
Elucidation of 
Chemical Reaction Pathways 
in Cementitious Materials

S
ch

ri
ft

en
re

ih
e 

B
au

st
o

ff
e 

u
n

d
 M

as
si

vb
au

S
tr

u
ct

u
ra

l 
M

at
er

ia
ls

 a
n

d
 E

n
g

in
ee

ri
n

g
 S

er
ie

s

Heft 33
No. 33

kassel
university

press

K. M. Salah Uddin



 
 
Schriftenreihe Baustoffe und Massivbau 
Structural Materials and Engineering Series 

 
Heft 33 
No. 33 
 
 
 
 
 

Elucidation of Chemical Reaction Pathways  
in Cementitious Materials  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

K. M. Salah Uddin 
 
 
 

kassel
university

press 



This work has been accepted by the Faculty of Civil and Environmental Engineering 
of the University of Kassel as a dissertation for acquiring the academic degree of 
Doktor der Ingenieurwissenschaften (Dr.-Ing.). 

Supervisor:  Prof. Dr. rer. nat. Bernhard Middendorf, University of Kassel 
Co-Supervisor: Prof. Dr.-Ing. Eduardus Koenders, TU Darmstadt 
Defense day: 3rd July 2020 

This document – excluding quotations and otherwise identified parts – is licensed 
under the Creative Commons Attribution-Share Alike 4.0 International License (CC 
BY-SA 4.0: https://creativecommons.org/licenses/by-sa/4.0/). 

 https://orcid.org/0000-0001-8902-8568 (K. M. Salah Uddin) 

Bibliographic information published by Deutsche Nationalbibliothek 

The Deutsche Nationalbibliothek lists this publication in the Deutsche 
Nationalbibliografie; detailed bibliographic data is available in the Internet at 
http://dnb.dnb.de. 

Zugl.: Kassel, Univ., Diss. 2020 
ISBN: 978-3-7376-0897-8 
DOI: https://doi.org/doi:10.17170/kobra-202009211835 

© 2020, kassel university press, Kassel 
https://kup.uni-kassel.de 

Editors 

Prof. Dr. rer. nat. Bernhard Middendorf Prof. Dr.-Ing. Ekkehard Fehling 
Universität Kassel Universität Kassel 
Fachbereich Bauingenieur-  Fachbereich Bauingenieur- 
und Umweltingenieurwesen und Umweltingenieurwesen 
Institut für Konstruktiven Ingenieurbau Institut für Konstruktiven Ingenieurbau 
Fachgebiet Werkstoffe des Bauwesens Fachgebiet Massivbau 
und Bauchemie Kurt-Wolters-Str. 3 
Mönchebergstr. 7 D-34125 Kassel
D-34125 Kassel Tel. +49 (561) 804 2656
Tel. +49 (561) 804 2601 Fax +49 (561) 804 2803
Fax +49 (561) 804 2662 bauing.massivbau@uni-kassel.de
baustk@uni-kassel.de www.uni-kassel.de/fb14bau/institute/
www.uni-kassel.de/fb14bau/institute/ iki/massivbau/
iki/werkstoffe-des-bauwesens-und-bauchemie/

Printed in Germany 



 

 

 

 

 

Dedicated 

to 

 

 

My Father, A.H.M. Saifuddin Yeahia (1954-2012) 

And 

My Mother, Jahanara Khanom (1958-2017) 

 



 

I 

 

Acknowledgments 

First and foremost, I would like to express immense gratitude to my supervisor, 

Prof. Dr. rer. nat. Bernhard Middendorf, for his invaluable guidance, 

unwavering supports throughout my Ph.D. research. I have been fascinated 

by his depth understanding of material science. Besides, I have been 

motivated by his degree of enthusiasm for both research and education. 

Joining the group of Prof. Middendorf provide me the perfect opportunity to 

learn a diverse area of cement and concrete research. I am truly grateful for 

his fruitful discussion, valuable times, and revolutionary research ideas, that 

make my research experience more productive and stimulating. I am grateful 

to have such a supportive mentor. For me, he is a source of inspiration.  

It is my great pleasure to acknowledge Dr. Andreas Funk for his valuable 

scientific discussions and useful suggestions during this research. I am truly 

indebted to him for his countless hours of discussion, Which enhances my 

understanding of the physics behind the Reactive force field theory and 

metadynamics prerequisite for the atomistic simulation.  

I would like to express my sincere gratitude to my second supervisor Prof. Dr.-

Ing. Eduardus Koenders, for reviewing my thesis. Moreover, I would like to 

thank him for his valuable time, insightful comments, and fruitful discussion. 

Without his invaluable advice and inspiration, this thesis would not have this 

current structure.  

Nevertheless, I would like to take this opportunity to thank Dr. Alexander 

Wetzel for his generous support and sincere guidance throughout the 

carbonation project. Besides, I am truly indebted to him for his cooperation and 

assistance for XRD and SEM measurements and result analysis. I can’t forget 

to offer my heartfelt thanks to our chemistry lab assistance, Mr. Matthias 

Gehrke, who helped me to carry out this project successfully and for the 

valuable advice and support which I have received all the time.  

During my Ph.D. studies, I have a unique opportunity to work with a group of 

brilliant researchers and experienced lab assistance at the structural materials 

and construction chemistry group, University of Kassel. It has been an honor 



 

II 

 

to be a member of this group. Hence, I owe many thanks to all my colleagues, 

including technical staff at the laboratory for their support, friendship, and 

collaborative spirits. Besides, the stimulating discussion and friendly 

environment have truly been beneficial for my intellectual growth and scientific 

knowledge development. Furthermore, I am also expressing my earnest 

gratitude to Dr. Neven Ukrainczyk and Dr. Birgit Funk, for their valuable 

comments and suggestion that help me a lot to improve my thesis. Additionally, 

I would like to thank Nikolas Luke, for his technical support in running MD 

simulation successfully in the high-performance Linux cluster at the University 

of Kassel. 

I gratefully acknowledge to Graduate Academy, University of Kassel, for 

selecting me as the recipient of the doctoral scholarship. This research could 

not be possible without their financial support. I am also thankful to the 

International funding and cooperation program, University of Kassel, for the 

financial support, under the framework of the DAAD STIBET Ph.D. program. 

In addition, I am also appreciative of their financial assistance to participate 

the international conferences abroad. Finally, I would like to thank DAAD for 

their financial support for the international conference abroad.  

Furthermore, I would like to take an opportunity to acknowledge my elder 

brother K. M. Fakhruddin, sister in law Nurunnahar Duli and younger sister 

Esrat Jahan Efa for their unconditional love and support. I am also thankful to 

all the Bangladeshi in Siegen and Kassel for their support throughout my study 

period in Germany. Last but not least, I would like to thank all my family 

members, friends, and relatives for their support. 

 

 

K. M. Salah Uddin 

Kassel, May 2020 

  



 

III 

 

Summary 

Hydration mechanisms, especially early hydration of cement clinker phases 

(C3S, C2S etc.) at the atomistic scale, are not fully understood yet due to their 

complexity. Despite numerous theoretical models and experimental 

techniques, still, the hydration mechanism remains controversial. Especially 

the dissolution process and polymerization mechanism under the influence of 

external parameters (Ca/Si ratio, temperature) are not investigated yet. 

Moreover, the polygonal cement clinker phases have different surfaces with 

different reactivity toward hydration, which is not considered by most of the 

existing theoretical models. Within the last decade, computational methods 

have been expanded to the atomistic description of cementitious materials. 

The reactive force field (ReaxFF) theory has shown great potential and allowed 

to study the hydration of cementitious materials at the atomistic scale. 

However, the combination with metadynamics expands its capability to explore 

the reaction pathways, including transition state.  

At the beginning of the thesis, a general introduction is included to explain the 

area of research, the aim of the thesis, and research questions briefly. In 

chapter 1, the theoretical background and literature review on the hydration 

mechanism of cement clinkers is given to understand the basics. In addition, 

the 2nd chapter is about atomistic simulation methods. This chapter mainly 

focuses on the development of ReaxFF, including the introduction of reactive 

interatomic potential, parameterization, application of this method in the 

cementitious system, etc. and a brief overview of metadynamics. Later on, the 

combined method is used to calculate the early hydration mechanism, which 

is explained in detail in chapters 3 and 4. Chapter 3 starts with the hydration 

for 600 picoseconds followed by the dissolution of Ca from different crystal 

surfaces of both C3S and C2S. The reactive surfaces of each clinker phase 

show strong interaction with water and favor dissolution, in contrast to water 

tessellation observed in non-reactive surfaces which prevent the dissolution. 

The surfaces of C3S are found more reactive toward hydration compared to 

those of C2S. The reactivity scale for each clinker phase is included in the 

conclusion section. Likewise, according to the leaching pathways of Ca from 
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the different layers of C-S-H, a hypothesis is made where the leaching of Ca 

becomes easier after removing Ca from the upper layers by creating a 

channel. Furthermore, the 4th chapter mainly focuses on the elucidation of the 

polymerization mechanism under the influence of external parameters. The 

dimerization of silicate in the pore solution found thermodynamically favorable 

at room temperature indicates the polymerization process during the dormant 

period. However, it becomes unfavorable at high temperatures and Ca/Si ratio. 

Additionally, the dimerization on the surface of C3S is found only at high 

temperatures. In addition, the possibility of trimer and pentamer formation in 

pore solution is also discussed in this chapter. Finally, the dimerization of 

alumino-silicate at elevated temperature explains the incorporation of 

aluminate in the silicate chain of the C-S-H gel during hydration. Furthermore, 

carbonation influences the durability of concrete. However, the mechanisms 

are not elucidated yet completely. Therefore, chapter 5 is focused on the 

carbonation of portlandite (beneath C-S-H phases, the main hydration product) 

at the low humid environment. The results in indicating the possibility of 

carbonation at only 10% relative humidity where the metastable vaterite phase 

can be found during the carbonation of portlandite single crystals. 
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Zusammenfassung 

Hydratationsmechanismen, insbesondere die frühe Hydratation von 

Zementklinkerphasen (C3S, C2S etc.) auf atomistischer Skala, sind aufgrund 

ihrer Komplexität noch nicht vollständig verstanden. Trotz zahlreicher 

theoretischer Modelle und experimenteller Techniken ist der 

Hydratationsmechanismus nach wie vor umstritten. Vor allem der 

Auflösungsprozess und der Polymerisationsmechanismus unter dem Einfluss 

externer Parameter (Ca/Si-Verhältnis, Temperatur) sind noch nicht untersucht. 

Darüber hinaus weisen die polygonalen Zementklinkerphasen 

unterschiedliche Oberflächen mit unterschiedlicher Reaktivität hinsichtlich der 

Hydratation auf, was von den meisten existierenden theoretischen Modellen 

nicht berücksichtigt wird. Im letzten Jahrzehnt wurden die 

Berechnungsmethoden auf die atomistische Beschreibung von zementartigen 

Materialien erweitert. Die Reactive-Force-Field Theorie (ReaxFF) hat großes 

Potential gezeigt und ermöglicht, die Hydratation von zementartigen 

Materialien auf atomistischer Ebene zu untersuchen. Die Kombination mit der 

Metadynamik erweitert ihre Fähigkeit zur Untersuchung der Reaktionswege, 

einschließlich des Übergangszustands. 

Zu Beginn der Dissertation wird eine allgemeine Einführung gegeben, um das 

Forschungsgebiet, das Ziel der Dissertation und die Forschungsfragen zu 

erläutern. In Kapitel 1 wird der theoretische Hintergrund und die 

Literaturübersicht über den Hydratationsmechanismus von 

Zementklinkerphasen gegeben. Darüber hinaus geht es im Kapitel 2 um 

atomistische Simulationsmethoden. Dieses Kapitel befasst sich hauptsächlich 

mit der Entwicklung von ReaxFF, einschließlich der Einführung des reaktiven 

interatomaren Potenzials, der Parametrisierung, der Anwendung dieser 

Methode im zementartigen System usw., und gibt einen kurzen Überblick über 

die Metadynamik. Später wird die kombinierte Methode zur Berechnung des 

frühen Hydratationsmechanismus verwendet, der in den Kapiteln 3 und 4 

ausführlich erläutert wird. Kapitel 3 beginnt mit der Hydratation für 600 

Pikosekunden, gefolgt von der Auflösung von Ca von verschiedenen 

Kristalloberflächen, sowohl von C3S als auch von C2S. Die reaktiven 
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Oberflächen jeder Klinkerphase zeigen eine starke Wechselwirkung mit 

Wasser und begünstigen die Auflösung. Im Gegensatz dazu wird bei nicht 

reaktiven Oberflächen eine Wassertessellation beobachtet, die die Auflösung 

verhindert. Vergleicht man die beiden Klinkerphasen so zeigt sich, dass die 

Oberflächen von C3S gegenüber der Hydratation reaktiver sind als die von 

C2S. Die Reaktivitätsskala für jede Klinkerphase ist im Schlussfolgerungsteil 

enthalten. Ebenso wird entsprechend den Auslaugungswegen von Ca aus den 

verschiedenen Schichten von C-S-H die Hypothese aufgestellt, dass die 

Auslaugung von Ca nach Entfernung von Ca aus den oberen Schichten durch 

Bildung eines Kanals erleichtert wird. Darüber hinaus konzentriert sich das 

vierte Kapitel hauptsächlich auf die Aufklärung des 

Polymerisationsmechanismus unter dem Einfluss externer Parameter. Die 

Dimerisierung von Silikat in Porenlösung wurde bei Raumtemperatur als 

thermodynamisch günstig befunden, was auf den Polymerisationsprozess 

während der dormanten Periode hinweist. Bei hohen Temperaturen und 

hohem Ca/Si-Verhältnis wird sie jedoch ungünstig. Außerdem wird die 

Dimerisierung an der Oberfläche von C3S nur bei hohen Temperaturen 

gefunden. Darüber hinaus wird in diesem Kapitel auch die Möglichkeit der 

Trimer- und Pentamerbildung in Porenlösung diskutiert. Schließlich erklärt die 

Dimerisierung von Alumosilikat bei erhöhter Temperatur den Einbau von 

Aluminat in die Silikatkette des C-S-H-Gels während der Hydratation. Darüber 

hinaus beeinflusst die Karbonatisierung die Dauerhaftigkeit des Betons. Die 

Mechanismen sind jedoch noch nicht vollständig aufgeklärt. Daher 

konzentriert sich Kapitel 5 auf die Karbonatisierung von Portlandit (neben den 

C-S-H-Phasen ein Hauptprodukt der Hydratation) in niedrig-feuchter 

Umgebung. Die Ergebnisse weisen auf die Möglichkeit einer Karbonatisierung 

bei nur 10% relativer Feuchte hin, wo die metastabile Vateritphase bei der 

Karbonatisierung von Portlandit-Einkristallen zu finden wurde.  
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Cement Chemistry Notation 

The cement chemistry notation has been used exclusively throughout this 

thesis. Sometimes it has been used alongside chemical notation. Therefore, it 

will be convenient to distinguish them from understanding the context. 
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C CO2 Carbon dioxide 
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Objective, hypothesis and project description 

Concrete is the world’s most used construction material due to its durability, 

versatility, and relatively low cost. It is used for constructing streets, highways, 

rail systems, bridges, high rise buildings, houses, dams, and many other 

infrastructures. Cement is one of the key ingredients of concrete known as a 

binder (Ordinary Portland Cement: OPC), composed of mainly a solid mixture 

of different clinker phases. Cement is a global commodity. The production 

process of cement clinkers not only requires higher energy but also releases 

approximately 5% of global anthropogenic CO2 [1] and retreats 1.7% of total 

global freshwater [2]. Complying with future climate regulations, it is asked for 

a massive reduction of the cement clinker content, leading to the so-called eco-

concretes. Enhancing the reactivity of the remaining clinker content in eco-

cements should help to improve the hydration performance of these classes 

of climate-friendly concretes. For instance, compared to alite (C3S), the 

production of belite (C2S) is more energy efficient (220 kJ/t lower) and emits 

10-15% volume more moderate amount of CO2. However, it is less reactive. 

Increasing the reactivity of C2S is an alternative way to produce more 

environment-friendly and relatively cost-effective C2S based cement [3].  

 
(a) (b) (c) (d) 

Figure 1: Multiscale overview of the hydration of cement: (a) The 2D microscopic 
structure of cement paste [4], (b) 3D microstructure development during 
cement hydration  [5] (c) crystalline C-S-H phases [5,6] (e) crystal structure 
of tobermorite with highlighted Dreierkette pattern silicate polymer chain in 
tobermorite [7]. 
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Furthermore, calcium silicate hydrate phases (C-S-H) are the main hydration 

products of C3S and C2S, which are responsible for the strength development 

of concrete. Crystalline C-S-H (Fig. 1c) is a layered structure with a 

Dreierkette-patterned (three tetrahedra repeating unit) linear chain of silicate 

(SiO4-) polymer (Fig. 1d) [8]. Compared to C2S, C3S is a highly reactive clinker 

phase to hydration and contributes to the early strength of the concrete. 

However, C2S contributes significantly to the strength development in the later 

ages. For increasing the reactivity of C2S by changing the reaction condition 

or by introducing new materials (e.g. substitution Al to Si) in the system is 

necessary to investigate the hydration mechanism at an atomistic level first, 

as it is still not known entirely. It is challenging to study the hydration reaction 

kinetics, especially the early hydration at the atomistic scale, and to monitor 

the reaction between water and cement clinker interfaces by experiments due 

to the lack of experimental techniques.  

Additionally, some computer-based cement hydration models have been 

developed over the last two decades to explain the evolution of microstructure 

during the hydration of cement particles (Fig. 1b), as well as the transport and 

mechanical properties. However, most hydration models consider cement 

particles as homogeneous spheres to simplify the system. In reality, polygonal 

C3S particles consist of different crystalline phases (planes and dissolution 

sites), showing different reactivity toward hydration. They are unable to explain 

the reaction between water and the realistic cement particle interface at an 

early age pre-induction period. Atomistic simulation using Reactive Force 

Fields, i.e. ReaxFF, can be an effective solution to study the chemical 

reactions at material interfaces with sufficient accuracy. ReaxFF has 

successfully implemented to describe the chemical reactions in many systems. 

It has been introduced in cementitious systems by merging the two-parameter 

sets (Si-O-H and Ca-O-H) developed independently by Fogarty et al. and 

Manzano et al., respectively [9,10]. This combined parameter set yields 

excellent results for the investigation of mechanical properties of amorphous, 

crystalline C-S-H (calcium silicate hydrate), and the hydration mechanism of 

C3S [11]. Typically, molecular dynamic simulation using ReaxFF requires 
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femtosecond (10-15 s) time steps to get the correct integration of equations of 

motion. Though ReaxFF is the time-efficient method, sometimes it becomes 

computationally intensive (time-consuming) during the calculation of rare 

events (i.e. transition state, TS), which often happens at a larger timescale. 

Therefore, a large variety of sampling methods have implemented over the last 

few years to minimize the simulation costs. Metadynamics (MetaD) is one of 

the powerful algorithms that can accelerate observing the rare events by 

introducing a biased potential that acts on a selected number of degrees of 

freedom named as collective variables (CV) [12]. MetaD can enhance 

sampling by reconstructing the free energy surfaces (FES). The bias potential 

is applied as a sum of Gaussians continuously growing during MD simulation 

by acting directly on the microscopic coordinates of the system [13]. Therefore, 

ReaxFF, coupled with MetaD, is an ideal combination to calculate the reaction 

path of the cement hydration process with reasonable computing times.  

Beneath C-S-H phases, the main hydration product is calcium hydroxide 

(Ca(OH)2, portlandite) (Fig. 1a), which is the reason for the increased pH-value 

in concrete. This high pH-value (12.5) saves the steel reinforcement in the 

concrete from corrosion. The reaction of portlandite with environmental CO2 

leads to the formation of calcium carbonate (CaCO3), known as carbonation. 

This process reduces the pH-value of concrete from 12.5 to 9, which reduces 

the corrosion resistance of the reinforcement. It causes cracks from expansion 

stress during the carbonation of portlandite, at the same time as drying 

shrinkage by carbonation of silicate phases (C-S-H).  

The foremost objective of this research is to improve the fundamental 

knowledge of the early hydration mechanisms of Portland cement and the 

carbonation of the hydration product portlandite by the combinational approach 

of computer modeling and laboratory experiments. The approach started with 

an in-depth understanding of the dissolution mechanism of C3S and C2S 

immediately in contact with water and followed by the polymerization 

mechanism of silicates (the building block of C-S-H) under the influence of 

external parameters (i.e. temperature, Ca/Si ratio etc.), as a representative 

initial step of cement hydration kinetics. The model (ReaxFF combined with 
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MetaD) enables an optimization of the C3S and C2S reactivity, which will allow 

an even further reduction of the clinker content in cementitious binders without 

loss of hydration performance. The proposed model will provide new insight 

into the initial hydration mechanism with an in-depth understanding. 

Despite the knowledge gained by a large number of experiments as well as 

computational studies reported in the literature, the hydration mechanism of 

cement particles is not fully understood yet, especially at an early stage. 

Hydration of cement involved three elementary steps, dissolution of ions into 

the pore solution followed by reaction (homogeneous C-S-H) in pore solution 

and precipitation of C-S-H. Manzano et al. have explained the absorption of 

water on the C3S surfaces successfully during the early stage by using ReaxFF 

[11]. Unfortunately, the dissolution mechanism and polymerization of silicate 

during early hydration of both C3S and C2S have not been elucidated yet. 

Moreover, the polygonal cement clinker phases consist of different crystalline 

planes with different reactivity toward hydration, which is not elucidated yet. 

Additionally, incorporation of aluminate (present in the system) into the silicate 

chain of C-S-H gel is of great technological interest, and the polymerization of 

alumino-silicate requires to be investigated. Furthermore, in literature, most of 

the carbonation experiments have been done in the presence of higher relative 

humidity (more than 50%). However, recent DFT studies have shown that only 

8% of relative humidity is sufficient for carbonation [14]. 

Hence, the following research questions are required to be answered to get a 

clear picture of the early hydration mechanism and carbonation mechanism of 

the portlandite. The representing sub-questions are: 

1. What are the reaction pathways for the dissolution of Ca from the C3S 

and C2S surfaces during hydration? 

2. How can the reactivity of different surfaces of C3S and C2S during 

hydration be identified?  

3. What is the degradation (Ca leaching) mechanism from C-S-H? 
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4. What is the polymerization mechanism of silicate and alumino-silicate 

during early-stage hydration? 

5. How do the external parameters, i.e. Ca/Si ratio and temperature, 

influence the polymerization process in the pore solution? 

