation hardness (H) was obtained 

from the software by caPH  . 

    

6.3 Results 

6.3.1  XRD 

The XRD patterns of the phase pure C-S-H and C-S-H/ABA systems are presented in 

Figure 6-1. The d002 basal-spacing increased from 1.10 nm in the phase pure C-S-H to 

1.13 nm and 1.17 nm in the C-S-H/3ABA and C-S-H/4ABA systems, respectively. An 

additional small peak was also observed at about 1.18 nm in the XRD pattern of the 

C-S-H/3ABA system. It was likely due to the occurrence of a second configuration of the 

3-aminobenzoic acid molecule in the structure of C-S-H/3ABA system. The small 

increment in the basal-spacing might have been due to the adsorption of the aminobenzoic 
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acid at the entry locations of the C-S-H layers. Partial intercalation of the aminobenzoic 

acid was also possible because of the small size of this compound and also the relatively 

large number of defect locations in the structure of C-S-H with Ca/Si ratio of 1.5. The 

aminobenzoic acid could also be adsorbed between the stacked layers of C-S-H without any 

significant change in the basal-spacing. It is also noted that locations of the d002 basal-

spacing of the C-S-H/3ABA and C-S-H/4ABA systems were similar to those observed for 

the C-S-H/3NBA and C-S-H/4NBA systems, respectively, reported in chapter 4. This could 

be expected due to the similar size and structure of the aminobenzoic acid and the 

nitrobenzoic acid compounds. 

 

Figure 6-1- XRD patterns of the phase pure C-S-H and the C-S-H/ABA systems 

 

6.3.2 FTIR 

The FTIR spectra of the C-S-H/ABA systems were generally similar to that of the phase 

pure C-S-H (Figure 6-2). The peaks at the wavelengths of 820 cm
-1

 and 988 cm
-1

 in the 

structure of C-S-H are assigned to the Si-O stretching of Q
1
 and Q

2
, respectively [23]. The 
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locations of these peaks were shifted slightly to the lower wavelengths (816 cm
-1

 and 

983 cm
-1

) in the systems with 3- or 4-aminobenozic acid. In addition, the ratio of Q
2
/Q

1 

peaks are slightly larger in the C-S-H/ABA systems compared to that in the phase pure 

C S-H.  

The peak at about 3645 cm
-1

 is sharper in the FTIR spectra of C-S-H/ABA systems 

compared to that in the spectra of the phase pure C-S-H. This peak is assigned to the 

relatively weak hydrogen-bonded interlayer water molecules [23]. The higher intensity of 

this peak in the spectra of the C-S-H/ABA systems could be due to some weak hydrogen 

bonding of the aminobenzoic acid with the structure of the host C-S-H. The peak at 

1595 cm
1
 in the FTIR spectra of C-S-H/4ABA can be due to the symmetric in-plane 

deformations of NH2 in the structure of 4-aminobenozic acid [17]. The peaks at the 

wavelengths of about 460 cm
-1

 and 890 cm
-1

 likely correspond to carbonates [23]. The 

higher intensity of these peaks in the FTIR spectra of the phase pure C-S-H was expected 

due to the higher surface area of the phase pure C-S-H compared to the C-S-H/ABA 

systems (see section 3-3). 

  

Figure 6-2- FTIR spectra of the phase pure C-S-H and the C-S-H/ABA systems 
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6.3.3 Nitrogen adsorption analysis 

The BET nitrogen surface area of the phase pure C-S-H and the C-S-H/ABA systems is 

presented in Figure 6-3. The surface area values of the C-S-H systems incorporating 3- and 

4-aminobenozic acid were very similar (35.6 m
2
/g and 34.5 m

2
/g for the C-S-H/3NBA and 

C-S-H/4NBA system, respectively). These values were significantly lower than that 

measured for the phase pure C-S-H (69.0 m
2
/g). The significantly lower values of the 

surface area of the C-S-H/ABA systems provide evidence of the adsorption of the 

aminobenzoic acid on the exterior surface of the C-S-H layers, and the blockage of the pore 

structure of the C-S-H by this organic compound. It is also noted that the surface area 

values of the C-S-H/ABA systems were smaller than that previously reported for the 

C-S-H/3NBA (61.2 m
2
/g) and larger than that for the C-S-H/4NBA system (32.0 m

2
/g).  

 

Figure 6-3- BET nitrogen surface area of the phase pure C-S-H and the C-S-H/ABA systems 

 

6.3.4 Diffusion of isopropanol 

The mass-change of the C-S-H-based systems due to the immersion in the isopropanol is 

shown in Figure 6-4. The increase in the mass of the C-S-H-based systems during the first 

10 min after the immersion is due to the filling of the large pores by the isopropanol. The 

mass-reduction followed could be due to the exchange of water with the isopropanol and 

the removal of the interlayer water. The mass-change values of the C-S-H/3ABA and C-S-

H/4ABA systems were very similar, and significantly lower than that of the phase pure C-
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S-H. This could be due to filling of some defect locations in the pore structure of C-S-H by 

the 3- and 4-aminobenzoic acid. Fewer pores were, therefore, accessible to the isopropanol 

in the C-S-H/3ABA and C-S-H/4ABA systems. 

   

Figure 6-4- Mass-change of the phase pure C-S-H and the C-S-H/ABA systems in isopropanol 

 

 

6.3.5 Length-change in the test solutions 

The length-change values of the C-S-H/3ABA and C-S-H/4ABA systems in the test 

solutions were very similar, and significantly lower than those for the phase pure C-S-H 

(Figure 6-5). In the MgSO4 solution, for example, the length-change values of the C-S-H 

systems with either of the 3- or 4-aminobenzoic acid were lower than those for the phase 

pure C-S-H by 28% and 36% after 1 day and 7 days of immersion, respectively. It has been 

suggested that leaching of calcium ions from the structure of C-S-H accompanied by the 

penetration of water and ionic species are the primary mechanisms of the expansion of the 

C-S-H-based systems in the aqueous solutions (see chapter 5). The two isomers of 

aminobenzoic acid likely filled the defect locations and blocked some of the pores in the 

structure of C-S-H. These could have limited both the mechanisms responsible for the 

expansions. In addition, the length-change values of the C-S-H/3ABA and C-S-H/4ABA 

systems were smaller than those of C-S-H/3NBA and larger than C-S-H/4NBA systems.  
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Figure 6-5- Length-change of the phase pure C-S-H and the C-S-H/ABA systems in (a) LiCl and (b) MgSO4 

solutions 

 

6.3.6 Microindentation measurements 

The creep modulus and the hardness of the C-S-H/ABA systems were compared with those 

of the phase pure C-S-H in Figures 6-6 and 6-7. It was observed that the creep modulus of 

the C-S-H/3ABA system (80.8 GPa) was considerably higher than those of the 

C-S-H/4ABA (68.8 GPa) which in turn was higher than that for the phase pure C-S-H 

(63.4 GPa). The same trend was observed for the hardness of these systems. It has been 

suggested that the sliding of the silicate sheets in the nanostructure of C-S-H is the primary 

mechanism responsible for the creep of C-S-H systems [24]. The use of the 3- and 

4-aminobenzoic acid likely limited the sliding of the C-S-H sheets resulting in a lower 

creep rate (higher creep modulus) of the systems. The dipole moment and acidity of the 

3-aminobenzoic acid are higher than those of the 4-aminobenozic acid [17]. This likely 

resulted in an increased effect of the 3-aminobenozic acid in blocking of the C-S-H sheets 

to sliding against each other under loading. It was previously observed in chapter 5 that the 

creep modulus of the C-S-H systems with 4- nitrobenzoic acid was higher than that for the 

C-S-H systems with 3-nitrobenzoic acid. This was also likely due to the higher dipole 

moments and acidity of the 4- nitrobenzoic acid compared those for 3- nitrobenzoic acid 

[16].   
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Figure 6-6- Creep Modulus of the phase pure C-S-H and the C-S-H/ABA systems 

 

 

Figure 6-7- Hardness of the phase pure C-S-H and the C-S-H/ABA systems 

 

 

6.4 Concluding remarks 

The effect of 3- and 4-aminobenzoic acid on the microstructure, durability and mechanical 

performance of C-S-H systems was investigated. Evidence was obtained that these isomers 

of aminobenzoic acid were able to modify the microstructure of C-S-H; mainly by the 

adsorption on the surface of the layers and blockage of the stacked layers of C-S-H and 

entry locations to the interlayer region. In addition, the aminobenzoic acid compounds 

likely formed some weak hydrogen bonding with the structure of the host C-S-H. It was 

determined using nitrogen adsorption measurements that the C-S-H/3ABA and 
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C-S-H/4ABA systems had lower values of the surface area compared to those of the phase 

pure C-S-H. The durability parameters and microindentation measurements were also 

improved in the C-S-H/3ABA and C-S-H/4ABA systems.   
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Chapter 7 

Dynamic Mechanical Thermal Analysis of  

Organically Modified Calcium-Silicate-Hydrate Systems 

 

 

 

 

  

The characteristics and engineering performance of calcium-silicate-hydrate (C-S-H) 

systems modified with nitrobenzoic acid (NBA) or aminobenzoic acid (ABA) were studied 

in the previous chapters. Evidence of the improved volume stability, durability and values 

of microindentation creep modulus of the C-S-H/NBA and C-S-H/ABA systems was 

reported. The main objective of this chapter is to evaluate the performance of the 

C-S-H/NBA and C-S-H/ABA systems under dynamic loading at elevated temperatures. 

Dynamic mechanical thermal analysis measurements, at temperatures from 26 to 300 °C 

and frequencies ranging from 0.25 to 2.5 Hz were obtained on the phase pure C-S-H as 

well as the C-S-H/NBA and C-S-H/ABA systems. It is suggested that all the isomers of 

nitrobenzoic acid can improve the storage modulus of the C-S-H systems both at room 

temperature and at the elevated temperatures. The 3-aminobenzoic acid also slightly 

improves the performance of the C-S-H systems upon heating. The improving effect of 

4-aminobenzoic acid, however, is not as significant at higher temperatures. 

 

7.1 Introduction 

Enhancement of the engineering properties of calcium-silicate-hydrate (C-S-H) systems is 

of practical interest as it has a direct influence on the performance of concrete materials. 

The use of organic compounds to modify the structure of C-S-H appears to have potential. 

The organics have long been used for the modification of smectite clays. It was suggested 
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by Matsuyama and Young [1-3] that is it possible to interact organics with the 

nanostructure of C-S-H systems. These results, however, were not validated by those 

obtained later (see Popova et al. [4] and Merlin et al. [5]). In spite of the numerous studies, 

the mechanisms of interaction of organics with the structure of C-S-H are still not fully 

understood. 

The ultimate goal of the formation of C-S-H-based composite systems is to improve the 

engineering performance of these systems with the objective of increasing the service-life 

of concrete structures. The investigations on the engineering properties of the C-S-H-based 

composite systems are very limited in the literature. It has been suggested by Pellenq et al. 

that the organically modified C-S-H systems can have increases in their modulus of 

elasticity values of about 40% to 100% compared to those for phase pure C-S-H [6]. A 

decrease in the modulus of elasticity of C-S-H systems due to the interaction with organic 

polymers, however, was reported by Pelisser et al. [7]. Khoshnazar et al. [8] also studied 

the dynamic mechanical thermal analysis of C-S-H/polyaniline composite systems with 

Ca/Si ratios of 0.8 and 1.2. It was suggested that the storage modulus of these systems was 

improved at temperatures ranging from room temperature up to about 50 °C. No 

improvement was, however, observed at higher temperatures.   

It was recently suggested by Khoshnazar et al. [9] that different nitrobenzoic acid isomers 

have the potential to improve the micro and nanostructure of C-S-H. This effect, however, 

is dependent on the type and the concentration of nitrobenzoic acid isomers. The 

C-S-H/NBA systems had also improved engineering performance and durability [10]. It 

was also observed that aminobenzoic acid isomers can interact with the structure of C-S-H. 

The effect of the 3- and 4-aminobenzoic acid lies between those of the 3- and 

4-nitrobenoaic acid [11]. This chapter was designed to investigate the performance of the 

C-S-H/NBA and C-S-H/ABA systems under dynamic loading coupled with heating. The 

C-S-H-based systems were synthesized and tested by the dynamic mechanical thermal 

analysis technique at various temperatures and frequencies. The change in the storage 

modulus (E’) and internal friction (tan ) was then compared for the different systems. 
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7.2 Experimental program 

The phase pure C-S-H and C-S-H-based composite systems (with Ca/Si = 1.5) were 

synthesized using the pozzolanic reaction technique described in chapter 3. Either of 

nitrobenzoic acid (2-, 3- or 4- isomer) or aminobenzoic acid (3- or 4- isomer) with a 

concentration of 0.01 mol. per mol. of Ca was added to the mixing water to prepare the 

C-S-H/NBA and C-S-H/ABA systems. All the preparations were conditioned at a relative 

humidity of 11% to reach equilibrium prior to testing. The powders were, then, compacted 

into circular discs with a porosity of about 30% using the compaction technique described 

in chapter 3. Prisms with a dimension of 32 mm × 13 mm × 1 mm were then obtained by 

cutting the compacted samples. A Rheometrics RSA III instrument with a three-point 

bending feature was used to obtain the dynamic mechanical response of the samples. All 

the tests were performed using a strain-controlled method. The maximum strain was set at 

0.01%. An initial static load of 10 g was applied on the samples to ensure the contact 

between the upper fixture of the instrument and the surface of the sample throughout 

dynamic loading. The temperature was increased from 26 to 300 °C at a rate of 2 °C/min. 

Tests were carried out at frequencies of 0.1, 0.25, 1.0 and 2.5 Hz. The storage modulus (E’) 

and internal friction (tan ) of samples were recorded at each temperature and frequency. 

 

7.3 Results and Discussion 

7.3.1 C-S-H/NBA systems  

The general trend of the E’ curves was not significantly changed by the variation of the 

load frequency. The E’ values obtained at the higher frequencies were only slightly higher 

than those obtained at the lower frequencies. The E’ values for the phase pure C-S-H and 

C-S-H/NBA systems at two frequencies of 0.1 and 2.5 Hz are presented in Figures 7-1 and 

7-2, as examples. The data obtained at the lowest test frequency (0.1 Hz) is quantitatively 

discussed in this chapter.  
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Figure 7-1- Storage modulus of the phase pure C-S-H and C-S-H/NBA systems versus temperature at the 

frequency of 0.1 Hz 

 

 

Figure 7-2- Storage modulus of the phase pure C-S-H and C-S-H/NBA systems versus temperature at the 

frequency of 2.5 Hz 

 

The initial E’ values of the C-S-H/NBA systems were higher than that of the phase pure 

C-S-H by about 36%, 53% and 55% for the systems incorporating 2-, 3- and 4-nitrobenzoic 

 f = 2.5 Hz 

 

 f = 0.1 Hz 
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acid, respectively (Figure 7-1). The E’ values for all the C-S-H-based systems slightly 

increased by increasing the temperature from 26 °C to 28 °C. The increase of the E’ values 

was significantly higher for the C-S-H/2NBA and C-S-H/3NBA systems (~ 10%) 

compared to that observed for the phase pure C-S-H (~ 2%). This increment was not 

significant for the C-S-H/4NBA system (less than 1%).  

The E’ values decreased gradually by increasing the temperature from 28 °C to about 

60 °C. The reduction of the E’ values of the C-S-H-based systems in this temperature range 

is known to occur due to the removal of the interlayer water from the nanostructure of 

C-S-H [12]. The decrease in the E’ values was generally higher for the C-S-H/NBA 

systems compared to that observed for the phase pure C-S-H. It is possible that the 

nitrobenzoic acid isomers had formed hydrogen bonding with the structure of C-S-H. These 

bonds could break down due to the heating of the samples to about 60 °C. This likely 

resulted in higher decrease of the E’ values for the composite systems. The E’ values of the 

C-S-H/NBA systems, however, remained higher than that of the phase pure C-S-H at all the 

temperatures. The E’ values were slightly recovered for all the C-S-H-based systems upon 

heating beyond 60 °C. This likely occurred due to the decrease of the spacing between the 

silicate sheets and possible cross-linking of the silicate tetrahedra [12]. The increase of the 

E’ values was between 0.5 to 0.9 MPa for different C-S-H-based systems. No significant 

difference was observed between the phase pure C-S-H and C-S-H/NBA systems at this 

stage of drying. 

The tan  curves for the phase pure C-S-H and C-S-H/NBA systems were also generally 

similar at all the test frequencies. The peaks of the tan  curves, however, were better 

defined at the lower frequencies as are shown in Figures 7-3 and 7-4. This is in conformity 

with the results previously reported by Alizadeh et al. [12]. The first peak of the tan  curve 

of the phase pure C-S-H at a frequency of 0.1 Hz occurred at about 54 °C. This peak 

slightly shifted to higher temperatures (~ 60 °C) for the C-S-H/NBA systems. It was 

expected as this peak is assigned to the removal of the interlayer water in the structure of 

the C-S-H-based systems. The results of thermal gravimetric analysis in a previous study 

by the authors [9] also suggest that the removal of the interlayer water of C-S-H/NBA 

systems occurs at slightly higher temperatures compared to that in the phase pure C-S-H. 
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This peak was sharper in C-S-H/3NBA and C-S-H/4NBA systems corresponding to a 

larger decrease in the E’ of these two systems. It was possibly due to the break-down of 

some hydrogen bonding between the nitrobenzoic acid isomers and the C-S-H structure in 

addition to the removal of the interlayer water.  

 

Figure 7-3- tan  curves versus temperature the phase pure C-S-H and C-S-H/NBA systems at the frequency 

of 0.1 Hz 

 

 

Figure 7-4- tan  curves versus temperature the phase pure C-S-H and C-S-H/NBA systems at the frequency 

of 2.5 Hz 

 f = 2.5 Hz 

 

 f = 0.1 Hz 

 



7. DMTA of Organically Modified C-S-H Systems  

 

127 

 

The hump at about 100 °C was better defined in the C-S-H/2NBA and C-S-H/3NBA 

systems (Figure 7-3). The peaks at the temperatures above 120 °C were, however, 

significantly diminished in intensity in the C-S-H/2NBA and C-S-H/4NBA systems. All 

these provide evidence on the structural role of nitrobenzoic acid isomers in the 

C-S-H/NBA composite systems. 

 

7.3.2 C-S-H/ABA systems 

The general trend of the E’ and tan  curves versus temperature were similar at different 

test frequencies. The only difference was that the E’ values were slightly lower and the 

tan  peaks were sharper at the lower frequencies, similar to those observed for the 

C-S-H/NBA systems. The E’ values versus temperature for the phase pure C-S-H and 

C-S-H/ABA systems at a frequency of 0.1 Hz are presented in Figure 7-5. The initial E’ 

values of the C-S-H/3ABA and C-S-H/4ABA were higher than that of the phase pure 

C-S-H by about 35% and 45%, respectively. The increase of the E’ values that occurred by 

increasing the temperature from 26 to 28 °C was also observed for the C-S-H/ABA 

systems. The rate of the decrease of the E’ values due to heating from 28 to 60 °C was 

higher for the C-S-H/3ABA and C-S-H/4ABA systems. The E’ values for the C-S-H/3ABA 

system were still higher than those of the phase pure C-S-H by 18% at the end of this stage 

of drying. For the C-S-H/4ABA system, however, the E’ values dropped to about 5% lower 

than those of the phase pure C-S-H. The E’ of this system was then slightly recovered and 

reached the level of the phase pure C-S-H at about 80 °C. This value remained almost 

constant to the end of the test (300 °C).  

The tan  curves for the phase pure C-S-H and C-S-H/ABA systems at a frequency of 

0.1 Hz are presented in Figure 7-6. The peaks of the tan  curves were generally sharper in 

the C-S-H/ABA systems than those for the phase pure C-S-H at the temperatures up to 

100 °C. This corresponds to the higher decrease of the E’ values of the C-S-H/ABA 

systems in this temperature range.   
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Figure 7-5- Storage modulus of the phase pure C-S-H and C-S-H/ABA systems versus temperature at the 

frequency of 0.1 Hz 

 

 

Figure 7-6- tan  of the phase pure C-S-H and C-S-H/ABA systems versus temperature at the 

frequency of 0.1 Hz 

 

 

 f = 0.1 Hz 

 

 f = 0.1 Hz 
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7.4 Conclusions 

The dynamic mechanical response of the phase pure C-S-H as well as the C-S-H/NBA and 

C-S-H/ABA composite systems were investigated at elevated temperature (up to 300 °C) 

and frequencies ranging from 0.1 to 2.5 Hz. The general response of the C-S-H-based 

systems is not significantly affected by the change of the frequency in the range 

investigated. It is also suggested that nitrobenzoic acid isomers have some structural role in 

the C-S-H/NBA systems. The storage modulus of the C-S-H/NBA systems remained higher 

than that of the phase pure C-S-H throughout the whole heating process. The initial peak of 

the tan  curve was sharper in this range, and slightly shifted to higher temperatures. The 

aminobenzoic acid isomers also generally improved the storage modulus of the C-S-H-

based systems. These compounds were not, however, as effective as the corresponding 

nitrobenzoic acid isomers. 
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Chapter 8 

Fatigue Behaviour of Phase Pure C-S-H and 

C-S-H/Nitrobenzoic Acid Composite Systems 

 

 

 

 

  

The main objective of this chapter is to investigate the performance of C-S-H-based 

systems under repetitive loading. A three-point bending set-up employing a strain-

controlled condition was used for the fatigue analysis. The phase pure C-S-H and 

C-S-H/nitrobenzoic acid systems with a Ca/Si ratio of 1.5 were subjected to various load 

conditions. Comparisons were made based on the change of their storage modulus values 

and the number of cycles required for fracture. In addition, the phase pure C-S-H systems 

with various Ca/Si ratios (0.8, 1.2 and 1.5) and hydration time (from three weeks to 48 

months) were prepared and tested for their dynamic response under repetitive loading. It is 

suggested that the C-S-H/NBA systems have higher fatigue resistance than the phase pure 

C-S-H with a similar Ca/Si ratio and hydration time. In addition, increasing the silicate 

chain length by lowering the Ca/Si ratio (e.g. in the C-S-H system with Ca/Si = 0.8) and by 

increasing hydration time, likely plays a significant role in improving the fatigue resistance 

of the phase pure C-S-H systems. 

 

8.1 Introduction  

Most concrete infrastructure is subjected to repetitive loading during its service-life. The 

study of the fatigue mechanisms of concrete and development of novel cement-based 

materials with increased fatigue-life is, therefore, of practical interest. The general 

performance of concrete under repetitive loading has long been studied. A few mechanisms 
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for the cracking and failure of concrete elements due to fatigue have also been proposed [1-

3]. There are, however, still several uncertainties on how to estimate and improve the 

fatigue-life of concrete materials due to the complex nature of the development and 

propagation of cracks.   

The investigations of the fatigue performance of pure hydrated cement-phases can provide 

the insight required to understand the mechanisms underlying their behavior. They can lead 

to development of novel cement-based materials with improved fatigue behaviour. In spite 

of the valuable results that can be provided, investigations in this field are still lacking in 

the literature.  

Calcium-silicate-hydrate (C-S-H) is the primary binding phase in the hydrated Portland 

cement, and is responsible for most engineering properties of cement paste. Improvement 

of the fatigue performance of C-S-H has, therefore, the potential to increase the service-life 

of cement-based materials. It is suggested that the use of organic compounds is a promising 

approach to reach this goal. Although the mechanisms of interaction of high molecular-

weight organic compounds with the nanostructure of C-S-H are still debatable [4-10], the 

results of recent studies by Khoshnazar et al. [11, 12] have provided evidence that selected 

low molecular-weight organic compounds, such as nitrobenzoic acid, have the potential to 

interact with the structure of C-S-H and significantly improve its durability as well as 

mechanical properties. The evidence includes data obtained using microindentation 

measurements.     