6. What is the favorable path of the two competing mechanisms for the 

polymerization of silicates: either in solution followed by precipitation, or 

a surface reaction during the early hydration? 

7. What is the carbonation mechanism of portlandite single crystals at low 

humid conditions? 

8. How does the relative humidity influence the kinetics of carbonation 

reaction? 

Answering the above mentioned research queries, the early hydration 

mechanism, including the dissolution mechanism of C3S and C2S, 

polymerization of silicate, and alumino-silicate the presence of external 

parameters (in pore solution as well as on the clinker surface), were studied 

computationally in this thesis. The ReaxFF is applied for investigating the 

hydration process, and biased molecular dynamics known as Metadynamics 

(MetaD) is coupled with ReaxFF to study the dissolution and polymerization 

mechanism. Additionally, the carbonation mechanism was investigated by the 

experimental studies using portlandite single crystals (synthesized in the lab) 

and powder samples at a low humid condition in a carbonation reactor 

(constructed in the lab). 

Thesis outline 

Chapter 1 represents the basics of cement chemistry to follow the results and 

discussion part presented in the thesis. This chapter covers the overview of 

the main clinker phases of the Portland Cement and their hydration processes 

and the details about the hydration products. The emphasis was on the 

introduction of different hypotheses reported in the literature explaining the 

hydration mechanism. Besides, a short overview of the computational 

modeling in cementitious materials have been described in this chapter.  
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Chapter 2 is an introduction to atomistic simulation methods. Additionally, it 

will be demonstrated in detail the basic concept and development of ReaxFF 

by bridging the gap between quantum mechanical calculation (Density 

Functional Theory: DFT) and the classical force field theory. Besides, a short 

description of the parameterization of ReaxFF and its application in the 

cementitious system is introduced to this chapter. Moreover, a brief overview 

of metadynamics is discussed at the end of this chapter. 

Chapter 3 is concentrated on the investigation of the dissolution mechanism 

of cement clinker phases (C3S, C2S). This chapter proposes an atomistic 

insight into the early hydration and the dissolution mechanism of calcium ions 

from different crystalline planes of both C3S, C2S using ReaxFF combined with 

MetaD. The reactivity and thermodynamic stability of various crystal planes 

have been calculated from the dissolution profile of calcium ion during 

hydration at 298 K and 323K. Moreover, the leaching mechanism of Ca2+ from 

C-S-H has also been elucidated in this chapter.  

Silicate polymer chains are the basic building block of C-S-H phases. 

Therefore, the polymerization mechanism of the hydrated silicates in pore 

solution at different temperatures is studied in Chapter 4. Additionally, the 

Ca/Si ratio plays an essential role in the chain length of silicate polymer in C-

S-H. The effect of Ca2+ concentration on the silicate polymerization process is 

investigated in this chapter. In addition, the possibility of surface 

polymerization is also explained. Finally, the polymerization mechanism of 

alumino-silicate is included to explain the effect of Aluminate incorporation in 

C-S-H phases. 

Chapter 5 mainly elucidates the carbonation mechanism of portlandite by 

experimental analysis. The chapter includes the synthesis of single-crystals of 

portlandite followed by carbonation in a controlled environment (carbonation 

reactor). Additionally, relative humidity (RH) is one of the main influential 

factors for the carbonation of concrete. Therefore, the carbonation mechanism 

is explained using both portlandite single crystal and powder at different RH in 

this chapter.  
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Chapter 1 

 Introduction to cement chemistry 

1.1 History of cement-based material 

The word cement originates from the Latin word caementum, which means 

stone chips for making mortar. It entered into English in the 14th century from 

the old French word ciment means unite firmly. In general, cement is a binder 

that is capable to glue solid bodies together. Nowadays, cement refers to the 

most applied construction material on earth. However, cement based materials 

were invented some 2000 years ago by the ancient Egyptian civilization, where 

they used calcined gypsum as cement to construct their pyramid. Later, 

Greeks and Romans went further improvement and invented the first hydraulic 

cement by mixing lime and volcanic ash and was recognized as classic 

“pozzolanic cement” named after the Italian village Puteoli (today Pozzuoli) 

near volcano Vesuvius. Afterwards, during the middle ages, most of the 

Roman knowledge was lost. The development of modern cement initiated back 

to 1756 when the British engineer John Smeaton discover the cement made 

from limestone and clay to rebuild the Eddystone Lighthouse off the coast of 

Cornwall, England, which was stood for 126 years before replacement [15]. 

Another major event in the cement based materials history was the patent of 

“Portland cement” in 1824 by Joseph Aspdin. His method involved the 

production of clinkers by burning the synthetic mixture of limestone and clay. 

History regards Aspdin as an inventor of Portland cement, named because of 

the color of the concrete made from Portland stone found in the Isle of Portland 

off the British coast. Aspdin’s patent cement was the foundation that led, 

through technological advancement, to develop modern Portland cement we 

know today [16]. 

Today the cement-based materials are the most used construction materials 

on earth, which constitute the largest surface area of all human-made 

structures. The development of the cement industry has a significant impact 
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on the economy, especially for developing countries. Due to the enormous 

demand, cement production has reached approximately 4.5 billion metric 

tonnes worldwide in 2018 and is expected to increase by 4.83 billion metric 

tonnes in 2030. China is the largest cement producer globally by far (50% of 

total production); besides, Brazil, India, the United States, Turkey, Vietnam are 

also substantial producers. 

Even though the cement is a global commodity, it is also energy intensive 

compared to the other industry worldwide (consumes about 0.25% of total 

power). Cement accounts for 83% of total energy consumption in the 

production of non-metallic minerals and is responsible for 94% of CO2 

emissions, respectively. The production of cement clinker from limestone by 

burning to the temperatures up to 1450 °C is the main energy-consuming 

process (approx. 0.8 tonnes CO2 / tonnes of clinkers ). To illustrate the 

dimension of the problem, a direct comparison in terms of CO2 emission 

annually between the cement industry and aviation sector permitted. The 

cement industry is responsible for approx. 2.5 billion tonnes of CO2 emission 

annually, which is significantly higher compared to the emission by the aviation 

sector (approx. 670 million tonnes annually). Hence, the reduction of Portland 

cement clinker content with the guarantee of similar strength and durability is 

a key aspect to reduce the significant amount of CO2 emission in cement 

production. There are two basic strategies are available for this purpose. The 

clinker content of Portland cement can be reduced by either using reactive 

composite materials (i.e. blast furnace slag) and almost inert materials such 

as limestone powder or by suitable formulation. However, the early strength of 

the clinker-substituted system remains significantly below the required level. 

On the other hand, the C3S is more effective to guarantee early strength 

development. Therefore, in order to reduce the clinker factor while maintaining 

a similar quality, the performance of the remaining cement clinkers in the 

system must be increased.  

Due to the immense demand for cement-based based materials by the 

construction sector and their environmental impact leads to the increasing 

interest in both fundamental and applied research over the years. The 
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increased number of cement related publications in different scientific journals 

is a clear indication of its importance. Research in cement-based materials is 

an interdisciplinary field where various aspects are studied covering the 

improvement of the material property, manufacturing process to develop 

innovative and eco-efficient cement.  

Cement is categorized into many types; however, the first classification would 

be either if it needs water to set (hydraulic cement) or not (non-hydraulic 

cement). Hydraulic types of cement are widely used in the construction sector 

due to their better performance. Ordinary Portland cement (OPC) and its 

derivatives are examples of hydraulic types of cement. There are different 

types of Portland cements manufactured (type I, II, III, IV, and V) by combining 

a designated proportion of additives (blast furnace slag, silica fume, limestone, 

etc.) with cement clinkers to achieve different physical and chemical properties 

for various construction projects. 

1.2 Cement Clinker Phases 

Ordinary Portland cement is the simplest form of all types of cement. It is 

composed of mainly a solid mixture of different clinker phases, i.e. tricalcium 

oxy silicate (Ca3SiO5, C3S) named alite and dicalcium silicate (Ca2SiO4, C2S) 

named belite. It also includes a small amount of tricalcium aluminate 

(Ca3Al2O6, C3A), tetracalcium aluminoferrite (Ca4Al2Fe2O10, C4AF) and 

gypsum (CaSO4ꞏ2H2O). Nevertheless, the manufacturing process of all types 

can be generalized as follows. Portland cement clinkers are produced by 

mixing the appropriate proportion of raw materials consisting of limestone 

[calcite, (CaCO3)], clay minerals (SiO2-Al2O3-H2O), quartz (SiO2) and iron 

oxide (Fe2O3). Initially, the mixture is ground to a homogeneous and fine 

powder. Then it is introduced into the slowly rotating sloped cylindrical rotary 

kiln at temperatures up to 1450 °C. As temperature increases, a series of 

physical transformation and chemical reactions take place. In the beginning, 

at the range of 70-110 °C, the free water absorbed in the mineral is evaporated. 

From 400 to 600 °C, clay mineral is decomposed to its constituent oxide form 

(i.e. SiO2, Al2O3). Afterward, from 600 to 1100 °C, the limestone reacts with 
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activated silica (SiO2) to produce belite (Ca2SiO4) and the remaining CaCO3 

decomposes to CaO and CO2. This reaction, named calcination, including the 

burning of fuel, is mainly responsible for CO2 emission. As temperature 

progresses from 1100 to 1450 °C, the belite partially melts and reacts with free 

lime (CaO) to form alite (Ca3SiO5). Furthermore, both C3A and C4AF are 

crystallized between 950 °C and 1250 °C. However, they melt above 1250 °C 

and recrystallize during the cooling process. Finally, the clinker nodules are 

ground to achieve the preferred particle size distribution, and additives like 

gypsum as retarder are added for the desired application. A general 

description of the four main clinker phases is discussed below [16,17]. 

1.2.1 Tricalcium oxy silicate (Alite, C3S) 

Alite is the main clinker phases of Portland cement. Accounting for ca. 50-70 

wt.%, which contains 71-75 wt.% CaO, 24-28 wt.% SiO2 and 3-4 wt.% 

substituted ions [17]. The polymorphism of C3S is rather complicated due to 

the almost identical modification with a small variance of transformation 

enthalpy (Figure 1.1). In literature, seven known polymorphs exist between 25 

°C and 1070 °C, including three triclinic (T), three monoclinic (M), and one 

rhombohedral (R) modifications [18,19]. Even though T1 is the stable phase at 

room temperature, monoclinic variants are the most common phrases found 

in Portland cement. Typically, incorporated ions (Mg2+, Al3+and Fe3+) in alite 

stabilize the crystal symmetry, i.e. high-intensity nucleation and slow crystal 

growth in the presence of MgO. This leads to the M3 variant, whereas with the 

increase of SO3, stabilize the M1 variant by lowering the nucleation intensity 

and faster crystal growth [20,21]. 

 

Figure 1.1: Temperature-dependent modification of seven different polymorphs of 
alite [1-7]. 

The crystal structure of all polymorphs of alite is a resemblance to the 

rhombohedral or pseudo-rhombohedral symmetry [22]. The polymorphs differ 
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with the orientation of SiO4
4-tetrahedra, which also affect the Ca2+ and O2- 

coordination. 

1.2.2 Dicalcium silicate (Belite, C2S) 

Belite is the second most common clinker phase (15-30 wt.%) in OPC after 

alite. It is usually composed of around 60-65 wt.% CaO, 29-35 wt.% SiO2 and 

4-6 wt.% incorporated guest ions mainly Al3+ and Fe3+. The thermal and X-ray 

measurements have reported five different polymorphs at normal pressure 

including α, αH
' , αL

' , β and γ (Figure 1.2), where the subscripts H and L 

represent a modification of α , the variants at high and low temperatures, 

respectively. Even thoughγ-C2S is the most stable variant at lower 

temperatures; however, in the OPC stabilizing ions are present to  

 

Figure 1.2: Temperature dependence of the five polymorphs of belite [17]. 

prevent the transformation from β- to γ-C2S during cooling. β-C2S is 

substantially more reactive compared to the α- variants. Moreover, its 

hydration is similar to that of C3S but at a slower rate. The crystal structure of 

all belite modifications constitutes of SiO4- and Ca2+ similar to alite by differing 

the absence of O2- ions. The arrangements of ions in the crystal for all 

polymorphs are quite similar except γ-C2S. Due to the lower density of γ-C2S, 

it causes cracking of the β-C2S crystals forming a voluminous powder and dust 

[21,23]. 

1.2.3 Tricalcium aluminate (C3A) 

C3A is the most reactive clinker phase and accounts for 5-10 wt.% of the 

Portland cement clinker. It is composed of 62 wt.% CaO and 38 wt.% Al2O3. 

Additionally, pure C3A does not show temperature-dependent polymorphism. 

It appears cubic built from six AlO4 tetrahedral rings (unit cell  Al6O18
18-) and 
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Ca2+ ions. [23,24]. However, the substitution of Ca2+ ions by foreign ions (Na+, 

K+, Mg2+, Fe3+, Si4+, Cr3+, Ni2+, Zn2+), especially alkali metals influence the 

change of the crystal structure from cubic (pure C3A) through orthorhombic to 

monoclinic with lower symmetry [21]. In industrial OPC only cubic and 

orthorhombic polymorphs are present at room temperature. The orthorhombic 

variant features dark prismatic crystals, while the cubic form appears as a fine 

colorless powder mixed with the dendritic crystals of ferrite [23]. 

1.2.4 Calcium aluminoferrite (C4AF) 

C4AF, also known as tetracalcium aluminoferrite, accounts for about 5-15 wt.% 

of the OPC clinker. Usually, it is a slight modification of 2CaOꞏFe2O3 (CF2), 

where aluminum ions are incorporated in the structure. Although the ferrite 

phase can be prepared with different compositions of the solid solution of 

Ca2(Al(1-x)Fex)2O5 (where 0 ˂ x ˂ 0.7 ). However, the composition C4AF is 

found only at x=0.5. The crystal structure of C4AF is comparable to perovskite 

(Ca2TiO3), where Fe3+ and Al3+ have replaced Ti2+ in both tetrahedral and 

octahedral sites. Besides, the Al3+ prefers the tetrahedral position only. The 

empirical formula can be written as Ca2M2T2O5, where M and T represent the 

octahedral and tetrahedral cation, respectively. Furthermore, the missing 

oxygen causes one half of the octahedral sheet replaced by chains of 

tetrahedra. The Ca2+ ions are distributed between the octahedral and 

tetrahedral sheet [17,23]. 

1.3 Hydration of Cement 

In cement chemistry, hydration refers to the reaction between non-hydrated 

clinker phases of cement with water, which leads to both chemical and 

physicomechanical changes in the system, especially during setting and 

hardening. When cement is mixed with water, it is known as cement paste, 

specifically in pure form, and as mortar or concrete when aggregates of 

different sizes are integrated into the system. The water-to-cement ratio (w/c) 

[also known as the water-to-solid ratio (w/s)] is one of the most fundamental 

parameters and influences the rheology of the cement paste as well as most 



Introduction to cement chemistry  Chapter 1 

13 

 

properties of hardened concrete. Usually, cement paste is considered at w/c 

between 0.2 to 0.6 in pure form. The term “setting” represents the changes in 

the cement paste from liquid to solid phase without gaining measurable 

strength. The “hardening” part follows the setting of cement and it usually 

refers to the development of strength and hardens the cement paste [16]. From 

the technological point of view, it seems to be simple, just mixing of cement 

with water in an appropriate proportion, but the hydration process is rather 

complex where many reactions take place either parallelly or successively and 

powder transforms into paste at first followed by setting and hardening. The 

hydration mechanism is not fully understood yet due to the presence of 

multiple clinker phases and additives, where each of them contains impurities 

and different particle sizes and shapes. Moreover, they are distributed 

heterogeneously and have different rates of reactions with water. Besides, 

other external parameters, i.e. w/c ratio, pH, curing temperature, etc., play a 

vital role in cement hydration. 

Due to the enormous complexity and decrease of many variables, the 

hydration process has been studied for years for each clinker phase 

independently. The essential reactions of the clinker phases are discussed 

below. 

1.3.1 Hydration of individual clinker phases 

1.3.1.1 Tricalcium oxy silicate (Alite, C3S) 

C3S is the key phase, which controls the setting and hardening. It reacts 

reasonably fast with water and provides early strength of concrete. About 70% 

of alite typically react within 28 days and virtually all completed in one year. 

The reaction of pure C3S produces the main hydration products calcium-

silicate-hydrates (C-S-H gels) and the by-product Ca(OH)2 known as 

portlandite (abbreviated CH) (Eq. 1.1). Nevertheless, the stoichiometry of C-

S-H gel is not fixed and is considered as an approximation (Eq. 1.2) [17]. 

2 𝐶 𝑆 6 𝐻 →  𝐶 𝑆 𝐻  𝐶 𝑆 𝐻 𝑔𝑒𝑙 3 𝐶𝐻                                                         1. 1 
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3 𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂 3 𝑚 𝑛  𝐻 𝑂
𝑛 𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂 ∙ 𝑚 𝐻 𝑂 𝐶 𝑆𝐻 3 𝑛  𝐶𝐻                            1. 2 

1.3.1.2 Dicalcium silicate (Belite C2S) 

The hydration of β-C2S is similar to that of C3S, but, at a slower rate due to its 

different crystal structure. Only 30% of β-C2S typically react in 28 days, and 

the process is not fully completed (about 90% reacted) after one year. Higher 

thermodynamic stability and a densely packed crystal structure of β-C2S are 

responsible for the slower reaction compared to C3S, where voids present in 

the crystal structure allow water to penetrate and react faster [25]. 

Nevertheless, the formation of hydration products (C-S-H gels) is similar to that 

obtained from C3S with the difference that much less CH formed (Eq. 1.3) [17].  

2 𝐶 𝑆 4 𝐻 →  𝐶 𝑆 𝐻  𝐶 𝑆 𝐻 𝑔𝑒𝑙 𝐶𝐻                                                             1. 3 

1.3.1.3 Tricalcium aluminate (C3A) 

C3A is the most reactive phase of Portland cement. Its uncontrolled reaction 

with water leads to an unwanted rapid setting known as the flash setting. It 

reduces the workability significantly as well as hinders the homogeneous 

mixing of cement and water. Usually, C3A alone reacts with water and forms 

metastable calcium aluminate hydrate at first, which then converted rapidly to 

the stable cubic hydrogarnet (C3AH6) (Eq. 1.4).  

2 𝐶 𝐴 21 𝐻 →  𝐶 𝐴𝐻 𝐶 𝐴𝐻  →  2 𝐶 𝐴𝐻 15 𝐻                                            1. 4 

Due to the negative effect of flash setting, gypsum (CaSO4ꞏ2H2O) is added to 

Portland cement to regulate this reaction and preserve the workability of the 

cement paste during the early stage. In the presence of gypsum, the reaction 

is subdivided into two stages. In the first stage, calcium sulphoaluminate 

mainly ettringite (C6AS3H32) is formed by the reaction of C3A and gypsum (Eq. 

1.5). 

𝐶 𝐴 3 𝐶𝑆̅𝐻 26 𝐻 →  𝐶 𝐴𝑆 𝐻                                                                                  1. 5 
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The second stage starts when all gypsum in the solution is consumed. The 

remaining C3A reacts with ettringite and water to form a crystalline 

monosulphoaluminate (C4ASH12) [26] (Eq. 1.6). 

2 𝐶 𝐴 𝐶 𝐴𝑆 𝐻 4 𝐻 →  𝐶 𝐴𝑆 𝐻 → 3 𝐶 𝐴𝑆̅𝐻                                                  1. 6 

In literature, two main hypotheses are discussed to explain the retardation 

mechanism as gypsum slows down the C3A/water reaction. It is also proposed 

that the reaction is slowed down due to the gel-like coating of ettringite around 

the C3A surface [27,28]. Additionally, it has been claimed that the adsorption 

of calcium and sulfate ions on the reactive sites of the C3A is responsible for 

the retardation effect [29–31]. 

1.3.1.4 Tetracalcium aluminoferrite (C4AF) 

The hydration of C4AF is relatively similar to C3A. The main initial hydration 

product is C4(A, F)H19. The reactivity depends on the Al3+/Fe3+ ratio, and it 

decreases with increasing Fe-content [16]. In the presence of gypsum, the 

retardation effect is comparable to those observed in C3A hydration. However, 

the Al3+/Fe3+ ratio in the ettringite (AFt) is lower compared to the anhydrous 

phase, and additional separate phases (FH3) have been found during the 

hydration process in the absence of lime (CH) (Eq. 1.7 and 1.8) [32].  

𝐶 𝐴𝐹 12 𝐶𝑆̅𝐻 𝑚 𝐻 →  4𝐶 𝐴 . 𝐹 . 𝐶𝑆̅𝐻 2𝐹𝐻                                       1. 7 

𝐶 𝐴𝐹 2𝐶𝐻 6 𝐶𝑆̅𝐻 𝑚 𝐻 →  2 𝐶 𝐴 . 𝐹 .  3𝐶𝑆̅𝐻                                           1. 8 

1.4 Hydration mechanism 

Understanding the mechanism of cement hydration has received great 

importance for academic as well as practical interest to develop eco-friendly 

and sustainable concrete materials in a broader sense. From the academic 

point of view, the multiphase hydration reactions are very complex and difficult 

to monitor the individual mechanistic step or the parameters responsible for 

determining their rates. Therefore, several experimental techniques, as well as 

multiscale theoretical models, have been developed for years to address this 
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issue. However, the fundamental study on cement hydration is still scientifically 

challenging. Usually, cement hydration involves a collection of chemical 

processes where the rate is governed by both the nature of the individual 

process and state of the system at that instant [33]. The basic hydration 

processes are categorized as follows: 

 Dissolution involves the molecular unit detachment from the solid 

surface of the cement clinkers in contact with water. The dissolution 

kinetics are explained in detail by Dove et al. [34]. 

 Homogeneous nucleation involves the incorporation of molecular 

units into the crystalline or amorphous solid (hydration product) in the 

pore solution.  

 Heterogeneous nucleation and growth involve the precipitation of 

building blocks of C-S-H on the surface of the clinker and incorporation 

of those blocks into the solid structure. 

 Diffusion usually describes the transport of the component (ions, the 

solid building block of C-S-H) from solution to the surface of the solid in 

the adsorption layer.  

 Adsorption describes the accumulation of ions and other molecular 

units at the interface of the solid surface and solution.  