The main objective of the current study is to assess the performance of C-S-H-based 

systems under repetitive bending loads. The experiments were designed to use different 

load conditions in order to investigate the efficiency of using nitrobenzoic acid isomers on 

the fatigue resistance of the C-S-H system with Ca/Si = 1.5. Additional experiments were 

also performed on the phase pure C-S-H systems with various Ca/Si ratios and hydration 

times to further investigate the effect of these parameters on the fatigue performance.  
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8.2 Experiments 

C-S-H-based systems were prepared using the pozzolanic reaction technique described in 

chapter 3. The systems investigated were as follows: 

- C-S-H(1.5) : phase pure C-S-H with Ca/Si ratio of 1.5, hydrated for three weeks,   

- C-S-H(1.5)/NBA : C-S-H/nitrobenzoic acid composite systems with Ca/Si ratio of 1.5 

and 0.01 mol. of nitrobenzoic acid (either of 2-, 3- and 4- isomers) per mol. of Ca. 

These systems were also hydrated for three weeks. 

- C-S-H(1.5)-H48: phase pure C-S-H with Ca/Si  ratio of 1.5, hydrated for 48 months, 

- C-S-H(1.2)-H18 : phase pure C-S-H with Ca/Si  ratio of 1.2, hydrated for 18 months, 

- C-S-H(1.2)-H48 : phase pure C-S-H with Ca/Si  ratio of 1.2, hydrated for 48 months 

and 

- C-S-H(0.8)-H18 : phase pure C-S-H with Ca/Si  ratio of 0.8, hydrated for 18 months. 

All the preparations were conditioned at a relative humidity of 11% to reach equilibrium. 

The powders were, then, compacted into circular discs with a porosity of about 30% using 

the compaction technique described in chapter 3. Prisms with a dimension of 

32 mm × 13 mm × 1 mm were then obtained by cutting the compacted samples. A 

Rheometrics RSA III instrument with a three-point bending feature was used to obtain the 

dynamic mechanical response of the samples. A time-sweep test was performed using a 

strain-controlled method (maximum strain = 0.01%). The change in the storage modulus 

(E’) of the C-S-H-based systems was observed until a fracture occurred or until 200,000 

cycles. Three different sets of experiments were designed. In the first set, the frequency of 

the dynamic load was 10 Hz and an initial static load of 50 g was applied to the specimens 

(the phase pure C-S-H(1.5) and C-S-H(1.5)/NBA systems) in each cycle. This load was 

applied to ensure that satisfactory contact between the upper fixture of the instrument and 

the surface of the sample during dynamic loading. The initial static load was increased to 

80 g in the second experimental set-up. The test was performed on the phase pure C-S-H 

systems, with different Ca/Si ratios and hydration time, at frequencies of 5 and 10 Hz. The 

samples were subjected to a relatively medium static load in addition to the dynamic load 

during the test. An increased initial static load of 100 g was used in the third experimental 
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set-up. The test was performed at frequencies of 2, 5 and 10 Hz on the phase pure 

C-S-H(1.5) and C-S-H(1.5)/NBA systems. The systems were subjected to a relatively 

heavy static load during the whole dynamic loading. This was selected to accelerate the 

crack growth and failure of the C-S-H-based systems. It was previously suggested that the 

mechanisms of fracture of concrete are likely similar under static and dynamic loading [3]. 

 

8.3 Results and discussion 

8.3.1 Fatigue behaviour of C-S-H(1.5) system  

The change in the E’ values by increasing the number of cycles for the phase pure 

C-S-H(1.5) is presented in Figure 8-1. A frequency of 10 Hz was used in these 

experiments. The test was repeated three times using three different values of initial static 

load (50, 80 and 100 g). The initial static load of 50 g was selected to ensure that a contact 

was provided between the upper fixture of the instrument and the surface of the sample 

throughout dynamic loading. The net static load was small during this experiment. The 

sample was subjected to a relatively medium and heavy static load in addition to the 

dynamic load in the experiments with increased initial static load (80 and 100 g).   

 

Figure 8-1- Change in the E’ values of the phase pure C-S-H(1.5) systems by increasing the number of cycles, 

frequency = 10 Hz 

f = 10 Hz 
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The C-S-H(1.5) system, as expected, had a higher resistance to the failure when it was only 

dynamically loaded. Four different stages were observed in the fatigue curve of the C-S-H 

system in this case. In Stage I, from point A to point B, the E’ of the sample increased by 

increasing the number of cycles. High frequency dynamic loading of the C-S-H(1.5) 

sample would result in sliding of the silicate sheets in the nanostructure of C-S-H. The 

spacing of these sheets could be slightly reduced and possible cross-linking of the silicate 

tetrahedra could occur as a result of this sliding during the first cycles. It ultimately 

increased the E’ values of the C-S-H(1.5) system by about 13%.  

In stage II, from point B to C, the E’ of the C-S-H(1.5) system was gradually reduced to 

less than a half of its initial value. Further loading and sliding of the silicate sheets beyond 

point B could result in breaking of some silicate bonds and possibly formation of some 

micro-cracks in the C-S-H(1.5) sample. This resulted in a decrease of the E’ of the sample. 

The E’ values remained almost unchanged in stage III, from point C to D. It is possible that 

the silicate sheets in the structure of C-S-H are in a relatively stable condition. The sliding 

of these sheets against each other, further silicate bond breaking and crack growth was 

limited during this stage. Loading beyond point D, however, resulted in a significant 

formation and propagation of cracks and ultimately failure of the sample (point E).  

Addition of a medium static load to the dynamic load of the sample resulted in a rapid 

break-down of the silicate bonds. The stage II was, therefore, shortened when the initial 

static load was increased to 80 g (Figure 8-1). The stage III was also eliminated in this case, 

and rapid formation and propagation of cracks resulted in a sudden failure of the sample. 

Application of a heavy static load in addition to the dynamic load significantly reduced the 

service-life of the C-S-H(1.5) sample. The fatigue curve in this case only consisted of two 

stages; an increase of about 7% during the first 1,000 cycles due to some rearrangement of 

the silicate sheets followed by a quick development and growth of micro-cracks in the 

sample resulting in its failure.  

 

8.3.2 Fatigue behaviour of C-S-H(1.5)/NBA composite systems 

The time sweep test at a frequency of 10 Hz and an initial static load of 50 g was performed 

on the C-S-H(1.5)/NBA systems (Figure 8-2). The initial E’ was significantly higher for the 
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C-S-H(1.5)/NBA systems compared to that for the phase pure C-S-H(1.5). The increment 

of the initial E’ of the C-S-H-based systems due to the use of 2-, 3- and 4-nitrobenozic acid 

isomers was 13%, 25% and 31%, respectively. The initial E’ of the C-S-H(1.5)/NBA 

systems was increased during the first cycles. This increment (from 1 to 5% for different 

composite systems), however, was significantly lower than that observed for the phase pure 

C-S-H(1.5) (~ 13%). The E’ values were, then, gradually decreased by increasing the 

number cycles. The rate of decrease of the E’ values for the C-S-H(1.5)/4NBA system was 

higher than that observed for the other systems. The values of E’ were, however, always 

slightly higher than that of the phase pure C-S-H(1.5). A slight recovery of the E’ values 

was observed for the C-S-H(1.5)/3NBA system between the 85,000 to 97,000 cycles. This 

could probably have been occurred due to some cross-linking of silicate tetrahedra and 

possible healing of some micro-cracks at this stage of loading. 

 

Figure 8-2- Change in the E’ values of the phase pure C-S-H(1.5) and C-S-H(1.5)/NBA systems by increasing 

the number of cycles, frequency = 10 Hz, initial static load = 50 g 

 

The stage III of the fatigue curve, at which the E’ values remained almost constant, was 

significantly increased for the C-S-H/NBA systems. The stage IV (failure of the samples) 

was not observed up to 200,000 cycles. The test was continued up to 260,000 cycles for the 

C-S-H/3NBA system. No further decrease in the E’ of the sample, however, was observed.  

f = 10 Hz 
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The fatigue curves for the phase pure C-S-H(1.5) and C-S-H(1.5)/NBA composite systems 

at the frequency of 10 Hz and initial static load of 100 g are presented in Figure 8-3. The 

service-life of the C-S-H(1.5)/NBA systems was significantly longer than that for the phase 

pure C-S-H(1.5). The crack propagation, however, occurred very quickly and the fracture 

was sudden for all the systems. 

 

Figure 8-3-Change in the E’ values of the phase pure C-S-H(1.5) and C-S-H(1.5)/NBA systems by increasing 

the number of cycles, frequency = 10 Hz, initial static load = 100 g 

 

The test was repeated at frequencies of 2 and 5 Hz. The number of cycles prior to the 

failure (Nf) for the phase pure C-S-H(1.5) and C-S-H(1.5)/NBA systems is presented in 

Figure 8-4. An increased service-life was observed for all the C-S-H(1.5)/NBA composite 

systems compared to that for the phase pure C-S-H(1.5) at all three frequencies. The 

C-S-H(1.5)/2NBA composite system had the longest service-life at all different frequencies 

although the absolute E’ values for this system were not very high during loading (see 

Figure 8-3 as an example).  

f = 10 Hz 



8. Fatigue Behaviour of C-S-H and C-S-H/NBA Composite Systems  

 

138 

 

 

Figure 8-4- Number of cycles to failure (Nf) for the phase pure C-S-H(1.5) and C-S-H(1.5)/NBA composite 

system at different frequencies  

 

 

8.3.3 Fatigue behaviour of phase pure C-S-H systems with various Ca/Si ratios and 

hydration time  

The time-sweep test was performed on the C-S-H(1.5) system with an increased hydration 

time (48 months) as well as the C-S-H(0.8) and C-S-H(1.2) systems hydrated for 18 months 

and the C-S-H(1.2) system hydrated for 48 months. An initial static load of 80 g was 

applied in each cycle. The test was performed twice at the frequencies of 5 and 10 Hz. The 

results are presented in Figures 8-5 and 8-6, respectively. The fatigue curves of each sample 

were generally similar at the two test frequencies. The E’ values obtained at the frequency 

of 10 Hz was, however, higher than those at frequency of 5 Hz. In addition, the changes of 

the E’ values by increasing the number of cycles at the higher frequency were not as 

significant as those occurred at the lower frequency. These two results were generally 

expected for the C-S-H-based systems. 
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Figure 8-5- Change in the E’ values of the phase pure C-S-H systems with various Ca/Si ratios and hydration 

time by increasing the number of cycles, frequency = 10 Hz, initial static load = 80 g 

 

 

 

Figure 8-6-Change in the E’ values of the phase pure C-S-H systems with various Ca/Si ratios and hydration 

time by increasing the number of cycles, frequency = 5 Hz, initial static load = 80 g 

 

 f = 5 Hz 

 f = 10 Hz 
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The initial E’ values were higher for the C-S-H(1.5) systems hydrated for 48 months 

compared to those hydrated for three weeks. The initial increase in the E’ values was not 

observed for the samples with an increased hydration time. The silicate chain-length is 

expected to increase by lengthening the hydration time. This likely resulted in a higher 

initial E’ values for the C-S-H(1.5)-H48 systems. It could also lower the tendency of the 

aged systems to the additional increase of the E’ values during the first cycles of dynamic 

loading. The decrease of the E’ values of the C-S-H(1.5)-H48 systems was gradual up to 

about 40,000 and 110,000 cycles at the frequencies of 5 and 10 Hz, respectively. The E’ 

values, then, remained almost unchanged, and no failure was observed until the end of the 

test. The results up to 200,000 cycles are presented in Figure 8-5 and 8-6 at the frequency 

of 5 and 10 Hz, respectively. The test at the frequency of 10 Hz was continued to 560,000 

cycles for the C-S-H(1.5)-H48 system without any signs of failure for the sample.  

The E’ values of the C-S-H(1.5)-H48 system were generally higher than those of the 

C-S-H(1.2)-H48 system at the frequency of 5 Hz (Figure 8-6). The C-S-H(1.5)-H48 system 

had about 1.4% of calcium hydroxide as determined by the thermal gravimetric analysis. 

This likely contributed to the higher E’ values of this system. 

The E’ values of the C-S-H(1.2)-H48 were generally higher than those of the C-S-H(1.2)-

H18 at the frequency of 5 Hz. The decrease of the E’ values during the loading was also 

slightly less and occurred at a lower rate compared to that for the C-S-H(1.2)-H18 system. 

In addition, the E’ values of the C-S-H(1.2)-H48 system recovered by almost 40% after 

200,000 cycles. The recovery of the E’ values of the C-S-H(1.2)-H18 system was not as 

significant.        

The resistance of the C-S-H(0.8)-H18 system to repetitive loading was significantly higher 

than that for the C-S-H(1.2)-H18 system. In addition, the E’ values for the C-S-H(0.8)-H18 

were almost unchanged even after 200,000 cycles at the frequency of 10 Hz (Figure 8-5). 

The decrease of the E’ values for the C-S-H(0.8)-H18 at the frequency of 5 Hz was also 

considerably less than that occurred for the C-S-H(1.2)-H18 system (figure 8-6). A 

recovery of the E’ values was also observed between 40,000 to 140,000 cycles probably 

due to the cross-linking of the silicate tetrahedra at this stage of loading.  
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It is noted that none of the C-S-H systems with increased hydration time failed or were 

close to failure after 200,000 cycles. Selected tests were continued to 560,000 cycles. No 

further decrease of the E’ values was, however, observed. Additional tests are required to 

investigate the possibility of presence of an endurance limit for the fatigue of the phase 

pure C-S-H systems. 

 

8.4 Concluding remarks 

The resistance of the phase pure C-S-H systems with various Ca/Si ratios and hydration 

time as well as the C-S-H/NBA systems to the fatigue behavior was investigated. Evidence 

was obtained that both modification of C-S-H with nitrobenzoic acid and increasing the 

hydration time of the C-S-H systems can improve the fatigue performance. In addition, the 

C-S-H systems with a Ca/Si ratio of 0.8 had better performance than those with higher 

Ca/Si ratios. This was likely due to the increased silicate chain-length in the C-S-H(0.8) 

systems (i.e. fewer defects or missing bridging silica tetrahedra). Further study is needed to 

investigate the mechanisms of fatigue failure of the C-S-H-based systems and the presence 

of an endurance limit for these systems. 
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Chapter 9  

The Interaction of Selected Organic Polymers and Compounds 

with Calcium-Silicate-Hydrate Systems 

 

 

 

 

  

The efficiency of the use of relatively small molecular-sized organic compounds in order to 

modify the nanostructure of calcium-silicate-hydrate (C-S-H) systems was studied in the 

previous chapters. The influence of organic polymers is the focus of this chapter. Possible 

intercalation effects as reported by Matsuyama and Young [1-4] indicated that there was 

potential for improvement of mechanical properties. Accordingly, three different polymers, 

polyvinyl alcohol, polyacrylic acid and polymethylmethacrylate, in various concentrations 

were added to the phase pure C-S-H during its hydration. The characteristics and 

engineering performance of the resulting composite systems were then investigated. No 

evidence of the improvement of the performance of the C-S-H/polymer systems was 

obtained. The only exception was the C-S-H/polymethylmethacrylate system which had an 

improved creep modulus as determined by the microindentation technique. In addition to 

the properties of the C-S-H/polymer systems, the X-ray diffraction patterns and length-

change measurements in LiCl solution for the C-S-H systems prepared with several other 

organic compounds, e.g. octadecylamine, selected dicarboxylic acids, etc. are presented in 

this chapter. These organic compounds were selected due to their possible application in 

chemical admixture formulations for cement-based materials.    
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9.1 Introduction 

Organic compounds have been successfully used to modify the nanostructure of layered 

silicate minerals for more than fifty years [5]. These modifications can mainly occur by the 

intercalation of the organics in the interlayer space of the layered silicates as well as the 

surface grafting or adsorption. Significant improvement of the performance of the layered 

silicates and the organics was achieved due to the interaction of the organic and inorganic 

phases at the nano-scale [6, 7].  

It has been about a decade since the possibility of interaction of organic compounds with 

the nanostructure of synthetic calcium-silicate-hydrate (C-S-H) systems was suggested by 

Matsuyama and Young [1-4]. Mechanisms of the interaction of several anionic, cationic 

and non-ionic polymers with the nanostructure of C-S-H systems with various Ca/Si ratios 

were studied. It was suggested that intercalation of a few of these polymers was possible in 

the interlayer region of the host C-S-H systems. The results of later investigations, 

however, were not in conformity with those obtained by Matsuyama and Young (see 

Popova et al. [8] and Merlin et al. [9] as examples). It was argued that in most the cases the 

organics can be adsorbed significantly between the stacked layers of C-S-H. Their 

intercalation in the interlayer region, however, is very limited. 

The mechanisms of interaction of small molecular-sized organics (nitrobenzoic acid and 

aminobenzoic acid isomers) were recently investigated Khoshnazar et al. [10-13]. A model 

for the nanostructure of the resulting composite systems was suggested [10]. The focus was 

given to the durability and mechanical properties of the organically modified C-S-H 

systems. Evidence was reported that the appropriate concentration of the selected organics 

can contribute to the engineering performance of the resulting composite systems [11-13].  

The main objective of this chapter is to investigate the influence of organic polymers on the 

nanostructure of C-S-H and their possible contribution to the durability and mechanical 

properties of the C-S-H-based composite systems. Three different polymers (polyvinyl 

alcohol (PVA), polyacrylic acid (PAA) and polymethylmethacrylate (PMM)) were 

selected. PVA and PAA have been successfully used in the clay science previously [14-16]. 

Their influence on the nanostructure of C-S-H, prepared by precipitation technique or by 

the hydration of -dicalcium silicate, was also studied by Matsuyama and Young in 1999 
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[1, 2, 4]. The C-S-H-based systems of the current study, however, were prepared by the 

pozzolanic reaction technique as described in chapter 3. All these systems were 

characterized by the X-ray diffraction (XRD), thermal gravimetric analysis (TGA), 

scanning electron microscopy (SEM) techniques and BET nitrogen surface area 

measurements. These systems were also tested for their volume stability in MgCl2 and 

MgSO4 solutions. Microindentation creep modulus determinations were also made. In 

addition to the mentioned polymers, several organic compounds such as octadecylamine, 

selected dicarboxylic acids, etc. were also selected and used for the preparation of the 

C-S-H-based composite systems. Their influence on the basal-spacing and the volume 

stability of the C-S-H system was then determined.  

 

9.2 Experimental program 

All the C-S-H-based systems were prepared using pozzolanic reaction technique described 

in chapter 3. Either of polyvinyl alcohol (PVA), polyacrylic acid (PAA) or 

polymethylmethacrylate (PMM) with a concentration of 0.01 mol. of the monomer per mol. 

of Ca were added to the mixing water during the hydration of the C-S-H systems (Ca/Si = 

1.5). Additional preparations with increased concentration of PVA or PAA (PVA/Ca = 0.70 

or PAA/Ca = 0.50) were also synthesized. All the preparations were filtered after three 

weeks of hydration, then, dried under vacuum for four hours and conditioned at a relative 

humidity of 11% for at least 40 days to reach equilibrium. The preparations were 

characterized by the X-ray diffraction (XRD), scanning electron microscopy technique 

(SEM), thermal gravimetric analysis (TGA) and BET nitrogen surface area measurements. 

Compacted samples with a porosity of about 30% were also prepared as described in 

chapter 3. The length-change of the compacted samples in MgCl2 and MgSO4 solutions 

(15 g/l) as well as their microindentation creep modulus were also determined. 

Additional organic compounds were also selected and used for the C-S-H-based 

preparations. These organics included: octadecylamine, selected dicarboxylic acids (oxalic 

acid, malonic acid and adipic acid) and selected fatty acids (lauric acid, aminolauric acid 

and stearic acid). Dicarboxylic acids can potentially act as a plasticizer in cement paste and 

fatty acids can have application as resins. These organics were used with a concentration of 
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0.01 mol. per mol. of Ca in the C-S-H systems. Combination of 4-nitrobenzoic acid 

(4NBA) and oxalic acid (OA) with two different molar ratios (4NBA/OA/Ca = 0.01/0.01/1 

and 4NBA/OA/Ca = 0.005/0.005/1) was also considered to examine the compatibility of 

these two organics. Two different organosilanes were also selected; 3-aminopropyl-

triethoxysilane (APTES) and vinyltrimethoxysilane (VTMS). The concentration of these 

organics was APTES/Ca = 0.01, VTMS/Ca = 0.01 and VTMS/Ca = 0.30. The organo-

silanes were not added to the mixing water directly to prevent the possible immediate 

hydrolysis of these organics. They were added to the solid mixture of CaO and SiO2. The 

water was, then, added to this mixture. No other solvent was used because of potential 

adverse reactions interfering with the pozzolanic reaction. All resulting composite systems 

were tested by the X-ray diffraction. Length-change measurements in the LiCl solution 

(15 g/l) were also made.   

 

9.3 Results and discussion 

9.3.1 Effect of organic polymers 

XRD - The d002 basal-spacing of the C-S-H-based systems containing various polymers is 

presented in Figure 9-1. The change in the basal-spacing of the C-S-H-based systems due to 

the incorporation of the lower concentration of polymers was not significant. The basal-

spacing of the C-S-H/PVA.01 and C-S-H/PAA.01 systems was similar (1.18 nm). It was 

slightly larger than the basal-spacing of the phase pure C-S-H (1.10 nm). The increase of 

the basal-spacing of the C-S-H/PMM.01 system was also small (0.04 nm). It is likely that 

the selected polymers were mainly adsorbed on the surface or at the edges of the C-S-H 

layers. This slightly increased the basal-spacing of the samples.  
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Figure 9-1- basal-spacing of the C-S-H/polymer systems 

 

The basal-spacing of the C-S-H/PVA.70 system was almost similar to that of the phase 

pure C-S-H (Figure 9-1). It is likely that interaction of PVA with the C-S-H structure would 

be limited by increasing the concentration of PVA. Local accumulation of the PVA on the 

surface of the C-S-H layers or between the stacked layers of C-S-H is expected in this case, 

as previously suggested in chapter 4 for the C-S-H/NBA systems. The d002 basal-spacing 

corresponding to C-S-H was not detected in the XRD pattern of the C-S-H/PAA.50 system. 

The XRD pattern in the range of 4° < 2 < 60° for this system is compared with those of 

the phase pure C-S-H and C-S-H/PVA.70 systems in Figure 9-2. The peaks observed in the 

XRD patterns of the C-S-H/PAA.50 correspond mainly to portlandite and calcite rather 

than the crystalline C-S-H. It is likely that the higher concentration of PAA acted as an 

 

In
te

n
s
it
y
, 
a
rb

it
ra

ry
 u

n
it

 

d – spacing (Å) 

6 7 8 9 10 11 12 13 14 15 16 18 20 22 

1.14 nm 

1.12 nm 

1.10 nm 

1.18 nm 

1.18 nm 

C-S-H 

C-S-H/PVA.01 

C-S-H/PVA.70 

C-S-H/PAA.01 

C-S-H/PAA.5 

C-S-H/PMM.01 



9. The Interaction of Selected Organic Polymer/Compounds with C-S-H Systems  

 

148 

 

inhibitor of the pozzolanic reaction. This is in conformity with the results obtained by 

Popova et al. [8] suggesting that the formation of C-S-H from the pozzolanic reaction was 

slightly inhibited due to the presence of adsorbed polymer.  

 

Figure 9-2- XRD pattern of the phase pure C-S-H, C-S-H/PVA.70 and C-S-H/PAA.50 systems 

 

   

SEM – No significant change was detected by the SEM technique in the morphology of the 

C-S-H-based systems due to the incorporation of the polymers (see Figures 9-3(a) and 

9-3(b) as an example). The only exception was the C-S-H/PAA.50 system (Figure 9-3(c)). 

Two separate components (a calcium rich and a silica rich component) rather than a C-S-H-

based system were detected in the SEM micrograph of this sample. This result is in 

conformity with that of the X-ray diffraction and provides evidence of the interference of 

the higher concentration of PAA with the pozzolanic reaction. The C-S-H/PAA.50 system 

was not used for further characterization in this chapter as it was not considered a C-S-H-

based system.  
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Figure 9-3- SEM micrographs of (a) phase pure C-S-H, (b) C-S-H/PVA.70 and (c) C-S-H/PAA.50 

  

TGA – The derivative of mass-loss curves for the C-S-H-based systems are presented in 

Figure 9-4. The curves for the C-S-H-based systems with the lower concentration of 

polymers were generally similar to that for the phase pure C-S-H. An additional peak, 

however, was observed at about 45 °C. It is possible that these systems had slightly 

adsorbed moisture prior to performing the TGA test. The polymers could also have formed 

some weak hydrogen bonding with the C-S-H structure. Removal of this water likely 

resulted in the formation of a small peak at the lower temperatures of the TGA experiment.  