These processes may occur either serial or parallel or in an even further 

complicated manner. Hence it is challenging to isolate the individual chemical 

processes. The majority of the cement hydration research has been done by 

considering either alite (an impure monoclinic polymorph of C3S) or pure C3S 

(triclinic) as a model to simplify the system. Recent research has shown both 

the polymorph of C3S has different reactivity, hydration kinetics, and 

microstructure development. Nevertheless, it dominates the early strength 

development by providing the principle hydration product C-S-H gels. 
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1.4.1 Hydration process and current research on the hydration 
mechanism 

The hydration process of Portland cement is monitored using several 

techniques, where most of them are recorded the overall progress of the 

hydration, excluding the action of the individual chemical reactions. This 

includes isothermal calorimetry and thermogravimetry, quantitative X-ray 

diffraction (XRD), light, fluorescence and electron microscopy, different 

spectroscopic techniques, i.e. Fourier transform infrared spectroscopy (FTIR), 

Nuclear magnetic resonance (NMR), neutron scattering etc. In literature, the 

hydration kinetics of C3S, especially at an early stage, is explained in the 

following four steps or periods by the isothermal calorimetric plot of heat flow 

rate as a function of hydration time (Fig. 1.3).  

 

Figure 1.3: Schematic representation of the rate of heat evolution of C3S as a 
function of hydration time [33]. 

1.4.1.1 Initial reaction (pre-induction) 

The pre-induction period is defined by the fast reaction between the C3S and 

water. This stage lasts for a few minutes, where rapid dissolution occurs, and 

the C3S surface releases SiO4
4-, Ca2+, OH- ions into the solution (Eq. 1.9). 

Initially, the silicate concentration in the solution reaches the maximum for a 
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few seconds and decreases rapidly to the very low value to approx. 10 μmol/L 

as the first C-S-H gel is formed [16]. In contrast, the concentrations of Ca2+ 

and OH- increase gradually, not enough for precipitation of portlandite. 

Consequently, it increases the pH of the solution. A large exothermic signal is 

recorded in the isothermal calorimetric experiment due to the wetting of the 

cement grains as well as the dissolution process itself contributes to significant 

heat release.  

𝐶 𝑆 3 𝐻 𝑂 → 3 𝐶𝑎  𝐻 𝑆𝑖𝑂 4 𝑂𝐻                                                                          1. 9 

Due to high solubility, C3S continues to dissolve till equilibrium, where the 

concentration of the ions in solution reaches several hundred mmol/L. Later, 

the dissolution rate of C3S decreases rapidly by the end of the period.  

1.4.1.2 The period of slow reaction  

The period just after the initial reaction where the rate of reaction is very low 

and at the same time heat release is also reduced significantly is known as the 

dormant period. Typically, the duration of this period is a few hours, and the 

paste remains workable at this time. The mechanism for the rapid deceleration 

of hydration rate is controversial, and several hypotheses have been proposed 

over the years. Considering the recent experimental and theoretical research, 

the most widely reviewed hypotheses are discussed below. 

I. Metastable barrier hypothesis 

Many researchers have argued that the rapid decrease of reaction rate due to 

the formation of a thin metastable calcium silicate hydrate denoted as a C-S-

H(m) layer around the C3S particle which passivates the surface by restricting 

the penetration of water as well as detaching the ions from the surface [35–

37]. This C-S-H layer typically isolates the C3S surface from the solution. The 

study of Gartner and Jennings have explained the existence of two forms of 

C-S-H. The first form has higher solubility (SI) and protective characteristics 

during the slow reaction period, which then transformed into the less protective 

form of C-S-H (SII) [36]. Nevertheless, the mechanism of transition from the 
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dormant period to the acceleration period is not clear. Furthermore, the 

calorimetric experiments have already shown the heat of hydration never 

reaches zero. Therefore, there must be some critical process acting at this 

period, and some chemical reaction is going on to destabilize the protective 

layer. One difficulty of this hypothesis was the lack of direct experimental 

evidence for existing of such a layer. However, recent studies have progressed 

significantly to address this issue. Livingston et al. have used nuclear 

resonance reaction analysis (NRRA) to measure the hydration depth profile as 

a function of time above and below the C3S surface during hydration. The 

profile is characterized by the Gaussian peak (Fig. 1.4a), which specifies the 

hydrated layer at the surface and diffusion alike curve in the depth of the 

sample. The overall profile indicates a set of layers (shown in Fig. 1.4b) with a 

different degree of Ca/proton exchange. As time continues, the average 

penetration depth of hydrogen though the C3S increases even during the 

dormant period, which indicates the continuation of the hydration reaction 

during this time [38].  

(a) (b) 

Figure 1.4: (a) Progression of hydrogen concentrations with depth and time during 
the initial and slow reaction periods for triclinic C3S hydrated at 30 °C 
(b) Schematic representation of the arrangement of surface layers on a 
C3S surface during the slow reaction period based on the hydrogen 
depth profile measured by nuclear resonance reaction analysis (NRRA) 
[38]. 
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More recently, Bellmann et al. have conducted experimental analyses to 

investigate the hydration mechanism of C3S nanoparticle suspension in water 

using 29Si NMR. According to their observation, the hydration proceeds 

through the formation of two phases: first, the formation of an intermediate 

hydrated silicate phase, followed by the conversion of this phase into C-S-H 

while the solution becomes enough concentrated with calcium [39]. 

II. Slow dissolution step hypothesis 

According to the metastable barrier layer hypothesis, the dissolution rate is reduced 

significantly due to the formation of the passivating layer of C-S-H. However, other 

researchers have different opinions about it. Barret et al. proposed the formation of 

a superficial hydroxylated layer on the C3S surface in contact with water, which 

causes slow dissolution [40,41]. Nonat et al. and others [42–45] also support this 

theory and have developed an alternative mechanism based on the steady-state 

balance between C3S dissolution and initial C-S-H formation. According to the theory, 

the fast dissolution of C3S occurs at the initial stage until the concentration of the ions 

in the solution becomes supersaturated with respect to the C-S-H. However, the 

solution is still undersaturated concerning C3S. Therefore, C-S-H precipitate on the 

surface of C3S. Nucleation of C-S-H causes a massive reduction of silicate 

concentration. The rate of dissolution decreases with increasing the concentration of 

Ca2+ and OH-. The experimental study from Juilland et al. have suggested that the 

initial concentration of the solution influences the dissolution rate where the small pits 

are observed due to faster dissolution on the surface of alite hydrated with deionized 

water, in contrast, the smoother surface was found when the used lime solution (Fig. 

1.5b and c). 

The crystallographic defects of the materials also influence the rate and the length of 

the induction period (Fig. 1.5a). The faster quenching during the alite synthesis 

results in more defects and relatively short dormant periods [46,47]. Nevertheless, 

the post thermal annealing treatment on alite has reduced the crystal defect 

significantly and shown a relatively long dormant period [47]. 
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(a) 

 

(b) 

 

(c) 

 

Figure 1.5: (a) Comparative heat evolution during the hydration of quenched alite and 
thermally treated alite at 650 °C for 6 hours. SEM image of alite hydration 
after 2 min in (b) deionized water, (c) saturated lime solution [45]. 

III. Nucleation of Ca(OH)2 

As discussed in the previous two mechanisms, the concentration of Ca2+ and OH- 

increases simultaneously and reaches the saturation level. Initially, portlandite could 

not precipitate due to the poisoning effect where silicate ions are incorporated into 

the surface of portlandite nuclei. Nevertheless, during the dormant period, when the 

silicate concentration is significantly low due to the formation of C-S-H. The 

dissolution of Ca2+ and OH- continue to increase to overcome the poisoning effect, 

and the solid portlandite starts to precipitate. Which intensifies the faster dissolution 

as well as C-S-H formation at the end of the dormant period [16]. 
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IV. Electrical double-layer theory 

The double-layer theory assumed that the incongruent dissolution of C3S forms a 

silicate rich surface layer, which is absorbed by the counter charged Ca2+ ions to 

create the electrical double layer at the surface. This layer hinders the further 

dissolution of ions into the solution and responsible for the slow reaction period. 

However, it is broken down during the acceleration period [16,37]. 

1.4.2 Acceleration period 

At the end of the slow reaction period (typically last for a few hours), suddenly, 

the rate of hydration accelerates and reaches a maximum within the next 5-10 

hours. The kinetics of the process is explained by the Avrami equation (Eq. 

1.10). 

𝑙𝑛 1 𝛼  𝜅 𝑡                                                                                                         1. 10 

Where α is the degree of hydration, κN is the rate constant for the nucleation 

process, and t is the hydration time. Two main factors are responsible for 

accelerating the hydration process. (I) The destruction of the passivating layers 

of C-S-H (m) around C3S, and (II) the reduction of the concentration of Ca2+ 

and OH- in solution due to the precipitation of portlandite. Therefore, the 

dissolution of unreacted C3S is increased again. Consequently, the heat 

release rises to the maximum. Additionally, the concentration of the ions in the 

solution reaches the critical point when the rate of nucleation and growth 

accelerates. In a second stage, C-S-H gel is precipitated on the C3S and other 

adjacent clinker surfaces as well. Furthermore, the portlandite continues to 

crystallize and precipitate in this period. In literature, the acceleration period is 

related to the nucleation and growth (N+G) mechanism.  

I. Nucleation and growth of C-S-H theory 

This theory postulates that the end of the slow reaction period and the 

beginning of the second phase of acceleration, the hydration rate depends on 

the heterogeneous nucleation and growth of the second phase C-S-H. As 

discussed before, the rate of initial metastable C-S-H formation is controlled 
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by the concentration of Ca(OH)2 in solution. When the concentration reaches 

the critical point, the second phase C-S-H nuclei is started to form. Initially, the 

metastable C-S-H is converted to the second stage C-S-H by overcoming the 

thermodynamic barrier, that terminates the dormant period. The duration of 

this period depends on external parameters. It could be shortened by either 

increasing the temperature or seeding with reactive C-S-H [48]. Initially, the 

precipitation C-S-H is observed on the surface of C3S or alite [37,42]. The rate 

of the second stage hydration controlled by the dissolution rate of unreacted 

C3S. At this stage, the higher dissolution rate of C3S increases the rate of 

precipitation of C-S-H nuclei on the available surface of C3S or grow on the C-

S-H from the bulk. At the same time, Ca(OH)2 crystalizes to comparably larger 

portlandite crystals [49]. Many experimental analyses and modeling methods 

support the theory. However, the observation of the first nucleation is rather 

challenging. Most of the recent research is based on the model interpretation 

of the experimental data. For example, Garrault and Nonat et al. use the slow 

dissolution hypothesis and explain the decrease of the silicate concentration 

at an early stage, which results in the C-S-H nucleation [42]. Bullerd developed 

the kinetic cellular model to explain the solution chemistry of C3S hydration by 

considering either slow dissolution or metastable layer hypothesis. The result 

indicates the nucleation of C-S-H within few mins [50]. Furthermore, the NMR 

data from Bellmann et al. have suggested that silicate dimers are detected only 

at the end of the dormant period. Therefore polymerization of silicate could be 

the essential mechanism that controls the nucleation and growth kinetics [39].  

1.4.3 Deceleration period 

As hydration progresses, the space between the particles covered by 

hydration products, and slowly, the volume of the liquid phase decreases. 

Therefore, the rate reaction also decreases gradually and proceeds to the 

deceleration period. At this period, kinetics are no longer controlled by the 

nucleation and growth, rather than diffusion of Ca2+ and SiO4
4- through the 

layer of the hydration products (C-S-H and portlandite). It is a diffusion control 

process and follows the Jander equation (Eq. 1.11). 
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1 1 𝛼  𝜅 𝑡                                                                                                   1. 11 

Here κD is the rate constant for the diffusion control process. This period is 

critical in concrete technology due to slower strength development. The 

hydration is virtually finished after one year, though the process can continue 

for years. Several factors are affecting the process. (I) The particle size 

distribution of cement particles influences the early stage hydration as well as 

the later age. Usually, smaller particles are consumed first compared to the 

larger particle during hydration. In cement, the initial particle size varies from 

60 μm down to 1 μm. The particles below 3 μm and 7 μm are consumed within 

10h and 24h, respectively.  

Moreover, the rate of nucleation and growth depends on the total surface area. 

(II) The lack of water is particularly important. The volume of the total amount 

of hydrates is 5 to 10% lower compared to the total volume of cement and 

water. Therefore, this lack of space leads to the chemical or Le Chatelier 

shrinkage and air-filled pores, which decreases the internal relative humidity 

and hydration rate as well. Therefore, one should consider the system is in 

contact with water or not during the analysis of the kinetic data. 

1.5 C-S-H phases 

C-S-H phases are the main hydration products responsible for the engineering 

properties of the cement-based materials. It occupies up to 70% volume of 

solid phases and has a wide range of stoichiometry (denoted as CXSYHZ) 

depending on the Ca/Si ratio. It has appeared as amorphous or poorly 

crystalline material. Hence, the structure cannot be determined by XRD. 

Therefore, the structural information is obtained by the 29Si MAS-NMR. 

Furthermore, C-S-H gel can be described as a layered structure consisting of 

the silicate’s polymer chains with a Dreierkette repeating unit, joint together 

with the CaO layer. Whereas, the interlayer spaces are filled with water and 

other ions (Ca2+, Na+, etc.) [51–53]. The silicate chains are the building block 

of C-S-H, which is formed by the condensation reaction of the hydrated silicate 

group (Si(OH)4). Generally, the chain length follows the finite length of 2, 5, 
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8,…….3n-1, where n is the positive integer. Typically, the C-S-H phase started 

to form in the first few hours during the induction period, where the dimerization 

process is appeared to be the first step of silicate polymerization. As hydration 

progresses, both Q1 and Q2 species are detected. However, Q1 species reach 

a maximum within a few months then decline again. That indicates the longer 

chain (mostly pentamer (Si5O16)12- and octamer (Si8O25)18-) formation by linking 

the initially formed dimeric unit [16,51,52]. However, Q3 and Q4 species could 

not found during hydration.  

Although the C-S-H phase is mostly amorphous, however, at the nano or 

atomistic level, it has a short-range ordered structure. Which can be related to 

the crystalline phase 1.4nm tobermorite or jennite and poorly crystalline form 

C-S-H (I) and C-S-H (II).  

1.5.1 Tobermorite 

The idealized constitutional formula of 1.4 nm crystalline tobermorite is 

[Ca4(Si3O9H)2]Ca∙8H2O. It appears as a natural mineral or can be synthesized 

from the aqueous suspension of Ca(OH)2 and silicic acid at 60-80 °C. The 

crystal structure of tobermorite composed of the main layer and an interlayer 

with a combined thickness of 1.4  nm. The primary layer is a sandwich, where 

the central part CaO2 (empirical formula) layer is connected with the parallel 

rows of infinite silicate chains (empirical formula Si3O9H). The silicate chains 

follow the dreierkette pattern (three silicate tetrahedra repeating units), and 

only two silicates of dreierkette share two of their oxygen with the CaO2 layer. 

Besides, the interlayer composed of calcium ions and water, where the Ca2+ 

ions balance out the negative charge of the main layer, and the number of 

water molecules define the distance between the individual layers (Fig. 1.6a).  

On heating at 110 °C, the 1.4 nm tobermorite (8 H2O per layer) converts to 1.1 

nm tobermorite (4 H2O per layer) by losing half of their water molecules [16]. 

Moreover, the Ca/Si ratio influences the chain length of silicates, and the value 

is 0.83 for infinite chains and 1.25 for dimeric form [53].  
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(a) (b) 

Figure 1.6: Optimized crystal structure of (a) 1.4 nm tobermorite based on pentameric 
model (T5-H2) and (b) jennite based on pentameric model (J5-1), where 
Q1, Q1OH, Q2, Q2b, Q2bOH represents the silicate tetrahedra at a 
different local environment [54]. 

composed of calcium ions and water, where the Ca2+ ions balance out the 

negative charge of the main layer, and the number of water molecules define 

the distance between the individual layers (Fig. 1.6a). On heating at 110 °C, 

the 1.4 nm tobermorite (8 H2O per layer) converts to 1.1 nm tobermorite (4 

H2O per layer) by losing half of their water molecules [16]. Moreover, the Ca/Si 

ratio influences the chain length of silicates, and the value is 0.83 for infinite 

chains and 1.25 for dimeric form [53].  

1.5.2 Jennite 

Jennite appears as a natural mineral associated with 1.4 nm tobermorite. The 

structure of jennite with the constituent formula [Ca8(Si3O9H)2(OH)8]Ca.8H2O 

is reasonably similar to tobermorite, with two significant differences. First, Due 

to the presence of the double amount of Ca and OH group, each Ca is 

connected to one of the oxygen of silicate in one side and OH group on the 

other side of the central region (Fig. 1.6b). Second, the Ca/Si ratio is higher 

compared to the tobermorite, and the value is 1.5 for the infinite chains and 

2.25 fo dimeric form [53].  
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1.5.3 C-S-H type I and II 

The semi-crystalline phase of C-S-H type I and II are introduced first by Taylor 

[53]. The C-S-H (I) might be produced by the reaction between Ca(OH)2 and 

hydrated silica during the hydration process. It is a tobermorite like structure 

with much shorter silicate chain length in the main layer, where a significant 

number of bridging silicate tetrahedral is missing. It occurs at the Ca/Si ratio of 

0.8-1.5, and the degree of crystallinity decreases with increasing the Ca/Si 

ratio. Whereas, the second poorly crystalline C-S-H (II) phase represents the 

jennite like structure, produced during the hydration of C3S or β-C2S in an 

excess amount of water. It is a disordered version of jennite with finite chain 

length due to the exclusion of bridging silicate groups [16,17].  

1.6 Computational Modelling in cementitious materials 

Over the last four decades, many computer-based models have been 

developed to explain the different properties of cementitious materials at 

different time scales [55]. Among them, the reactive ones are grouped into the 

continuum model and the model based on image processing. Jennings and 

Johnson are the pioneers who first developed a computer-based cement 

hydration model [56]. Afterward, Navi and Pignat have developed a model to 

calculate the evolution of the microstructure during the hydration of tricalcium 

silicate (C3S) [57]. Later on, Bishnoi et al. went to further development. They 

have introduced the μic model, which is speeds up the simulation process at 

the same time, is flexible to simulate the microstructure development of a 

multiphase cementitious system [58]. However, their models are limited to 

similar particle size distribution as well as unable to explain the interaction 

between the growing particles at the contact point. Among the numerical 

models, the HYMOSTRUC model developed by van Breugel and Koenders 

had the advantage not only to consider the different particle size distribution 

but also to calculate the interaction between the spherical hydrating particles 

in 3D space [59,60]. This model also provides the hydration reaction kinetics 

comparable to the experimental studies.  
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In contrast, the NIST model named as CEMHYD3D [61] generates the three 

dimensional (3D) image of multiphase cement particle to match the two 

dimensional SEM image. The reaction of the cement particle with water and 

the development of hydration products is simulated using the cellular-automata 

algorithm [62]. Recently, boundary nucleation and growth (BNG) have 

developed to calculate hydration kinetics based on the nucleation and growth 

phenomena. The model can calculate the development of the microstructure 

as a function of the particle size distribution, water/cement ratio, size of 

maximal particle that flocculates (the minimum distance between flocculated 

particles), and volume of nucleated gel (degree of hydration). 

Most of the hydration model has considered the cement particle as a sphere 

to simplify the system. Nevertheless, they are quite capable of explaining the 

overall hydration kinetics, the evolution of microstructure, transport 

mechanism, mechanical properties etc. Additionally, those models require 

input parameters (properties of materials, reaction rate etc.) that usually 

obtained either from experiments or from more fundamental calculations at the 

molecular scale. Therefore, the next chapter will be focused on the 

development and application of molecular-scale methods describing the 

cementitious material.  
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Chapter 2 

 Overview of Atomistic Simulation Methods 

2.1 Introduction to atomistic simulation methods 

Molecular scale simulation (known as atomistic simulation) techniques are 

relatively new (compared to the others discussed in sec. 1.6) for using in the 

cementitious system. In these simulations, the forces that bind atoms together 

are calculated. Therefore, they are able to provide valuable insight regarding 

possible reaction pathways, activation energy, mechanism of a reaction, and 

properties (i.e. thermal, mechanical, transport, and diffusion) of the materials. 

Atomistic modeling methods are classified primarily into two categories: 

quantum mechanical (QM) calculation and force field (FF) methods.  

QM simulation (also known as ab initio) deals with electrons of the atoms in 

the system. Therefore they are highly accurate in terms of properties 

depending on the electronic configuration, and at the same time, they are 

computationally expensive (time-consuming) as well. There are two main 

methods based on quantum mechanics, Hartree-Fock (HF) and Density 

Functional Theory (DFT). The HF method deals with the Schrödinger equation 

to solve the wave function of both electrons and the nucleus. However, the 

post HF calculation for correcting electron correlation increases the 

computational expense significantly. On the other hand, the DFT considers the 

relationship between the total electronic energy and the overall electron 

density, and more detail will be found in the literature [63–65]. Consequently, 

they are limited to calculate a few hundred atoms and practically not applicable 

to the larger system.  

In contrast, the FF methods treat the atoms classically. They consider the 

semi-empirical inter-atomic potential to calculate the energy of the system and 

ignore the electronic motion. The FF methods are computationally less 

expensive compared to the QM methods and capable of handling larger 

systems containing ~105-106 atoms [66]. 
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2.2 MD simulation and development of ReaxFF theory 

Molecular dynamics is an algorithm, calculating the atomic or molecular motion 

over a period of time by solving Newton’s equation of motion. The atoms and 

molecules are allowed to interact with each other during this period. MD 

simulation is performed using a suitable method that describes the molecules. 

The classical MD employs a force field where the empirical interatomic 

potential is used to describe the interaction between atoms and molecules. 

Whereas ab initio MD simulation (QMD) uses quantum description to explain 

the interactions.  

Furthermore, both classical mechanics and quantum mechanics calculate the 

energy surface. They are assuming that the energy of the system minimizes 

to the lowest configuration possible known as the global minimum, which is 

valid for the configuration at absolutely zero temperature. In MD simulation, 

the effect of a finite temperature is also considered. Therefore, the goal is not 

to find the configuration at global energy minima rather than calculates the 

equilibrium configuration.  

2.2.1 Ab initio MD simulation (DFT) 

In quantum mechanics, a group of atoms can be described by their wave 

function. The time evolution of this wave function Ψ 𝑅 , 𝑡  is defined by the 

time-dependent Schrödinger equation (Eq. 2.1). Where H is the Hamiltonian 

operator and ћ ℎ 2𝜋⁄  is the reduced plack constant.  

𝑖ћ
𝑑
𝑑𝑡
Ѱ 𝑅 , 𝑡 𝐻Ѱ 𝑅 , 𝑡                                                                                                   2. 1 

However, it is too complicated and almost impossible to solve even with 

supercomputers for the large group of atoms we are mostly interested in. 