The peak at about 220 °C in the TGA curve of the C-S-H/PVA.70 system corresponds to 

the decomposition of PVA. This peak has slightly shifted to the lower temperatures 

compared to that for pure PVA (~ 270 °C). The percentage of PVA in the C-S-H/PVA.70 

systems was estimated to be about 12% based on the integration of this peak.  

 ( a )  ( b ) 

  ( c ) 
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Figure 9-4- Derivative of mass-loss curves in the TGA experiment of the C-S-H/polymer systems 

 

Surface area – All the C-S-H/polymer systems had surface area values lower than that 

determined for the phase pure C-S-H system (Figure 9-5). This could have occurred due to 

the adsorption of the polymers on the surface of the layers or between the stacked layers of 

C-S-H. Nitrogen has a relatively large molecular size and does not enter the interlayer 

region of C-S-H-based systems. No conclusion can, therefore, be made based on the 

nitrogen surface area measurements on the possible intercalation of the polymers. 

 

Figure 9-5- BET nitrogen Surface area measurements for the C-S-H/polymer systems 
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Length-change measurements – The length-change values of the C-S-H/polymer systems 

after 24 h of immersion in the MgCl2 and MgSO4 solutions are presented in Figures 9-6(a) 

and (b), respectively. No evidence of an improvement of the volume-stability of the C-S-H-

based systems in the test solutions due to the incorporation of the polymers was obtained. 

The length-change values of the C-S-H/polymer systems with the lower concentration of 

the polymer was not significantly different from those obtained for the phase pure C-S-H. 

The length-change values of the C-S-H/PVA.70 system was, however, significantly high 

(an average of about three times higher than that for the phase pure C-S-H). The length-

change values of the phase pure C-S-H and C-S-H/PVA.70 systems were also determined 

in de-ionized water to eliminate the influence of ionic species on the longitudinal 

expansions. The length-change value for the C-S-H/PVA.70 systems, however, was almost 

ten times higher than that determined for the phase pure C-S-H after 4 h of immersion. The 

significantly high length-change values of the C-S-H/PVA.70 system compared to those 

obtained for the phase pure C-S-H could have been occurred due to the separation of the 

organic and inorganic phases in the C-S-H/PVA.70 system. In addition, PVA is a water 

soluble polymer. The significant length-change of the C-S-H/PVA.70 system in the 

aqueous solutions could provide evidence of the role of dissolution in the length-change 

measurements (see Khoshnazar et al. [17, 18] for more details of the dissolution mechanism 

underlying the length-change of cement-based phases). 

 

  

Figure 9-6- Length-change measurements for the C-S-H-based systems in (a) MgCl2 and (b) MgSO4 solution 
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Microindentation – The Creep modulus values of the C-S-H/polymer systems are 

presented in Figure 9-7. The C-S-H/PMM.01 system had an improved creep modulus by 

about 20% compared to that of the phase pure C-S-H. The creep modulus values of C-S-H-

based systems prepared with other polymers were lower (corresponding to higher creep 

rates) than that determined for the phase pure C-S-H. The creep modulus of the 

C-S-H/PVA.70 system was very low (67% of that of the phase pure C-S-H). The lower 

values of creep modulus of the C-S-H/polymer systems can be a result of organic/inorganic 

phase separation in these systems. The phase separation was more likely to occur in the 

C-S-H system with higher concentration of PVA. The creep modulus of this system was, 

therefore, lower.  

 

Figure 9-7- Microindentation creep modulus of the C-S-H/polymer systems 

 

9.3.2 Effect of other organic compounds 

The d002 basal-spacing of the C-S-H-based systems as well as their length-change 

measurements in the LiCl solution are presented in Table 9-1. The effect of different 

organic compounds was as follows: 

octadecylamine: An increase of 0.13 nm was observed in the basal-spacing of the C-S-H 

system due to the incorporation of octadecylamine. This increment was small. It was, 

however, larger than that observed for the organic compounds studied in the previous 

chapters. Octadecylamine has a relatively long carbon chain-length. Its adsorption at the 



9. The Interaction of Selected Organic Polymer/Compounds with C-S-H Systems  

 

153 

 

edges of the C-S-H layers could have been contributed to a larger increase of the basal-

spacing of C-S-H. Additional experiments are still required to make a conclusion about the 

possible intercalation of octadecylamine in the interlayer region of the host C-S-H. No 

evidence of an improvement of the volume stability of the C-S-H/octadecylamine.01 

system in the test solution was observed (Table 9-1). 

 

Table 9-1- d002 basal-spacing and length-change measurements of the C-S-H-based systems 

Label d002 (nm) 
Length-change in 

LiCl solution (%) 

C-S-H 1.10 1.1 

C-S-H/octadecylamine.01 1.23 1.2 

C-S-H/oxalic acid.01 1.13 1.1 

C-S-H/malonic acid.01 1.16 2.1 

C-S-H/adipic acid.01
* 1.23 2.2 

C-S-H/4NBA-OA.005005 1.19 1.2 

C-S-H/4NBA-OA.0101 1.22 1.3 

C-S-H/lauric acid.01 1.16 1.1 

C-S-H/aminolauric acid.01 1.20 1.2 

C-S-H/stearic acid.01
*,** 

1.18 1.0 

C-S-H/APTES.01 1.21 2.9 

C-S-H/VTMS.01 1.23 2.0 

C-S-H/VTMS.30
* 1.29 - 

*
 A porosity of 16-20%  was determined by helium pycnometry for the compacted samples. 

**
 An additional peak corresponding to pure stearic acid was observed in the XRD pattern of this system. 

 

dicarboxylic acids: The basal-spacing of the C-S-H-based systems increased linearly by 

increasing the number of carbons in the dicarboxylic acids. The increase, however, was 

considerably lower than that expected for intercalated systems. The anion of oxalic acid, 

the smallest molecular-sized organic of this group, has a diameter of about 0.5 nm, for 
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example. The C-S-H/oxalic acid.01, however, had a basal-spacing of 1.13 nm which was 

only 0.03 nm larger than that for the phase pure C-S-H. The low increment of the basal-

spacing can be due to the large number of defects in the nanostructure of C-S-H system 

with the Ca/Si ratio of 1.5. The anion of the organics can possibly fill these defects 

resulting in a lower increase of the interlayer space of the host C-S-H. It is also possible 

that the selected dicarboxylic acids were mainly adsorbed on the surface or at the edges of 

the C-S-H layers resulting in a small increase of the basal-spacing.  

 

Figure 9-8- d002 versus carbon numbers for the C-S-H/dicarboxylic acid systems 

(carbon number = 2, 3 and 6 for the oxalic acid, malonic acid and adipic acid, respectively) 

 

The length-change values of the C-S-H/oxalic acid.01 system in the LiCl solution were 

similar to that of the phase pure C-S-H system (Table 9-1). The length-change values of the 

C-S-H/malonic acid.01 and C-S-H/adipic acid.01 systems, however, were almost two times 

higher. The larger basal-spacing of these systems likely facilitates the entry of water and 

anionic species to the interlayer region resulting in higher length-change values.  

Combination of 4NBA and oxalic acid: The increase of the basal-spacing of the C-S-H 

systems with both 4NBA and oxalic acid was higher than that observed for those with the 

individual organics. The basal-spacing increased by increasing the concentration of 4NBA 
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and oxalic acid. The length-change measurements, however, were also higher for these 

systems compared to the phase pure C-S-H, C-S-H/4NBA.01 (see chapter 5) and 

C-S-H/oxalic acid.01 systems. 

Fatty acids: Incorporation of selected fatty acids also slightly increased the basal-spacing 

of the host C-S-H systems. The selected fatty acids, however, had a relatively large number 

of carbon atoms in their structure (the number of carbon atoms is 12 in lauric acid and 18 in 

stearic acid). The slight increase of the basal-spacing, therefore, could have been a result of 

alteration of the edges of the C-S-H layers. An additional peak corresponding to unreacted 

stearic acid crystals was also detected in the XRD pattern of the C-S-H/stearic acid.01 

system. It provides evidence of the separation of organic and inorganic phases in this 

system. The organics of this group were not effective in limiting the length-change values.  

Organosilanes: The increase in the basal-spacing of the C-S-H/organosilane systems was 

slightly higher than that observed for most previously studied C-S-H-based systems. The 

basal-spacing of the C-S-H/VTMS.01 and C-S-H/VTMS.30 systems, for example, was 

higher than that of the phase pure C-S-H by 0.13 nm and 0.19 nm, respectively. The 

mechanism of interaction of organosilanes with the nanostructure of the C-S-H systems 

was also investigated by the Fourier transform infrared spectroscopy (FTIR) technique 

(Figure 9-9). The peaks at the frequencies of 889 and 957 cm
-1

 in the FTIR spectra of the 

C-S-H/VTMS.30 system are assigned to the Si-O stretching of Q
1
 and Q

2
 tetrahedra, 

respectively [19]. The intensity of the peak corresponding to Q
1
 tetrahedra was significantly 

lower than that observed in the FTIR spectra of the phase pure C-S-H. The intensity of the 

peak corresponding to Q
2
 tetrahedra was also slightly higher. In addition, a shoulder was 

detected at the frequency of about 1050 cm
-1

 likely due to the interaction of the silane group 

in the organosilane with the silicates in the structure of the host C-S-H. A similar band (at 

1032 cm
-1

) was also observed due to the interaction of silane group in the APTES with the 

montmorillonite clay platelet [20]. The peak at 3640 cm
-1 

was reduced in intensity in the 

FTIR spectra of the C-S-H/VTMS.30 system. It may have been a result of the formation of 

some hydrogen bonding between the hydrolyzed organosilane and the structure of the host 

C-S-H [20]. Additional peaks at the frequencies of 512, 756, 1400 and 1590 cm
-1 

also 

correspond to the presence of the organosilane in the structure of the C-S-H/VTMS.30 
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system. Similar peaks were also reported by Minet el. al [21] and Shanmugharaj et al. [20] 

due to the presence of organosilanes in the C-S-H-based systems and clay minerals, 

respectively. The change in the FTIR spectra of the C-S-H-based systems with the lower 

concentration of organosilanes was not significant. The intensity of the peak corresponding 

to the Si-O stretching of Q
2
 tetrahedra (~ 945 cm

-1
), however, was slightly larger than that 

observed in the phase pure C-S-H (see Figure 9-9).  

 

Figure 9-9- FTIR spectra of C-S-H-based systems prepared with organosilanes 

 

The C-S-H-based systems prepared with the organosilanes had poor volume stability in the 

LiCl solution. The length-change values of the C-S-H/APTES.01 and C-S-H/VMTS.01 

systems were higher than that for the phase pure C-S-H by about 160% and 80%, 

respectively (see Table 9-1). The length-change of the C-S-H/VMTS.30 system was also 

very fast, and the sample disintegrated within a few seconds after the immersion in the test 

solution. 

In addition to the organic compounds of Table 9-1, pyrrole (C4H5N) was used in two 

different concentrations (0.01 and 0.30 mol. per mol. of Ca) in order to prepare the C-S-H-

based systems. An increase of 0.07 nm and 0.10 nm was observed in the basal-spacing of 
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the C-S-H/pyrrole.01 and C-S-H/pyrrole.30 systems compared to that of the phase pure 

C-S-H. An attempt to synthesize the C-S-H/polypyrrole using C-S-H/pyrrole.30 and ferric 

chloride (as the oxidant) by an in-situ polymerization technique was not successful. A 

similar method was previously used successfully in clay science to prepare conductive 

polypyrrole/montmorillonite nanocomposites [22-23]. Additional tests are still required to 

make a conclusion about the possibility of formation of C-S-H/polypyrrole 

nanocomposites. It is, however, suggested that the preparation of these nanocomposites 

would be much more difficult than the clay-based nanocomposites possibly due to the 

higher charge density of the layers in C-S-H systems compared to that in clays [9].    

 

9.4 Conclusions 

The influence of three different polymers (PVA, PAA and PMM) on the nanostructure and 

engineering performance of C-S-H systems was investigated. It is suggested that the 

selected polymers can be adsorbed between the stacked layers of C-S-H, on the surface or 

at the edges of the layers. No significant evidence of their intercalation in the interlayer 

region of the host C-S-H, however, was obtained. In addition, the higher concentration of 

the polymers acted as inhibitor of the pozzolanic reaction. These results are in conformity 

with those reported by Popova et al. [8]. In addition, the C-S-H/polymer systems had 

relatively poor volume stability and mechanical properties likely due to the separation of 

the organic and inorganic phases in their structure. The C-S-H/PMM.01 system, however, 

had an improved microindentation creep modulus. 

The influence of several other organic compounds (octadecylamine, dicarboxylic acids, 

fatty acids, organosilanes, etc.) on the X-ray diffraction pattern and the length-change of the 

C-S-H systems was also investigated. The increase of the basal-spacing of the C-S-H-based 

systems was relatively small. No evidence of the improvement of the C-S-H systems was 

obtained due to the use of these organic compounds. The organosilane with the higher 

concentration, however, likely interacted with the silicate tetrahedra through the silane 

group, as detected by the FTIR. The volume stability of this system, however, was very 

poor.  
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Chapter 10 

Volume Stability and Durability of C-S-H/Polyaniline 

Nanocomposites  

 

 

 

 

  

The volume stability of phase pure C-S-H and C-S-H/polyaniline nanocomposites prepared 

with two different Ca/Si ratios (0.8 and 1.2) was assessed in MgSO4, MgCl2, LiCl and NaCl 

aqueous solutions. The change in the crystalline structure of the samples with the time of 

immersion was also explored using the X-ray diffraction, scanning electron microscopy and 

thermal gravimetric analysis techniques. It was observed that the modification of the C-S-H 

samples with polyaniline significantly enhanced their volume stability and durability in all 

the salt solutions. The beneficial effect of the polyaniline modification was more 

pronounced in the C-S-H host with higher Ca/Si ratio (Ca/Si =1.2). The longitudinal 

expansion of the C-S-H/polyaniline nanocomposites with Ca/Si = 1.2 in the salt solutions 

was about 30% of that of the pure C-S-H with a similar Ca/Si ratio. In addition, the 

polyaniline modification of C-S-H samples reduced the rate of formation of gypsum, 

brucite and other reaction products in the samples.    

 

10.1 Introduction 

The development of new C-S-H-polyaniline nanocomposites has recently been reported by 

Alizadeh et al. [1]. The synthesis involved an in-situ polymerization technique that allows 

for an initial interaction of monomers with the C-S-H followed by polymerization using an 

external oxidant. The C-S-H/aniline and C-S-H/polyaniline samples were characterized by 

the X-ray diffraction, 
29

Si NMR, thermal analysis, Fourier transform infrared spectroscopy 
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and scanning electron microscopy techniques. Evidence was obtained in support of the 

view that the aniline and polyaniline were formed in two different locations of the C-S-H 

i.e. grafted on the surface and partially intercalated in the interlayer regions. It was also 

suggested that the polyaniline might be arranged between the C-S-H layers in a way that 

the benzene ring was oriented parallel to the sheets. The monomer molecules, however, had 

random positions in various directions. A schematic picture of aniline monomer (C6H7N) 

and polyaniline (C6H7N)n are presented in Figure 10-1.   

 

Figure 10-1- Schematic picture of aniline monomers (C6H7N) and polyaniline (C6H7N)n 

 

Key objectives inherent in the development of C-S-H nanocomposites are the realization of 

enhanced engineering properties and improvement in the durability characteristics of 

cement-based materials. This chapter focuses on the latter. The primary objective is to 

demonstrate that polymer C-S-H nanocomposites can improve the volume stability of 

cement-based materials in aggressive media. The results of length-change and 

microstructural change of C-S-H/polyaniline nanocomposites in aqueous salt solutions 

(MgSO4, MgCl2, LiCl and NaCl) typical of those central to many durability issues are 

reported. An assessment of the ability of the polymer to ‘seal’ the C-S-H system from the 

ingress of deleterious ionic species is presented. 

  

10.2 Experimental program 

10.2.1 Materials 

Phase pure C-S-H and C-S-H/polyaniline nanocomposites (Ca/Si = 0.8 and 1.2) as 

synthesized by Alizadeh et al. were used in this study. The synthesis method described by 

these researchers was as follows [2]. Stoichiometric amounts of calcium oxide (CaO) and 

silica (SiO2) were mixed in excess water (water/solid mass ≈ 10) in order to prepare the 



10. Volume Stability and Durability of C-S-H/Polyaniline Nanocomposites  

 

163 

 

phase pure C-S-H. The CaO was freshly calcined from the reagent grade calcium carbonate 

(Sigma-Aldrich) at 900 °C. Reactive SiO2 (CAB-O-SIL
®

, grade M-5 from Cabot 

Corporation) was heated at 110 °C in order to remove any surface adsorbed water. 

De-ionized out-gassed water was added to the solid mixture of CaO and SiO2. 

C-S-H/aniline powder was also prepared in a method similar to that used for the phase pure 

C-S-H except that the water contained aniline monomer (2 ml of aniline in 75 ml of water). 

This solution was, then, added to the dry mix of the CaO and SiO2 in the high density 

polyethylene (HDPE) bottles to initiate the pozzolanic reaction. All the bottles were 

mounted on a rotating rack (speed = 16 rpm). The solution was filtered after 90 days. The 

drying procedure of these samples included two steps; four days of vacuum drying 

followed by conditioning in desiccators at the relative humidity of 11%. Both steps were 

performed at room temperature (about 24 °C). The samples were considered to be in 

equilibrium when they reached a constant mass. 

Ammonium persulfate ((NH4)2S2O8 from Sigma-Aldrich, 98% purity) was used as an 

external oxidant in order to polymerize the aniline monomers. Dried C-S-H/aniline powder 

(0.5 g) was first mixed in 100 ml of water using a magnetic stirrer. Then, 0.228 g of 

ammonium persulfate was added during stirring the suspension solution. The stirring was 

continued for three days at room temperature. The final material was filtered and washed to 

remove the unreacted ions. It was, then, dried under vacuum at room temperature for four 

days, and then equilibrated at the relative humidity of 11%. It was estimated, based on the 

thermal analysis, that the polyaniline content was about 3% in the C-S-H/polyaniline 

preparations.  

 

10.2.2 Test solutions  

The test solutions prepared for the dimensional stability and durability assessments 

included MgSO4 (hepahydrate), MgCl2 (decahydrate), LiCl and NaCl with the 

concentration of 15 g/l. All the salts were reagent grade. 
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10.2.3 Experiments 

Circular compacted samples of the phase pure and modified C-S-H powders with the 

porosity of about 30% were prepared by the technique described in chapter 3. Prisms 

(5 mm × 25 mm × 1 mm) were cut from the compacted discs and mounted on modified 

Tuckerman extensometers with an accuracy of 1 microstrain. These were, then, placed in 

small containers including the test solutions so that the specimens were completely 

immersed. The ratio of the solid to the solution was 1 g of solid per 50 ml of the solution. 

The whole set-up was placed in sealed desiccators containing the same salt solution as the 

test solution to avoid evaporation. The length-change of the samples in each solution was 

measured at least for 7 days as almost all the samples exhibited a plateau in the length-

change versus time curves at this age. A schematic of the set-up for length-change 

measurements was presented in Figure 3-5. The length-change measurements were 

repeated two times on two different samples. 

In addition to the length-change measurements, several samples of the C-S-H preparations 

were immersed in the test solution for 2 h, 8 h, 1 d, 3 d and 24 d to investigate any change 

in the microstructure of the samples during the time of immersion. The solid/solution ratio 

in this case was exactly the same as the one in the length-change measurements. The 

solution was filtered, and the powder was kept at the relative humidity of 11% for 48 hours 

to reach equilibrium before starting the characterization by the X-ray diffraction (XRD), 

scanning electron microscopy (SEM), and thermal gravimetric analysis (TGA). 

 The XRD patterns were obtained using a Scintag XDS 2000 diffractometer. The patterns 

were collected with a diffraction angle range of 6˚ < 2< 60˚ using a step size of 0.08˚ at a 

5 second count interval. Intensities were, then, normalized according to the mass of the 

samples. SEM images were collected using a Hitachi S-4800 Field Emission Scanning 

Electron Microscope. Surface structure images were taken using a beam current of 10 mA 

at 3.2 × 10
–16

 J (2 kV). Images were obtained at a working distance of 4 mm. TGA was 

performed using a TA Instruments SDT Q-600. About 30 mg of the sample was heated 

from room temperature to 1000 °C at a rate of 10 °C/min under the flow of nitrogen gas 
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(10 ml/min). The derivative mass loss and heat flow were analyzed using Universal 

Analysis 2000 software. 

  

10.3 Results and discussions 

10.3.1 Length-change measurements 

All the samples expanded following immersion in the salt solutions. The amount of 

expansion, however, was noticeably different for the pure C-S-H samples and the 

nanocomposites. It is suggested based on the length-change versus time curves plotted in 

Figure 10-2 that the expansion of pure C-S-H(1.2) samples was quite significant in all the 

solutions. The expansion of this sample in MgSO4, for example, was about 3.4% after 7 

days. The expansion of modified C-S-H(1.2) samples in all the test solutions was 

considerably lower than that of the C-S-H(1.2) itself. The 7-day expansion of the 

C-S-H(1.2)/aniline samples in different solutions was about 37% to 52% of that observed 

for the phase pure C-S-H(1.2). The C-S-H(1.2)/polyaniline samples were even more stable. 

The expansion of the C-S-H(1.2)/polyaniline samples after 7 days was about 20% to 30% 

of the expansion of phase pure C-S-H (1.2). 

 
Figure 10-2- Length-change of the pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples (Ca/Si = 1.2) in 

the aqueous solutions 
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It is suggested that dissolution and leaching of lime from the structure is likely the main 

mechanism responsible for the expansion of C-S-H preparations in the salt solutions. The 

dissolution process of porous materials, which includes break-down of the structure and 

leaching of the constituent ions into the solution [3], was previously shown to be an 

expansive process for porous glass samples immersed in sodium hydroxide and cement 

paste samples treated with acids [4, 5]. It was suggested that expansion accompanying 

dissolution can be caused by changes to the surface free energy of the solid phase, gradients 

in the concentration of dissolved species in the pore solution resulting in osmotic-like 

pressures, disjoining pressure resulting from double layer effects outside the surface 

generating repulsive forces and release of strain-energy stored in the sample [5]. Beaudoin 

et al. [6, 7] also suggested that samples of cement paste or calcium hydroxide can expand in 

aggressive solutions due to the dissolution process.  

Intercalation of some water molecules into the layered structure of C-S-H may be a source 

of expansion although at 11% relative humidity many of the interlayer positions are filled 

[8]. Lime leaching, however, results in some defect points in the structure of C-S-H which 

can facilitate the entry of water molecules and ionic species into the interlayer space. The 

entry of ionic species into the interlayer region of the C-S-H structure can also cause 

expansion [9]. Adsorption on hydrated silicate surfaces is generally expansive. This is 

commonly known as the Bangham effect which relates length-change to change in surface 

free energy [8]. It has, however, been previously shown that the effect of surface adsorption 

on the expansion of hydrated Portland cement is less significant than the effect of lime-

leaching and intercalation phenomena [8, 10]. Formation of gypsum and brucite crystals on 

the samples immersed in the sulfate and magnesium salt solutions may also be expansive. 

There is not, however, a general agreement on the possibility of expansion of C-S-H due to 

the formation of these crystals [9, 11, 12]. The formation of these crystalline products on 

the samples will be discussed in greater detail later.     

The lower expansion of modified C-S-H(1.2) samples is possibly due to its higher level of 

silicate polymerization, and the fewer defects in their structure due to the shielding effect of 

organic materials adsorbed at the defect locations on the surface of the C-S-H [1, 13]. The 

defects can serve as the access points for the migration of water molecules and ionic 

species into the layered structure of C-S-H. The fewer the defects, the lower the rate of 
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entry of water molecules and ionic species into the interlayer space. In addition, the rate of 

dissolution of lime from the C-S-H structure would be slower as the entry of the interlayer 

water occurs primarily at the end of the layers [10]. Either of these mechanisms can result 

in the reduction of the expansion. 