Therefore, a well-controlled approximation (i.e. Born-Oppenheimer) is required 

to solve this problem. According to the Born-Oppenheimer approximation, the 

atomic nucleus is considered fixed in space and heavy enough to describe 
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classically with Newton’s equation of motion (Eq. 2.3), whereas the electrons 

must be treated quantum mechanically, and can be done by the much simpler 

approach of the time-independent Schrödinger equation (Eq. 2.2).  

𝐻 Ψ 𝑬 Ψ 𝑅                                                                                                                       2. 2  

Here H is the Hamiltonian operator, which acts upon the wave function Ψ Ri  

of the system, and returns the total energy (E) of the system as an eigenvalue 

of the Hamiltonian. In order to follow the dynamics, a group of atoms is 

considered, where the Ri  represents the all atomic positions in three-

dimensional cartesian coordinates (X, Y, and Z), and Vi  denotes the velocity 

of all atoms. The initial electronic configuration of the atoms is calculated by 

the time-independent Schrödinger equation. 

(a) 

 

(c) 

 
(b) 

 

Figure 2.1: An overview of an ab initio molecular dynamics simulation. (a) overall 
dynamics of atoms during modeling where the electrons and ions are 
described by the (QM) time-independent Schrödinger equation and (CM) 
newtons equation of motion. (b) Integration algorithm. (c) Schematic 
representation of ab-initio MD code [67]. 
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Moreover, the movement of atoms is followed by solving Newton´s equation. 

Therefore, the atomic forces are computed by evaluating (Eq 2.4) the total 

electronic energy of the system, which is achieved by solving the Schrödinger 

equation. 

𝑭𝒊 𝑚 �⃗�                                                                                                                                  2. 3 

𝑭𝒊  ∇⃗ 𝐸 𝑅                                                                                                                  2. 4 

The force indicates the direction of the movement of the atoms. Then the 

integration of the equation of motion using the velocity verlet algorithm (Fig. 

2.1b) predicts the future position and velocity of each atom. As the ions are 

moved to the new location, the electrons are reorganized instantaneously 

within the physics of the Schrödinger equation (Fig. 2.1a). The process is 

repeated using ab initio MD code to follow the dynamics of individual atoms 

(Fig. 2.1c).  

2.2.2 MD simulation using force field 

Even though QMD methods, as within density functional theory (DFT), have 

been applied to calculate the geometry and vibrational energy for the small 

molecules with high accuracy, it is not practically applicable to study the 

molecular dynamics of the larger molecules.  Therefore, the well-

parameterized MD simulation using force field (FF) can easily predict many 

dynamic properties of large molecules such as force, geometry optimization, 

the heat of formation, charge, conformational energy differences, etc. 

Classical MD simulation follows the same idea as ab initio or DFT MD. 

However, atomic forces are calculated by the negative gradient of the semi-

empirical interatomic potential V Ri  of the system (Eq. 2.5). 

𝑭𝒊  ∇⃗ 𝑽 𝑅                                                                                                                  2. 5 
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2.3 Inter atomic potential V Ri  for the molecular materials 

In classical mechanics, the inter-atomic potential refers to the function that 

provides the total potential energy of a set of atoms in the system. Basically, it 

is mimicking the energy obtained from the electronic structure calculation from 

ab initio MD simulation with respect to the atomic position (Eq. 2.2). It is an 

analytical expression that calculates the total potential energy as a function of 

the atomic position. However, the inter-atomic potentials need to be 

parameterized and usually done either entirely by ab initio calculation or with 

the combination of experimental data and, where not available, ab initio 

calculation. Moreover, the accuracy of the results depends on those 

parameters. The molecular material has different types of interaction. 

Typically, they are classified into covalent or bonded interaction (cov) and non 

bonded Van-der-Waals (vdW) and electrostatic (elect) interactions (Eq. 2.6). 

𝑉 𝑅  𝑉 𝑅 𝑉 𝑅 𝑉 𝑅                                                       2. 6 

2.3.1 The covalent interaction 

The covalent bond implies a localized distribution of electrons between the 

atoms forming a bond network. Besides, the covalently bonded molecules 

entitle different shapes due to hybridization. Therefore, covalent interaction 

can be described by 2-body (bond stretch), 3-body (bond angle), and 4-body 

(torsion/dihedral angle) interaction terms (Eq. 2.7). 

𝑉 𝑅  𝜙 𝑅 𝜙 𝜃 𝜙 𝜃 2. 7 

2.3.1.1 Two-body interaction (bond stretch) 

The bond stretching is often represented with a simple harmonic function, 

which controls the length of the covalent bond. Additionally, the simplest form 

of the energy function of the bond stretch term is described by Hooke´s law 

(Eq. 2.8). 
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𝜙 𝑅
1
2
𝜅 𝑟 𝑟                                                                                             2. 8 

Where κij is spring constant, rij and rij
0 represents the distance between two 

atoms and the equilibrium bond distance, respectively. Furthermore, the 

harmonic function implies that the bond can not be broken. Therefore, the 

chemical reaction can not be studied, which is the main limitation of the 

classical FF method. Some other functional forms can be used for higher 

accuracy. However, they increase the computational cost. The Lennard-Jones 

potential is calculated using the Power-law (Eq. 2.9), whereas, the Morse 

potential uses two exponential terms (Eq. 2.10) for long-range attraction and 

short-range repulsion with respect to the bond distance. The potential energy 

curve provides some essential parameters, such as bond length, bond energy, 

and bond stiffness (vibrational frequency), which is a resemblance of the 

spring constant (Fig. 2.2a).  

𝜙 𝑅 4𝜀
𝜌
𝑟

𝜌
𝑟

                                                                                     2. 9 

𝜙 𝑅 𝜀 𝑒𝑥𝑝 𝛾 1
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2 𝑒𝑥𝑝

𝛾
2

1
𝑟

𝑟
                              2. 10 

2.3.1.2 Three-body interaction (bond angle term) 

The 3-body interaction is the angles where the central atom is bonded to the 

other two atoms. The energy associated with the deviation of those angles 

between the two bonds θijk from its equilibrium value θijk
0  is described by the 

following two functions, where κijk represents the angular frequency. The angel 

square is suitable for a simpler system (Eq. 2.11), i.e. geometry optimization 

or energy minimization, whereas the cosine square (Eq. 2.12) is the correct 
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representation, which provides the periodic boundary condition for the angels 

(Fig. 2.2 b). 

𝜙  𝜃
1
2

 𝜅 𝜃 𝜃                                                                           2. 11 

𝜙  𝜃
1
2

 
𝜅

𝑠𝑖𝑛 𝜃
cos 𝜃 𝑐𝑜𝑠𝜃                                               2. 12 

2.3.1.3 Four-body interactions (dihedral angle/torsion) 

The four body interaction describes the angle known as the dihedral angle. It 

is the angle between the two intersecting planes around the central bond (Fig. 

2.2c). The torsional potential describes the energy required to twist around the 

central bond (Eq. 2.13). Where ϕjk
0  represents the dihedral angle at equilibrium, 

njk yields periodicity of the potential and κijkl is the stiffness of the torsional 

potential.  

𝜑 𝜙 𝜅  1 𝑐𝑜𝑠 𝑛 𝜙 𝜙                                                            2. 13  

 

(a) 
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(b) 

 

 

(c) 

 

 

Figure 2.2: (a) Potential energy curve as a function of bond distance for a diatomic 
molecule. (b) The potential energy curve as a function of a bond angle 
for the 3-body term. (c) dihedral angle for the 4-body system [67]. 

2.3.2 Electrostatic interaction 

The long-range electrostatic interactions are the most important non bonded 

interaction in ionic solids. The difference of electronegativity between the 

atoms leads to the charge transfer or creating partial charges. The interaction 

between two point charges is derived from Coulomb’s law (Eq. 2.14). Where 

qi and qj are the charges of the corresponding atoms and rij represents the 

separation distance between them.  

𝑉  𝑅 𝐶
𝑞 𝑞
𝑟

                                                                                               2. 14 
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There are several methods to calculate atomic charges. The most common 

way is to compute partial charge by electronic structure calculation [68,69]. 

Other methods, i.e. charge equilibration, calculate the charges based on the 

atomic position, electronegativity, and hardness of atoms [70]. However, in 

practice, a problem arises when it is treated under the periodic boundary 

condition or in an infinite system. The long-range Coulomb interaction decays 

very slow (Fig. 2.3) (inverse of the distance rij), and the number of neighbors 

increases spherically (4πr2). Consequently, the energy increases rather than 

decrease. Among the different methods applied to overcome the convergence 

problem, Ewald summation is the most correct and widely used method. The 

method describes the coulomb term in two parts. First, the short-range part is  

 

Figure 2.3: Potential energy curve as a function of interatomic distance for Coulomb 
interaction [67]. 

converged in the real space, and the other part (long-range) is converged in 

the reciprocal space. There are several variants of the Ewald sums which have 

been developed over the years to solve the problem efficiently. Among them, 

Particle-Mesh (PPPM) [71], the Particle Mesh Ewald (PME) [72], and the 

Smooth Particle Mesh Ewald (SPME) [73] are the most popular ones. 
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2.3.3 Van der Waals interaction 

Van der Waals is a long-range interaction between pairs of atoms. The force 

is balanced between the repulsive term due to the overlap of the electron cloud 

of both atoms and the attractive term due to the induced dipole. Similar to 

covalent interaction, the force is calculated from the 6-12 Lennard-Jones (LJ) 

potential (Eq. 2.9) or Morse potential with two exponential terms (Eq. 2.10). 

However, the van der Waals bond distance is much longer, and the bond 

energy is much lower compared to the covalent interaction.  

2.3.4 Exclusion for non-bonded interaction 

Both Coulomb and van der Waals interactions are long-range compared to 

bonded interaction. Generally, in the bonded distance, the van der Waals 

energy is enormous, and the force associated with it is so high that it 

destabilizes the system. Therefore, the exclusions (asterisk in Eq. 2.15) are 

applied during the computation of both Coulomb and van der Waals, by 

ignoring the atoms that are chemically bonded. Exclusion also applies for 1-3 

(atoms separated by two covalent bonds) and 1-4 (atoms separated by three 

covalent bonds). Including all the terms, the total potential energy of the 

system can be written as (Eq. 2.15).  

𝑉 𝑅  𝜙 𝑅 𝜙 𝜃 𝜙 𝜃      

𝑉 𝑅

∗

𝑉 𝑅

∗

                                                       2. 15 

2.3.5 Limitation of Classical Force Field 

 Connectivity and atom types are predetermined and fixed during the 
simulation 

 Exclusions applied for vdW and Coulomb interactions. 
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 Unable to describe chemical reaction (no bond formation or bond-

breaking) 

 Partial charges are predetermined 

 Electronic polarization described only implicitly 

2.4 Reactive force field theory (ReaxFF) 

The conventional force field theories cannot describe the chemical reaction. 

Only Brenner FF theory can explain bond breaking, but the van der Waals and 

Coulomb interactions are not considered in this theory [74]. Moreover, the 

Bond Energy Bond Order (BEBO) method is able to describe the proton 

transfer reaction [75]. However, it is limited to explain this complex reaction. 

The Reactive Force Field theory (ReaxFF) has been successfully employed in 

order to describe the chemical reaction with sufficient accuracy at a reasonable 

computational cost. It is a unified description of various classes of materials. 

In ReaxFF, the expression of the total inter-atomic potential is similar to the 

described classical force field (Eq. 2.16). However, the concept of calculating 

the energies of the individual terms is different. The connectivity is determined 

by the bond order, which is calculated from the bond distance and updated 

every time steps during the simulation. Therefore, it allows both bond formation 

and bond breaking during the simulation. The non bonded van der Waals and 

Coulomb interactions are calculated for every pair of atoms irrespectively. 

However, the shielding term is included to avoid excessive close-range 

interactions. The current functional form of ReaxFF potential is based on the 

description of Chenoweth et al. [76]. 

𝑉 𝑅 𝑉 𝑅 𝑉 𝑅 𝑉 𝑅                                                      2. 16 

Following features are considered for calculating reactive inter-atomic 

potential  

 Atoms should be described as an element (no atom type) 
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 Partial charges on the atoms are calculated based on their environment 

and allow the charge transfer during the simulation 

 The connectivity parameters (bond distance, angle, torsion, etc.) should 

not be pre-determined, rather than computed on the fly based on the 

bond order during the simulation  

 The bonds can be broken and formed during simulation 

 No exclusion is applied for the van der Waals and the Coulomb 

interactions. Therefore, both non bonded term must be shielded  

2.4.1 The bond order concept 

The bond order refers to the number of bonds between two atoms. It is not 

only the pairwise relationship between two atoms but also related to their 

environment. The key concept of calculating the interatomic potential in 

ReaxFF is built on the relationship between bond order (BO´ij) and bond 

distance (rij). Where the bond order increases by decreasing the bond distance 

and vice versa (for C-C bond) (Fig. 2.4). Which allows the bond formation and 

bond dissociation during the simulation. The bond energy (Vbond) is computed 

from bond order (Eq. 2.20) by considering the contributions from sigma bond, 

pi-bond, and double pi-bond.  

 

Figure 2.4: Bond order-bond distance relationship between C-C atoms during the 
calculation of Interatomic potential in ReaxFF [76].  
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𝐵𝑂 𝐵𝑂 𝐵𝑂 𝐵𝑂                                                                                          2. 17 
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∆  𝑉𝑎𝑙  𝐵𝑂                                                                                                       2. 19 

𝑉 𝐷  𝐵𝑂 exp 𝑝 , 1 𝐵𝑂 , 𝐷  𝐵𝑂 𝐷  𝐵𝑂              2. 20  

The BOij
'  as described in Eq. 2.18 involves three exponential terms: (1) the 

sigma bond (pbo,1 and pbo,2) which is unity below ~1.50 Å but negligible above 

~2.50 Å, (2) the first pi bond (pbo,3 and pbo,4) which is unity below ~1.20 Å but 

negligible above ~1.75 Å and (3) the second pi bond (pbo,5 and pbo,6) which is 

unity below ~1.00 Å but negligible above ~1.40 Å. The BOij
'  are to be corrected 

for over coordination (∆ ) defined as the difference between the total bond 

order of the atoms and total valence electrons (Val). ReaxFF then corrects the 

bond order (BOij) by calculating the correct over coordinations. Later on the 

corrected bond order (BOij) is used to calculate the bond energies by using 

Eq. 2.20, where De
σ represents the dissociation energy of the sigma bond. 

Moreover, other connectivity terms (i.e. bond angle, and torsion) also depend 

on the bond order, ensuring their energy contribution disappears smoothly 

upon bond dissociation. Two additional terms are added, known as over and 

undercoordination. Those are the overall energy of atom that penalizes when 

the total bond order becomes higher or lower than its valency. 

2.4.2 Energy term for over coordination (Vover) 

According to the valance bond theory, the total bond order of an element 

should not exceed its valency. For instance, the total bond order for Oxygen 
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and silicon should not be higher than 2 and 4, respectively. As they exceed, 

their valencies are corrected by using Eq. 2.19. Despite corrections, there is 

still over coordination, i.e. the valency is exceeded. Consequently, an over 

coordination penalty is applied in the ReaxFFSiO to overcome this problem (Eq. 

2.21). 

𝑉  
∑ 𝑝 ,  𝐵𝑂

∆  𝑣𝑎𝑙
 ∆  

1
1 exp 𝜆 ∆  

                                                         2. 21 

2.4.3 Energy term for undercoordination (Vunder) 

The resonance of the π electron between the atoms with partly π-bond 

character is responsible for undercoordination. Therefore, the energy (Eq. 

2.22) term (Vunder) was introduced to minimize the effect. 

𝑉 𝑝
1 exp 𝜆 ∙ ∆

1 exp 𝜆 ∙ ∆
 ∙

1

1 𝜆 ∙ exp 𝜆 ∙ ∑ 𝐵𝑂 , ,∆
2. 22 

2.4.4 Energy term for Hydrogen bond interaction (VH-bond) 

The energy term for bond order dependent hydrogen bond for an X-H----Y 

system is included described in Eq. 2.23. 

𝑉  𝑝 1 𝑒𝑥𝑝 𝑝  𝐵𝑂  𝑒𝑥𝑝 𝑝
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𝑟

𝑟
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𝛩
2

2. 23 

2.4.5 Energy term for van der Waals interaction (VvdW) 

The van der Waals energy term has included for all-atoms pairs to explain the 

energy description during bond dissociation more efficiently. Therefore, a 

shielded Morse-potential has been used (Eq. 2.24). 

𝑉  𝑇𝑎𝑝 𝐷 𝑒𝑥𝑝 𝛼 ∙ 1
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𝑓 𝑟
𝑅

  2. 24 
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Where 𝑓 𝑟   𝑟
⁄

 

2.4.6 Energy term for Coulomb interaction (Vcoul) 

According to the Pauli principle, there is repulsive interaction between two 

atoms in the short inter-atomic distance. The shielded Coulomb potential is 

included between all-atom pairs for adjusting the orbital overlap between 

atoms at a shorter distance (Eq. 2.25). 

𝑉 𝑇𝑎𝑝 
𝐶  𝑞  𝑞

𝑅 1 𝛾⁄
⁄                                                                                    2. 25 

The total reactive inter-atomic potential can be written as follows 

𝑉 𝑅 𝑉 𝑅 𝑉 𝑅 𝑉 𝑅 𝑉 𝑉 𝑅

𝑉 𝑅                                                                               2. 26 

2.4.7 ReaxFF simulation scheme 

Similar to QMD, a group of atoms is considered with known initial position and 

velocity. Moreover, the movement of atoms is monitored by solving Newton´s 

equation. In classical mechanics, the total energy of the system can be 

expressed by the Hamiltonian function in terms of ionic position (Ri) and 

momenta (Pi) of the total atoms. Moreover, Newton´s equation of motion can 

be derived from the Hamiltonian (Fig. 2.5a). Where R⃗i and P⃗i are represents the 

time derivative of position and momentum, respectively. The forces acting 

between the atoms are calculated from the total reactive inter-atomic potential 

of the system (Eq. 2.26). Additionally, the calculated forces indicate the 

direction of the atomic movement. Afterward, the velocity verlet algorithm is 

used to calculate the future position and velocity of each atom. The dynamics 

of individual atoms are followed using the ReaxFF MD code (Fig. 2.5c). 
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(a) 

 

(c) 

 

(b) 

Figure 2.5: (a) Hamiltonian for the total energy of the system, and the derivation of 
newton´s equation of motion. (b) velocity verlet algorithm for solving 
Newton´s equation of motion. (c) Schematic representation of basic MD 
code [67]. 

2.5 Parameterization of ReaxFF and its application in cement 
research 

In ReaxFF, the parameters are derived by ab initio QM calculation. Therefore, 

it is nearly as accurate as a QM calculation with a reasonably similar 

computational cost as four-body classical FF. ReaxFF has been implemented 

in many research areas over the years. First, the ReaxFF parameter 

developed for hydrocarbon (C/H/O) by van Duin et al. in 2001 [76]. The 

approach of bond dissociation was only applicable to the C-C system and 

failed to describe Si-O systems. Therefore, Si/O/H parameterized separately 

in 2003 to describe Si-O single and double bonds [77]. Furthermore, Zhang et 

al. parameterize parameterized the Al/O system in 2004 [78]. However, the 

function form of ReaxFF developed for RDX in 2005 is the current version 

distributed by the van Duin group [79]. It is also integrated into the open-source 

LAMMPS code supported through Nanohub and available through the 

PuReMD (Purdue Reactive Molecular Dynamics) [80–83]. Later on, 
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Chenoweth et al. have reparameterized the C/H/O system in 2008 and 

validated the entire training set published in 2001, which has an excellent 

transferability across the periodic table. Afterward, the parameterization of the 

Si/O/H system by Fogarty et al. in 2010 and Neyts et al. in 2011 validated and 

extend the 2003 version [9,84]. Finally, the updated version of the 2004 Al/O 

systems.  

ReaxFF has been employed successfully.in the field of catalytic reaction, 

organic chemistry, gas-phase reaction, and aqueous chemistry [85]. It has 

been widely used for cementitious systems after merging the two-parameter 

sets Si/O/H and Ca/O/H of Fogarty et al. and Manzano et al., respectively 

[9,86]. Since then, a full Ca/Si/O/H was available to study the calcium silicate 

phases and their hydration products. Afterward, a significant amount of 

research was conducted to study C-S-H phases, including confined water 

dynamics [87–92], mechanical properties [93,94], structural properties [95] etc. 

Moreover, the inclusion of sulfate and aluminum atoms to the existing 

parameter set has allowed studying the mechanical properties of ettringite, 

including its failure modes, which indicate the great transferability of this 

parameter set [96]. This parameter set yields excellent results to study the 

structural and mechanical properties of clay as well [87,91–93,97,98]. It has 

also been applied successfully to explain the absorption of water during early 

hydration of cement [11]. Therefore, the combined parameter set is used in 

this entire research work to run all the atomistic simulations. 

2.6 Metadynamics 

Molecular dynamics (MD) is considered a standard tool used in many 

branches of science, from physics to biology, from chemistry to materials 

science. It is very popular due to its incredible progress in both high and low-

end computing and for understanding the mechanics of complex processes. 

However, MD simulations are still plagued by a time scale problem. Typically 

in an MD simulation using force field, one needs to use an integration time step 

in the order of femtoseconds (10-15 sec). Unfortunately, most of the interesting 

phenomena (transition state, TS) take place at a larger time scale. As a result, 
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millions of time steps are necessary to capture them. Hence observing these 

rare events, MD simulations require incredibly high computer time. Therefore, 

a large variety of sampling methods have been implemented over the last few 

years to minimize the simulation cost. 

Moreover, free energy calculation has received significant attention in 

molecular dynamics simulation to get a clear impression of reaction pathways, 

including transition states. The knowledge of free energy landscape, including 

stable basins, saddle points, and the connective reaction paths, is essential for 

the reaction mechanism. Besides, the calculated free energy of activation is 

used to obtain the reaction rate using transition state theory [99]. Several free 

energy calculation methods have been developed over the years. Most of the 

traditional methods have some limitations, i.e. either they require prior 

knowledge of the initial and final state of the process or degrade their reliability 

for a specific complex system [100]. Metadynamics is one of the powerful 

algorithms that can accelerate observing the rare events by introducing a 

biased potential that acts on a selected number of degrees of freedom named 

as collective variables (CVs). The history-dependent bias potential is applied 

as a sum of Gaussians continuously growing during MD simulation by acting 

directly on the microscopic coordinates of the system. Those small hills in 

energy representation are placed on top of the underlying free energy 

landscape, which discourages the system from revisiting the corresponding 

points in the configurational space. As a result, those hills rapidly accumulate 

and allow the system to overcome the lowest possible transition state. 