The length-change versus time of immersion in the salt solutions for the pure and modified 

C-S-H(0.8) samples is presented in Figure 10-3. C-S-H(0.8)/polyaniline nanocomposites 

had an improved volume stability compared to the phase pure C-S-H(0.8). The expansion 

of C-S-H(0.8)/polyaniline nanocomposite samples after 7 days of immersion in the salt 

solutions was about 40% to 50% of that observed for the pure C-S-H samples depending on 

the type of the salt solutions. The intercalation of aniline monomers was not as effective as 

the polymers. The expansion of C-S-H(0.8)/aniline was about 80% to 95% of that of the 

phase pure C-S-H.  

 

Figure 10-3- Length-change of the pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples (Ca/Si = 0.8) in 

the aqueous solutions 
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The influence of aniline and polyaniline intercalation in the control of the expansion of 

C-S-H(0.8) is also likely due to its effect on increasing the silicate polymerization level as 

described above for the C-S-H(1.2). It should also be noted based on comparison of 

Figure 10-2 and Figure 10-3 that the expansion of pure and modified C-S-H(0.8) samples 

was generally lower than that of the samples with Ca/Si = 1.2. This was expected 

considering the higher silicate chain length and the greater frequency of bridging tetrahedra 

occurring in the structure of low lime C-S-H(0.8) [13] which in turn makes its structure 

more resistant to the intercalation of water molecules and ionic species.     

 

10.3.2 Microstructural characterization of samples with Ca/Si = 1.2 

Immersion in MgSO4 solution 

The microstructure of phase pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples 

was characterized by the XRD, TGA and SEM after 2 h, 8 h, 1 d, 3 d and 7 d of immersion 

in the MgSO4 solution. Sharp peaks of gypsum crystals were detected in the XRD pattern 

of phase pure C-S-H as early as 2 h after immersion in MgSO4 solution. No gypsum peaks 

were detected in the XRD pattern of the samples with aniline and polyaniline at this early 

immersion time. These peaks with very low intensity, however, were detected in the XRD 

patterns of C-S-H/aniline and C-S-H/polyaniline samples after 8 h as shown in Figure 10-4. 

In addition to gypsum, brucite was also formed in the pure C-S-H(1.2) sample, but not in 

the samples modified by aniline or polyaniline after 8 h of immersion in MgSO4 

(Figure 10-4). The formation of gypsum and brucite crystals is an indication of lime-

leaching from the phase pure C-S-H sample. It is, therefore, suggested that the lime-

leaching would be limited in the C-S-H/aniline and C-S-H/polyaniline samples. 
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Figure 10- 4- XRD patterns of (a) control phase pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples 

(Ca/Si = 1.2), and (b) the samples immersed in the MgSO4 solution for 8 h 

 

It was also suggested based on the XRD patterns of Figure 10-4 that the intensity of the 

peak at the basal spacing of 1.14 nm of the pure C-S-H(1.2) was significantly reduced once 

the sample was immersed in the MgSO4. This indicates the reduction of the crystallinity of 

the pure C-S-H sample after immersion in the MgSO4 solution which can be caused by 

leaching of lime from this sample. The intensity of the peak corresponding to the d002 basal 

spacing of the C-S-H(1.2)/aniline and C-S-H(1.2)/polyaniline, however, was not noticeably 

changed by the immersion in the MgSO4 solution.  
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The SEM micrographs for the samples immersed in MgSO4 after 8 h of immersion are 

presented in Figure 10-5. Gypsum crystals are detected in the phase pure C-S-H and 

C-S-H(1.2)/aniline samples. No sign of the formation of gypsum crystals was detected in 

the C-S-H(1.2)/polyaniline sample tested by the SEM. 

 

Figure 10-5- SEM micrographs of (a) phase pure C-S-H, (b) C-S-H/aniline and (c) C-S-H/polyaniline samples 

(Ca/Si = 1.2) immersed in the MgSO4 solution for 8 h 

 

The formation of new crystalline products due to the immersion of the samples in MgSO4 

solution was quantitatively examined using the TGA technique (Figure 10-6). The 

percentages of gypsum and brucite formed on the samples are provided in Table 10-1. It is 

known that gypsum decomposes at temperatures of about 130 °C [14]. Brucite decomposes 

at a temperature of about 385 °C [15]. It is possible to capture the formation of even a small 

percentage of these crystals in the sample by the TGA. It is suggested that about 7.3% of 

gypsum and 1.1% of brucite was formed in the phase pure C-S-H(1.2) after 8 h of 

immersion in MgSO4. These amounts were reduced to 1.1% (gypsum) and 0.58% (brucite) 

for the sample with aniline, and 0.90% (gypsum) in the sample with polyaniline. No brucite 

was detected by the TGA in the C-S-H(1.2)/polyaniline. 
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Figure 10-6 - TGA curves of (a) control phase pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples 

(Ca/Si = 1.2), and (b) the samples immersed in the MgSO4 solution for 8 h. 

 

 

Table 10-1 - Percentage of gypsum and brucite crystals formed in the C-S-H(1.2) preparations due to the 8 h 

of immersion MgSO4 estimated by the TGA technique 

Sample  

Amount of gypsum and brucite formed (% by mass) 

        Gypsum                     Brucite 

C-S-H  7.3 1.1 

C-S-H/aniline 1.1 0.58 

C-S-H/polyaniline 0.9 - 
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Immersion in MgCl2 solution  

The XRD patterns of pure and modified C-S-H(1.2) immersed in MgCl2 for 7 days are 

presented in Figure 10-7. The intensity of the d002 basal spacing of the phase pure 

C-S-H(1.2) sample was significantly reduced due to the immersion in the MgCl2 solution 

which is an indication of significant lime-leaching and collapse of the microstructure of this 

sample. In addition, peaks corresponding to brucite were detected on this sample. The d002 

basal spacing of the C-S-H(1.2)/aniline sample was also reduced in intensity due to the 

immersion in MgCl2 due to the lime-leaching. No brucite, however, was detected in this 

sample by the XRD. The d002 basal spacing of the C-S-H(1.2)/polyaniline sample was 

unchanged by the immersion in the MgCl2 solution. Brucite peaks were not detected in this 

sample either. This is in conformity with the length-change results suggesting the 

significant enhancement of volume stability of C-S-H(1.2)/polyaniline samples compared 

with that of the C-S-H/aniline and the pure C-S-H samples with similar Ca/Si ratios. 

 

Figure 10-7- XRD patterns of (a) control phase pure C-S-H, C-S-H/aniline and C-S-H(1.2)/polyaniline 

samples, and (b) the samples immersed in the MgCl2 solution for 7 d. 
*
 These peaks correspond to calcium 

carbonate crystals. 
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Additional peaks were observed in the XRD patterns of the samples immersed in MgCl2, 

especially in the XRD patterns of C-S-H and C-S-H/aniline. These peaks correspond to 

calcium carbonate crystals which were formed due to the reaction of calcium leached out of 

the sample and carbonate in the air during the preparation of the samples for the test. The 

rapid formation of calcium carbonate crystals in the samples is also a result of lime-

leaching. The rate of formation of calcium carbonate crystals is also affected by the specific 

surface area of the samples. The nitrogen Brunauer-Emmett-Teller (BET) surface area of 

C-S-H(1.2)/aniline was 107.6 m
2
/g which was considerably higher than that for phase pure 

C-S-H (41.4 m
2
/g) and C-S-H/polyaniline (54.3 m

2
/g) with similar Ca/Si ratio. No 

significant change could be detected by the SEM in the morphology of these samples after 

the immersion except the formation of some calcium carbonate crystals on the surface of 

the samples (Figure 10-8). Calcium carbonate crystals were mainly formed in the form of 

calcite and aragonite on the phase pure C-S-H and C-S-H/polyaniline samples, respectively. 

Both of these crystals were, however, detected on the C-S-H/aniline sample. This might be 

due to the changes in the surface area of the samples, concentration of lime leached out of 

the samples as well as the pH in different solutions which could favor the formation of one 

crystal rather than the other. 

 

Figure 10-8- SEM micrographs of (a) phase pure C-S-H, (b) C-S-H/aniline and (c) C-S-H(1.2)/polyaniline 

samples immersed in the MgCl2 solution for 7 d.  
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Results obtained using the TGA technique for the C-S-H(1.2)-based samples immersed in 

MgCl2 were also in conformity with those of the other techniques suggesting the greater 

resistance of C-S-H/aniline and especially C-S-H/polyaniline samples to the formation of 

new crystalline products compared to that of phase pure C-S-H (Figure 10-9). The amount 

of brucite based on the TGA was estimated as 1.7% for the phase pure C-S-H(1.2) and 

0.28% for the C-S-H(1.2)/aniline. No brucite was detected in the sample with polyaniline. 

 

Figure 10-9- TGA curves of (a) control phase pure C-S-H, C-S-H/aniline and C-S-H(1.2)/polyaniline 

samples, and (b) the samples immersed in the MgCl2 solution for 7 d. 

  

Immersion in LiCl and NaCl solutions  

The XRD patterns of the C-S-H(1.2) samples immersed in the LiCl and NaCl solutions 

after 7 days did not show any significant change in the crystalline structure except the 

formation of some calcium carbonate peaks which had a considerably lower intensity in the 

C-S-H/polyaniline compare to that in phase pure C-S-H and C-S-H(1.2)/aniline. The XRD 

patterns of these samples immersed in LiCl solution for 7 days are presented in 

Figure 10-10. Less damage to the crystalline structure of the samples immersed in LiCl and 

NaCl solutions compared to those in MgSO4 and MgCl2 solutions is in conformity with the 
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length-change measurements suggesting the greater volume stability of the samples 

immersed in the two former solutions. 

 

Figure 10-10- XRD patterns of (a) control pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples 

(Ca/Si = 1.2), and (b) the samples immersed in the LiCl solution for 7 d.
 *

 These peaks correspond to calcium 

carbonate crystals.  

 

The results of SEM and TGA techniques for the C-S-H(1.2)-based samples immersed in 

LiCl and NaCl solutions did not show any significant change in the microstructure of the 

samples except the formation of calcium carbonate crystals. The quick formation of these 

crystals is an indication of lime-leaching of the samples. The results of these two 

techniques also support the argument that the amount of calcium carbonates formed on the 

C-S-H(1.2)/polyaniline was considerably less that that formed in phase pure C-S-H(1.2) 

and C-S-H(1.2)/aniline sample.   
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10.3.3 Microstructural Characterization of samples with Ca/Si = 0.8   

Characterization by the XRD, SEM and TGA was also performed on the C-S-H(0.8) 

preparations immersed in various aggressive solutions for different time intervals (2 h to 

7 d). No evidence of formation of new products was detected by the XRD technique for the 

C-S-H(0.8) samples after 8 hours of immersion in MgSO4. The XRD patterns showed that 

gypsum crystals were formed on the pure C-S-H(0.8) sample after 1 day of immersion. The 

gypsum formation, however, was delayed to about 3 days for the C-S-H/aniline and to 

about 7 days for the C-S-H(0.8)/polyaniline samples. The XRD patterns of pure and 

modified C-S-H(0.8) samples immersed in MgSO4 for 7 days are compared in 

Figure 10-11. It is suggested, based on the data in the figure, that the modified C-S-H(0.8) 

performed better than the pure C-S-H(0.8) in the MgSO4 solution. The gypsum peaks 

formed after 7 days in the C-S-H(0.8)/aniline sample were significantly less intense than 

those formed in the phase pure C-S-H(0.8) sample. These peaks were almost negligible for 

the C-S-H(0.8)/polyaniline sample after 7 days of immersion. No brucite peaks were 

detected on any of the samples even after 7 days. These results were also confirmed by the 

SEM and TGA. 

The microstructure of the samples (the phase pure or the modified C-S-H(0.8) sample) was 

almost unchanged up to 7 days of immersion in other solutions. The improvement of the 

durability of the C-S-H(0.8) samples by the aniline or polyaniline modification was not, 

therefore, readily discernible although the length-change curves provide clear evidence that 

modified systems are superior. It is suggested that the damage to the microstructure of the 

samples with Ca/Si = 0.8 was generally less than that of the samples with Ca/Si = 1.2 

samples. It confirms the results of the length-change measurements. It is due to the higher 

degree of polymerization in the samples with lower Ca/Si ratio.  
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Figure 10-11- XRD patterns of (a) control phase pure C-S-H, C-S-H/aniline and C-S-H/polyaniline samples 

(Ca/Si = 0.8), and (b) the samples immersed in the MgSO4 solution for 7 d 

 

 

10.4 Conclusions 

The length-change of the phase pure C-S-H and C-S-H modified with aniline and 

polyaniline due to immersion in the MgSO4, MgCl2, LiCl and NaCl aqueous solutions was 

assessed. The formation of crystalline products on the samples was also explored by the 

XRD, SEM and TGA techniques. Two different Ca/Si ratios (Ca/Si = 0.8 and 1.2) were 

considered. The main conclusions are as follows: 

1. Lime-leaching from the structure of C-S-H samples, especially from the high lime 

samples, is likely to be a main mechanism underlying their expansion in the salt 

solutions studied.  
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2. The formation of new products, e.g. gypsum and brucite, and generation of 

pressure due to crystal growth or swelling pressure due to intercalation phenomena 

are possible additional mechanisms that may contribute to expansion. 

3. The expansion of C-S-H nanocomposites in the test solutions was considerably 

lower than that of the pure C-S-H.  

4. The formation of crystalline products, e.g. gypsum and brucite, was limited in the 

C-S-H/aniline and C-S-H/polyaniline samples.  

5. Modification of C-S-H with aniline and polyaniline is more effective in improving 

the volume stability when the host C-S-H has a higher Ca/Si ratio.  

6. Intercalation of polyaniline within the C-S-H layers (for both Ca/Si ratios) had a 

greater effect on the volume and microstructural stability of the C-S-H samples 

compared to that of aniline monomers. 
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Chapter 11 

Dynamic Mechanical Thermal Analysis of 

C-S-H/Polyaniline Nanocomposites 

 

 

 

 

  

The focus of this chapter is on the dynamic mechanical thermal analysis (DMTA) of 

C-S-H/polyaniline nanocomposites. DMTA experiments were recently performed by 

Alizadeh [1] on the synthetic C-S-H/polyaniline nanocomposites (Ca/Si = 0.8 and 1.2). The 

variations of the storage modulus (E’) and internal friction (tan ) were reported upon 

heating to 200 °C. A discussion of the results obtained is provided in this chapter. The 

results are also compared with the DMTA results obtained for the C-S-H systems modified 

with nitrobenzoic acid or aminobenzoic acid (chapter 7). It is suggested that the polyaniline 

compounds likely reinforce the C-S-H layered structure during the dehydration up to about 

45 °C. No improvement, however, occurs at higher temperatures.  

 

11.1 Introduction 

Characterization of the nanostructure of C-S-H has been the focus of numerous research 

investigations in the past two decades as it is considered fundamental to the ultimate 

resolution of problems associated with the durability and sustainability of concrete 

infrastructure [2-4]. The possibility of ‘tailoring’ the nanostructure of C-S-H in cement 

binders to improve mechanical behavior and resistance to aggressive media is feasible and 

rapidly evolving. Examples include ‘designing’ the Ca/Si ratio of the C-S-H in cement 

paste through the use of C-S-H ‘seeds’ and the development of organo-C-S-H 

nanocomposites [5, 6].  
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The C-S-H-polyaniline nanocomposites are among the novel organically modified C-S-H 

systems. These nanocomposites have been recently developed by Alizadeh et al. [1, 6] 

using an in-situ polymerization technique. The synthesis procedure included an initial 

interaction of aniline monomers with the C-S-H structure followed by polymerization using 

ammonium persulfate as the oxidant. The synthetic C-S-H/polyaniline systems were 

characterized by various analytical techniques. Evidence of the interaction of aniline and 

polyaniline with the nanostructure of C-S-H (i.e. surface grafting and partially 

intercalation) was reported. Preliminary results of the physical and mechanical stability of 

the C-S-H/polyaniline nanocomposites in comparison with those of the phase pure C-S-H 

were also reported [1]. The main objective of this chapter is to provide detailed discussions 

of the dynamic mechanical thermal analysis of the C-S-H/polyaniline nanocomposites 

based on the experimental data previously obtained for these nanocomposites or pure 

polyaniline as well as those determined in this thesis for the C-S-H systems modified with 

nitrobenzoic acid or aminobenzoic acid (chapter 7).  

  

11.2 Experiments 

Materials - Phase pure C-S-H and C-S-H/polyaniline nanocomposites (Ca/Si = 0.8 and 1.2) 

as synthesized by Alizadeh et al. [1, 7] were used in this study. The synthesis method 

included a pozzolanic reaction technique. Aniline monomer was pre-dissolved in water 

(2 ml of aniline in 75 ml of water) to prepare the C-S-H/aniline systems. The solutions (for 

phase pure C-S-H or C-S-H/aniline systems) were filtered after 90 days of hydration. The 

drying procedure of these samples included two steps; four days of vacuum-drying 

followed by conditioning in desiccators at the relative humidity of 11%. Both steps were 

performed at room temperature. In order to synthesize the C-S-H/polyaniline systems, 0.5 g 

of the C-S-H/aniline powder was mixed in 100 ml of water using a magnetic stirrer. Then, 

0.228 g of ammonium persulfate was added during stirring the suspension solution. The 

stirring was continued for three days at room temperature. The final material was filtered 

and washed to remove the unreacted ions. It was, then, dried under vacuum at room 

temperature for four days, and then conditioned at the relative humidity of 11%. 
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Tests – The phase pure C-S-H and C-S-H/polyaniline powders (at a relative humidity of 

11%) were compacted in order to obtain rectangular prisms. The compaction pressure was 

adjusted to reach a porosity of about 30%. The thickness of the samples was about 0.8 and 

1.2 mm depending on the type of the material. The length and width of all specimens were 

58.9 and 12.97 mm, respectively. The compacted samples were conditioned at 11% RH for 

one more week. The dynamic mechanical response of the compacted samples was 

evaluated at various temperatures using a Rheometrics RSA II instrument using the three-

point bending method. An initial static load of 3 g was applied on the specimen. The 

temperature was increased from 26 °C to 200 °C (increase rate = 2 °C/min). Measurements 

were made at 2 °C increments. At each increment, a frequency range of 0.1 to 10 Hz (for a 

strain of 0.01%) was applied. The storage modulus (E’) and internal friction (tan ) of 

samples were recorded at each temperature and frequency. All the tests were repeated at 

least two times, and similar results were obtained in all cases [1, 7]. 

 

11.3 Discussion of the results 

The results of the DMTA for the phase pure C-S-H(0.8) and C-S-H(0.8)/polyaniline 

nanocomposite at two frequencies of 0.25 and 2.5 Hz are presented in Figures 11-1 and 

11-2, respectively. As it is observed in these figures, the general trend for the E’ and tan  

curves versus temperature was not dependant of the test frequency. The results obtained at 

the frequency of 0.25 Hz are used for the quantitative analysis in this section. 

   

Figure 11-1- DMTA responses of phase pure and polyaniline-modified C-S-H(0.8) systems at f = 0.25 Hz 
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Figure 11-2- DMTA responses of phase pure and polyaniline-modified C-S-H(0.8) systems at f= 2.5 Hz 

 

Modification of C-S-H(0.8) with polyaniline improved the storage modulus and reduced 

the internal friction of the samples at the room temperature and 11% RH (Figure 11-1). The 

C-S-H(0.8)/polyaniline nanocomposite, however, exhibited a more rapid loss of storage 

modulus upon the first stage of drying (from room temperature to the first inflection point) 

compared to the phase pure C-S-H(0.8) (Figure 11-1(a)). The modulus-loss in this stage of 

drying of C-S-H systems is normally assigned to the removal of most of the interlayer 

water of the systems. The E’ of the C-S-H(0.8)/polyaniline sample was about 23% lower 

than that of phase pure C-S-H at the end of this stage although it was initially higher by 

about 12%. The storage modulus of the C-S-H/polyaniline sample started to increase again 

at the temperature of about 90 °C. The strain recovery of the sample was possibly due to 

the cross-linking of the polyaniline in addition to that occurring between the silicate chains. 

It resulted in the formation of a sharper peak in the E’ curve of the C-S-H/polyaniline 

sample in this region compared to that in the phase pure C-S-H. The E’ of the 

C-S-H/polyaniline was, however, still lower than the pure C-S-H by about 25% by the end 

of the test. A significant decrease of the E’ values during the first stage of drying was also 

observed for the C-S-H/NBA or C-S-H/ABA systems in chapter 7. It was assigned to the 

break-down of some possible hydrogen bonding between the structure of the organic and 

inorganic phases in addition to the removal of the interlayer water of C-S-H. It is possible 
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that a similar mechanism contributed to the significant reduction of the E’ values of the 

C-S-H(0.8)/polyaniline nanocomposite systems.  

It is also noted that the inflection points in the DMTA curves of the C-S-H/polyaniline 

sample were shifted to the higher temperatures. The change in the location of these points 

is likely to be further evidence for the intercalation of polyaniline in the interlayer of C-S-H 

and fewer defects in the microstructure of the organically modified C-S-H. A similar result 

was obtained in chapter 7 for the C-S-H/NBA composite systems. 

Modification of C-S-H with polyaniline also improved the initial elastic properties of the 

C-S-H(1.2) sample with (Figures 11-3 and 11-4). The E’ of the C-S-H(1.2)/polyaniline 

sample initially was about 14% higher than that of the phase pure C-S-H (Figure 11-3(a)). 

The tan  of the C-S-H/polyaniline sample was also significantly lower at the starting point. 

The elastic properties of the C-S-H(1.2)/polyaniline sample were stable up to about 32 °C. 

The storage modulus, however, was reduced significantly so that it was even slightly lower 

than that of pure C-S-H at the temperature range of 45 to 60 °C. A noticeable relaxation 

was, then, observed in the DMTA curves of the C-S-H(1.2)/polyaniline sample in the 

temperature ranging 60 to 145 °C. The E’ either could not be recorded in this region as the 

sample lost its contact with the upper fixture in the DMA instrument or very low values for 

the E’ was recorded when the contact was satisfied. The specimen, however, regained its 

rigidity at the higher temperatures. It had a storage modulus close to that of phase pure 

C-S-H at the temperature of about 150 °C to end of the test (at 200 °C). 

   

Figure 11-3- DMTA responses of phase pure and polyaniline-modified C-S-H(1.2) systems at f= 0.25 Hz 
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Figure 11-4- DMTA responses of phase pure and polyaniline-modified C-S-H(1.2) systems at f= 2.5 Hz 

 

The source of the unexpected relaxation in the temperature range 60 to 150 °C is likely 

related to the difference in the elastic response of the polyaniline and C-S-H in this 

temperature range. The E’ of the phase pure C-S-H(1.2) was increased to about 3.95 GPa 

likely due to the cross-linking of silicate chains in the temperature between 60 to 150 °C 

(Figure 11-3(a)). The E’ of the polyaniline intercalated in the layered structure of C-S-H 

likely tends to decrease in this temperature range. The significant difference of the elastic 

properties of these two phases possibly resulted in the extreme relaxation of the 

C-S-H(1.2)/polyaniline sample. In order to illustrate this behavior, a typical DMTA curve 

of an emeraldine-base polyaniline film at the frequency of 5 Hz (Rodrigures and Akcelrud 

[8]) is presented in Figure 11-5. It has been previously shown that the DMTA of 

polyaniline is dependent on the synthesis procedure and the dopant nature [9, 10]. 

However, although the location of the inflection points may vary, it is likely that at least 

three different regions can be recognized in the E’ curve of the polyaniline (undoped or 

doped) film. The E’ of polyaniline film, as it is shown in Figure 11-5, decreases in the first 

region of the curve. The E’ values drops more rapidly in the second region which is 

followed by a recovery due to the cross-linking of the polyaniline [8] in the third region. 