Metadynamics not only enhances the simulation of the rare event effectively 

but also explores the new pathways. It can act directly on the microscopic 

coordinate system during an MD simulation and reconstruct the free energy 

surfaces (FES) [101].  

Considering S is the set of d functions of the microscopic coordinate system 

R, then at time t the bias potential can be written as (Eq. 2.27) [102]. 
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Where 𝜔  

Three essential parameters are required to define VG. Where the ω is the 

energy rate which is usually constant and expressed as the Gaussian height 

(W) and a disposition stride (τG). Besides, the 𝜎  represents the width of the 

Gaussian for the 𝑖th CV. To understand the evolution of the VG over a period 

of time, it can be explained exemplary by the following simple system.  

 

Figure 2.6: Schematic representation of the progressive filling of the underlying 
potential (thick line) by means of the Gaussians deposited along the 
trajectory. The sum of the underlying potential and the metadynamics 
bias is shown at different times (thin lines) [12,102]. 

Figure 2.6 represents three local minima A, B, and C. The system is prepared 

for the local minima B and at time t, counting the number of Gaussians added. 

The system will remain in the minimum due to its energy barrier being too high 

compared to the thermal fluctuations. As Gaussians are deposited each time 

when a geometry is visited the biased potential will grow until it reaches t=135, 
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where the system will overcome the smallest barrier and move from the B to 

the new local minimum A. Later on, with the continuous deposition of 

Gaussians the system will allow moving to minimum C at t = 810 and finally it 

will overcome the largest barrier at t = 1650 for the back reaction.  

This is how a system will overcome the potential energy barrier by adding 

biased potential, which can enforce the chemical reaction and provide the 

correct reaction path [99,103–105]. After a sufficiently long time, the total bias 

potential VG provides an underlying estimated free energy (Eq. 2.28). 

𝑉 𝑆, 𝑡 → ∞ F S C                                                                                               2. 28  

𝐹 𝑆
1
𝛽
𝑙𝑛 𝑑𝑅  𝛿 𝑆 𝑆 𝑅 𝑒                                                                2. 29 

Where the β= 1 κBT⁄ , 𝜅  is the Boltzmann constant, T is the temperature of the 

system, and U(R) represents the potential energy function. 
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Chapter 3 

 Dissolution mechanism of C3S and C2S 

3.1 Introduction 

The early hydration and reactivity of C3S and C2S have received significant 

consideration because of the use of cement with a reduced amount of clinker 

phases. Especially the addition of very reactive C3S can guarantee the early 

strength. Moreover, reactive C2S could lead to the development of more 

energy-efficient and eco-friendly cement. Since the surfaces of the cement 

clinkers are the key interface where the chemical reaction takes place, the 

knowledge about the reactivity of different surfaces of C3S and C2S is essential 

to understand and predict the hydration of such a system. Atomistic simulation 

using DFT has some remarkable achievements to explain the relationship 

between their bulk electronic properties and reactivity. E. Durgun et al. 

demonstrate demonstrated that the reactivity of C3S is comparatively higher 

than C2S due to the presence of ionic oxygen on the surface, whereas C2S 

does not contain that type of oxygen atom [106]. Additionally, Manzano et al. 

show have shown that the incorporation of Al3+ ions in the C3S and C2S crystal 

increases the reactivity [107]. Later on, Durgun et al. calculate calculated the 

cleavage energies of different surfaces of C3S and C2S, and the results show 

that the removal of the Ca atom is more difficult from the lower energy surface 

[108].  

The use of MD simulation using ReaxFF to investigate the hydration 

mechanism started quite recently. Wang et al. have explained the water 

adsorption mechanism on the surface of C2S, where the water dissociates by 

interaction with surface oxygen into two hydroxyl pairs. They also explain that 

the higher dissolution rate of β-C2S is due to the presence of a higher number 

of reactive sites compared to the γ-C2S [109]. Later on, Manzano et al. explain 

explained the different reactivity of (100) and (001) surfaces of C3S toward 

hydration using ReaxFF successfully. They explained in detail the water 

adsorption hopping mechanism inside the crystal. However, the authors did 
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not consider the hydration process on the other crystal surfaces. Besides, they 

also did not study the reaction pathways for the dissolution of Ca. Therefore, 

in this chapter, a multistep approach is taken to explain the dissolution 

mechanism as well as the reactivity of different crystal planes of C3S and C2S. 

Initially, a series of simulation cells of both C3S and C2S with different 

crystalline planes were hydrated for 600 picoseconds using ReaxFF. Special 

care was taken to control the hydration time to avoid any dissolution or 

polymerization to take place. After that, the pre-hydrated surfaces were used 

as an input to study the dissolution mechanism of Ca, using ReaxFF coupled 

with metaD. Subsequently, the reactivity of different surfaces was calculated 

from the dissolution profile (free energy landscape).  

3.2 Computational details 

 

Figure 3.1: Schematic representation of the computational setup 

The simulations were carried out by ReaxFF implemented in the latest version 

of LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator, 

Stable version (17 Feb 2018), developed jointly by Sandia National 

Laboratories, New Mexico, and Temple University, Philadelphia, USA) 

simulation packages [110]. Additionally, the metaD simulations were 

performed by using the PLUMED package as an extension of LAMMPS 

[13,111]. Finally, the molecular dynamics were visualized using VMD, and the 

data were analyzed using Origin 8 graphing software.  
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3.2.1 Model construction 

The model construction will be described here in detail for the (100) plane of 

C3S. For other surface planes in C3S and C2S, the approach will follow the 

same methodology. 

The fresh cleaved (100) C3S orthogonal periodic simulation cell (56.49 × 34.39 

× 37.06) × 10−30 m3 composed of 3240 atoms was constructed from the unit 

cell [11] by virtual nano lab (VNL) and Avogadro [112–114]. The geometry was 

optimized (energy minimizations) using the Hessian-free truncated Newton 

algorithm (hftn) where the cutoff tolerances for energy was 4.18 × 10−8 kJ mol−1 

A-1. The maximum iterations for minimizer were 100. Later on, an additional 

2.54 × 10-26 m3 periodic cell (20 × 10−10 m on top of the surface) filled with water 

was added to the optimized (100) surface of C3S using pack mole [114]. The 

number of water molecules was 853 and matched a density of 1000 kg m−3 

with a random distribution. The simulation cells with a total of 5799 atoms (Tab. 

3.1) were equilibrated to 298K and 1 atm for 150 picoseconds with 0.5 

femtoseconds time steps using canonical ensemble with a Nose-Hoover 

thermostat (nvt), integrating the non-Hamiltonian equations of motion. 

Subsequently, they were hydrated for 600 picoseconds using isothermal-

isobaric (npt) ensembles with all three diagonal components of the pressure 

tensor coupled together (iso) [115,116]. A periodic boundary condition was 

applied to avoid unnecessary atom loss during the simulation. The hydration 

is limited to 600 picoseconds in order to avoid polymerization of silicate. 

Moreover, the surface polymerization was studied, using the hydrated surfaces 

as a starting geometry (Chapter 4). The last geometry of hydrated (100) 

surfaces of C3S was taken (after 600 picoseconds) to calculate the dissolution 

mechanism of calcium using the ReaxFF coupled with metaD. The PLUMED 

2.0 package was used as an extension of LAMMPS to perform the metaD 

simulation [111]. It enforces the reaction using history-dependent bias 

potential. The calcium atom (Ca-2920) from the pre-hydrated (100) surface of 

C3S, which is positioned in between two silicates, was selected (Tab. 3.2) to 

be removed from the surface-to-pore solution, applying well-tempered metaD. 

The distance (collective variable) between the center of mass (COM) of the 
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crystal and the selected calcium atom was computed by adding biased 

potential as a Gaussian with frequency each 40 time steps. This means that 

Gaussian hills with a height of 6.28 kJ/mol and a full width at half-maximum of 

0.2 × 10−10 m were added every 0.02 picoseconds. The metaD, coupled with 

ReaxFF, was performed for 150 picoseconds (till converged) using the npt 

ensemble at temperature 298 K, and the energies were averaged over the 

entire period to compute the free energy of dissolution. The dissolution 

pathways (free energy surface) of calcium were computed for (100) surfaces 

of C3S and compared with the surface reactivity by analyzing the activation 

energy and free energy change (ΔG) during dissolution. A similar approach 

was used for other cleavage planes of C3S and C2S (Tab. 3.1) to simulate 

hydration. The reactivities were calculated from the dissolution profile (FES) of 

the calcium of the particular surface. 

Table 3.1: Crystallographic data for the orthogonal simulation cells of C3S and C2S 
consisting of different crystalline planes. 

Cement 
clinker 

Crystal plane 
of C3S 

Orthogonal Cell 
dimension  

(Å3 / 10-30 m3) 

No. of atoms in the 
simulation cell 

 (100) 56.49, 34.39, 37.06 5799 
 (101) 32.96, 34.39, 59.06 6003 
 (001) 28.37, 50.45, 49.91 5514 
 (010) 32.28, 37.78, 47.66 5115 

C3S (010) 32.77, 38.35, 48.37 5115 

 (110) 38.35, 43.35, 46.45 6538 

 (110) 38.35, 43.35, 46.45 6536 

 (011) 32.77, 47.71, 47.81 5250 

 (011) 32.77, 47.71, 47.81 5248 

 (100) 27.04, 18.56, 41.71 1904 

C2S (001) 27.40, 27.04, 43.50 2928 

 (010) 27.84, 32.88, 46.99 3849 

 (110) 18.56, 26.11, 41.99 1668 

 (011) 21.92, 22.96, 41.37 1891 

 (101) 27.04, 20.79, 45.21 2292 
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3.3 Results and discussion 

3.3.1 Hydration of different surfaces of C3S 

To understand the interaction between the different crystal planes of C3S and 

bulk water, the reaction dynamics were followed throughout 600 picoseconds 

at room temperature and pressure. The time step was fixed for 0.5 fs during 

the entire simulation to track the movement of the hydrogen atoms (most 

lighter) in the simulation system. According to the observation, initially, the 

crystal surfaces were unstable due to the undercoordinated atoms and broken 

bonds. Therefore, as time went on, water molecules interacted with the 

surfaces of C3S and dissociated to hydroxide by protonating the free oxygen 

as well as the oxygen of silicate monomer, which leads to the minimization of 

the surface energy. The water adsorption on the surfaces of C3S follows the 

proton hopping process from the hydroxyl group to inner oxygen atoms by 

leaving the initial oxygen to interact with another water molecule from bulk. 

Additionally, a similar type of mechanism was observed for the silica glass 

hydration [9,11,117]. However, hydronium ions or pentacoordinate silicone 

was not observed during the hydration of C3S. Those species assist the proton 

transfer between the bridging oxygen within the 3D network present in the 

silicate glass [117]. On the other hand, the C3S is more flexible due to the lack 

of a 3D covalent network [107,118]. Therefore, the formation of hydronium ions 

is not required, and the proton can directly penetrate inside the crystal by the 

hopping process from one oxygen to another as described proton migration in 

perovskite [119].  

After 600 picoseconds, the different hydrated surfaces were shown to exhibit 

different reactivity. Among them, the hydration of (100), (101), (011), (011) 

planes of C3S have shown the higher reactivity toward hydration. Free oxygen 

atoms of these surfaces are one of the influential factors for increasing 

reactivity. Therefore, the water molecules shifted toward the surfaces and 

penetrated inside the crystal of C3S containing (011), (011) planes (periodic 

boundary condition) due to the strong interaction. As a result, an air void was 

observed, which will probably affect the formation morphology of capillary 
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pores during hydration (Fig. 3.2a). The transport mechanism of water and the 

penetration depth was out of the scope of this study. However, it can be done 

by the time-resolved atomic density profiles (TRDP) [11].  

In contrast, the (001), (010), (010), (110), (110) crystal surfaces did not follow 

the same trend and showed less reactivity during hydration. Water tessellation 

was observed on the (001) surface of C3S. The term water tessellation refers 

to the patterning of the water molecule as a quasi-static 2D sheet found in 

many materials [120,121].  

In (001) surfaces of C3S, the tessellation occurs by adsorption of the water 

molecules and hydroxide on the well-defined surfaces cite and forming the 

hexagonal shaped half dissociated monolayer. Where the protons from both 

water and hydroxide are oriented toward the solution. Therefore the layer is 

stabilized by forming the hydrogen bond with each other as well as with bulk 

water. Additionally, the ice-like structure of the tessellated water layer has low 

rotational motion, and they are fixed at their adsorption site. Therefore, the ice-

like monolayer is responsible for preventing water penetration into the crystal 

as well as Ca dissolution from the surface by maintaining the crystal order. 

Overall the surface becomes stable, which reduces the reactivity toward 

hydration (Fig. 3.2b). These results are in agreement with Manzano et al [11]. 

However, further study was undertaken here to get a clear overview of the 

different reactivity of different cleavage planes of C3S.  

Traditionally, the reactivity of surfaces is considered defined by their static 

properties. Usually, a high value of surface energy indicates lower stability of 

the surfaces due to the presence of strain, broken bonds, and under 

coordinated atoms. Therefore, the crystals containing unstable surfaces are 

assumed to be more reactive toward hydration. Besides the surface energies, 

another static approach is employed to calculate the adsorption energy surface 

(AES) of the water molecules on the surfaces of C3S. However, the lack of 

correlation becomes more visible during the study of dynamic hydration using 

MD simulation at the interface between the C3S surfaces and water. The 

interaction of water with the surface leads to the major topological changes, 
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which modify the surface properties, and the correlation of the surface 

properties is lost. Therefore, the reactivity of C3S surfaces can not be predicted 

(a) 

 

 

(b) 

 

Figure 3.2: Comparison of the reactivity between the (011) and (001) surface of C3S 
(a,b) during hydration for 600 picoseconds at 298 K. 

based on static properties, rather than following the dynamics of the system 

and elucidate the topochemical reaction at the interface. The dissolution profile 

of the selected calcium located on the different surfaces using metaD coupled 

with ReaxFF provided an exact explanation about the reactivity by comparing 

the total free energy changes during dissolution. 
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3.3.2 Dissolution mechanism of Ca and reactivity of different surfaces of 
C3S 

Well-tempered metaD is an excellent method that enforces the reaction to 

overcome the activation barrier by selecting the proper collective variables 

(CVs). Choosing the appropriate CVs is a challenging task in the metaD 

simulation. The main advantage of metaD is to control and compute the FES 

of the targeted region. In this study, the metaD, coupled with ReaxFF, was 

employed to calculate the dissolution profile of calcium from the surfaces of 

C3S and to compute the FES of the region.  

Figure 3.3.a represents the free energy profile for the dissolution of calcium 

from the (100) surface of C3S at 298K using the single collective variable 

distance between the Ca-2920 and the center of the mass of the crystal. The 

X-axis represents the reaction coordinate in terms of distance in Å (10−10 m), 

starting from the initial state (on the surface) at zero to the final state (in the 

solution) at the next lowest minima. The calcium located between two silicates 

has an influential factor in preventing the dimerization of silicate. This specific 

type of calcium for dissolution was purposely targeted to study the surface 

polymerization in the future. The free energy profile, calculated from the metaD 

run, represents the movement of Ca-2920 from between the two silicates to 

the pore solution by overcoming the first barrier of 46.00 kJ/mol at 0.60 × 10−10 

m.  After a small fluctuation, it overcomes the electrostatic interaction with the 

oxygen of silicate and dissolves entirely into the pore solution by overcoming 

the energy barrier of 37.60 kJ/mol at 3.30 × 10−10 m (Fig. 3.3b). The total free 

energy change (ΔG) of −225.90 kJ/mol and lower activation barrier were 

directed to the exergonic (thermodynamically favorable process) and the 

highly reactive surface, respectively (Tab. 3.2). Although the polymerization of 

silicate was not intended to be studied here, it was observed that the 

polymerization was not possible due to the strong electrostatic interaction of 

the surrounding calcium. Therefore, a detailed study is required to investigate 

the critical condition for the surface polymerization. 
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(a) 

  

(b) 

 

Figure 3.3: (a) Dissolution profile (free energy surface) of Ca2920 from (100) surface 
of C3S at RT (298K) (distance ×10−10) m (b) Snapshot of calcium 
dissolution process from the surface to pore solution. 

Similarly, the (101), (011) and (011) surfaces of C3S are found as reactive 

toward hydration (Fig. 3.4a,b,d). Among them, (011) has shown the maximum 

reactivity (ΔG = −214.20 kJ/mol), which explains the air void formation due to 

the strong interaction, i.e. movement of water to the surface (Fig. 3.4b). 

Contrariwise, the dissolution profile of calcium from the (001) surface shows 
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the opposite trend and supports the results that were predicted after 600 

picoseconds of hydration (Fig. 3.2b). The complete dissolution of Ca-1957 

from the (001) surface was required to overcome the barrier of 12.50 kJ/mol 

at 0.43 × 10−10 m and 48.50 kJ/mol at 1.40 × 10−10 m (Fig. 3.4c). The total free 

energy change (ΔG) of +14.00 kJ/mol at 298 K represents an endergonic 

reaction and is thermodynamically unfavorable [26,27], which explains the 

reduced reactivity and water tessellation of the (001) surface. Likewise, Ca 

dissolutions from (010), (010), (110) and (110) surfaces are required to 

overcome a very high activation barrier and have a positive value of ΔG. 

Therefore, these surfaces are less reactive toward hydration, endergonic, and 

thermodynamically not favorable (Tab. 3.2). 

Table 3.2: Thermodynamic properties of different surfaces of C3S during the 
dissolution of calcium. 

Crystal 
Plane 
of C3S 

The Atomic ID of 
the Selected Ca 
for Dissolution 

Free 
Energy of 
Activation 

∆𝐺∗  
kJ/mol 

Free Energy 
Change ∆𝐺  

kJ/mol 

Thermodynamic 
Properties 

(011) 2994 25.60 −214.20 Exergonic 

(100) 2920 46.00 −225.90 Exergonic 

(011) 3013 112.80 −65.00 Exergonic 

(101) 3048 108.40 −116.10 Exergonic 

(001) 1957 50.00 +14.00 Endergonic 

(010) 2471 169.70 +36.00 Endergonic 

(010) 2352 267.10 +202.10 Endergonic 

(110) 3043 319.10 +291.50 Endergonic 

(110) 2998 584.70 +502.00 Endergonic 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

Figure 3.4: Dissolution profile (free energy surface) of calcium from (011), (011), 
(001), (101), (110), (110), (010), (010) surfaces of C3S (a–h) and 
reactivity difference among them at 298 K
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3.3.3 Effect of temperature during the dissolution process 

The temperature has a substantial impact on the dissolution process. 

Therefore two different surfaces [(100) and (001)] of C3S with different 

reactivity were taken to study the dissolution of the same Ca at 323 K (50 °C) 

and compare it with the results at room temperature (298 K). According to the 

observation, the dissolution of Ca from (100) surface is a thermodynamically 

favorable process at both 298 K and 323 K (Fig. 3.5a). However, the reaction 

path is different at a higher temperature. At 323 K the Ca-2920 has overcome 

the first barrier of 47.00 kJ/mol at 0.60 × 10−10 m. Afterward, it overcomes the 

second activation barrier of 45.00 kJ/mol at 1.80 × 10−10 m immediately without 

any relaxation, and dissolve into the pore solution. Additionally, the dissolution 

of Ca is an entropy-driven process. Therefore, the dissolution process is 

strongly favored by the –TΔS contribution. The calculated change of entropy 

of +0.52 kJ/mol K (Eq. 3.1) is the reason for comparatively faster dissolution 

(ΔG = -238.90 kJ/mol) at 323K. In contrast, the water tessellation stabilized 

the (001) surface, which decreased the entropy (ΔS = -1.67 kJ/mol K) of the 

system (Tab. 3.3). As a result, the dissolution of Ca-1957 becomes 

thermodynamically unfavorable (ΔG = +58.50 kJ/mol) due to the relative 

increase of the activation barrier (∆G*= 116.00 kJ/mol) at the elevated 

temperature (323K) (Fig. 3.5b). 

  
(a) (b) 

Figure 3.5: The comparative dissolution profile (free energy landscape) of Ca from 
(100) and (001) surfaces of C3S (a and b) at RT and 323K.  
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∆𝑮 ∆𝑯 𝑻∆𝑺                                                                                                                     3. 1 

Table 3.3: Thermodynamic properties of different surfaces of C3S during the 
dissolution of calcium at 323 K. 

Crystal 
Plane of 

C3S 

Free 
Energy of 
Activation 

∆𝐺∗   
kJ/mol 

Free 
Energy 
Change 
∆𝐺  

kJ/mol 

Thermodynamic 
Properties 

Change of 
Enthalpy 

(∆𝐻) 
kJ/mol 

Change 
of 

Entropy  
(∆𝑆) 

kJ/mol K 
(100) 47.00 −225.90 Exergonic -70.90 +0.52 

(001) 116.00 +58.50 Endergonic -481.50 -1.70 

3.3.4 Hydration of C2S 

Belite is the second most important clinker phase of OPC. Though it is energy 

efficient and eco-friendly, compared to alite, the low reactivity is the major 

issue. Hence, the knowledge of hydration and reactivity of different surfaces 

of C2S could lead to the development of relatively more reactive C2S based 

cement. Besides, among all polymorphs, the ß-form of C2S is the most 

common one found in OPC. Therefore, to understand the interaction between 

different surfaces of ß-C2S [122] and bulk water, the dynamics of the system 

were followed for a period of 600 picoseconds (similar to C3S) at room 

temperature (298K) and pressure applying the periodic boundary condition. 

Generally, C2S has shown less reactivity toward hydration in comparison with 

C3S. The absence of free oxygen and compact crystal structure are 

responsible for less reactivity in C2S. Comparing all the pre-hydrated crystal 

planes of ß-C2S, (100), (001), (110), (110) and (101) surface planes are found 

to be reactive toward hydration. However, the interaction between the bulk 

water and the surfaces was not enough to create air voids, as observed in C3S 

the reactivity of the C3S surfaces successfully. Therefore, a similar approach 

(free energy calculation) is applied, where all the pre-hydrated surfaces of C2S 

were taken as an input for the dissolution of selected Ca positioned in between 

two silicates using ReaxFF and metadynamics. Similar to C3S, the X-axis 
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represents the reaction coordinate in terms of distance in Å (10−10 m), starting 

from the initial state (on the surface) at zero to the final state (in the solution) 

at the next lowest minima. 

(a) 

 

 

(b) 

  

Figure 3.6: Comparison of the reactivity between the (100) and (010) surface of ß-
C2S (a,b) during hydration for 600 picoseconds at 298 K. 