The comparison of Figures 11-3 to 11-5 shows that at the temperatures that the second peak 

of E’ of the host C-S-H are likely to occur, the E’ of polyaniline is likely to reduce 

noticeably resulting in the significant difference of these two E’ values. 
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Figure 11-5- DMTA responses of emeraldine-base polyaniline film at f= 5 Hz [8] 

 

It is suggested based on the comparison of the curves in Figure 11-1 and Figure 11-3 that 

the elastic behavior (E’ and tan  values) of the C-S-H sample with Ca/Si = 1.2 was more 

influenced by the polyaniline intercalation than that of the sample with Ca/Si = 0.8. This is 

in conformity with the results of the change of the d002 spacing of the C-S-H/polyaniline 

samples due to drying in Ref. [7] as well as the volume stability in aggressive solutions 

provided in chapter 10. This is possibly due to the greater number of defect points in the 

high-lime hosting C-S-H. A higher amount of polyaniline, therefore, is likely to fill these 

defect points resulting in a greater enhancement of the engineering properties and resulting 

durability characteristics. The higher relaxation of the C-S-H(1.2)/polyaniline sample in the 

temperature ranging of 60 to 150 °C can also be explained by the higher value of the E’ of 

the C-S-H host, and the greater difference in the elastic properties of C-S-H and polyaniline 

for the sample with Ca/Si = 1.2 in this temperature range. 

The comparison of the E’ and the tan  curves in Figures 11-1 and 11-3 also shows that the 

change in the tan  curves of the C-S-H systems due to polymer modification is likely to be 

in the opposite direction to that of the E’ curve. This was expected as the E’ and tan  

generally act in opposite directions in the cement-based systems [11-14].  
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11.4 Conclusions 

The discussion of the DMTA results provided new information about the mechanism of 

stability of the organically-modified C-S-H systems at elevated temperatures. The initial 

storage modulus of the C-S-H/polyaniline nanocomposites with both Ca/Si ratios was 

improved. No evidence of the enhanced mechanical performance, however, was obtained at 

the temperatures above 45 °C. The C-S-H modification with organic polymers is likely to 

be more effective in the C-S-H host with Ca/Si = 1.2 as detected by these experiments.  
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Chapter 12 

Volume Stability of Calcium Sulfoaluminate Phases in     

Aqueous Solutions 

 

 

 

 

  

The volume stability of calcium sulfoaluminate phases exposed to water, lime and gypsum-

rich environments was investigated. The length changes of compacted specimens of 

synthetic monosulfate and ettringite were monitored in de-ionized water, lime-saturated 

water, gypsum-saturated water, and saturated water vapor. The X-ray diffraction analysis 

was also performed on the samples to assess the changes in the crystalline structure of each 

phase. Evidence was provided in support of the significant role of dissolution of 

monosulfate and ettringite, and the leaching of their constituent ions on the expansion of 

these phases. 

 

12.1 Introduction 

Ettringite (3CaO.Al2O3.3CaSO4.32H2O) and monosulfate (3CaO.Al2O3.CaSO4.12H2O) are 

the two common forms of calcium sulfoaluminate phases present in the hydrated cement 

paste. Ettringite is known to have a column and channel-like structure in which the columns 

have the empirical chemical formula of [Ca3Al(OH)6.12H2O]
3+

, and the SO4
2-

 anions and 

water molecules occupy the intervening channels [1]. The formation of ettringite is a key 

factor in the setting process of the cement paste. Ettringite normally converts to 

monosulfate as the cement hydration continues [2]. Monosulfate has a lamellar crystalline 
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structure. Its main layers are composed of [Ca2Al(OH)6]
+
, and the SO4

2-
 anions and water 

molecules are located between the layers [3]. 

The characteristics of ettringite and monosulfate are of significant importance, from the 

durability point of view, as these phases may exhibit considerable expansion due to the 

environmental conditions. The expansions related to the calcium sulfoaluminate phases 

have long been studied by cement chemists and researchers since the investigation of 

Michaelis in 1892 [4]. The mechanisms controlling these expansions are, however, still 

under debate.  

The formation of ettringite in sulfate rich environments has been widely accepted as a main 

cause of expansion referred to as sulfate attack [5-8]. The anisotropic growth of ettringite 

crystals, according to this theory, is an expansive phenomenon which can result in the 

deterioration of cement paste. Mehta [9-11], however, reported that the expansion of 

ettringite does not necessarily occur in the presence of high sulfate concentrations. He 

attributed the expansion of ettringite crystals of colloidal dimensions to the imbibition of 

liquid water. The observed expansion in this case could be considerably greater than the 

expansions due to the ettringite formation itself [9]. Other proposed mechanisms include 

the expansion of ettringite associated with the osmotic forces, similar to those responsible 

for the swelling of the clay particles [12].  

There remains no general agreement on the theories of expansion of ettringite. In addition, 

very few investigations have been conducted on the volume stability of monosulfate itself. 

The published studies have focused mainly on the conversion of monosulfate to ettringite in 

the sulfate environments [6, 13] although other mechanisms may also be associated with 

the expansion of these phases. Dissolution of ettringite and monosulfate, for example, is a 

possible source of expansion that is not widely recognized. 

The solid phase of porous materials can gradually breakdown to release individual ions into 

the pores through a dissolution process [14]. It has been suggested that dissolution of 

porous materials and leaching out of ions into the liquid phase is an expansive process. The 

results of previous investigations by Litvan [15, 16], Dent Glasser and Kataoka [17] and 

Feldman and Sereda [18] support this argument. Specifically, Litvan [15] investigated the 

volume stability of porous silica glass specimens (1 – 8 mm thick) in NaOH solutions (0.1 
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to 6.4 M) for an exposure period of about 24 h. The expansion of the samples was quite 

significant (e. g. 0.70 % for a 1 mm thick glass sample in the 0.4 M NaOH solution). These 

length changes far exceed the length change of porous glass saturated with water (about 

0.16%). In addition, Dent Glasser and Kataoka observed significant expansions of silica gel 

in a NaOH solution. Feldman and Sereda also reported a 0.19% expansion of porous silica 

glass during alkali treatment.  

Litvan [15, 16] further demonstrated that leaching of lime from cement paste results in 

expansion as does the partial dissolution of cement paste by a 1 N aqueous solution of HCl. 

He suggested that dimensional changes accompanying dissolution can possibly result for 

the following reasons: changes to the surface free energy of the solid phase; transient length 

changes due to gradients in the concentration of dissolved species in the pore solution 

generating osmotic-like pressures; disjoining pressure resulting from double layer effects 

outside the surface generating repulsive forces; release of strain-energy stored in the 

sample. Beaudoin et al. [19] also suggested that cementitious materials can expand in 

aggressive solutions due to the dissolution process. 

The intent of this chapter is to further investigate the details of mechanisms responsible for 

the volume stability of calcium sulfoaluminate phases. The experiments were designed to 

determine the length change of synthetic monosulfate and ettringite in de-ionized water, 

and in presence of lime and gypsum solutions. The observed expansions were, then, 

compared with the changes of the pH of the solutions as well as the crystalline structure 

and the morphology of the specimens in order to explore the possible origins of these 

expansions.  

 

12.2 Experimental Program 

12.2.1 Preparation of Materials 

Monosulfate was synthesized according to Kuzel [20]. Ettringite was prepared by a method 

described by Struble and Brown [21]. The details of the synthesis techniques were provided 

in chapter 3.  
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12.2.2 Tests 

Porous solid bodies in the form of circular discs (32 mm in diameter × 1 mm thick) were 

prepared by powder compaction. The compaction pressure was adjusted to reach a porosity 

of 10% for the samples. Then, prisms measuring 5 × 25 × 1 mm were cut from the 

compacted samples, and mounted on modified Tuckerman extensometer (see Figure 3-4).  

The prepared samples were placed in the test solutions, and the length-changes were 

measured continuously. De-ionized water, lime-saturated water, gypsum-saturated water 

and saturated water vapor were used as the test solutions. For the liquid solutions, the ratio 

of solid sample to the solution was 1 g of solid per 50 ml of the solution. The whole set-up 

was placed in desiccators containing the test solution in order to avoid evaporation. The pH 

of the test solutions were monitored using a VWR-SP90M5 pH meter for the first 24 h after 

immersion of the samples in the test solutions.  

Parallel to the length-change and pH measurements, samples of the solid compacts were 

immersed in the solution for X-ray diffraction (XRD) analysis at various times. The 

solid/solution ratio in this case was exactly the same as the one in the length-change 

measurements. The sample was removed from the solution, and ground to get the powder 

10 minutes before starting the XRD measurements. The X-ray diffraction measurements 

were performed using a Scintag XDS 2000 diffractometer using CuK radiation. The 

spectra were obtained in the range 6˚ < 2 < 60˚ using a step size of 0.08˚ at 5 second 

intervals. They were, then, normalized according to the mass of the samples.  

Changes to the morphology of the samples were observed using the scanning electron 

microscopy (SEM) techniques. SEM images were collected using a Hitachi S-4800 Field 

Emission Scanning Electron Microscope. The surface structure images were acquired using 

a beam current of 10 mA at 3.2 × 10
–16

 J (2 kV) at the working distance of 8 mm.  

All the tests were performed at room temperature (24 - 26 C). The compacted samples 

were kept in desiccators at a relative humidity of 11%. They were all examined using XRD, 

prior to immersing in the solutions, to verify that the crystalline structures corresponded to 

those of 3CaO.Al2O3.3CaSO4.30-32H2O [24, 25] and 3CaO.Al2O3.CaSO4.12H2O [24, 25]. 

In the cases where a decrease of the main basal-spacing of the monosulfate samples was 
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observed, the humidity of the sample was adjusted to revert it to the 

3CaO.Al2O3.CaSO4.12H2O.  

 

12.3 Results and discussion 

The results are presented for the monosulfate and ettringite separately. In each part, the 

length-change of the samples is discussed with reference to the changes in the pH of the 

solution, and the crystalline structure and morphology of the samples detected by the XRD 

and SEM techniques. The associated mechanisms of expansion are discussed.  

 

12.3.1 Expansion of monosulfate 

Monosulfate specimens exhibited a significant expansion immediately after immersion in 

de-ionized water (Figure 12-1). The rate of expansion was significantly reduced about 

20 min after the immersion. The amount of expansion, however, was quite large as the total 

expansion of monosulfate was 2.7% after 8 h. The observed expansion was possibly due to 

the dissolution of monosulfate, and the release of its ions to the de-ionized water. The rate 

of the dissolution decreases as the dissolution continues, due to the increased ion 

concentrations in the solution, likely resulting in a decrease of the rate of expansion. 

Expansion due to the change in the surface energy of the samples (due primarily to sorption 

phenomena) seems to be insignificant as the samples were conditioned at the relative 

humidity of 11% before starting the tests. The surface of the samples was, consequently, 

covered with water molecules prior to immersion in the de-ionized water. Length change of 

porous bodies due to flattening of menisci that occurs on adsorption of water vapor at a 

partial pressure generally greater than 0.45 is also minimized when a sample is directly 

immersed in liquid water [16]. 
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Figure 12-1- Length-change of monosulfate specimens in de-ionized water, lime-saturated water, gypsum-

saturated water and saturated water vapor – (a)  up to 24 h, (b) up to 21 d 

 

The data for the change in the pH with time of immersion in de-ionized water also supports 

the role of dissolution of monosulfate and the leaching out of the ions associated with the 

observed expansion. It is suggested based on the results shown in Figure 12-2 that the 

initial reduction of pH of the de-ionized water immediately after immersion of the 

monosulfate sample is an indication of leaching of sulfate ions from the interlayer space of 

monosulfate structure into the de-ionized water. The pH, then, oscillated between 7.0 and 

7.4 due to the competing effects of leaching of both sulfate and lime. The release of sulfate 

ions was, however, reduced after about 40 min, and the pH continued to increase due to the 

leaching of lime to the solution.  

 

Figure 12-2- Changes in pH with time of immersion of monosulfate specimens of de-ionized water, lime-

saturated water and gypsum-saturated water 
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The expansion of monosulfate in the gypsum-saturated water was significantly lower than 

in de-ionized water. Sulfate ions and calcium ions were available in the gypsum solution 

which possibly reduced the solubility of these ions due to the common-ion effect, and, 

consequently, decreased the expansion. It is also indicated from the results of Figure 12-2 

that the pH of the gypsum-saturated solution did not decrease (during the first 40 minutes) 

after immersion of the monosulfate sample in it. In addition, the pH of the gypsum-

saturated solution exceeded that of the de-ionized water after about 1 h as the effect of lime 

leaching on the increase of the pH was not compensated for by that of the sulfate leaching 

occurring in the de-ionized water solution.  

The expansion of monosulfate in the lime-saturated water was very quick, and the sample 

disintegrated a couple of minutes after the immersion (Figure 12-1(a)). The pH of lime-

saturated water did not significantly change after the immersion of the monosulfate sample 

in it (Figure 12-2). The leaching out of lime from the monosulfate sample is minimized in 

the lime-saturated water. Some sulfate ions likely leached out from the sample, and resulted 

in a part of the expansion. The amount of sulfate leaching, however, was not large enough 

to change the pH of the solution; especially as the lime-saturated water has a high alkaline 

buffer capacity which makes it more resistant to change of the pH compared to the 

de-ionized water. Aluminum leaching possibly also played a role in the expansion and the 

disintegration of the monosulfate sample in the lime-saturated water. Aluminum can leach 

out in the form of Al(OH)
-
 in the solutions with high values of pH. As aluminum is a main 

component in the microstructure of monosulfate layers, leaching of even a small amount of 

aluminum can likely result in large expansions leading to the disintegration of the sample.   

The significant role of the dissolution of monosulfate in the aqueous solutions as it pertains 

to volume stability was also supported by the length-change measurements on a 

monosulfate sample in a solution containing both aluminum sulfate hydrate (25 g/l) and 

gypsum (2.8 g/l). The results, which are not presented here, suggested that the expansion of 

monosulfate sample in this solution, containing dissolved ions of calcium, aluminum and 

sulfate, was about 1 × 10
-3

 % after 3 minutes. It was considerably lower than the expansion 

observed for the monosulfate samples immersed in the other solutions for a similar period 

of time (about 1 % after 3 minutes) emphasizing that all three of these ions can have a role 



12. Volume Stability of Calcium Sulfoaluminate Phases in Aqueous Solutions  

 

196 

 

in the volume stability of monosulfate depending on the composition of the aqueous 

solution.  

Dissolution of monosulfate also occurs, at a lower rate, in the saturated water vapor (Figure 

12-1). The ions, especially those that are near the surface, could gradually leach out, 

resulting in the expansion.  

The XRD patterns of monosulfate in de-ionized water are presented in Figure 12-3. The 

figure shows that the dissolution of monosulfate resulted in the gradual growth of the 

ettringite peak in the sample so that after 21 days the ettringite peak was significantly more 

dominant than the monosulfate peak. The appearance of ettringite due to the dissolution of 

monosulfate in de-ionized water was also reported by Atkins et al. [24]. The concentration 

of sulfate ion increases in both the pore solution and the bulk solution as a result of the 

leaching process tending towards an equilibrium concentration in a few hours. The 

increased concentration of sulfate ions in the sample pores, due to the dissolution of 

monosulfate, could result in the formation of ettringite which is more stable than 

monosulfate in water at 25 °C [24, 25]. 
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Figure 12-3- XRD patterns of monosulfate in de-ionized water – E: Ettringite, M: Monosulfate 

 

The growth of ettringite peaks occurred more slowly in the lime-saturated water compared 

to that in the de-ionized water (Figures 12-3 and 12-4). It was also observed that the sulfate 

leached out of the monosulfate sample reacted with the calcium cations available in the 

lime-saturated solution and formed gypsum crystals after three weeks. The formation of 

gypsum crystals is an indication of some sulfate leaching from the interlayer of the 

monosulfate sample even though the pH of the solution did not significantly change during 

the first 8 h (Figure 12-2). 
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Figure 12-4- XRD patterns of monosulfate in lime-saturated water – E: Ettringite, M: Monosulfate,               

G: Gypsum 

 

The XRD pattern of the monosulfate samples immersed in the gypsum-saturated water is 

shown in Figure 12-5. As expected, the formation of ettringite was accelerated in the 

presence of gypsum solution. However, in spite of the higher rate of ettringite formation, 

the gypsum-saturated water resulted in less expansion compared to the de-ionized water 

and the lime-saturated water (Figure 12-1(a)). In addition, the sample did not disintegrate, 

and did not exhibit evidence of macro- cracking even though it exhibited more than 7% 

expansion (Figure 12-1(b)). The higher resistance of the sample to disintegration in the 

gypsum-saturated water may be related to the limited amount of ions leached out of the 

sample. The XRD patterns of Figure 12-5 together with the expansion curve of Figure 

12-1-b suggest that the monosulfate sample in the saturated-gypsum solution exhibited 

about 6% longitudinal expansion before its complete conversion to ettringite. About half of 

this expansion occurred in the first day of the experiments, although a significant growth of 
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ettringite crystals occurred after this period. This also suggests that the dissolution of the 

sample is a main source of expansion. In addition, the length change curve of the ettringite 

formed through the dissolution process of the monosulfate sample is concave up (Figure 

12-1(b)) corresponding to the length-change curves of the synthetic ettringite presented in 

the following section. 

 

 

Figure 12-5- XRD patterns of monosulfate in gypsum-saturated water– E: Ettringite, M: Monosulfate 

 

The XRD patterns of the sample in the saturated water vapor show that the expansive 

behaviour of monosulfate in the water vapor is very similar to that in the de-ionized water, 

but the expansion occurs at a lower rate (Figures 12-6 and 12-3). 



12. Volume Stability of Calcium Sulfoaluminate Phases in Aqueous Solutions  

 

200 

 

 

Figure 12-6- XRD patterns of monosulfate in saturated water vapor– E: Ettringite, M: Monosulfate 

 

The SEM micrographs of the monosulfate samples after 24 h immersion in the de-ionized 

water, lime-saturated water, gypsum-saturated water and water vapor are shown in Figure 

12-7. It was observed that the surface texture and the hexagonal morphology of the 

monosulfate plates were altered following immersion in the test solutions for 24 h. The 

ettringite crystals are likely formed on the surface of the samples, especially on the one 

immersed in the gypsum-saturated water. It can also be seen that the particles exhibiting 

plate-like morphology for the monosulfate sample immersed in the lime-saturated water are 

smaller than in the other test solutions. The alterations to the surface of the monosulfate 

sample in the water vapor were less than those in the other solutions as was expected. 
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Figure 12-7- SEM micrographs of monosulfate specimens immersed in de-ionized water, lime-saturated 

water, gypsum-saturated water and saturated water vapor for 24 h 

 

   

12.3.2 Expansion of ettringite 

Ettringite also exhibited a significant expansion when it was exposed to the de-ionized 

water (Figure 12-8). The expansion of ettringite in the lime-saturated water was very 

similar to that in the de-ionized water. The samples, in both solutions, disintegrated after 

about 40 minutes. The expansion of ettringite in the gypsum-saturated water was lower 

than that in de-ionized water and lime-saturated water. In addition, the sample had a higher 

resistance to the disintegration in the gypsum-saturated water, and it did not disintegrated 

for a period of up to about 100 minutes. The ettringite sample also expanded in the water 
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vapor at a lower rate compared to those in the other solutions. The expansion of ettringite 

sample, however, was still significant so that the total length change of ettringite in the 

saturated water vapor was about 1.3% after 8 h. 

 

 

Figure 12-8- Length change of ettringite specimens in de-ionized water, lime-saturated water, gypsum-

saturated water and saturated water vapor 

 

It is suggested that the expansion of ettringite in the aqueous solutions is also associated 

with the dissolution process. Data from the pH versus time of immersion curves in 

Figure 12-9 supports this argument. It is suggested that the reduction in pH of the 

de-ionized water, from 7.0 to 6.7, 40 minutes after immersion of the ettringite sample is due 

to the leaching of sulfate ions from the intercolumnar space of the ettringite structure. 

Ghorab et al. [26, 27] reported that a total of about 0.2 g/l of sulfate ions are available in an 

equilibrated ettringite-water solution at 30 °C. The pH, then, gradually increased to 9.14 

after 8 h due to the leaching of lime into the solution. 



12. Volume Stability of Calcium Sulfoaluminate Phases in Aqueous Solutions  

 

203 

 

 

Figure 12-9- Changes in pH with time of immersion of ettringite specimens of de-ionized water, lime-

saturated water and gypsum-saturated water 

 

The pH of lime-saturated water did not significantly change after the immersion of 

ettringite. Lime-leaching from the ettringite sample is minimized in the lime-saturated 

water. The sulfate leaching is also lower in the lime-saturated water. Some sulfate, 

however, likely leached from the ettringite sample and resulted in some expansion although 

it did not noticeably decrease the pH of the solution. Ghorab et al. [27] also suggested that 

the concentration of sulfate ions was lower in the presence of lime solution. The 1:1 

ettringite-lime water solution, however, contained about 0.045 g/l sulfate ions. It is possible 

that aluminum leaching in the form of Al(OH)
-
, which is likely accelerated in the alkaline 

solutions, was also responsible for some of the expansion and especially for the 

disintegration of the ettringite sample. Aluminum has a critical location in the structure of 

ettringite columns. Only a small amount of aluminum leaching is likely required to result in 

the significant expansion, and loss of integrity of the ettringite sample.  

The pH of gypsum-saturated water did not decrease after the immersion of ettringite as 

expected. It only gradually increased due to the lime leaching. These results are in good 

conformity with the length-change curves of Figure 12-8. A lower expansion and higher 

resistance to the disintegration of the ettringite sample in the gypsum-saturated water 

compared to that in the de-ionized water and lime-saturated water are shown.   



12. Volume Stability of Calcium Sulfoaluminate Phases in Aqueous Solutions  

 

204 

 

The data presented in Figure 12-10 indicates that no significant change was observed in the 

XRD patterns of ettringite samples in the test solutions up to 21 days. The comparison of 

Figure 12-8 and Figure 12-10 indicates that the dissolution of ettringite, and especially the 

leaching of sulfate ions located between the columns of the ettringite structure, plays an 

important role in the expansion of ettringite in the test solutions. Leaching of sulfate ions 

did not affect the general nature of the channelled structure of ettringite. It, however, 

resulted in considerable expansion that could contribute to cracking and the disintegration 

of the ettringite sample. In addition, leaching of aluminum is likely to be very expansive 

and may result in the disintegration of the ettringite sample. Defects in the crystalline 

structure of ettringite due to the leaching of aluminum cannot be necessarily detected by the 

XRD technique as it may affect only a small percentage of the ettringite crystals. Ghorab et 

al. [26] also suggested that no significant change in the XRD patterns of the ettringite 

samples immersed in the de-ionized water does not guarantee that there is no damage to the 

structure of the ettringite crystal. 

 

Figure 12-10- XRD patterns of ettringite specimens after 21 days immersion in de-ionized water, lime-

saturated water, gypsum-saturated water and saturated water vapor 
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The SEM micrographs of ettringite samples immersed in the de-ionized water, lime-

saturated water, gypsum-saturated water and water vapor for 24 h are presented in Figure 

12-11. The size of the ettringite crystals resulting from exposure to the test solutions is 

smaller than that in the control sample. In addition, gypsum crystals formed near the 

surface of the ettringite crystals exposed to the water vapor. This is an indication of sulfate 

and calcium leaching from the ettringite sample. 

 

 

Figure 12-11- SEM micrographs of ettringite specimens immersed in de-ionized water, lime-saturated water, 

gypsum-saturated water and saturated water vapor for 24 h 
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The comparison of Figure 12-1 and Figure 12-8 indicates that the expansion of ettringite in 

de-ionized water is considerably lower than monosulfate which is also in conformity of the 

previous published investigations on the lower solubility of ettringite (at 25 °C) compared 

to that of monosulfate [24].  

 

12.4 Conclusions 

In this study, mechanisms of expansion of monosulfate and ettringite in de-ionized water 

and in presence of lime and gypsum solutions were investigated. The main conclusions are 

as follows: 

- Dissolution of ettringite and monosulfate phases in the aqueous solutions results in 

significant expansion.  

-  A dissolution mechanism may be also a significant source of expansion in cement 

paste. 

- Expansion of monosulfate and ettringite can occur in aqueous solutions containing 

no sulfate ions.  

- Monosulfate exhibited larger expansion than ettringite in the test solutions which 

may be related to the higher solubility of monosulfate.  

- Leaching of the sulfate ions which occurred immediately after the exposure to all 

the test solutions resulted in a significant expansion. The effect was not detected in 

the XRD patterns as these ions leached out of the interlayer of monosulfate structure 

or channels of the ettringite structure. 

- Leaching of aluminum and calcium ions from the structure of monosulfate and 

ettringite cannot be detected by the XRD technique when it affects only a small 

percentage of the crystals. The leaching of these ions, especially aluminum, 

however, likely results in a significant expansion.  

- Monosulfate and ettringite also expanded when they were exposed to the saturated 

water vapor. The mechanism of expansion is similar to that of exposure in 

de-ionized water but the expansion occurs at a lower rate.  
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Chapter 13 

Solvent-Exchange in Sulfoaluminate Phases – 

Part I: Ettringite 

 

 

 

 

  

The change in the microstructure of ettringite and concomitant changes in volume due to 

the application of organic solvent-exchange methods were investigated. Ettringite samples 

conditioned to 11% relative humidity were treated with methanol, ethanol and isopropanol, 

and were examined by different analytical techniques including XRD, FTIR, TGA, SEM 

and nitrogen BET surface area measurement to explore the limitations of using these 

organic solvents in the study of ettringite microstructure. The results suggest that methanol 

interacts with ettringite. It, therefore, is not recommended for the characterization of this 

sulfoaluminate phase. Ethanol and isopropanol did not significantly change the crystalline 

structure of ettringite. They, however, resulted in the higher surface area of the treated 

sample compared with the surface area of the untreated one. Length-change of ettringite in 

these alcohols was also determined in addition to the microstructure study, and the results 

are presented.      

 

13.1 Introduction 

Solvent replacement techniques have been used by several researchers to characterize the 

microstructure of hydrated cement systems [1-4]. An organic liquid, miscible with water, 

but with higher vapor pressure is used in this technique to remove water from the 

investigated system [5]. Some alcohols, such as methanol and isopropanol, and also acetone 

are examples of the commonly used solvents. It is often assumed that these organic solvents 
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are inert with respect to the hydrated cement solid, and do not affect the results of 

microstructural investigation [6, 7]. Some evidence, however, has been published 

indicating that this assumption is not always correct [8, 9]. 

Beaudoin [10] suggested that treatment with alcohol resulted in the microstructural changes 

of calcium silicate hydrate (C-S-H) systems which were detectable by the X-ray diffraction 

(XRD) and thermal analytical techniques. In addition, the nitrogen surface area and pore 

size distribution of cement paste systems were largely affected by the alcohol treatment. 

Evidence provided by the length-change measurement of calcium hydroxide (CH) 

compacts in methanol and isopropanol demonstrated that it is not only the C-S-H phase in 

cement paste that is influenced by the alcohol treatment [11]. Day [12] also suggested that 

methanol reacts with calcium hydroxide forming calcium methoxide or a carbonate like 

product. The investigation performed by Beaudoin [13] supported the hypothesis that 

methanol reacts with calcium hydroxide at 22 C. 

The suggestion that organic solvents react with cementitious phases is not accepted by all 

researchers. Some authors [7, 14] suggested that methanol exchange was suitable for the 

pore structure investigation. Hansen and Gran [15] also reported that no evidence of 

chemical interaction between ethanol and cement paste solids was detected by the 

13
C NMR spectroscopy. In addition to the controversy regarding the validity of using 

organic solvent for the microstructure study of C-S-H and CH, it is noted that very few 

papers have been published on the application of solvent-exchange methods in the study of 

sulfoaluminate phases. The influence of other drying techniques such as vacuum drying and 

desiccant drying on the structure of sulfoaluminate phases has been investigated recently by 

Zhang and Glasser [5]. The validity of utilizing organic solvent-exchange methods for this 

purpose has not been confirmed. Its use is not fully understood. 

The intent of this chapter was to investigate the influence of aliphatic alcohols on the 

microstructure of ettringite (3CaO.Al2O3.3CaSO4.30-32H2O). Part II to be reported in the 

following chapter will focus on a similar investigation of the monosulfate phase 

(3CaO.Al2O3.CaSO4.12H2O). The interaction between methanol, ethanol and isopropanol, 

as the solvent, and these sulfoaluminate phases was explored by the X-ray diffraction 

(XRD), thermal gravimetric analysis (TGA), Fourier transform infrared spectroscopy 



13. Solvent-Exchange in Sulfoaluminate Phases – Part I: Ettringite  

 

212 

 

(FTIR), scanning electron microscopy (SEM), nitrogen BET surface area and length-

change measurements. 

 

13.2 Experimental Program 

Ettringite was synthesized by a method described by Struble and Brown [16] (see 

chapter 3). The ettringite powder was kept in desiccators over saturated lithium chloride 

solution, at a relative humidity of 11%, until equilibrium was obtained prior to conducting 

the experiments. The powder was immersed in the solvent for different intervals of 

15 minutes to 24 hours. Methanol, ethanol and isopropanol were used as the solvent, and 

the solid-solvent ratio was 1 gr of solid per 50 ml of the solvent in all the experiments. The 

solvent was discharged when the immersion time was completed, and the solid was 

vacuum-dried for about 2 minutes. The experiments performed are described in the 

following paragraphs. All these experiments were performed on the powder, except the 

FTIR spectroscopy and the length-change measurements which required compacted 

samples. The compaction procedure for these two tests is described in the corresponding 

sections. 

XRD - XRD measurements were performed using a Scintag XDS 2000 diffractometer and 

CuK radiation. The spectra were collected with a diffraction angle range of 6˚ < 2 < 60˚ 

using a step size of 0.08˚ at 5 second count interval with an accelerating voltage of 45 kV 

and current of 35 mA. Intensities were, then, normalized according to the mass of the 

samples.   

FTIR spectroscopy - Samples were ground to a fine powder with potassium bromide, and 

compacted into a disk of 10 mm diameter using a 10 ton load. FTIR spectra were collected 

on a Tensor 27 spectrometer in direct transmission mode between 4000 and 400 cm
-1

. Each 

FTIR spectrum represented the average of 50 scans at 4 cm
-1

 resolution. Air was used as a 

background for the measurements.  

TGA - The TGA was performed using a TA Instruments SDT Q-600. About 25 mg of the 

sample was heated from ambient temperature to 1000 °C at a rate of 10 °C/min under the 

flow of nitrogen gas (10 ml/min). The derivative mass loss and heat flow were analyzed 
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using Universal Analysis 2000 software. NETZSCH Peak Separation software, version 

2010.09, was also used to analyse the overlapping peaks in the derivative mass-loss curve.  

BET surface area - Nitrogen BET surface area measurement was performed using the 

Quantachrome instrument, NOVA 2200e surface area and pore size analyzer. The samples 

were vacuum-dried at 40 °C for one hour prior to starting the measurements.  

SEM - The SEM images were collected using a Hitachi S-4800 Field Emission Scanning 

Electron Microscope. Surface structure images were taken using a beam current of 10 mA 

at 3.2 × 10
–16

 J (2 kV). Images were acquired at a working distance of 8 mm. 

Length-change measurements - The ettringite powder was compacted to produce porous 

bodies in the form of circular discs (32 mm in diameter × 1 mm thick). The compaction 

pressure was adjusted to have a porosity of 10% for the samples. Then, prisms, 

5 × 25 × 1 mm thick, were cut from the compact samples, and mounted on modified 

Tuckerman extensometers. The prepared samples were placed in each alcohol with the 

same solid/solvent ratio as the other tests, and the length-change was continuously 

measured for up to 14 days.  

 

13.3 Results and discussion 

13.3.1 XRD 

The XRD patterns of ettringite samples immersed in methanol for various intervals are 

given in Figure 13-1. The intensity of the ettringite peaks was reduced significantly even 

after 15 minutes immersion in methanol. Small peaks of ettringite crystals were still present 

in the sample after 2 and 6 hours. The peaks, however, completely disappeared after 

24 hours suggesting that solvent-exchange with methanol likely resulted in the breakdown 

of the crystalline structure of ettringite and formation of an amorphous material. 
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Figure 13-1- XRD patterns of ettringite samples immersed in methanol for various periods 

 

The intensity of the 9.73 Å peak, associated with the intercolumn distances in the ettringite 

structure [17], was dramatically reduced due the methanol treatment. This indicates that the 

intercolumn bonds have been disturbed. Methanol molecules are of small size (3.6 Å in 

diameter), and likely entered the intercolumnar space of the ettringite structure in addition 

to adsorption on the surface. In addition, the hydroxyl group of methanol possibly replaced 

some of the hydroxyl groups of the ettringite structure. The two structural columns of 

ettringite include 24 water molecules which are attached to the calcium polyhedra, half of 

them in the main vertices and the other half in the additional vertices of the trigonal prisms, 

and six hydroxyl groups which form the aluminum and calcium polyhedra [18]. 

Skoblinskaya et al. [17] suggested that the intensity of XRD peaks of ettringite 

(3CaO.Al2O3.3CaSO4.30H2O) was reduced due to the removal of 12 water molecules 

located in the additional vertices of the calcium polyhedra. The crystalline structure of 

ettringite, however, was still retained in the sample with 18 molecules of water. They, 

however, reported that ettringite became likely amorphous due to the removal of water 

molecules from the main vertices of the calcium polyhedra, and the 9.73 Å peak was not 

present in the ettringite sample with 12.8 water molecules. These dehydration theories 
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corroborated by the XRD patterns of Figure 13-1 suggest that methanol possibly replaced 

even some of the water molecules in the main vertices resulting in the significant distortion 

of the ettringite crystals.   

The hydrogen atoms of water molecules located in the main vertices of the calcium 

polyhedra are arranged in horizontal planes, and, therefore, are capable of forming 

hydrogen bonds with the sulfate and water molecules in the intercolumnar channels [18] as 

well as with the surface adsorbed water [19]. These atoms could also participate in 

hydrogen bonding with methanol molecules possibly resulting in some change in the 

crystalline structure of ettringite. It is, however, possible that the hydroxyl group of 

methanol had formed a hydrogen bond with these hydrogen atoms through its oxygen, and 

with the hydroxyl group of aluminum polyhedra through its hydrogen atom; the new 

structured material was not as well crystalline as the ettringite itself. The chemical bonding 

of the 24 hour methanol treated ettringite was studied by the IR spectroscopy technique in 

order to explore the details of formation of new bonds due to the chemical interaction of 

methanol with ettringite. This is reported in the following section 13.3.2. 

The XRD patterns of ettringite samples after 24 hours immersion in methanol, ethanol and      

isopropanol are compared in Figure 13-2. In contrast with the XRD pattern associated with 

the methanol treatment, no significant change in the XRD pattern of ettringite samples was 

observed due to the solvent-exchange with ethanol and isopropanol. The absence of a 

diffraction line broadening or reduction of the intensity of the 9.73 Å peak for the ethanol 

and isopropanol treated samples suggests that the intercolumnar distances did not 

significantly change during the treatment.  
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Figure 13-2- XRD patterns of the ettringite sample immersed in methanol, ethanol and isopropanol for 24 h 

 

 

13.3.2 FTIR spectroscopy 

The FTIR spectra of the methanol-treated sample suggest that the intensity of the bond with 

a frequency of 3630 cm
-1

 was lower in the methanol treated ettringite compared to in pure 

ettringite (Figure 13-3). This peak corresponds to the free hydroxyl group which is likely 

assigned to the Ca-bonded groups [20, 21] that do not form a hydrogen bond. The reduction 

in the intensity of this bond is in conformity with the XRD results suggesting that the water 

molecules in the additional vertices of the calcium polyhedra were partially replaced with 

methanol. 
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Figure 13-3- FTIR spectra of the ettringite sample and the 24-hour methanol-treated ettringite sample 

 

A new bond is formed due to the methanol treatment at a frequency of about 3530 cm
-1

 

which likely corresponds to the hydrogen-bonded hydroxyl group of methanol [22]. This 

hydrogen bond is possibly formed between methanol and the free water of ettringite, and/or 

replaces some of the hydrogen bonds in the ettringite structure. The peaks between 1400 

and 1500 cm
-1

 likely correspond to the (CO3)
-2

 [23, 24] and C-H bonds [25]. The peaks 

between 2800 to 3000 cm
-1

 also represent aliphatic bonds [25] and possibly some 

aluminum methoxy groups [26]. The presence of organic peaks in the control sample is due 

to the use of the sucrose solution in the synthesis of ettringite. The intensity of these peaks, 

however, was increased due the methanol treatment. The asymmetric broadening of the 

peak at 1128 cm
-1

 in the methanol treated sample is possibly due to the presence of C=O 

bond at about 1149 cm
-1 

[22]. 
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13.3.3 TGA 

Ettringite normally loses its water at temperatures lower than 500 °C, mainly at about 

120 °C and 230 °C, during the TGA experiment [27]. The peaks that appear between 550 to 

1000 °C likely correspond to the release of some sulphur oxides which occur during the 

TGA experiment of ettringite synthesized in sucrose solution [28] and natural ettringite 

[29]. FTIR spectra of the ettringite sample after heating up to 1000 °C during the TGA 

technique, data not presented here, suggest that the intensity of the SO4
2-

 peak was 

significantly reduced.  

The derivative of mass-loss curves for the ettringite sample and the methanol treated 

ettringite samples at different intervals are presented in Figure 13-4. The peak appearing at 

about 40 to 60 °C corresponds to the release of the adsorbed methanol. The decrease of the 

area of the peaks at 120 and 230 °C in the methanol treated samples suggests that the 

methanol treated samples had significantly lower water content compared to the control 

one. Further decrease of the water content of the sample was observed by increasing the 

time of immersion in methanol. A large amount of water, however, was removed from the 

ettringite sample in the first 15 minutes of immersion. The mass-loss percentage of the 

ettringite sample immersed in different alcohols due to the release of water molecules in the 

TGA experiment is presented in Figure 13-5. The peaks corresponding to water and the 

alcohols were separated using the NETZSCH Peak Separation software. Assuming 30-32 

molecules of water for the control sample, it is estimated that the ettringite sample had 

about 21 water molecules after 15 minutes of immersion in methanol. The water content of 

the methanol treated samples was likely reduced to about 18.5, 14 and 10.7 water 

molecules, respectively, after immersion for 1, 2 and 24 hours. These results are in good 

conformity with the XRD spectra indicating the damage of ettringite crystals is due to the 

removal of water molecules from the main structure of the ettringite crystals. Additional 

XRD and TGA experiments were performed on the 24 hour methanol treated ettringite 

sample after 6 months exposure to the room humidity conditions. The results were similar 

to the results presented in Figures 13-1 and 13-4, suggesting that the distortion of the 

crystalline structure of ettringite and the loss of water content due to the methanol 

interaction is likely irreversible. 
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Figure 13-4- Derivative of mass-loss curves in the TGA experiment for the control ettringite sample and the 

samples immersed in methanol for different time intervals 

 

 

Figure 13-5- Mass loss due to the release of water molecules during the TGA experiment for the ettringite 

samples immersed in methanol, ethanol and isopropanol 

    

The derivative of mass-loss curves for the ettringite samples after 24 hours immersion in 

methanol, ethanol and isopropanol are summarized in Figure 13-6. This figure together 

with the mass-loss curves of Figure 13-5 suggests that it was mainly the surface water that 
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was replaced due to the treatment with ethanol and isopropanol. In the case of ethanol 

treatment, some of the intercolumn water was possibly also replaced. No signs of change in 

the structural water of ettringite were, however, observed due to the solvent-exchange with 

ethanol or isopropanol. 

 

Figure 13-6- Derivative of mass loss curves in the TGA experiment for the ettringite samples immersed in 

methanol, ethanol and isopropanol for 24 h 

 

 

13.3.4 BET Surface area 

Nitrogen BET surface area of ettringite was significantly increased due to the methanol 

treatment. Figure 13-7 suggests that the ettringite sample immersed in methanol for 

24 hours had a surface area of about 10 times higher than the surface area of the control 

sample. The high surface area of the methanol treated sample was expected due to the 

amorphous structure and lower water content of the formed material. 
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Figure 13-7- Nitrogen BET surface area of the ettringite samples immersed in methanol, ethanol and 

isopropanol for 24 h 

 

Solvent-exchange with ethanol and isopropanol also increased the surface area of ettringite 

samples (Figure 13-7). The increase of the surface area of ettringite due to the treatment 

with ethanol and isopropanol was, however, significantly lower than the increase of the 

surface area due to the methanol treatment. 

 

13.3.5 SEM 

SEM images of ettringite before and after the solvent-exchange with methanol, ethanol and 

isopropanol are presented in Figure 13-8. The figure suggests that the methanol-treated 

sample was composed of mainly amorphous particles and some ettringite-shaped particles 

with smaller size compared to the size of ettringite crystal in the control sample. No 

significant change was observed in the ettringite texture due to the solvent-exchange with 

ethanol and isopropanol. 
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Figure 13-8- SEM images of the ettringite samples immersed in methanol, ethanol and isopropanol for 24 h 

 

 

13.3.6 Length-change measurements  

The ettringite sample significantly expanded due to the immersion in methanol 

(Figure 13-9) which is possibly due to the decrease of the surface energy of the ettringite 

sample due to replacement of the surface water with the solvent. The theoretical details of 

the length-change of solids due to the adsorption process in general, based on the Gibbs’s 

and Bangham equations, are provided by Feldman [30]. He applied the Bangham equation 

to the hydrated cement-water system to account for the expansion from the physically 

adsorbed water. The Bangham effect can also be operative in other porous materials such as 

compacted ettringite samples. In addition to the Bangham effect, the entry of methanol 

between the ettringite columns may also be a significant source of expansion. The 

replacement of water with methanol in the columnar structure is likely expansive due to the 

larger molecular size of methanol. Formation of hydrogen bonding between methanol and 

ettringite may also be a source of expansion. The expansion of the ettringite sample in 

methanol followed by a contraction after three days (Figure 13-9(b)) suggests that the 
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material formed due to this interaction possibly has a higher density compared to the 

density of the untreated ettringite sample. 

  

Figure 13-9- Length change of ettringite sample immersed in methanol, ethanol and isopropanol up to          

(a) 24 h, (b) 14 d 

  

The expansion of ettringite in ethanol is likely due to the decrease of surface energy. The 

size of the ethanol molecule (4.5 Å) is larger than the size of methanol molecule (3.6 Å), 

and it is unlikely that it enters the intercolumn space of the ettringite structure. 

The length-change curve of ettringite in isopropanol shows contraction followed by the 

expansion after about 24 hours. The surface energy of ettringite is possibly increased in the 

first day of immersion in isopropanol resulting in the slight contraction. The expansion 

after one day of immersion may be due to the formation of some new hydrogen bonds.   

 

13.4 Conclusions 

The microstructure of ettringite samples treated with methanol, ethanol and isopropanol 

was investigated. The main conclusions are as follows:  

- Methanol reacts with ettringite. It replaces some of the water molecules in the structure 

of ettringite, and forms some hydrogen bonds with the ettringite structure.   

    ( a )   ( b ) 
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- The methanol treated ettringite was poorly crystalline. It had lower water content and 

significantly higher surface area compared to the water content and the surface area of 

ettringite itself.    

- The expansion of ettringite in the test alcohols was in the following order:                  

methanol > ethanol > isopropanol. Differences are due to the greater chemical 

interaction following immersion in methanol, surface energy considerations and the 

relative size of the alcohol molecules. 

- The crystalline structure of the ettringite samples as detected by the XRD technique was 

unaffected by treatment with ethanol and isopropanol. 

- There are some limitations on the use of methanol, ethanol and isopropanol for the 

surface area determination of ettringite. The surface area of the sample, however, was 

less affected by ethanol and isopropanol compared with methanol.  
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Chapter 14 

Solvent-Exchange in Sulfoaluminate Phases – 

Part II: Monosulfate 

 

 

 

 

  

The influence of organic solvent-exchange techniques on the microstructure and the 

dimensional stability of monosulfate (3CaO.Al2O3.CaSO4.12H2O) was critically 

investigated. Monosulfate samples were treated with methanol, ethanol and isopropanol, 

and examined by different analytical techniques including XRD, FTIR, TGA and SEM. 

Nitrogen BET surface area measurements and length-change of the monosulfate samples in 

the solvents were also recorded. Evidence was obtained that indicates monosulfate was 

readily dehydrated from 12 water molecules to 10 water molecules once it was treated by 

the investigated alcohols. The alcohol molecules, however, likely intercalated into the 

monosulfate structure limiting an expected decrease in the interlayer distance of the 

monosulfate structure. Methanol had the greatest damaging effect on the monosulfate 

microstructure. Ethanol, however, resulted in higher long-term expansion due to its 

intermediate molecular size and reactivity with monosulfate compared to methanol and 

isopropanol.  
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14.1 Introduction 

The solvent-exchange technique is one of the common drying methods for the study of 

hydrated cement phases [1-4]. An organic liquid like methanol or isopropanol, which is 

miscible with water but has a higher vapor pressure, is used in this technique to remove 

water from the system [5]. There, however, remains controversy as to the possibility of 

interaction of these organic solvents with the hydrated cement paste phases [6-11]. Some 

evidence of the reaction of organic solvents with the calcium silicate hydrate (C-S-H) and 

calcium hydroxide phases (CH) in cement paste has been reported [12-15]. It, however, is 

not accepted by all the researchers [6, 7]. 

It is noted that very few investigations have been performed on the application of solvent-

exchange methods in the study of sulfoaluminate phases. The influence of using methanol, 

ethanol and isopropanol on the microstructural characteristics and the dimensional stability 

of ettringite was studied in chapter 13. Evidence was obtained on the interaction of 

methanol with ettringite resulting in the formation of a semi-amorphous material with 

significantly lower water content compared to ettringite itself. No permanent effect of 

ethanol and isopropanol on the microstructure of ettringite was, however, observed.   

The published investigations on the influence of drying techniques on the monosulfate 

characteristics are even fewer than those published on ettringite. Difficulty with the 

synthesis of pure monosulfate [5] is possibly a reason for this. Zhang and Glasser [5] 

examined the influence of vacuum drying, d-drying and desiccant drying on the structure of 

ettringite and monosulfate. They suggested that monosulfate is more sensitive than 

ettringite to changes in the hydration state during drying.  

The intent of this investigation was to explore the validity of using aliphatic alcohols for 

drying monosulfate (3CaO.Al2O3.CaSO4.12H2O). The influence of methanol, ethanol and 

isopropanol on the monosulfate microstructure was examined by the XRD, thermal 

gravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and scanning 

electron microscopy (SEM) techniques. The nitrogen BET surface area values were 

determined and length-change measurements of monosulfate in these alcohols were also 

recorded.   
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14.2 Experimental Program 

Monosulfate was synthesized by a method described by Kuzel [16]. It consisted of reacting 

stoichiometric amounts of tricalcium aluminate (C3A) and gypsum (CaSO4.2H2O) in an 

excess amount of water in a hydrothermal pressure vessel as described in chapter 3. The 

monosulfate powder with a relative humidity of 11% was immersed in the solvent for 

periods of 1, 2, 6 and 24 hours. Methanol, ethanol and isopropanol were used as the 

solvent, and the solid-solvent ratio was 1 g of solid per 50 ml of the solvent in all the 

experiments. The solvent was discharged after the treatment time was completed, and the 

solid was vacuum-dried for about 2 minutes. The dried powder was, then, used in the 

experiments described in the following sections. It is noted that the FTIR spectroscopy and 

the length-change measurements were performed on compacted samples. The compaction 

procedure for these two experiments is described in the corresponding sections. 

XRD - A Scintag XDS 2000 diffractometer and CuK radiation was used for obtaining the 

XRD spectra. The spectra were collected with a diffraction angle range of 6˚ < 2 < 60˚ 

using a step size of 0.08˚ at a 5 second count interval. Intensities were, then, normalized 

according to the mass of the samples.   