3.3.5 Dissolution mechanism of Ca and reactivity of different surfaces of 
C2S 

MetaD results for dissolution of calcium from (100) surface of C2S at 298K, 

once using a single collective variable (the difference of the center of mass 

and Ca-548 distances). The free energy profile (Fig. 3.7) obtained from 500 ps 

metaD run represents the movement of calcium from the surface by 

overcoming the energy barrier of 164.30 kJ/mol from 2.20 × 10-10 m with a 

small fluctuation, dissolute completely into the pore solution at 5.20 × 10-10 m. 

The total free energy change (ΔG) of -78.00 kJ/mol at 298K has indicated the 

process is exergonic and thermodynamically favorable. Similarly, (101), (110), 

(110), and (001) (Fig. 3.8) surfaces are reactive as well. However, both (100) 

and (101) surface of C2S are found to be less reactive compared to the same 
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surface of C3S toward hydration at 298K (Fig. 3.8c). On the other hand, (110), 

(110). and (001) surfaces of C2S have shown the opposite trend compared to 

the C3S, where similar crystal planes of C3S were non-reactive (endergonic). 

Additionally, (010) and (011) surfaces have also shown opposing results; 

nevertheless, in this case, they are non-reactive for C2S and reactive for C3S.  

 

 

Figure 3.7: Dissolution mechanism (free energy profile) of Calcium from (100) 
surfaces of C2S at RT (298K) where CV is a collective variable (distance 
×10-10 m). 

Table 3.4: Free energy change of different surfaces of C3S during the dissolution of 
calcium. 

Crystal 
Plane 
of C2S 

The Atomic ID of 
the Selected Ca 
for Dissolution 

Free Energy 
of Activation 

∆G*  kJ/mol 

Free Energy 
Change 
∆G kJ/mol 

Thermodynamic 
Properties 

(110) 881 99.20 -87.02 Exergonic 

(100) 548 164.30 −78.00 Exergonic 

(110) 855 42.90 -33.00 Exergonic 

(101) 1141 185.60 -28.50 Exergonic 

(001) 1348 90.80 -8.00 Exergonic 

(010) 1822 169.60 +50.20 Endergonic 

(011) 875 245.80 +441.80 Endergonic 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 3.8: Dissolution profile (free energy surface) of calcium from (110), (110), 
(101), (001), (010), (011) surfaces of C2S (a–f), and the reactivity 
difference among them at 298 K. 

3.4 Leaching mechanism of Ca from C-S-H 

Besides its application as a construction material, concrete is widely used as 

a hazardous waste container. For the use of concrete for that purpose, it is 

necessary to monitor the aging kinetics of the concrete. One needs to 

understand it's cross-effects with the elastic deformation (chemical damage) 

and irreversible skeleton deformations (chemical softening). Concerning a 
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time scale of the durability design, a reference scenario of chemical 

degradation is considered, in particular, the calcium leaching by pure water 

[123]. The concrete undergoes chemical degradation in contact with water. 

Calcium leaches from two major sources total leaching of portlandite, and 

progressive decalcification of C-S-H, which is the main hydration product of 

cement and has a significant role in the strength development of concrete. 

Kinetics of the degradation is a diffusion-controlled process. Despite the 

diffusion rate is very slow, it can be a risk in the long term [124]. The 

mechanism of Ca leaching has been subjected to extensive research in recent 

years [125–128]. However, leaching behavior at the atomistic scale is not fully 

understood yet. The combined approach of ReaxFF and MetaD has already 

explained the dissolution mechanism of calcium from C3S and C2S surfaces at 

the atomistic scale successfully. Therefore, C-S-H has been taken as a model  

 
(a) (b) 

Figure 3.9: Orthogonal simulation cell of CSH (a). Equilibration of CSH with bulk 
water for 300 picoseconds at 298K (b). 

system to.elucidate the leaching mechanism of Ca, using the same approach 

as above (ReaxFF+metaD). The C-S-H orthogonal periodic simulation cell 

(30.73×24.74×43.74) × 10-30 m3 composed of 2567 atoms, including 268 water 

molecules were constructed from the unit cell optimized by Kovačević et al. [7] 

by Avogadro and packmol, respectively (Fig. 3.9). The simulation cells were 

equilibrated to 298K and 1 atm for 300 picoseconds. A periodic boundary 

condition was applied during the simulation. The equilibrated structure (Fig.  
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(a) 

 
 

(b) 

 
 

(c) 

 
 

(d) 

 

(e) 

 

Figure 3.10: Comparative leaching mechanism (free energy profile) of Ca-717, Ca-
715, Ca-661 from 1st layer (a), 2nd layer (b) and 3rd layer (c) of CSH 
individually and one after another (d,e) at 298K where the reaction 
coordinate  (distance ×10-10) m. The X-axis represents the reaction 
coordinate in terms of distance in Å (10−10 m), starting from the initial 
state (on the surface) at zero to the final state (in the solution) at the 
next lowest minima. 
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3.9b) was used for the leaching mechanism of calcium from different layers of 

C-S-H. Two different cases were studied to calculate the leaching mechanism. 

First, removing the selected calcium from the individual layers, and in the 

second case, they are remover one after another. The free energy profile 

obtain from 500 ps metaD run represents the movement of Ca-717 from 1st 

layer (water layer) by overcoming the first energy barrier of 17.40 kJ/mol at 

0.60 × 10-10 m, after some fluctuation, it overcomes the electrostatic interaction 

with the oxygen of silicate and dissolute completely into the pore solution at 

7.10× 10-10 m. The total free energy change (ΔG) of -273.60 kJ/mol at 298 K 

has indicated the process is exergonic and thermodynamically favorable (Fig. 

3.10a). Besides, complete individual dissolution of Ca-715 from 2nd layer has 

required overcoming the higher barrier of 357.30 kJ/mol and 31.70 kJ/mol at 

5.40 × 10-10 m and 11.00 × 10-10 m respectively and is thermodynamically less 

favorable (∆G = -79.40 kJ/mol) at 298 K compared to Ca-717 (Fig. 3.10b). 

Nevertheless, after removing Ca from the first layer, the activation energy 

decreases (∆G1
* = 93.70 kJ/mol, ∆G2

* = 118.90 kJ/mol), and it becomes easier 

to remove (∆G = -273.70 kJ/mol) through the channel created by the 

displacement of Ca-717 (Fig. 3.10d).  

The individual removal of Ca-661 (from the third layer) is the most difficult 

compared to the other two due to its very high activation energy (393.10 

kJ/mol) and thermodynamically least favorable (∆G = - 43.77 kJ/mol) as well 

(Fig. 3.10c). Nevertheless, after removing Ca from the upper two layers (Ca-

717 and Ca-715), the activation energy decreases significantly (∆G1
* = 188.70 

kJ/mol and ∆G2
* = 89.40 kJ/mol) indicating easier leaching (∆G = -335.82 

kJ/mol) from CSH (Fig. 3.10e). Therefore, the results suggest that the Ca 

leaching is found to be a subsequent process, starting the first layer and 

continuing to the inner layers.  
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Chapter 4 

 Polymerization mechanism of silicate during C-S-H 

formation 

4.1 Introduction 

The polymerization of silicate is the key elementary reaction of C-S-H 

formation. Therefore, the proper understanding of the reaction mechanism, i.e. 

how silicate polymer grows during the hydration is of fundamental scientific 

importance. According to 29Si-NMR, the position of the silicon atom is identified 

by the Qn nomenclature, which means the silicon atom linked with n other 

silicon atoms via oxygen bond (Si-(O-Si)n). Where a Q0 position represents the 

non-reacted silicate monomer unit. In the linear chain, Q1 always indicates the 

silicate at the endpoint whereas, the paired and the bridging position is 

denoted as Q2 due to the dreierkette arrangement. Moreover, the Q3 and Q4 

appear at a higher degree of polymerization (2D and 3D linkage), usually found 

in geopolymer. Due to the enormous complexity of the cementitious system, it 

is necessary to understand the polymerization process considering the 

hydration of C3S. According to the theory, at a very early stage, the C3S 

dissolves very fast (fraction of seconds), and the concentration of Ca2+ and 

monomeric hydrated silicate gets high enough to allow homogeneous 

nucleation, which then precipitates on the surface of C3S. The initial reaction 

is very rapid, but the rate decreases after the precipitation of hydrated phrases 

that indicate the formation of a protective layer around the C3S surface [17]. 

Initially, the dissolution of C3S is responsible for the creation of the monomeric 

unit only (Q0 species). Additionally, the 29Si-MAS and 29Si(H)-CP/MAS NMR 

study by Rodger et al. has shown that Q1 (dimer) and Q2 (trimer, pentamer) 

species are not observed till the end of the induction period (dormant period), 

and only few monomer units (Q0) were detected after this time [129]. Later on, 

Bellmann et al. study studied the induction period by seeding the intermediate 

product (protective layer) into the system. They suggest that in the absence of 

seeds, the homogeneous nucleation of C-S-H in pore solution requires high 
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supersaturation. If the supersaturation is not high enough, the heterogeneous 

nucleation can occur on the available foreign surfaces (C2S, calcite, 

portlandite, etc.). They also did not observe the Q1 species during the induction 

period [39].  

Therefore, this research was focused on this issue. The principal aim is to 

investigate the possibility of the polymerization mechanism of silicate in pore 

solution. The dimerization of hydrated silicate is the primary step of the 

polymerization process. There are several theoretical studies have done on 

the silica-based reaction. Pereira et al. reported the mechanism of a silica-

based cluster formation as a linear chain, rings, and a cubic cage in the gas 

phase [130–132]. Later on, Tossel reported the dimerization of Si(OH)4 in 

solution at different temperatures and dielectric constant [133]. Pavlova et al. 

explain the influence of Na ions on the silica polymerization using DFT, where 

the Na ions decrease the rate of polymerization. However, it does not increase 

the activation barrier by direct coordination with silicate rather than being 

present in the first or second solvation shell of the reactive bridging oxygen. 

As a consequence, they decrease the hydrogen bonding around reactive 

oxygen and increase the reaction barrier for silica polymerization [134]. 

Additionally, all mentioned calculations are based on QM calculations using 

DFT. Only Moqadam et al. explains the silica dimerization using ReaxFF, 

including Na ions in water. Nevertheless, they did not consider the effect of Ca 

ions on the polymerization process.  

Furthermore, tricalcium aluminate (Ca3Al2O6) has a significant role in cement 

chemistry, mainly connected to the initial setting and hardening of cement, and 

heat of hydration. However, another important aspect is the fact that the C3A 

is linked to sulfate attack resistance and, together with added gypsum to 

cement, provides ettringite formation. Among all the guest ions present in the 

cementitious system that might enter the C-S-H structures, the aluminum ion 

is the most common one, and it tends to occupy the bridging position. Usually, 

the most significant effect of incorporation of aluminum ions is that it increases 

the polymerization degree of the chains and interlaminar crossing by 

occupying the position Q3. Besides, Aluminate is also found at the position Q1 
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or Q2 in the chain as an aluminosilicate dimeric form. Therefore, it is necessary 

to calculate the polymerization mechanism of aluminosilicate by placing the 

aluminate at different positions in the pore solution.  

Therefore, this chapter includes the dimerization mechanism of silicate pore 

solution under the influence of an external parameter (i.e. temperature and 

Ca/Si ratio). Besides, the pentamerization of silicate was studied through 

trimer formation to identify the most probable reaction pathways. Additionally, 

the dimerization of silicate at the surface of C3S was calculated at different 

temperatures to determine the favorable path of the two competing 

mechanisms for the polymerization of silicates, either it can occur in pore 

solution followed by precipitation, or it may occur as a surface reaction during 

the early hydration. Finally, the dimerization of alumino-silicate (first step) in 

pore solution at different temperatures will be explained in this chapter.  

4.2 Computational details 

The hydration of C3S is believed to be based upon the dissolution of silicate 

and Ca2+ ions into the pore solution. In this context, a (20 × 20 × 20) × 10-30 m3 

cubic simulation cell filled with water, four calcium atoms and two silicate 

monomers is constructed by Avogadro and packmol. The calcium atoms were 

added to counter the negative charge of silicate monomers, which is required 

to get a charge-neutral simulation cell. Additionally, the number of water 

molecules matched a density of 1000 kg m-3 in the simulation cell with random 

distribution, and the Ca/Si ratio is 2. The geometry was optimized (energy 

minimizations) using the Hessian-free truncated Newton algorithm (hftn) 

where the cutoff tolerances for energy and force was 4.18 × 10−8 kJ mol−1 A-1 

respectively. The maximum number of iterations for minimizer was set to 100. 

The simulation cell was equilibrated by ReaxFF at 298 K for 100 picoseconds 

with 0.5 femtoseconds time steps using canonical ensemble with a Nose-

Hoover thermostat NVT and an additional 100 ps using NPT with 0.5 

femtoseconds time steps temperature program. The equilibrated structure was 

used to study the dimerization of silicate in pore solution using metaD. A total 

of three collective variables (1 coordination number and 2 distances) were 
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used to calculate the dimerization of silicate. The coordination number 

(number of contacts) of bridging Oxygen with both silicons are computed with 

neighbor list cut off 5 × 10-10 m. The neighbor list is updated every 10 time 

steps in order to achieve faster calculation. Moreover, the distance between Si 

(2) and bridging oxygen, as well as leaving Oxygen, is computed by adding 

biased potential as a Gaussian with a frequency of 40 time steps. This means 

that Gaussian hills with a height of 2.10 kJ/mol and a full width at half-maximum 

of 0.2 × 10-10 m are added every 0.02 picoseconds. The metaD coupled with 

ReaxFF are performed for 1 nanosecond (till converged) with NPT ensemble 

at temperature 298 K, and the energies are averaged over the entire period to 

compute the free energy of dimerization. To understand the effect of 

temperature, the simulation cell was equilibrated for 100 picoseconds at 323 

K using NVT at first, followed by an additional 100 picoseconds using NPT. 

Later on, a similar computational approach was applied to study the 

dimerization process at 323 K. It was assumed that Ca2+ ions have a significant 

effect on the dimerization of silicate. Therefore, a series of same (20 × 20 × 

20) × 10-30 m3 cubic simulation cells were constructed by varying Ca/Si ratio (1, 

3, and 4), where the water molecule is adjusted to keep a density of 1000 kg 

m-3 in the simulation cell. Afterward, a similar computational approach was 

applied to study the effect of Ca concentration on the dimerization process at 

room temperature (298 K).  

Table 4.1. Information about the cubic simulation cells ((20 × 20 × 20) × 10-30 m3) for 
the dimerization of silicate at different Ca/Si ratio. Where the combination 
of H+ and OH- ions are added to neutralize the charge of the simulation 
cell. 

Ca/Si 
ratio 

Number 
of silicate 
monomer 

Number 
of Ca 
atom 

Number 
of H+ 

Number 
of OH- 

Total number of water 
molecules 

1 2 2 4  228 

2 2 4   226 

3 2 6  4 220 

4 2 8  8 214 
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4.3 Results and discussion 

4.3.1 Dimerization mechanism of hydrated silicate in the pore solution 

(a) 

 
(b) 

 

 

Figure 4.1: (a) Representative snapshot of the Si-O-Si bond formation during 
dimerization in a solution using metadynamics combine with ReaxFF 
for Si(OH)4+Si(OH)4+4Ca2++226 H2O in a 20 × 20 × 20) × 10-30 m3 cubic 
simulation cell at 298 K. The blue oxygen represents active bridging 
oxygen of the connective silicate monomer. (b) Dimerization reaction 
mechanism, including five coordinated intermediates. The equilibrium 
bond distance of Si(1)-O(2) and Si(8)-O(2) during the reaction are 
shown in Å (10-10 m). 

Figure 4.1a represents the simulation cell before and after the dimerization of 

silicate, where blue oxygen denotes the bridging oxygen between two silicates. 

The dimerization of hydrated silicates is a condensation reaction, and it 

involved two steps. In the first step, a Si-O-Si bond evolves between two 

hydrated silicates. During this step, a bridge of one monomer is started to form 
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a bond with the silicon atom of another monomer. A five-fold oxygen 

coordinated silicon intermediate forms. In the second step, the dimer forms by 

removing a water molecule (the leaving O-H takes the proton from the bridging 

oxygen) to form a stable silicate dimer. 

(a) 

 
(b) 

 

Figure 4.2: Radial distribution function (RDF) for the Si(8)-Ob(2) pairs during the 
dimerization of silicate in water. The bond distance of Si(8)-Ob at different 
reaction stages are shown in Å (10-10 m). 

The radial distribution function (RDF) is the essential quantity for 

characterizing chemical structures in an aqueous system. Therefore, the 

distance between the reactive (bridging) oxygen, O(2), and approaching silicon 
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Si(8) during the dimerization process were computed by RDF. Total five most 

important geometries [i.e. silicate monomer, intermediate 1 (five coordinated 

silica), Intermediate 2 (just before the bond formation), Intermediate 3 (just 

after water removal), and silicate dimer] were selected for RDF calculation. 

Initially, the distance between the bridging oxygen and the approaching 

silicone was 6.45 × 10−10 m. It is reduced to 3.25 × 10−10 m, 2.15 × 10−10 m, and 

1.75 × 10−10 m at the first, second, and third intermediate steps, respectively. 

Afterward, it went for further reduction to 1.62 × 10−10 m at the final stable 

dimeric state (Fig 4.2). Moreover, the distortion of the tetrahedral shape silicate 

monomer was observed when they approached one another for bond 

formation. However, when the water molecule leaves during the condensation 

reaction, they reform their tetrahedral shape again (Fig. 4.1b). This is a very 

interesting phenomenon, where the charge density changes around the 

oxygen of the hydrated silicate during dimerization. Therefore, a further study 

is required using QM calculation (DFT) to compute the charge density changes 

during the dimerization process. 

Figure 4.3 compares the free energy profile of the dimerization of hydrated 

silicate in the water at different temperatures. The barrier of the five-

coordinated silica intermediate is around 49.70 kJ/mol at 323 K (Fig. 4.3, Gray 

curve), which is comparatively lower than the previous DFT calculation in the 

presence of Na ions (64.90 kJ/mol) at 350 K [135]. The reason is the influence 

of monovalent cation Na+, which is more substantial on the reactive oxygen 

compared to the divalent cation Ca2+ [136]. Besides, the reaction path was pre-

determined in case of constrained force calculation. Therefore the reaction 

path could yield a comparatively higher activation barrier because the 

constraint could have enforced a path slightly off the minimum energy reaction 

path. In contrast, metaD studies calculate the reaction path with a minimum 

reaction barrier, which is the main advantage over constrained optimization. 

Moreover, the higher temperature (350 K) is another influential factor that 

increases the reaction barrier. For instance, the dimerization reaction is almost 

barrierless (2.40 kJ/mol) at 298 K (Fig 4.3, Black curve). Besides, the free 
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.  

Figure 4.3: Free energy profile from metaD calculations as a function of reaction 
coordinates along the reaction path for the dimerization of silicate at 
298 K and 323 K. 

energies for the reactions are -81.00 kJ/mol and -1.30 kJ/mol at 298 K and 323 

K, respectively. The negative free energy change indicates the exergonic 

nature of the reaction. Thus, the dimerization of silicate is a thermodynamically 

favorable process. The barrierless dimerization at 298 K indicates the 

possibility of dimer formation and precipitate on the surface of C3S (Q1species) 

during the induction period. Moreover, this also points toward the formation of 

the metastable hydrated phase during the induction period. The result 

corresponds to the NMR study of Bellmann et al. [39] and supports the path of 

heterogeneous nucleation. However, for validating this theory, further research 

is required to compare the precipitation mechanism of C-S-H nuclei (silicate 

dimer, pentamer, etc.) on the available competing material surfaces (C3S, C2S, 

calcite, portlandite, etc.).  

4.3.2 Effect of Ca/Si ratio during the dimerization process 

The Ca/Si ratio is the influential factor in building either dimeric or polymeric 

C-S-H. The degree of polymerization increases in the presence of a lower 

number of Ca2+ ions in the medium. For calculating the influence of Ca during 

the dimerization of silicate, the solvation of Ca2+ was investigated by 
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calculating the RDF of (Ca-O) and (Ca-H) at 298 K. Figure 4.4 was obtained 

from an unconstrained MD simulation using ReaxFF.  

The first peak of Ca-O is well defined, which is a clear indication for the first 

solvation shell of Ca2+ ion. The first peak (at 2.45 × 10−10 m) of Ca-O is located 

in the range of 2.39 × 10−10 m to 2.46 × 10−10 m, and the first peak (at 3.05 × 

10−10 m) of Ca-H lies in  

(a) (b) 

Figure 4.4: Radial distribution function for the (a) Ca-O and (b) Ca-H in solution at 
298K. The distance are shown in Å (10-10 m). 

between 2.93 × 10−10 m and 3.25 × 10−10 m. The coordination number of Ca2+ 

ion in the first solvation shell is 8. The calculated data on the structure of the 

first solvation shell is in perfect agreement with ab initio MD simulation in the 

literature [137–139]. Moreover, The first solvation around Ca2+ ion is not rigid 

like Mg2+, instead found flexible that allows the coordination with the range 

from 6 to 8 water molecules. Moreover, the presence of Ca2+ ions has a strong 

effect on the dipole moment of the neighboring water molecules. The total 

radius of the first solvation shell of Ca2+ion in water is around 4.00 × 10−10 m 

(Fig 4.4). Therefore, the hydrogen bond network is influenced in the range of 

the first solvation shell. This effect does not appear outside the first shell [138].  

The effect of Ca2+ ions during the polymerization of silicate in solution was 

calculated by varying the Ca/Si ratios at room temperature. Usually, the 
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reactive oxygen forms a hydrogen bond network at the intermediate state 

during dimerization. Therefore the possibilities of increasing the activation 

energy by the steric hindrance of the first solvation shell of Ca2+ ion. According 

to the observation, at the Ca/Si ratio 1, the Ca2+ is far away from the reactive 

oxygen (9.65 × 10−10 m) to influence the hydrogen bond network (Fig. 4.5a). 

Consequently, the dimerization of silicate is barrierless, and a change in free 

energy of -244.90 kJ/mol indicates that the dimerization process is 

thermodynamically more favorable at lower Ca concentration (Fig. 4.6a). At 

Ca/Si ratio 2, (Ob-Ca distance 5.55 × 10−10 m) in spite of a small activation 

barrier of about 2.50 kJ/mol (Tab. 4.2), the dimerization is still 

thermodynamically favorable (Fig. 4.3 black curve). This explains the 

possibility of starting the homogeneous nucleation at a lower saturation level 

during the induction period. As we increase the Ca concentration (Ca/Si ratio 

3), the hydration shell of reactive oxygen is found in the range of the first 

solvation shell of Ca2+ion (4.35 × 10−10 m) (Fig. 4.5c). Therefore, calcium is 

contributed to an increase in reaction barrier (56.70 kJ/mol) for silica 

dimerization by decreasing the hydrogen bond network around the reactant, 

and dimerization becomes thermodynamically unfavorable (+18.50 kJ/mol) at 

room temperature (Fig. 4.6b).  

(a) 
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(b) 

 

(c) 

 

(d) 

 

Figure 4.5: Radial distribution function for the bridging oxygen (Ob) of the five 
coordinated silica intermediate and Ca2+ ions during the dimerization 
process in the presence of Ca/Si ratio 1, 2. and 3 (a-c) at 298K. (d) 
Evolution of Ob-Ca distance as a function of Ca/Si ratio. The distance 
are shown in Å (10-10 m). 
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(a) (b) 

Figure 4.6: Representative snapshot of the dimer formation of silicate in solution with 
the Ca/Si ratio 1, 3 (a, b) at 298K.  
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Table 4.2: Thermodynamic properties of silicate dimerization with different Ca/Si 
ratio. 

Ca/Si 
ratio 

Free Energy of 
Activation ∆𝑮∗  

kJ/mol 

Free Energy 
Change ∆𝑮  

kJ/mol 

Thermodynamic 
Properties 

1 Barrierless -244.90 Exergonic 
2 2.50 -81.00 Exergonic 
3 56.70 +18.50 Endergonic 

4.3.3 Dreierkette formation of silicate in the pore solution 

The crystalline tobermorite is a layered structure. Considering the model of 

CSH, the silicate chain length depends on the calcium to silicate (Ca/Si) ratio. 

The higher the Ca/Si the shorter the chain. A complete ionized silicate 

pentamer requires 6 Ca2+ to counter the negative charge of all oxygen to create 

a charge-neutral structure, and the Ca/Si is 1.2. In contrast, for the dimer, Ca/Si 

is 1.5, which means 3 Ca2+ ions are needed to make the charge neutral. The 

dimerization of silicate in pore solution at different temperatures was explained 

in Sec. 4.3.1. In order to understand the reaction path for pentamer, a 

formation which is not elucidated yet, an orthogonal periodic simulation cell 

(30×30×30) × 10-30 m3 composed of 2038 atoms including 2 silicate dimer, 1 

silicate monomer, 8 Ca2+, and 268 water molecule, was constructed by 

Avogadro and pacmol respectively. The simulation cells were equilibrated 

before investigating the reaction path of drierkette and pentamer formation at 

room temperature (298 K). The previous studies in this chapter showed that 

the dimerization of silicate is thermodynamically favorable at Ca/Si ratio 2 or 

less and barrierless at Ca/Si ratio 1, (Table 4.2). Therefore, a similar approach 

was applied for the trimerization followed by the pentamerization of silicate at 

Ca/Si ratio 1.6. The free energy surface explains that both conversion steps, 

i,e. the dimer to trimer and the trimer to pentamer are thermodynamically 

unfavorable in the pore solution. This is because they are required to 

overcome high activation barriers (113.50 kJ/mol from trimer, and 160.14 

kJ/mol for pentamer) and positive free energy change (+81.00 kJ/mol for trimer 

and +144.00 kJ/mol for pentamer). These results explain the probability of 
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finding Q1 species (dimer) is much higher than Q2 species (trimer or pentamer) 

at 298 K during the early hydration.  

(a) 

 

(b) 

(c) 

Figure 4.7: The representative snapshot of step by step polymerization of silicate in 
pore solution using ReaxFF and metadynamics at 298 K. The Free 
energy profile of (b) trimer formation followed by (c) pentamer formation 
of silicate. 
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4.3.4 Polymerization of silicate in hydrates C3S surfaces 

Due to the smaller size, calcium can easily dissolve into the pore solution, 

whereas silicate tetrahedra are strongly bonded by surrounded calcium and 

difficult to dissolve. According to the MD-metaD simulations, the complete 

hydrated silicate tetrahedra are easily dimerized in pore solution. Therefore, 

hydrated silicate tetrahedra on the surface of C3S should polymerize too. In 

general, we can have the mechanism of the surface reaction (known as 

heterogeneous nucleation).  

(a) (b) (c) 

 

 
(f) (e) (d) 

Figure 4.8: (a) Orthogonal simulation cell of (100) surfaces of C3S at RT (298 K) after 
hydration for 600 picoseconds. (b) Equilibrium structure after removing 
the calcium from in between and (c) a surrounding of targeted silicates. 
(d) Dimer formation on the (100) surface of C3S. (e, f) Free energy profile 
of dimerization of silicate at 298 K and 323 K. 

In this work, a multistep approach has been taken in order to get a clear picture 

of the dimerization of silicate on the surfaces. First, the (100) surfaces of C3S 

was hydrated for 600 picoseconds. Later on, pre-hydrated surfaces were used 

to study the dimerization of silicate at different temperatures using ReaxFF 

coupled with metaD. In this context, at first, the calcium atoms located in 
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between silicates are removed, which are assumed to be responsible for 

preventing polymerization (Fig. 4.8b). Afterward, the metaD was applied for 

the dimerization of two neighboring silicates. However, they did not dimerize 

due to the strong electrostatic interaction of other neighboring calcium. 

Therefore, a targeted approach is applied to remove all surrounding calcium 

(Fig. 4.8c) followed by running the same simulation for the dimerization of 

selected neighboring silicates at two different temperatures, 298 K and 323 K. 

The free energy landscape indicates that the dimerization of silicate on the 

(100) surface of C3S was required to overcome the activation barrier of 36 

kJ/mol and 32 kJ/mol at the 298 K and 323 K, respectively. However, it follows 

trends different from the one in the pore solution. The vibrational entropy could 

play an important role in this behavior. Despite the surrounding calcium atoms 

are removed, the targeted silicates for dimerization still contain unprotonated 

oxygen (toward the crystal). Those are responsible for holding the silicate on 

the surfaces. Therefore, both the rotational and translational motion of silicate 

are lower significantly compared to a vibrational motion, which increases the 

entropy (+0.78 kJ/mol K) of the system (Tab.3.3). Consequently, the 

dimerization of silicate is thermodynamically not favorable at 298 K. However, 

the dimerization on the surface becomes thermodynamically favorable (-12.80 

kJ/mol) at high temperature (323 K). This result indicates the possibility of 

surface polymerization during the initial dissolution period and acceleration 

period, where the temperatures are relatively higher due to heat released by 

the dissolution process.  

Table 4.3: Thermodynamic properties of silicate dimerization ao the (100) surface of 
C3S at 298K and 323 K. 

Temperature 
 
 

K 

Free 
Energy of 
Activation 

∆G*   
kJ/mol 

Free 
Energy 
Change 
∆G  

kJ/mol 

Thermodynamic 
Properties 

Change 
of 

Enthalpy 
(∆H) 

kJ/mol 

Change 
of 

Entropy  
(∆S) 

kJ/mol K 

298 36.00 +6.70 Endergonic  
239.10 +0.78 

323 32.00 -12.80 Exergonic 
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4.3.5 Dimerization of aluminate and silicate in the pore solution 

To study the dimerization of alumino-silicate a (20 × 20 × 20) × 10-30 m3 cubic 

simulation cell filled with one silicate monomer, one aluminate monomer, 

seven Ca atoms and 224 randomly distributed water molecules, is constructed  

(a)

 

(b) 

 

(c) 

  

Figure 4.9: (a) Representative snapshot of the Si-O-Al bond formation during 
dimerization in a solution using metadynamics combine with ReaxFF. 
The blue oxygen represents active bridging oxygen of the connective 
Aluminate monomer. (b) Dimerization reaction mechanism, including 
intermediates. (c) free energy profile dimerization of aluminosilicate at 
298 K and 323 K.  
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by Avogadro and packmol. Following a similar procedure (Sec. 4.2), the cell 

was equilibrated at the desired temperature (298 K and 323 K). Afterward, 

metaD combined with ReaxFF was applied to investigate the dimerization of 

alumino-silicate at both temperatures. The dimerization of aluminate and 

silicate is also a condensation reaction, and it involves two elementary steps. 

At first, a fivefold coordinated silica intermediate is formed between two 

hydrated aluminate and silicate. However, this intermediate state is not stable 

and immediately transformed into the comparatively stable second 

intermediate state, containing Si-O(H)-Al bond by eliminating an OH- group. In 

this case, a four-fold coordinated silicon intermediate appeared, which is then 

transforms to a stable alumino-silicate dimer by removing the proton of the 

bridging oxygen. The proton of the bridging oxygen can be taken by hydroxide, 

which is either part of hydrated silicate or aluminate or water. In this case, OH- 

ions from the dissociated water took part in the condensation process (Fig. 

4.7b). The calculated free energy profile indicates that the activation barrier of 

47.80 kJ/mol at 298 K is comparatively lower (TS1= 62.70 kJ/mol and TS2= 

69.30 kJ/mol) than the DFT study by Jio, Pu et al. [140], at 0 K. Hence, the 

temperature plays a vital role (decreasing the reaction barrier) as it becomes 

barrierless at 323 K (Fig. 4.9c). Besides, the TS is stabilized by the hydrogen 

bond network, which is not considered by the COSMO-RS model [140]. 

Therefore, only one stable TS is found during the condensation of alumino-

silicate. Moreover, the metaD studies have the advantage over constrained 

optimization using COSMO-RS model for calculating the reaction path 

containing the lowest reaction barrier.  

Furthermore, the free energy change specifies the dimerization of Aluminate 

and silicate is not thermodynamically favorable process (ΔG= +31.27 kJ/mol) 

at room temperature (298 K). In contrast, after increasing the temperature to 

323 K, the reaction becomes barrierless and thermodynamically favorable. 

Hence, it can be explained that the possibility of alumino-silicate formation 

during the induction period is very low due to lower temperatures. However, 

during the pre-induction and acceleration period, where the temperature 

becomes high due to the dissolution process, it increases the possibility of 
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incorporation of aluminate into the silicate chains of C-S-H gel. Additionally, 

the product of alumino-silicate is an anion that can initiate a further 

condensation reaction to form the large oligomer. Therefore, further study is 

required to investigate the incorporation of aluminate into the silicate chain at 

Q2 and Q3 position during C-S-H nucleation.  
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Chapter 5 

 Experimental analysis of carbonation of portlandite 

5.1 Introduction 

Carbonation of cement has received significant attention for its chemical and 

physical properties during the hardening process, especially its effect on the 

durability of reinforced concrete. The portlandite (Ca(OH)2) is a major 

byproduct of the cement hydration reaction (Eq. 5.1), which results in the 

passivation of steel reinforcement. The carbonation of portlandite affected the 

sustainability of concrete by dropping the pH value by approximately three 

units (typically from 11 to 8) within the pore solution. This leads to the 

dissolution of passivating oxide layers on the steel and renders the passivation 

insufficient to prevent oxidation of the reinforcement in concrete. Corrosion of 

the reinforcement plays a vital role in the reduction of the service life of the 

concrete. 

(a) (b) 

Figure 5.1: (a) Corrosion of the reinforcement by carbonation [141], (b) carbonated 
surface of the concrete is resistant towards the environmental attack. 

Moreover, the cubic CaCO3 has a lesser calcium density compared to the 

hexagonal Ca(OH)2. Hence the volume increase during the carbonation of 

portlandite phases causes cracks from the expansion stress of the phases. At 

the same time, carbonated silicate phases have a higher density than their 
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non-carbonated counterparts, which causes shrinking, similar to drying 

shrinkage. Consequently, it can initiate the formation of cracks in the material. 

In spite of all the effects of carbonation, there are some useful applications. It 

can be used in CO2 sequestration to reduce the greenhouse gas as well as 

thermochemical energy storage [142,143]. Additionally, as carbonated 

concrete is denser, it increases the stability compare to the non-carbonated 

one. However, the exact chemical mechanisms behind carbonation are not 

elucidated entirely yet. Despite many studies on the kinetics of carbonation, 

[144–148], the mechanism of the carbonation process at a lower relative 

humidity is still missing. Moreover, the carbonated surface of cementitious 

materials might be more resistant to environmental and chemical attacks 

(alkali, chloride reactions). The detail carbonation mechanism is very complex 

and involved the carbonic acid formation during the diffusion of CO2 from the 

gaseous state to the water layer. Later on, its ionization to produce carbonate 

ions is the main component for CaCO3 precipitation (Eq 5.3-5.5). The basic 

condition of the cement past (Higher pH=12.4) favors the CO2 absorption and 

carbonate formation.  

2𝐶 𝑆 6𝐻 𝑂  →    𝐶 𝑆 𝐻 3𝐶𝑎 𝑂𝐻             𝛥𝐻 120 𝑐𝑎𝑙/𝑔𝑚                     5. 1 

𝐶𝑎 𝑂𝐻 𝐶𝑂   →    𝐶𝑎𝐶𝑂 𝐻 𝑂                                                                               5. 2 

𝐶𝑂 𝐻 𝑂 →   𝐻 𝐶𝑂                                                                                                          5. 3 

2𝐻 𝐶𝑂  →   3𝐻 𝐻𝐶𝑂 𝐶𝑂                                                                                5. 4 

𝐶𝑎 𝑂𝐻 𝐻𝐶𝑂  →   𝐶𝑎𝐶𝑂 2𝐻 𝑂                                                                         5. 5 

In the literature, in most cases, Ca(OH)2 is taken as a model of the cement 

paste for investigating the carbonation reaction at the atomistic scale. Allen et 

al. [149] have simulated the effect of water on the carbonation of portlandite 

using the Born model. However, they were not able to study the reaction 
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mechanism in terms of bond formation and bond breaking. Later on, ReaxFF 

has been used by Gale et al. [150] to simulate the dissolution of calcite, 

portlandite and the reactions of carbonic acid formation. The author could not 

study the carbonation of portlandite due to the lack of parameterization of 

calcium (Ca-O, Ca-O-H), which is done by Manzano et al. [151] later. Roberto 

C. Longo et al. have done QM studies (DFT) on the carbonation of wollastonite, 

which shows a barrierless reaction by forming a CO3
2-complex with surface 

oxygen of polysilicate. In the presence of a water monolayer, the carbonation 

of hydroxide is more favorable to procedure CaCO3 instead of forming 

carbosilicate [152]. Funk et al. [14] have elucidated the reaction path of the 

carbonation of portlandite based upon DFT (Eq. 5.6 and 5.7). The results 

explain the water-free and water-assisted reaction pathways in detail and show 

the possibility of carbonation of portlandite at 8% relative humidity, Whereas 

the majority of previous experiments on carbonation of portlandite were done 

at relative humidity higher than 50%.  

𝐶𝑎 𝑂𝐻 𝐶𝑂  →    𝐶𝑎 𝑂𝐻 𝐻𝐶𝑂                                                                             5. 6  

𝐶𝑎 𝑂𝐻 𝐻𝐶𝑂  →     𝐶𝑎𝐶𝑂  𝐻 𝑂                                                                               5. 7 

5.2 Methodology and used equipment 

5.2.1 Carbonation reactor 

For laboratory experiments, a carbonation reactor was used, which had been 

constructed in the department of Structural Materials and Construction 

Chemistry, at the University of Kassel. The plexiglass casing (Fig. 5.2b) has a 

volume of 14 L and can be closed to prevent any exchange of gas with the air. 

That allows for control of the atmospheric composition inside the reactor and 

gives a well-defined carbonation environment. Samples can be placed on a 

grid (Fig.5.2b, no. 8), under which a fan ensures a uniform distribution of 

carbon dioxide in the reactor’s atmosphere. Dry air and carbon dioxide are 

supplied through tubes. Mass flow controllers (Fig. 5.2a, no. 1-3) ensure a well-
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defined mixture of the gaseous components. The first mass flow controller (Fig. 

5.2a, no. 1) is calibrated for carbon dioxide flow. One carbon dioxide sensor 

(AlphaSense NDIR-sensor Pyro-IRC-A1) is at the junction of the tube 

containing the CO2 into the reactor and controls the amount of CO2 streaming 

into the reactor by direct coupling with the respective mass flow controller. A 

second carbon dioxide sensor (behind the plexiglass casing) of the same type 

(Fig. 5.2b) checks the gas leaving the reactor for its CO2 content. Which 

enables the user to compute the CO2 uptake of the sample. The remaining two 

mass flow controllers (Fig. 5.2a, no. 2 and 3) are calibrated for synthetic air. 

One of both controllers directly forwards the air into the reactor through a tube, 

and the other one passes the air into a gas-washing bottle filled with distilled 

water (Fig. 5.2c, no. 5). By sending the air through  a frit into the water for 

maximum saturation with water vapor is ensured. The amount of air being sent 

through this mass flow controller depends on the desired relative humidity for 

the reaction. Both air tubes are united before the air enters the reactor. At the 

junction of the air tubes and the reactor, a sensor (Vaisala HMP110) detects 

the relative humidity. This sensor controls the amount of synthetic air running 

through the gas-washing bottle.  

Figure 5.2: The CO2 reactor. a) a general overview of the whole setup, b) plexiglass 
box, c) gas-washing bottle. 1-3: Mass flow controllers, 4: computer 
controlling the reactor, 5: gas-washing bottle, 6: reactor casing, 7: CO2 
sensor for gas leaving the reactor, 8: sample holder. 
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Figure 5.3: Sketch of the CO2 reactor. This setup allows optimal control of the reactive 
environment. 

This entire setup yields well-defined carbon dioxide concentrations with well-

defined humidity for the reaction. For better control of the environment, 

especially when larger samples are to be investigated this setup was changed 

slightly. We have added a carbon dioxide as well as a relative humidity sensor 

at the exhaust of the apparatus (sketch of the reactor, Fig. 5.3). This allows to 

not only regulate the relative humidity of the gas mixture entering the 

carbonation chamber, but it also makes it possible to control the release or 

absorb more significant amounts of water or carbon dioxide. Without these 

additional sensors, it would neither be possible to detect this nor to change the 

gas mixture accordingly to maintain the desired environment inside the reactor. 

As such, this reactor allows for optimal control of the conditions under which 

carbonation shall be studied.  

5.2.2 Quantitative analysis of portlandite powder by XRD 

The mineral-phases were obtained by XRD (Bruker D4 Endeavor, 40kV, 30 

mA, Cu Kα) and quantified by Rietveld refinements.  
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5.2.3 Scanning electron microscope (SEM) 

QuantaTM 250 FEG (up to 200 nA), measured at low vacuum, 30 KeV, BSE 

and SE detectors.  

5.3 Experimental detail 

5.3.1 Synthesis of single-crystal of portlandite  

Single crystals of portlandite were grown in the lab. About 50 mL of 0.1M CaCl2 

and 50 mL of 0.2M NaOH were taken in separate crystallizing dishes. Both 

dishes were placed into a 1L jar filled with deionized and degassed water. The 

reaction is taking place by the diffusion-controlled process (eq. 10). Finally, the 

reaction jar was sealed to avoid the exchange of atmospheric CO2 to the 

reaction medium for preventing the early carbonation of portlandite. All 

operation was conducted in an inert (Ar) environment (Glovebox).  

𝐶𝑎𝐶𝑙 2𝑁𝑎𝑂𝐻 →   𝐶𝑎 𝑂𝐻 2𝑁𝑎𝐶𝑙                                                                       5. 8 

 

Figure 5.4: Schematic representation of the experimental setup used for the 
synthesis of portlandite single crystals. 
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5.3.2 Characterization of portlandite by SEM and XRD 

Carbonation experiments were executed with 40% relative humidity and 30% 

and 10% CO2. Both, Ca(OH)2 powder and portlandite single crystals were used 

for this. The powder was supplied by Merck and was of the analytical grade of 

purity, with a carbonate content of 0.64%, as verified by quantitative Rietveld 

analysis. The single crystals were grown in the lab, as described in sec. 5.3.1. 

Scanning electron measurements on single crystals were conducted both in 

secondary electron mode (SE) and backscattered electron mode (BSE) before 

and after carbonation with an FEI Quanta 250 FEG for the in low vacuum to 

avoid charging of the not conductive samples. The amount of carbonate was 

quantified by EDX (energy-dispersive X-ray) analysis. All samples were 

preserved in the Vacuum Desiccator (glass). All necessary materials and 

equipment and analyzing software were provided by the department of 

Structural Materials & Construction Chemistry, Faculty 14, University of 

Kassel.  

5.4 Results and discussion 

The DFT studies explain the higher reactivity of (100) surface portlandite 

toward carbonation compared to the (001) surface due to the orientation of the 

OH group on the surface, which leads to the favorable arrangement of 

hydrogen bonds. With this explanation in mind, it is also clear that water will 

add to the reactivity on the surface. As already four water molecules per CO2 

molecule are sufficient, which corresponds to approximately 7.5% relative 

humidity with atmospheric amounts of CO2. In this regime, a surface reaction 

occurs, and no dissolution of ions is necessary, but it should be noticed that at 

least hydroxide is in a state of lesser bonding to the crystal if the (100) surface 

is considered with water. The four water molecules adsorb on the surface in 

both cases, acting as an effective monolayer model for carbon dioxide transfer. 

Further information on the reaction mechanisms is given in recent publications 

[14,153].  
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5.4.1 Carbonation of single crystal of portlandite at 40% RH and CO2 30% 

As the majority of studies on calcium hydroxide carbonation are with relative 

humidity above 50%, the author decided to study what happens at lower 

humidity and to find out when the regime changes from reactions in solution to 

surface reactions. Relative humidity of 40% was applied for the initial testing 

of the modified carbonation reactor. Lower humidity is possible, but the 

conversion of calcium hydroxide to calcium carbonate will take more time if 

lower humidity is applied.  

(a) 

 

(b) 

 

 

(c) 

 

Figure 5.5: (a) SEM image of portlandite single crystal before carbonation, (b) SEM 
image after carbonation at 40% RH, and 30% CO2. (C) Confirmation of 
CaCO3 formation on the surface of portlandite crystal by EDX analysis. 



Experimental analysis of carbonation of portlandite  Chapter 5 

95 

 

By a combined study of both the amount of carbonate in the powder and the 

visibility of carbonate on the crystal, further insight into the necessary amount 

of carbonate needed to create nuclei of at least some 100 nm has (Fig. 5.5b) 

some crystallites can be seen that formed on a flat (100) prism surface. Also, 

bubble structures are seen at the defect kinks. Carbonation was confirmed by 

EDX mapping data. In figure. 5.5c, small bubbles are further studied. Also, 

cracks were seen on the surface, which can be a result of mechanical stress 

from the carbonation on the surface of portlandite. The related mechanism is 

probably the formation of carbonate on the surface, which creates water as a 

by-product. The local concentration of water gets so high during the reaction 

that the size of the water layer is insufficient to take it up. This results in the 

formation of nano- and microdroplets of water, which are sufficient to dissolve 

at least. Hydroxide ions. Therefore, they react with CO2 and started to form 

CaCO3 around the edge of the droplet and slowly it was covered all over the 

droplet, which confirmed the vaterite (metastable CaCO3 polymorph) later on, 

the droplet was combined with the other surrounding droplets and grown a 

larger crystal of calcite (CaCO3) on the surface of the portlandite. The EDX 

analysis confirmed the formation of the CaCO3 crystal on the surface of the 

portlandite single crystal. The density of the calcite (cubic) is higher than the 

hexagonal portlandite, hence crack is formed due to the formation of the 

calcite.  