FTIR spectroscopy - Monosulfate powder was ground with potassium bromide, and 

compacted into a disk of 10 mm diameter using a 98 kN load. FTIR spectra were collected 

on a Tensor 27 spectrometer in direct transmission mode between 4000 and 400 cm
-1

. Each 

FTIR spectrum represented the average of 50 scans at 4 cm
-1

 resolution. Air was used as a 

background for the measurements.  

TGA - Simultaneous thermogravimetric analysis and differential scanning calorimetry 

(TGA-DSC) experiments were performed using a TA Instruments SDT Q-600. About 

25 mg of the sample was heated from ambient temperature to 1000 °C at a rate of 

10 °C/min under the flow of nitrogen gas (10 ml/min). The derivative mass loss and heat 

flow were analyzed using Universal Analysis 2000 software. NETZSCH Peak Separation 

software, version 2010.09, was also used for the deconvolution of the overlapping peaks in 

the derivative mass-loss curve.  
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BET surface area - The nitrogen BET surface area of the samples was determined using 

the Quantachrome instrument, NOVA 2200e surface area and pore size analyzer. The 

samples were vacuum-dried at 40 °C for one hour prior to starting the measurements.  

SEM - SEM images were collected using a Hitachi S-4800 Field Emission Scanning 

Electron Microscope. The surface structure images were acquired at the working distance 

of 8 mm using a beam current of 10 mA at 3.2 × 10
–16

 J (2 kV).  

Length-change measurements - The monosulfate powder was compacted to form circular 

discs (32 mm in diameter × 1 mm thick). The compaction pressure was adjusted to reach a 

porosity of about 10% for the samples. The porosity of the samples was determined using a 

Beckman helium pycnometer. Prisms, with the dimension of 5 × 25 × 1 mm, were cut from 

the compact samples, and mounted on modified Tuckerman extensometers with an 

accuracy of 1 microstrain. The prepared samples were placed in each alcohol with the same 

solid/solvent ratio as the other experiments. The length-change was continuously measured 

for up to 14 days.  

 

14.3 Results and discussion 

14.3.1 XRD 

The XRD patterns of the methanol treated samples at different time intervals are presented 

in Figure 14-1. The basal spacing of 8.93 Å in these spectra corresponds to the interlayer 

distance of monosulfate with 12 molecules of water (3CaO.Al2O3.CaSO4.12H2O or 

AFm-12). Six of these water molecules build the main layers of the monosulfate structure, 

and the remaining water molecules are located between the layers [17]. Allmann [17] 

suggested that two thirds of the interlayer water molecules are bound to the calcium atoms 

of the main layers, and the other one third is likely free in the interlayer space of the 

monosulfate structure. Removal of the two unbonded water molecules of AFm-12 is known 

to reduce its basal spacing from 8.93 Å to 8.15 Å [5, 18]. 
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Figure 14-1- XRD patterns of the monosulfate sample immersed in methanol for different time intervals.       

A and B represent the basal spacing of monosulfate containing 12 and 10 water molecules respectively 

 

The appearance of the 8.15 Å basal spacing, corresponding to the monosulfate with 

10 molecules of water (AFm-10), in the one-hour methanol treated sample suggests that the 

two unbonded water molecules were removed from the interlayer of the monosulfate 

structure, and the AFm-12 was partially converted to the AFm-10 after one hour treatment 

with methanol. The intensity of the 8.15 Å peak was still more dominant than that of the 

8.93 Å peak after 2 hours of methanol treatment indicating the presence of a relatively large 

portion of AFm-10 in the sample. In addition to the removal of water, methanol molecules 

possibly entered the interlayer of the monosulfate structure resulting in the re-generation of 

the intensity of the 8.93 Å basal spacing after 24 hours. The replacement by methanol at 

sites occupied by the water molecules occurs by counterdiffusion, and likely does not occur 

in discrete steps. It is, however, a time-dependent process. It is possible that there is a delay 

in the time required for the methanol molecules to reach the interlayer sites. It is suggested, 

based on the re-generation of the peak at 8.93 Å, that methanol molecules, which are only 

slightly larger than the size of water molecules, can gradually enter all the interlayer space 

vacated by the two molecules of water.     
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The XRD patterns of ethanol treated samples for different time intervals are very similar to 

those of the control sample (Figure 14-2). It is possible that some water molecules in the 

interlayer of the AFm-12 structure were exchanged with ethanol. The expected decrease of 

the interlayer spacing was, however, compensated by the possible increase of the interlayer 

spacing due to the intercalation of the ethanol molecules in the interlayer region. The larger 

molecular size of ethanol compared to that of methanol in addition to its lower reactivity 

appears to support this argument. 

 

 

Figure 14-2- XRD patterns of the monosulfate sample immersed in ethanol for different time intervals 

 

The interlayer distance of monosulfate was also altered by the isopropanol treatment. The 

XRD spectra in Figure 14-3 indicate that a small peak was formed at the basal spacing of 

8.15 Å due to the treatment of the sample with isopropanol for only one hour. The intensity 

of this peak gradually increased with the duration of the isopropanol treatment up to 

24 hours. 
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Figure 14-3– XRD patterns of the monosulfate sample immersed in isopropanol for different time intervals.   

A and B represent the basal spacing of monosulfate containing 12 and 10 water molecules respectively 

   

An additional XRD experiment was performed on the 24 hour methanol treated 

monosulfate sample after 6 months exposure to the room humidity conditions. The obtained 

diffraction pattern, not presented here, was similar to the one of the untreated monosulfate 

sample. This result suggests that the removal of the two water molecules of AFm-12 is 

readily reversible. The reversibility of dehydration of AFm-12 to AF-10 has also been 

reported by other researchers [5, 18]. 

 

14.3.2 FTIR spectroscopy 

The possibility of any chemical interaction between the alcohols and monosulfate samples 

after 24 hour alcohol treatment was explored by the FTIR technique. The peak 

corresponding to the bonded hydroxyl group was shifted from the frequency of 3443 cm
-1

 

to the frequency of 3483 cm
-1

 once the monosulfate sample was treated with methanol 

(Figure 14-4). It is suggested that the hydroxyl groups in the methanol treated sample were 

less tightly bonded compared to the hydroxyl groups in the control sample which is likely 



14. Solvent-Exchange in Sulfoaluminate Phases – Part II: Monosulfate  

 

235 

 

due to the slight change of the position of the water molecules in the monosulfate structure. 

It is also possible that the hydroxyl group of methanol has formed some hydrogen bonds 

with the monosulfate layers (either new bonds or the replacement of the existing bonds). 

The hydrogen bonds that form may be slightly weaker compared with the hydrogen bonds 

of the monosulfate itself. 

 

Figure 14-4- FTIR spectra of the monosulfate control sample and the samples immersed in methanol, ethanol 

and isopropanol for 24 h 

 

The position of the 3443 cm
-1 

peak was not significantly changed once the monosulfate 

sample was treated with ethanol for 24 hours. A shoulder, however, was formed at the 

frequency of about 3474 cm
-1

 in the spectra of the ethanol treated sample which is likely an 

indication of some hydrogen bonding between ethanol and the monosulfate structure. In 

addition, the intensity of the peak at the frequency of 3640 cm
-1

, corresponding to the free 

hydroxyl group, was noticeably reduced due to the ethanol treatment. It is an indication of 

partial replacement of surface adsorbed water and the free interlayer water of monosulfate 

structure with ethanol although no significant change of the basal spacing of the sample 

was detected by the XRD technique.  
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No significant change in the intensity or broadening of the peak at the frequency of 

3443 cm
-1

 was observed in the spectra of the 24 hour isopropanol treated sample. It is 

suggested that the bonded hydroxyl groups in the structure of the 24 hour isopropanol 

treated monosulfate sample were likely located at the similar positions as in the structure of 

the untreated monosulfate sample. The free water content of the isopropanol treated sample, 

however, was lower than that in the untreated one.  

The peaks at the frequencies between 2800 and 3000 cm
-1

 in the alcohol treated sample 

likely correspond to CH3 stretching of aliphatic bonds. The frequencies of these peaks in 

the methanol treated sample are likely greater than those expected for the CH3 stretching in 

the unreacted methanol [19]. These peaks in addition to the peaks formed at the frequencies 

of about 1743, 1323 and 1030 cm
-1 

are similar to those observed in the interaction of 

methanol with calcium hydroxide [13] and in the reaction of monosulfate with aliphatic 

sulfonate anions [20]. The formation of these peaks is possibly an indication of some 

interaction between methanol and the monosulfate structure. The aliphatic peaks in the 

monosulfate samples which were treated with ethanol and isopropanol can be assigned 

either to the reacted or unreacted alcohols. The intensities of these peaks, however, are 

relatively small in the isopropanol treated sample. 

 

14.3.3 TGA 

The mass-change, its derivative and the heat flow curves of the pure monosulfate sample 

are presented in Figure 14-5. The derivative of the mass loss curve is compared, in 

Figure 14-6, with that of the samples treated with methanol, ethanol and isopropanol for 

24 hours. The total mass-loss of the pure monosulfate sample was 34.7% during the TGA 

experiment which corresponds to 12 molecules of water in the monosulfate structure. Six of 

these water molecules, likely the interlayer ones, were released once the sample was heated 

from room temperature to about 220 °C. The remaining six water molecules, likely the ones 

located in the main layers, were removed at higher temperatures. Leisinger et al. [21] also 

suggested that the peaks observed up to 260 °C in the TGA derivative mass-loss curve of 

AFm-10 are associated with the dehydration of the interlayer of the monosulfate structure. 



14. Solvent-Exchange in Sulfoaluminate Phases – Part II: Monosulfate  

 

237 

 

The peaks beyond this temperature are, then, associated with the dehydration of the main 

layers. 

 

Figure 14-5- Mass, derivative of mass and heat flow of the monosulfate control sample during the             

TGA experiment 

 

Two additional peaks were observed in the mass-loss derivative of the alcohol treated 

samples (Figure 14-6). The peak at the temperature of about 47 °C likely corresponds to the 

release of the unbonded alcohol molecules while the peaks formed at the temperatures 

between 65 to 75 °C are possibly associated with the removal of the alcohol molecules that 

interacted with the monosulfate structure. In addition, the area of the peak between 90 to 

100 °C was mainly reduced due to the alcohol treatment. This peak likely corresponds to 

the release of the unbonded and the loosely bonded water molecules in the interlayer of the 

monosulfate structure. Reduction of the area of this peak confirms the partial removal of 

the interlayer water by the alcohol treatment. 
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Figure 14-6- Derivative of mass loss curves in the TGA experiment for the monosulfate control sample and 

the samples immersed in methanol, ethanol and isopropanol for 24 h 

    

The areas associated with different peaks in the derivative mass loss curves were 

deconvoluted using the NETZSCH Peak Separation software. It is estimated that an 

average of about 10 water molecules were available in the samples which were treated with 

methanol or ethanol after 24 hours. The estimated number of water molecules was, 

however, higher (about 11 molecules) in the 24-hour isopropanol treated sample. This 

result was expected due to the lower reactivity of isopropanol compared to that of methanol 

and ethanol.  

The estimated number of water molecules in the alcohol treated samples based on the TGA 

experiment was lower than the one that might be expected based on the XRD results. This 

was especially the case for the ethanol treated sample, although the TGA experiments 

suggest that about two water molecules were released due to the ethanol treatment, the 

peaks associated with the AFm-10 were not detected by the XRD technique in the 24-hour 

ethanol treated sample (Figure 14-2). The dehydration of AFm-12 to AFm-10 by ethanol 

treatment was also confirmed by the FTIR results (Figure 14-4). It is possible that the 

alcohol molecules intercalated the layered structure of monosulfate, and prevented the 
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expected decrease of the basal-spacing of monosulfate normally detectable by the XRD 

technique. It is estimated, based on the TGA results, that about 3.5 ethanol molecules were 

present in the 24-hour ethanol treated sample. Most of these ethanol molecules are likely 

unbonded i.e. adsorbed on the surface of monosulfate sample or intercalated the interlayer 

space. It is, however, estimated that about 0.5 ethanol molecules possibly formed hydrogen 

bonding with the monosulfate structure. It is also likely that about 2.2 isopropanol 

molecules were present in the 24-hour treated sample. The number of interacted 

isopropanol molecules was, however, likely negligible.   

 

14.3.4 BET Surface area 

Nitrogen BET surface area of monosulfate was significantly increased due to the treatment 

with methanol. The results of Figure 14-7 suggest that the surface area of the 24-hour 

methanol treated monosulfate sample was about 5 times higher than that of the untreated 

sample which possibly occurred due to some interaction of monosulfate sample with 

methanol. The surface area of the samples which were treated with ethanol or isopropanol 

for 24 hours was also greater (relative to the control sample) by about 50%. This is likely 

due to the removal of some interlayer water of monosulfate structure and its partial 

replacement with the alcohols.  

 

Figure 14-7- Nitrogen BET surface area of the monosulfate control sample and the samples immersed in 

methanol, ethanol and isopropanol for 24 h 
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14.3.5 SEM 

SEM images of monosulfate before and after the solvent-exchange with methanol, ethanol 

and isopropanol are presented in Figure 14-8. The hexagonal plate morphology of the 

layered structure of monosulfate was observed. Some interaction of methanol with the 

surface of the monosulfate sample is also observed in this figure. The surface defects, 

however, were not uniformly distributed throughout the sample. No significant change of 

the samples treated with ethanol and isopropanol was detected by the SEM technique. 

 

Figure 14-8– SEM images of the monosulfate control sample and the samples immersed in methanol, ethanol 

and isopropanol for 24 h 

 

 

14.3.6 Length-change measurements  

The monosulfate sample expanded once it was immersed in the methanol solvent 

(Figure 14-9(a)). The decrease of the surface energy of the monosulfate sample due to 

replacement of its surface water with the solvent possibly resulted in the immediate 

expansion of the sample in methanol. It is likely that the expansion due to the decrease of 
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the surface energy of the monosulfate sample exceeded the expected contraction due to the 

removal of water from the interlayer space of the monosulfate structure. The expansion 

continued up to 14 days (Figure 14-9(b)) due to the intercalation of methanol between the 

layers of monosulfate structure. Formation of new bonds between methanol and 

monosulfate may also be a source of expansion. 

  

Figure 14-9- Length-change of monosulfate samples immersed in methanol, ethanol and isopropanol up to  

(a) 24 h (b) 14 d 

  

The monosulfate sample also expanded in ethanol. The immediate expansion of the 

monosulfate sample in ethanol occurred due to the decrease of the surface energy of the 

sample once it was immersed in the ethanol solvent. The ethanol molecules likely 

intercalated the monosulfate structure and resulted in the expansion of the sample up to 

14 days. The expansion of monosulfate sample immersed in ethanol exceeded that of the 

sample immersed in methanol after about 18 hours of immersion. Ethanol molecules are 

about 4.5 Å in dimension which is larger than the dimension of the methanol molecules 

(3.6 Å). Their intercalation, thus, possibly results in higher expansion of the monosulfate 

sample. 

The monosulfate sample exhibited an immediate contraction followed by an expansion due 

to the immersion in isopropanol. The contraction was possibly due to the removal of some 

of the interlayer water molecules or an increase of the surface energy of the monosulfate 

sample. The entry of some isopropanol molecules between the monosulfate layers likely 

resulted in the long-term expansion of the sample.  

( a ) ( b ) 
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The immediate expansion or contraction of the monosulfate samples due to the change of 

the surface energy of the samples in the alcohols was lower than that of the ettringite 

sample, presented in chapter 13. It was expected due to the lower surface area of 

monosulfate compared to that of ettringite.  

 

14.4 Conclusions 

The influence of methanol, ethanol and isopropanol on the microstructure and dimensional 

stability of monosulfate was investigated. The main conclusions are as follows:  

- Monosulfate dehydrated easily from 12 H2O to 10 H2O on immersion in each of the 

alcohols investigated. 

- The XRD technique has limitations in detecting the change in the basal-spacing of the 

monosulfate due to removal of interlayer water when solvent-exchange methods are 

used due to the intercalation of the solvent into the interlayer space of the monosulfate 

structure. 

- Methanol is the most reactive of the alcohols investigated when in contact with the 

monosulfate structure. It likely forms some methoxy bonds with the monosulfate 

structure. The hydroxyl bonds in the methanol-treated monosulfate are possibly weaker 

than those in the untreated one.    

- Ethanol possibly formed some hydrogen bonds with the monosulfate structure.  

Isopropanol is, however, unlikely to interact with the main layer hydrates.   

- The immediate expansion of monosulfate was higher in methanol compared to that in 

ethanol largely due to surface energy considerations. The long-term expansion due to 

intercalation effects, however, was higher in ethanol as a result of its larger molecular 

size.  

- The application of drying using methanol, ethanol and isopropanol for the surface area 

determination of monosulfate is not recommended. Treatment with these alcohols results 

in an overestimation of the surface area. 
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- The application of isopropanol for a limited time likely has the lowest damaging effect 

on the microstructure of monosulfate compared to that of methanol and ethanol. 
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Chapter 15 

Mechanisms of Thaumasite and Ettringite Sulfate Attack and 

Novel Mitigation Techniques 

 

 

 

 

  

Pure thaumasite was synthesized and its volume stability in de-ionized water and in 

saturated gypsum or lime solutions was compared with that for ettringite. It was observed 

that these two phases, in spite of similarities in their structure, have different patterns of 

expansion in the aqueous solutions although a dissolution mechanism is likely to contribute 

significantly to the expansion of both these phases. In addition, bi-component systems 

comprised of the phase pure C-S-H and thaumasite or ettringite were prepared and tested 

for the length-change measurements in the same test solutions. The influence of the 

modification of the nanostructure of C-S-H with nitrobenzoic acid isomers on the length-

change measurements of these bi-component systems was also investigated. The results in 

this chapter have application to concrete structural elements which are exposed to a high 

sulfate concentration environment and are subjected to wetting and drying. Information on 

the long-term performance of thaumasite or ettringite formed during the initial cycles of 

wetting and drying is provided. Novel methods to mitigate the damage due to the presence 

of thaumasite or ettringite in such concrete elements are also suggested.  

 

15.1 Introduction 

Thaumasite is a naturally occurring mineral with an approximate formula of 

O.15H.SO.CO3CaO.SiO 2322 . It has a column and channel-like structure similar to that of 

ettringite. The columns have a composition of [Ca3Si(OH)6.12H2O]
4+

. The sulfate and 
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carbonate ions are also located between the columns [1, 2]. The thaumasite mineral was 

discovered more than a hundred years ago in materials collected from the copper mines in 

Sweden [3]. The first case of damage to concrete elements due to thaumasite formation, 

however, was identified by Erlin and Stark in 1965 [4]. The mechanisms of thaumasite 

formation in concrete structures have received significant attention among material 

scientists and civil engineers especially since 1998 when serious damage as a result of 

thaumasite sulfate attack to the buried elements of a thirty-year old highway bridge in the 

UK was reported [5]. 

It has been suggested that the formation of thaumasite in concrete structures is usually 

accompanied by the decomposition of C-S-H phases. This would result in the softening and 

strength-loss of concrete materials [6]. In addition, crystallization of thaumasite in concrete 

pores could generate stresses at the boundaries of the pores and ultimately cracking of 

concrete elements [7].   

The mechanisms of formation of thaumasite and its stability in concrete elements have been 

widely investigated during the past two decades [8-12]. The number of investigations on 

the mechanisms of the damage caused by the expansion of the existing pure thaumasite, 

however, is very limited. A reason might be that pure thaumasite is very difficult to 

synthesize [13-17]. Successful synthesis of almost pure thaumasite has been recently 

reported by a few researchers [15-17]. Blanco-Varela et al. [16] investigated the influence 

of various organic admixtures on the formation of thaumasite. The formation of solid 

solutions between ettringite, carbonated ettringite and thaumasite was also examined by 

Matschei [17].  

The main objective of the current study is to explore the mechanisms of the volume 

stability of pure thaumasite in aqueous solutions and to compare these mechanisms with 

those suggested for the phase pure ettringite. The results can provide insight to our 

understanding of the damage to concrete elements containing thaumasite crystals during re-

wetting. In addition to the phase pure thaumasite, compacted bi-component systems 

comprised of 10% of either thaumasite or ettringite and 90% of the phase pure C-S-H were 

prepared in order to simulate the presence of these phases in the actual cement-based 

elements. The volume stability of these bi-component systems in the aqueous test solutions 
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was studied. In addition, the influence of the modification of the nanostructure of C-S-H 

with nitrobenzoic acid isomers (see chapters 4 and 5) on the volume stability and the 

service-life of the bi-component systems was considered.    

 

15.2 Experimental program 

Pure thaumasite was synthetized using a method described by Blanco-Varela et al. [16]. It 

consisted of mixing two sugary solutions (a sugary solution containing sodium salts of 

silicate, sulfate and carbonate, and a sugary solution of calcium oxide) at 5 °C for three 

months. The mixing proportions of the reactants based on Ref. [16] were also provided in 

Table 3-1. The thaumasite powder conditioned to a relative humidity of 11% was 

compacted into circular samples with a porosity of about 10% as determined using 

volumetric measurements from a helium pycnometer. The samples were then cut into 

rectangular prisms for the length-change measurements. The length-change values were 

determined up to 7 days in de-ionized water as well as in gypsum-saturated and lime-

saturated water. The change in the microstructure of the thaumasite samples was also 

examined by the X-ray diffraction (XRD), thermal gravimetric analysis (TGA) and 

scanning electron microscopy (SEM) techniques.  

In order to simulate the presence of these hydrated sulfate-based phases in concrete, 

compacted bi-component systems comprised of 10% of thaumasite or ettringite (synthesis 

is described in chapters 12 and 14) with 90% of the phase pure C-S-H (produced with a 

Ca/Si ratio of 1.5 according to synthesis methods described in chapters 4 to 11) were 

prepared. The compaction pressure was adjusted to reach a porosity of about 30% as 

determined by the helium pycnometer technique. The length-change of the samples up to 

21 days was determined in de-ionized water, gypsum-saturated water and lime-saturated 

water. Additional samples were also prepared using the modified C-S-H/nitrobenzoic acid 

systems (prepared with a NBA/Ca = 0.01 according to the method described in chapter 4). 

These multicomponent samples were also tested for the length-change measurements in the 

same test solutions in order to determine the efficiency of the modification of C-S-H with 

organic compounds as a mitigation technique of the expansions associated with the 

presence of thaumasite or ettringite.   
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15.3 Results and discussion 

15.3.1 Mechanisms of expansion of pure thaumasite  

Length-change measurements - The length-change measurements of thaumasite samples 

in the test solutions are presented in Figure 15-1. The thaumasite sample expanded by 

0.65% after 20 minutes of immersion in de-ionized water. No significant expansion was, 

then, observed for this sample up to 7 days of immersion. The expansion of the sample 

immersed in lime-saturated water was about 0.83% after 20 min of immersion. It increased 

to 1.16% at the end of the length-change measurement (7 d). The expansion of the sample 

in gypsum-saturated water was very quick, and exceeded 0.4% after only 2 minutes. This 

resulted in the disintegration of the sample.  

A dissolution mechanism similar to that proposed in chapter 12 for the expansion of 

ettringite and monosulfate phases is likely to be responsible for the expansion of the 

thaumasite samples as well. Leaching of carbonate and sulfate ions from the intercolumnar 

space as well as calcium and silicon-based anions from the columns of the thaumasite 

microstructure could result in the release of energy, and possibly also generation of some 

osmotic-like pressure. This could cause the expansion of the sample immediately following 

the immersion in the de-ionized water. The sample, then, likely reached equilibrium, and as 

a consequence no more expansion was observed.  

Leaching of calcium ions would be limited in the lime-saturated water and gypsum-

saturated water due to the common ion effect. It is, however, known that amorphous silica 

is more soluble in solutions with high pH or low pH than in those with neutral pH [18]. A 

relatively high expansion was also previously observed by Beaudoin et al. [19] for the 

synthetic C-S-H samples due to the immersion in lime-saturated water attributed to a 

possible dissolution of silicate network in these samples. Silicon has also a critical role in 

the structure of thaumasite. A possible increase in the leaching of silicon-based anions 

could, therefore, result in the higher expansion of the samples immersed in the lime-

saturated or gypsum-saturated water compared to that in de-ionized water. It was also 

suggested in chapter 12 that the expansion of ettringite samples was higher in lime-

saturated water compared to that in de-ionized water or gypsum saturated water, likely as a 

result of higher solubility of aluminum ions in high-pH solutions. A similar role of silicon 
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in the structure of thaumasite to that of aluminum in the ettringite structure is another 

evidence of the role of dissolution in the length-changes observed for these samples. It is 

also known that carbonate ions are released readily and hydrolyzed in low-pH solutions. 

The possible hydrolysis of the carbonate ions in the structure of thaumasite accompanied by 

the higher leaching of silicon-based anions likely resulted in the immediate disintegration 

of the sample in gypsum-saturated water. 

 

Figure 15-1- length-change measurements for thaumasite samples in the aqueous solutions  

 

XRD - The XRD patterns of thaumasite samples before and after the immersion in the 

aqueous solutions are presented in Figure 15-2. The intensity of the main peak at 9.56 Å 

was reduced after immersion in the aqueous solutions. This peak corresponds to the 

intercolumnar space in the thaumasite structure. It is likely that the columns in the structure 

of thaumasite broke-down to shorter columns after the immersion in the aqueous solutions 

resulting in a lower intensity of this peak. The damage to the crystallinity of the samples 

was more pronounced after the immersion in the lime-saturated water. It is noted that the 

release and hydrolysis of carbonate ions which is expected to be more significant in the 

gypsum-saturated water would occur from the intercolumnar space. It is not, therefore, 

detected by the XRD technique. 
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Figure 15-2- XRD patterns for the thaumasite (a) control sample, (b), (c) and (d) after the immersion in 

de-ionized water, gypsum-saturated water and lime-saturated water, respectively. 

 

TGA - The derivative of mass-loss curves for the thaumasite samples before and after the 

immersion in the aqueous solutions are presented in Figure 15-3. The peaks observed in the 

TGA curve of the pure thaumasite sample were very similar to that reported by Matschei 

[17]. The peak with a maximum at about 132 °C is a typical peak corresponding to the 

removal of water and some hydroxyl groups from the structure of thaumasite. Other peaks 

at higher temperatures are only slightly discernible. The very small peak at about 415 °C 

also likely corresponds to the decomposition of the hydroxyl groups [17]. Drabik and 

Galikova [20] also suggested that dehydration and dehydroxylation of natural thaumasite 

occurs in two steps up to about 300 °C. The peak with a maximum at 690 °C likely 

corresponds to the release of carbon dioxide as also suggested in Ref. [17] and [20]. 
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Kirov [21], however, performed XRD and IR analysis on the natural thaumasite samples 

heated at 200, 360, 550, 725, 800, 900, and 1150 ° C. He suggested that that carbon dioxide 

is continuously released over a large temperature interval. Most of it, however, is released 

between 200 and 500 °C and between 900 and 1150 °C. The heating of thaumasite samples 

in this reference, however, was conducted in air not under the N2 flow.  

 

Figure 15-3- TGA curves for the thaumasite (a) control sample, (b), (c) and (d) after the immersion in 

de-ionized water, gypsum-saturated water and lime-saturated water, respectively. 

 

The peak with a maximum at 950 °C observed for pure thaumasite likely corresponds to the 

decomposition of the sulfate ions based on the results obtained for ettringite in chapter 13. 

Matschei [17] suggested two possiblities for the occurance of this peak; release of SO2 or 

the remaining CO2. The former is consistent with the results obtained in chapter 13 of this 

study and those reported by Götz-Neunhöfer for ettringite specimens [22]. The latter also 

supports the results obtained by Drabik and Galikova [20]. In addition to these four major 

peaks detected in the TGA curve of the pure thaumasite sample, a small peak was also 

observed at the very beginning of the TGA experiment (with a maximum at about 75 °C). 
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This peak was previously observed in the thermal studies of thaumasite by Martucci and 

Cruciani [23]. It was suggested by these researchers that it might be due to “an initial 

hysteresis of the cell parameter variation” or “an experimental uncertainty”.  

The main peak corresponding to the dehydration of thaumasite (with a maximum at about 

132 °C) became slightly broader for the thaumasite samples exposed to the aqueous 

solutions (Figure 15-3). The maximum of this peak was also shifted to higher temperatures 

(~ 140 °C). The maximum of the second peak of dehydration/dehydroxylation was also 

shifted from about 415 °C to 440, 424 and 426 °C after the immersion in de-ionized water, 

gypsum-saturated water and lime-saturated water, respectively. These changes could have 

occurred due to the dissolution of the thaumasite samples in the aqueous solutions resulting 

in a possible rearrangement in the structure of these samples. In addition, the area of the 

peak associated with the release of CO2 was larger in the samples immersed in the aqueous 

solutions. The larger area of this peak is an evidence of the precipitation of some calcite 

following the dissolution of thaumasite in the aqueous solutions. The area associated with 

this peak was the largest for the sample immersed in de-ionized water.  

The peak at about 950 °C observed in the TGA experiment of the thaumasite sample was 

only detected as a hump after the immersion in the aqueous solutions. This peak, as 

previously suggested, likely corresponds to the decomposition of the sulfate ions available 

in the intercolumnar space of thaumasite structure. These ions could have been readily 

released to the test solution after the immersion. It is also noted that the small peak at about 

75 °C was not detected in the TGA curves of the samples after immersion in de-ionized 

water or in lime-water. It is suggested that a small amount of the carbonates in the structure 

of thaumasite were possibly hydrolyzed (Although it has been previously suggested that 

none of the carbonate oxygens in the thaumasite structure are hydrated or hydroxylated 

[24].). These could have been dehydroxylated at the very beginning of the TGA 

experiments. Partial hydrolysis of the carbonates of the intercolumnar space of thaumasite 

is expected for the sample immersed in gypsum-saturated water. This is reflected in the 

TGA experiments at about 85 °C. 
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SEM - Examples of SEM micrographs of the thaumasite samples before the immersion in 

the aqueous solutions are presented in Figure 15-4(a) and (b). Long needle-shaped crystals 

with hexagonal cross-sections are observed in these figures. The SEM micrographs of the 

thaumasite sample after the immersion in de-ionized water and the calcite crystals formed 

on this sample are presented in Figures 15-4(c) and 15-4(d), respectively. The SEM 

micrographs after the immersion in the gypsum-saturated water and lime-saturated water 

are also presented in Figures 15-4(e) and 15-4(f), respectively. It was observed that the 

thaumasite samples were generally reduced in crystallinity due to the immersion in the 

aqueous solutions. This was more pronounced in the sample immersed in the lime-saturated 

water. These observations are in conformity with the results obtained by the XRD 

technique.   

  

  

( a ) ( b ) 

( c ) ( d ) 
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Figure 15-4- SEM micrographs for (a), (b) thaumasite control sample, (c) thaumasite sample after the 

immersion in de-ionized water (d) calcite formed on the thaumasite sample after the immersion in 

de-ionized water (e) thaumasite sample after the immersion in the gypsum-saturated water and (f) after the 

immersion in the lime-saturated water. 

  

15.3.2 Length-change measurements of the bi-component systems  

The length-change values of the bi-component systems (composed of the phase pure C-S-H 

and thaumasite or ettringite) in the aqueous solutions are compared with those of the phase 

pure C-S-H in Figure 15-5. The length-change of the samples containing either of 

thaumasite or ettringite was higher than that of the phase pure C-S-H in de-ionized water. 

The sample containing thaumasite had the highest length-change values compared to the 

other two samples during the first 10 days of immersion. The length-change curves for this 

sample and the mono-component C-S-H sample reached a plateau eventually after about 

7 days of immersion. The length-change curve of the sample containing ettringite, however, 

did not include a plateau even after 21 days. It is suggested that dissolution of the 

investigated systems is the primary mechanism underlying their expansion following the 

immersion in de-ionized water. For the mono-component C-S-H sample and that containing 

thaumasite, a solid-solution equilibrium was likely attained a few days after the immersion. 

The rate of the expansions could have been reduced as a result of this equilibrium. For the 

sample including ettringite, however, dissolution of the bi-component system is likely 

followed by the re-precipitation of ettringite crystals. Precipitation of ettringite in this case 

can generate forces resulting in the significant rate of expansions even after 21 days.   

( e ) ( f ) 
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Figure 15-5- length-change of the bi-component systems comprised of the phase pure C-S-H and ettringite or 

thaumasite in de-ionized water, gypsum-saturated water and lime-saturated water 

 

The length-change values of the bi-component systems in gypsum-saturated water were 

significantly higher than that observed for the mono-component C-S-H system. The sample 

with thaumasite had significantly high length-change values. In addition, a plateau, similar 

to that observed for this sample in de-ionized water, did not occur in the gypsum-saturated 

water. An inflection point was also detected in this curve after about four days. The rate of 

the expansion was, then, increased after this point and the sample disintegrated after about 

three additional days. This inflection could have occurred due to the significant growth of 

the cracks in this sample. Partial re-precipitation of thaumasite crystals is also possible in 

this case. A crystal growth mechanism could also be responsible for the higher expansion 
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of ettringite in the gypsum-saturated water compared to that in de-ionized water. The 

ettringite containing sample also disintegrated about 12 days following the immersion in 

the gypsum-saturated water.  

The initial length-change values of the mono-component C-S-H system in the lime-

saturated water were generally slightly higher than that observed in de-ionized water or in 

gypsum-saturated water. It is likely due to the partial break-down of the silicate tetrahedra 

in the high pH solutions [19]. The length-change values of the bi-component system 

containing thaumasite were not significantly different from that without thaumasite. It is 

possible that the effect of leaching of silicon-based anions from the thaumasite structure 

was similar to that occurring from the C-S-H structure. No larger expansion was, therefore, 

observed for this system. The ettringite containing system had slightly higher length-

change values compared to the other two systems likely due to the leaching of aluminum 

ions or possibly the crystal growth mechanism.   

It is noted, based on the results of Figure 15-5, that the presence of only 10% of thaumasite 

or ettringite in the cement-based phases could contribute to large length-change values 

during the exposure to the aqueous solutions. A significant amount of expansion, especially 

in the high-concentration gypsum environment, could result in the disintegration of the 

whole system. The efficiency of the use of the organically modified C-S-H systems rather 

than the phase pure C-S-H in improving the volume stability of these systems in de-ionized 

water and in gypsum-saturated water is described in the following section.  

 

15.3.3 Effect of modification of C-S-H with nitrobenzoic acid isomers on the length-

change measurements of multicomponent systems containing thaumasite or ettringite   

The length-change measurements of the multicomponent systems including the 

C-S-H/4NBA systems and thaumasite in de-ionized water and in gypsum-saturated water 

are presented in Figure 15-6. The length-change values for the sample containing the 

modified C-S-H system were lower than those obtained for the unmodified system by about 

15% in de-ionized water. The sample including the C-S-H/4NBA system had also lower 

length-change values in the gypsum-saturated water. The inflection point was also delayed 

from about 4 days to about 9 days for the modified system. In addition, this sample did not 
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disintegrate until about 23 days. It was previously suggested in chapter 5 that the 

4-nitrobenzoic acid molecules likely fill the gaps in the nanostructure of C-S-H. This 

reduces the rate of the dissolution of the C-S-H-based systems, and limits the entry of the 

aqueous or alcohol-based solutions into the porous structure of these systems. A similar 

mechanism is likely responsible for improving the volume stability of the multicomponent 

systems of Figure 15-6. In addition to reducing the expansions due to the dissolution of the 

C-S-H-based phases in the multicomponent system, it is possible that the 4-nitrobenzoic 

acid isomer could be partially adsorbed on the surface of the thaumasite columns and 

reduce its expansion. The whole system also has a better resistance to the crack growth and 

disintegration.  

 

Figure 15-6- length-change of the thaumasite containing multicomponent systems in de-ionized water and in 

gypsum-saturated water; effect of modification of C-S-H with 4-nitrobenzoic acid isomer 

 

The length-change values of the multicomponent samples comprised of the C-S-H/4NBA 

systems and ettringite are presented in Figure 15-7. It is suggested that the modification of 

C-S-H with the 4-nitrobenzoic acid isomer was not effective in limiting the length-change 

values associated with the presence of ettringite. It, however, significantly increased the 

service-life of the investigated sample in the gypsum-saturated water. It is suggested that 

the crack growth occurred at a slower rate in the sample containing the modified C-S-H 

system.  This ultimately increased the service-life of this sample.  
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Figure 15-7- length-change of the ettringite containing multicomponent systems in de-ionized water and in 

gypsum-saturated water; effect of modification of C-S-H with 4-nitrobenzoic acid isomer 

 

It was previously suggested in chapter 5 that the 4-nitrobenzoic acid isomer was the most 

effective isomer in reducing the length-changes of the phase pure C-S-H in the aqueous salt 

solutions. The influence of the modification of C-S-H with 2- and 3-nitrobenzoic acid 

isomers on the length-changes of the ettringite containing systems was, however, also 

investigated in this chapter (see Figures 15-8 and 15-9). No significant reduction of the 

length-change values was observed due to the modification of C-S-H with 2-nitrobenzoic 

acid isomer. It, however, increased the resistance of the multicomponent system to 

disintegration in the gypsum-saturated water. The 3-nitrobenzoic acid isomer was 

significantly effective in reducing the length-change values and increasing the service-life 

of the multicomponent system. It was previously suggested that the C-S-H/3NBA systems 

is composed of two different phases; a possible intercalated nanocomposite and a phase in 

which the 3-nitrobenzoic acid molecules are mainly adsorbed on the layers surfaces or 

between the stacked layers of C-S-H. The more weakly bonded 3-nitrobenzoic acid could 

have been adsorbed on the surface of the ettringite columns and contributed to the reduction 

of the length-change values. 
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Figure 15- 8- Length-change of the ettringite containing multicomponent systems in de-ionized water and in 

gypsum-saturated water; effect of modification of C-S-H with 2-nitrobenzoic acid isomer 

 

 
Figure 15- 9 Length-change of the ettringite containing multicomponent systems in de-ionized water and in 

gypsum-saturated water; effect of modification of C-S-H with 3-nitrobenzoic acid 
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15.4 Concluding remarks 

The mechanisms underlying the expansion of thaumasite as well as the multicomponent 

systems comprising C-S-H (the phase pure or organically modified C-S-H) and selected 

secondary hydrated cement phases (thaumasite or ettringite) in de-ionized water and in 

presence of high concentration of gypsum or lime was investigated. The concluding 

remarks are as follows: 

- Dissolution is likely a primary mechanism underlying the expansion of the 

hydrated cement-based phases especially during the short-term after the exposure 

of these phases to the aqueous solutions.  

- No evidence of the crystal growth of the pure thaumasite samples was obtained 

under the test conditions of this study. Re-precipitation of thaumasite or ettringite 

crystals, however, likely contributed to some expansion of the multicomponent 

systems especially in the gypsum-saturated water.  

- The damage due to the presence of 10% of either thaumasite or ettringite was very 

significant resulting in the disintegration of the whole sample in the gypsum-

saturated water.  

- Modification of the C-S-H nanostructure with any of the nitrobenzoic acid isomers 

was effective in increasing the service-life of the multicomponent systems in the 

gypsum-saturated water. Lower length-change values were also observed in some 

cases. 
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Chapter 16 

Summary and Recommendations for Future Research 

 

 

 

 

  

The specific concluding remarks for each part of this research were presented in the 

relevant chapters. The most remarkable achievements are “the potential of selected organic 

compounds (e.g. nitrobenzoic acid isomers and polyaniline) to improve the durability and 

mechanical performance of C-S-H-based systems” and “the primary role of a dissolution 

mechanism in the volume stability of hydrated cement-based phases”. The concluding 

remarks of the various chapters are summarized in this chapter. Recommendations for 

future advanced research in this area of cement science are also given.  

 

16.1 Summary 

This research was designed to elucidate the primary mechanisms governing the durability 

of hydrated cement phases and to produce novel construction materials with enhanced 

engineering performance. The efficiency of the modification of the nanostructure of C-S-H 

systems on their engineering performance was studied in chapters 4 to 11. The mechanisms 

of expansion of sulfoaluminate and related phases were also explored in chapters 12 to 15. 

A summary of the achievements of each chapter is as follows:  

Chapter 4 – The mechanisms of interaction of nitrobenzoic acid (NBA) isomers with the 

structure of C-S-H were investigated. The C-S-H/NBA systems with various concentrations 

of the nitrobenzoic acid isomers were synthesized and characterized using several 

analytical techniques. A model for the nanostructure of the resulting C-S-H/NBA systems 

was suggested. Based on this model, the nitrobenzoic acid isomers with a concentration of 
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0.01 mol. per mol. of calcium are able to interact with the C-S-H nanostructure by partial 

intercalation, adsorption on the surface and edges of the layers or between the stacked 

layers of C-S-H. The interaction of higher concentrations of nitrobenzoic acid isomers with 

the nanostructure of the host C-S-H, however, was limited. Local accumulation of the 

nitrobenzoic acid on the surface of the C-S-H layers or between the stacked layers of C-S-H 

is expected for these systems. 

Chapter 5 – Durability and mechanical properties of the C-S-H/NBA systems synthesized 

in chapter 4 were assessed in this chapter. The experiments included measurement of 

length-change and calcium-ion leaching in potentially aggressive salt solutions, and mass-

change measurements in anhydrous isopropanol. A microindentation technique was also 

used to determine the creep modulus and hardness of these systems. Evidence of the 

superior durability and creep modulus of the C-S-H/NBA systems with NBA/Ca = 0.01 

was provided. The systems prepared with 3- or 4-nitrobenzoic acid generally had a better 

engineering performance compared to the one prepared with 2-nitrobenzoic acid. The 

C-S-H/NBA systems with a higher concentration of nitrobenzoic acid, however, had poor 

engineering performance.  

Chapter 6 – The focus of this chapter was on the characterization and assessment of the 

engineering performance of C-S-H/aminobenzoic acid systems. Evidence of the interaction 

of the organic and inorganic phases was provided. It was also suggested that the C-S-H 

systems with 3- and 4-aminobenzoic acid had improved durability and creep modulus. No 

significant difference was obtained between the effects of these two aminobenzoic acid 

isomers.   

Chapter 7 – Dynamic mechanical thermal analysis was employed in order to determine the 

resistance of the phase pure and modified C-S-H systems to the change of the dynamic 

mechanical properties upon heating to 300 °C. Evidence was provided on the structural role 

of the nitrobenzoic acid isomers in the modified C-S-H systems. The aminobenzoic acid 

isomers also had a structural role although they were not as effective as the nitrobenzoic 

acid isomers especially at high temperatures.  

Chapter 8 – The resistance of the phase pure and modified C-S-H systems to the change of 

the storage modulus and fracture under repetitive dynamic loading was studied. A dynamic 
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mechanical analysis technique using a strain-controlled set-up was employed for the study. 

It was suggested that the C-S-H systems modified with nitrobenzoic acid and those with 

lower Ca/Si ratios or increased hydration time had significantly better performance under 

dynamic loading.  

Chapter 9 – The influence of three different organic polymers (polyvinyl alcohol (PVA), 

polyacrylic acid (PAA) and polymethylmethacrylate (PMM)) on the structure and 

engineering performance of C-S-H systems was investigated. Improvement of the 

engineering performance of the resulting C-S-H systems was expected based on the 

previous publications. No evidence of the improved performance of the C-S-H systems due 

to the incorporation of these polymers was, however, obtained in the current study. The 

only improvement observed was the increase of the microindentation creep modulus of the 

C-S-H/PMM (PMM/Ca = 0.01) by about 20%. In addition to the polymers, several organic 

compounds (with a possible application in the formulation of chemical admixtures) were 

also selected and their potential for the modification of the C-S-H structure and the 

improvement of its volume stability was investigated. No evidence of significant 

improvement was obtained for these organics. Most of these organics, however, had 

significantly larger molecular sizes compared to that for the nitro- and amino-nitrobenzoic 

acid compounds studied in the previous chapters. It may have been a case of limited 

interaction of the organic and inorganic phases in these systems.   

Chapter 10 – Volume stability and the change in the microstructure of the 

C-S-H/polyaniline nanocomposites exposed to the aqueous solutions were investigated in 

this chapter. Evidence on the superior performance of the C-S-H/polyaniline 

nanocomposites compared to that of the phase pure C-S-H was obtained. A larger 

improvement was attained for the C-S-H-based systems with higher Ca/Si ratio. 

Chapter 11 – This chapter provides a discussion of the recent experimental results on the 

dynamic mechanical thermal analysis of C-S-H/polyaniline nanocomposites at 

temperatures ranging from 25 to 200 °C. The results were compared with those obtained for 

the C-S-H systems modified with nitro- or amino-benzoic acid (chapter 7). It was suggested 

that C-S-H/polyaniline nanocomposites had improved dynamic mechanical performance at 
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temperatures up to about 45 °C. No improvement, however, was observed at higher 

temperatures.   

Chapter 12 – The mechanisms of volume stability of ettringite and monosulfate in aqueous 

solutions were studied in this chapter. It was proposed that dissolution of these phases have 

a primary role in there expansion during the exposure to the aqueous solutions. Other 

mechanisms such as growth of ettringite crystals may also contribute to some expansion. It, 

however, mainly occurs during the long-term immersion in the solution. 

Chapter 13 – The mechanisms of dehydration of ettringite using the solvent-exchange 

technique were investigated. Three different alcohol-based solvents (methanol, ethanol and 

isopropanol) were used in this chapter. It was demonstrated that the use of methanol for 

only 15 minutes resulted in the decomposition of ettringite in addition to its dehydration. 

Formation of a new product due to this interaction was also possible. Ethanol likely also 

formed some hydrogen bonding with the ettringite structure. Isopropanol, however, had the 

least damaging effect.  

Chapter 14 – This chapter was designed as a continuation of chapter 13 with a focus on the 

dehydration of monosulfate due to the solvent-exchange technique. It was suggested that 

dehydration of monosulfate occurred readily due to the exposure to these alcohol-based 

solvents. No evidence of the decomposition of monosulfate was, however, obtained.  

Chapter 15 – The mechanisms of expansion of thaumasite in aqueous solutions was 

explored. These mechanisms were compared with those underlying the expansion of 

ettringite. Evidence was provided for the primary role of a dissolution mechanism in the 

expansion of thaumasite samples. In addition, it was concluded that multicomponent 

systems comprised of organically modified C-S-H systems (rather than the phase pure 

C-S-H) and either thaumasite or ettringite had increased service-life in a highly 

concentrated sulfate environment.  
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16.2 Recommendations for future research  

In spite of the comprehensive research performed in this study on the “mechanisms of 

durability and mechanical performance of hydrated cement phases” and the “possibility of 

the development of novel C-S-H-based materials with enhanced engineering performance”, 

there is still considerable potential for research in this area of construction materials. 

Additional research should also be conducted to bring this research closer to application in 

concrete industry. A few recommendations for future research as a corollary to this study 

are listed as follows: 

1. The primary mechanisms of fatigue behaviour of pure hydrated cement phases can 

be investigated using dynamic mechanical analysis and other experimental 

techniques. The fatigue behaviour of porous glass (which is considered as an ideal 

silica-based system) has been long-studied. It was, however, the first time that the 

fatigue behaviour of the phase pure C-S-H was investigated. Fundamental research 

on the mechanisms of crack propagation and fatigue fracture of pure hydrated 

cement phases can provide insight to those responsible for the fracture of cement-

based infrastructure at a larger scale.     

2. The effect of aging of pure hydrated cement phases on their durability and 

mechanical performance can be studied.  

3. Dynamic mechanical analysis can be employed to provide information about the 

mechanical stability of secondary hydrated cement phases.  

4. Mechanisms of crack initiation and propagation in pure hydrated cement-based 

phases due to the application of repetitive dynamic loading, prolonged static 

loading, thermal gradients or diffusion of ionic species e.g. sulfate ions can be 

studied and compared.  

5. Freeze-thaw of pure hydrated cement phases can be studied using advanced 

techniques such as thermal mechanical analysis technique.  

6. Mechanisms of volume stability of pure secondary hydrated phases under long-term 

wetting and drying cycles can be studied. 

7. Mechanisms of durability and mechanical properties of multicomponent systems 

comprised of C-S-H, calcium hydroxide and sulfoaluminate phases can be studied.  
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