5.4.2 Carbonation of portlandite powder at 40% RH and 30% of CO2 

The portlandite powder shows a continuous increase in carbonation (Fig. 5.6). 

In an initial period of 12 h, carbonation increases, then the rate flattens at 18 h 

before the second period of exponential growth starts after 18 h. A possible 

explanation for this behavior is that initially, the reaction is driven by chemical 

kinetics, which can be expected to be of the first order. The water forming 

during carbonation covers the surface in a thin layer, which establishes a 

diffusion-controlled regime. As the water layer grows in thickness, diffusion 

takes longer. As the CO2 concentration is very high (30%), the relative humidity 

(with respect to air) in the environment (40%) is mostly consumed to form 

clusters of CO2 and water. These are rather stable and are formed during the 
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mixing of the gases. Which prevents competition. Between water adsorption 

on the crystal and CO2-water cluster formation. Until the water layer reaches 

a specific thickness, approximately 4-7 monolayers diffusion slows down the 

rate of reaction. This period ends when the critical thickness of the water layer 

exists, and ions get dissolved into the water layer. That starts the next 

exponential growth, where reactions occur in solution. Because the layer is still 

thin, now these reactions in solution start under chemical control. As this still 

adds water via the total reaction (Eq. 5.2). The water layer continues to grow, 

and the second regime of diffusional control starts after approximately 18 

hours.  

Figure 5.6: The content of carbonate of calcium hydroxide powder as a function of 
time derived by XRD (Rietveld refinement) in the presence of RH 40% 
CO2 30% at a flow rate of 0.5 L/min. 

Table 5.1: Error calculation of quantitative data for carbonation of portlandite 
at RH 40% and CO2 30%. 

Carbonation time 
(hours) 

Average Increase of 
Carbonation (%) 

Standard deviation 

6 0.07 0.02 

12 9.47 0.53 

18 13.38 0.71 

24 23.27 1.64 
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Table 5.2: Quantitative data derived by the Rietveld refinement of the XRD 
measurements for carbonation of portlandite at RH 40% and CO2 30%. 

5.4.3 Carbonation of portlandite powder at RH-10% and 30% of CO2 

The Portlandite powder shows an increase of carbonation at both RH 40% and 

10% during the 24 hours with 6 hours of the interval at 30% CO2. However, 

the content of carbonate has decreased by about 46%, with decreasing the 

RH from 40% to 10%. In contrast, the carbonation of immobilized surface 

(lower effective surface area) of portlandite increases steadily due to the 

formation of CaCO3 monolayer and followed the diffusion control process at 

RH 10% (Fig. 5.7. gray line). The content of carbonate has decreased by about 

Sample Carbonation 
time 

(hours) 

Quantification by Rietveld analysis 

Portlandite 
Ca(OH)2 

(%) 

Calcite 
CaCO3 

(%) 

Increase of 
carbonate 

(%) 

 Before 

carbonation 

98.90 1.10 -- 

24 h 

Continuous 

76.35 24.70 23.60 

1 6 98.82 1.18 0.08 

12 89.13 10.13 9.03 

18 85.54 14.46 13.36 

24 77.28 22.72 21.62 

2 6 98.83 1.17 0.07 

12 89.58 10.42 9.32 

18 84.80 15.20 14.1 

24 75.01 25.99 24.89 

3 6 98.85 1.15 0.05 

12 88.85 11.15 10.05 

18 86.04 13.96 13.69 

24 75.60 24.40 23.30 
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88% for the sample with an immobilized surface compared to the sample with 

the higher reactive surface area at the same RH 10% and CO2 30%. 

Figure 5.7: The content of carbonate of calcium hydroxide powder as a function of 
time (Rietveld analysis) in the presence of RH 10% CO2 30% at a flow 
rate of 0.5 L/min. 

 

Table 5.3: Error calculation of quantitative data for carbonation of portlandite at RH 
10% and CO2 30%. 

Carbonation time 
(hours) 

Average Increase of 
Carbonation (%) 

Standard deviation 

6 0.21 0.03 

12 0.53 0.17 

18 9.89 0.06 

24 10.77 0.32 
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Table 5.4: Quantitative data derived by the Rietveld refinement of the XRD 
measurements for carbonation of portlandite at RH 10% and CO2 30%. 

 

Table 5.5: Error calculation of quantitative data for carbonation of the immobilized 
surface of portlandite at RH 10% and CO2 30%. 

Carbonation time 
(hours) 

Average Increase of 
Carbonation (%) 

Standard deviation 

6 0.44 0.08 

12 0.53 0.12 

18 1.75 0.14 

24 2.85 0.24 

Sample Carbonation time 
(hours) 

Quantification by Rietveld analysis 

Portlandite 
Ca(OH)2 

(%) 
 

Calcite 
CaCO3 

(%) 

Increase of 
carbonate 

(%) 

 Before 

carbonation 

98.90 1.04 -- 

 24 h Continuous 88.04 24.70 9.82 

1 6 97.72 1.24 0.20 

12 97.20 1.76 0.72 

18 89.13 10.87 9.83 

24 88.44 11.56 10.52 

2 6 98.78 1.22 0.18 

12 98.48 1.52 0.48 

18 89.06 10.94 9.90 

24 88.30 11.70 10.66 

3 6 98.72 1.28 0.24 

12 98.58 1.42 0.38 

18 89.01 10.99 9.95 

24 87.83 12.17 11.13 
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Table 5.6: Error calculation of quantitative data for carbonation of the immobilized 
surface of portlandite at RH 10% and CO2 30%. 

 

Sample Carbonation time 
(hours) 

Quantification by Rietveld analysis 

Portlandite 
Ca(OH)2 

(%) 
 

Calcite 
CaCO3 

(%) 

Increase of 
carbonate 

(%) 

 Before 

carbonation 

98.90 1.04  

 24 h Continuous    

1 6 98.56 1.42 0.38 

12 98.43 1.57 0.53 

18 97.36 2.64 1.60 

24 96.27 3.73 2.69 

2 6 98.56 1.44 0.40 

12 98.32 1.68 0.64 

18 97.22 2.74 1.78 

24 96.22 3.78 2.74 

3 6 98.43 1.57 0.53 

12 98.20 1.80 0.76 

18 97.08 2.92 1.88 

24 95.83 4.17 3.13 
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 Conclusion and Recommendations 

6.1 Conclusion 

The foremost objective of this thesis was the depth understanding of the early 

hydration mechanism of portland cement clinkers focused on the C3S and C2S 

as well as the carbonation mechanism of the portlandite at controlled humid 

condition by the combinational approach of atomistic simulation and laboratory 

experiments. This thesis explores the potential of ReaxFF, coupled with the 

metaD modeling approach to understand the early hydration mechanism. 

Previous studies show the great potential of ReaxFF to study the interaction 

of water with the clinker surfaces. However, reaction pathways could not be 

calculated due to the lack of appropriate technique. In this research, metaD 

was successfully combined with the ReaxFF and expand its ability to 

investigate the reaction path, including TS. 

Furthermore, seven research questions were set to achieve the main goal. 

Among them, the first two were regarding the elucidation of the dissolution 

mechanism as well as the reactivity of different surfaces of C3S and C2S during 

the early hydration. Those are successfully investigated using the coupled 

modeling approach. Considering the thermodynamic properties, the following 

reactivity scales for C3S and C2S are proposed. 

Overall reactivity scale 

of different surfaces of 

C3S 

Overall reactivity scale 

of different surfaces of 

C2S 
 

The results for C3S dissolution can be summarized as (100), (101), (011) and 

(011) surfaces being reactive and thermodynamically favorable toward 

hydration at 298 K. Besides, they also have indicated the air void formation as 
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a result of their strong interaction with water, which initiates the capillary pore 

formation. Moreover, the water tessellation was a reason for lower reactivity of 

(001), (010) and 110  surfaces of C3S during hydration. The results 

complement the work of Manzano et al. [11] Since the dissolution mechanism 

of Ca is the entropy-driven process. Therefore, with increasing the 

temperature, the dissolution of Ca becomes easier for reactive (i.e.100) 

surface and harder for the less reactive surface (i.e. 001). Additionally, among 

the surfaces of C2S, (100), (101), (110), (110), and (001) are found reactive. 

However, the reactivity is comparatively lower than the C3S surfaces due to its 

compact crystal structure and absence of free oxygen, which supports the DFT 

studies by E. Durgun et al. [106],. Therefore, no air void was observed after 

600 picoseconds of hydration. In contrast, (010) and (011) are less reactive, 

and the similar water tessellation process preserved the crystalline order of 

surfaces inhibiting Ca dissolution. Moreover, the identical modeling approach 

was applied to investigate the leaching mechanism of Ca from the C-S-H. Two 

different cases were studied to analyze the leaching of Ca from three different 

layers of C-S-H. First, removing Ca individually and second, one by one 

approach. According to the results, a hypothesis is made where the leaching 

of Ca from the bottom layer becomes easier by reason of the channel created 

by the displaced Ca from the upper layers. 

Furthermore, the third, fourth, and fifth research questions were concerning 

the polymerization mechanism (the building block of C-S-H gel) during the 

induction and slow reaction period of hydration. The MD simulation using 

ReaxFF and metaD have addressed every part of it successfully. The 

dimerization of silicate follows the same mechanism, as explained in the 

literature [135]. Additionally, the barrierless reaction at RT indicates the 

possibility of dimer formation during the dormant period, which supports the 

experimental studies of Bellmann et al. [39]. Besides, the probability of dimer 

formation decreases (due to increasing the activation barrier) with increasing 

the Ca concentration. The result supports many experimental observations. 

Additionally, by comparing the dimerization on the surface of C3S, the possible 

mechanism can be stated as, at 298 K dimerization of silicate occurs in solution 
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followed by precipitation on the clinker surface, however, at high temperature 

(323K), both processes can occur at the same time, which might influence the 

faster nucleation and growth during the acceleration period. However, further 

study is required. The tri- and pentamerization are not favorable in pore 

solution at 298 K. The result supports the experiment, where only Q1 species 

(dimer) are found during the early stage. Further studies are required by 

varying the Ca/Si ratio and temperature. Moreover, the barrierless dimerization 

of alumino-silicate at a higher temperature (323K) indicates the possibility of 

aluminate incorporation during the pre-induction and acceleration periods. 

The last two research questions are related to the experimental part of the 

thesis, which explores the potential of the carbonation reactor to study the 

carbonation mechanism of portlandite single crystal and powder sample under 

controlled humid condition (low relative humidity, i.e. RH < 50%). Besides, the 

carbonation reactor optimized for these experimental investigations, which 

were supported by DFT computations. The single crystal of portlandite was 

synthesized and studied the carbonation on different surfaces. The results 

show the calcite nuclei formation as expected. However, they also have shown 

a clear indication of metastable vaterite formation (a polymorph of CaCO3 

confirmed by the EDX mapping) during the carbonation, which is transformed 

into calcite later on. This metastable variant did not appear at a higher relative 

humidity (RH> 50%). Two cycles of a change of regime from chemical control 

to diffusional control of carbonation were observed within the first 24 h of 

carbonation of portlandite powder, which allowed the conclusion that the first 

cycle of chemical and diffusional control belongs to reactions in the surface, 

whereas the second cycle belongs to reactions in solution. Thus, the end of 

the first regime of diffusional control marks a transition from a surface reaction 

to a reaction in solution. Although, the carbonation at RH 10% is significantly 

slower compared to RH 40%, however, the results validate the DFT 

computations [14] explained this behavior for very low humidity (RH 8% is 

sufficient). 
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6.2 Limitation 

Even though this research work is delivered new insight into the early hydration 

and carbonation mechanism. However, this study has some limitations too. 

1. Since this research is done using atomistic modeling methods, the kinetics 

of the reaction might not be comparable with the experimental results 

directly. Therefore, upscaling is required. 

2. The ReaxFF depends on the parameter set derived by QM (DFT) 

calculation. Consequently, the accuracy also depends on the training set of 

DFT studies. 

3. The computational resource was limited. The entire research is done using 

a limited number of nodes (24) in the high-performance computer. As a 

result, most of the time, the waiting period was longer than expected, which 

influences the total duration of the research. 

4. Cement hydration is a highly complex system. This project could not cover 

all the research questions due to the limitation of time and scale of the 

applied method. 

5. The portlandite powder sample was not 100% chemically pure used for the 

carbonation experiments. 

6.3 Recommendations and Future research  

The atomistic simulation is a relatively smaller scale to compare with the 

experimental results in terms of calculating the hydration kinetics. Therefore, 

upscaling is required and could be done by transferring the parameter (rate 

constant calculated using transition state theory) calculated by the atomistic 

scale to the nano or sub-micro scale kinetic Monte Carlo method (kMC) to 

micro-scale Boundary Nucleation and growth (BNG) that validate the 

experimental results. 

𝜅  
𝑘 𝑇
ℎ

 𝑒𝑥𝑝
∆⧧
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Where kB is the Boltzmann constant, h Planck’s constant, ∆⧧G is the free 

energy of activation calculated from metadynamics simulation 𝑅 is the gas 

constant, and T is the temperature. The ReaxFF and metaD have shown great 

potential to explain new insight into the early hydration of cement clinkers. 

However, further research needs to be done to investigate the complete 

hydration mechanism. Therefore, the following research aspects are 

recommended. 

1. The upscaling approach could be applied to calculate the rate of 

dissolution of cement clinkers (C3S, C2S) for validating the slow 

dissolution step hypothesis during the early hydration. 

2. Polymerization mechanism of alumino-silicate by incorporating the 

Al(OH)4
-  at different positions (Q1, Q2, Q3) of the pentameric chain. 

3. Homogeneous nucleation of C-S-H under the influence of 

supersaturation and the external parameters (i.e. Ca/Si ratio, 

temperature, pH and concentration of sodium). 

4. Heterogeneous nucleation of C-S-H on the different surfaces of clinkers 

(C3S, C2S), and on the by-products (calcite, portlandite, ettringite etc.) 

formed during hydration.  

5. Both homogeneous and heterogeneous nucleation of C-S-H could be 

upscaled using kMC and BNG models. 

6. Moreover, This combined modeling approach (ReaxFF+metaD) can be 

used for other binder system i.e. gypsum using the ettringite parameter 

set developed for ReaxFF.  

Furthermore, this thesis is expected to be a solid starting point of above 

mentioned future research. The combination of ReaxFF and metaD is well 

established, which could follow to investigate the hydration mechanism of 

cementitious material.  

. 
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Appendices 

A 1. LAMMPS 

LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator) is a 

molecular dynamics program used for atomistic simulation [154]. LAMMPS is 

very efficient in parallel computing, and it uses a special decomposition 

technique where the simulation domain is partitioned to 3D small domains, and 

the atoms are distributed equally to all processors used for simulation. The 

equal task for each processor saves simulation time as it avoids latency. Figure 

A1 explains the efficient partition of simulation domains in LAMMPS. The latest 

version of LAMMPS (Fig. A1c) is more time-efficient because the atoms are 

equally distributed to all processors. In contrast, the older version (Fig. A1a 

and b) consist of some processors empty, and the rest of them distributed 

asymmetrically by atoms, which make them time-consuming and less efficient. 

In this research, the latest version of LAMMPS program is used. ReaxFF is 

already implemented in LAMMPS and used as it is. 

 
(a) (b) (c) 

Figure A1: Partition of the simulation domain to the small domain in the LAMMPS 
program. 

A 2. Integration Algorithm 

Many algorithms have been developed over the decades to integrate Newton´s 

equation of motion. In classical mechanics, the total energy of the system can 

be expressed by the Hamiltonian function in terms of ionic position (Ri) and 
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momenta (Pi) of the total atoms. Moreover, Newton´s equation of motion can 

be derived from the Hamiltonian Where R⃗i and P⃗i are represents the time 

derivative of position and momentum, respectively. The forces acting between 

the atoms are calculated from the total reactive inter-atomic potential.  

 

 

1. Euler method 

Taylor expansion for particle position and velocity at time t+Δt with truncation 

after first term: 

𝑅 𝑡 ∆𝑡 𝑅 𝑡 𝑉 𝑡 ∆𝑡 𝑂 ∆𝑡  

𝑉 𝑡 ∆𝑡 𝑉 𝑡 𝑎 𝑡 ∆𝑡 𝑂 ∆𝑡  

This method has some limitations. It is a first-order method, the local error 

scales with the square of the time step. Therefore, the global error is larger. 

Besides, it is not time-reversible as well. Hence, MD codes are not used the 

Euler method due to its inefficiency 

2. Leap-frog method 

This method minimizes some of the error presents in the Euler method by 

calculating velocities at ½ time steps. It is a second-order method.  
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𝑉 𝑡
∆𝑡
2

𝑉 𝑡
∆𝑡
2

𝑎 𝑡 ∆𝑡 

𝑅 𝑡 ∆𝑡 𝑅 𝑡 𝑉 𝑡
∆𝑡
2

 

3. The Verlet algorithm 

Taylor expansion for particle position at time t+Δt 

𝑅 𝑡 ∆𝑡 𝑅 𝑡 𝑉 𝑡 ∆𝑡
1
2
𝑎 𝑡 ∆𝑡

1
6

 
𝛿 𝑅
𝛿𝑡

∆𝑡  𝑂 ∆𝑡  

Taylor expansion for particle position at time t-Δt 

𝑅 𝑡 ∆𝑡 𝑅 𝑡 𝑉 𝑡 ∆𝑡
1
2
𝑎 𝑡 ∆𝑡

1
6

 
𝛿 𝑅
𝛿𝑡

∆𝑡  𝑂 ∆𝑡  

Sum of two-equation 

𝑅 𝑡 ∆𝑡 2𝑅 𝑡 𝑅 𝑡 ∆𝑡 𝑎 𝑡 ∆𝑡 𝑂 ∆𝑡   

The main advantage of this method is its simplicity. Moreover, it also 

converses energy, and no velocities are needed for the computation of the new 

positions. However, if velocity is needed (for example, velocity-dependent 

forces or the determination of the system temperature), it can be derived by 

subtracting two equations. 

𝑅 𝑡 ∆𝑡 𝑅 𝑡 ∆𝑡 2𝑉 𝑡 ∆𝑡 𝑂 ∆𝑡   

𝑉 𝑡
𝑅 𝑡 ∆𝑡 𝑅 𝑡 ∆𝑡

2∆𝑡
𝑂 ∆𝑡  

However, it has some major drawbacks. The difference between the large 

numbers can lead to the finite precision issue. Besides, the velocity is 

calculated based on the difference between the position at t+δt vs t-δt (velocity 

extension). Therefore, no instantaneous velocity/ temperature and required a 

new position before velocity.  
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4. The Velocity Verlet algorithm 

In order to solve this problem, The velocity verlet algorithm is frequently used 

to calculate the trajectories of particles in MD simulation. It is more efficient 

than the Euler integration methods. For MD simulation  

𝑅  𝑡 ∆𝑡  𝑅 𝑡 𝑉 𝑡 ∆𝑡
1

2𝑚
 𝐹 𝑡 ∆𝑡 𝑂 ∆𝑡  

𝑉  𝑡 ∆𝑡  𝑉 𝑡
1

2𝑚
 𝐹 𝑡 𝐹 𝑡 ∆𝑡 ∆𝑡 𝑂 ∆𝑡  

A 3. Radial distribution function 

The radial distribution function (RDF) denoted in equations by g(r) defines 

the probability of finding a particle at a distance r from another particle selected 

as a center. The RDF is strongly dependent on the type of matter so that it will 

vary for solids, gases, and liquids. Besides, The average density at any point 

in a liquid is referred to as the bulk density, ρ. This density is always the same 

for a given liquid. The density of the liquid at a given distance of r from another 

molecule is referred to as the local density, ρ(r), and is dependent on the 

structure of the liquid. 

The radial distribution function can be expressed by the following equation: 

𝑔 𝑟
1
𝑁

 
𝑑𝑛

4𝜋𝑟 𝑑𝑟 𝜌
 

Where dnr is a function that computes the number of particles within a shell 

of thickness dr. The pair correlation function g(r).is relates to the bulk density 

to local density by the following expression. 

𝜌 𝑟  𝜌 𝑔 𝑟  
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(a) (b) (c) 

Figure A3: The illustration of the radial distribution function. RDF for the Si-O (b) of 
crystalline quartz and (c) amorphous quartz at 298K. The distance is 
shown in Å (10-10 m). 

The coordination number can be calculated from RDF. Usually, it indicates 

how many molecules are found in the range of each coordination sphere. 

Integrating g(r) in spherical coordinates to the first minimum of the RDF will 

give the coordination number of that molecule. The coordination number 

calculation can be expressed as  

𝑛 𝑟 4𝜋𝜌 𝑔 𝑟 𝑟 𝑑𝑟 

A 4. Simulation condition 

simulation_name Test ! output files will carry this name + their 

specific ext 
tabulate_long_range 10000 ! denotes the granularity of long-range 

tabulation, 0 means no tabulation 

energy_update_freq 1 !  
nbrhood_cutoff 4.5 ! near neighbors cutoff for bond 

calculations in A 

hbond_cutoff 6.0 ! cutoff distance for hydrogen bond 
interactions 

bond_graph_cutoff 0.3 ! bond strength cutoff for bond graphs 

thb_cutoff 0.001 ! cutoff value for three body interactions 

  !  
write_freq 10000 ! write trajectory after so many steps 

traj_title Test ! (no white spaces) 
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A 5. ReaxFF parameter 

Reactive MD-force field: Water/Ca/Si/Al/S  October 2014              
 39       ! Number of general parameters                             
   50.0000 !Overcoordination parameter             
    9.5469 !Overcoordination parameter             
   26.5405 !Valency angle conjugation parameter    
    1.7224 !Triple bond stabilisation parameter    
    6.8702 !Triple bond stabilisation parameter    
   60.4850 !C2-correction                          
    1.0588 !Undercoordination parameter            
    4.6000 !Triple bond stabilisation parameter    
   12.1176 !Undercoordination parameter            
   13.3056 !Undercoordination parameter            
  -70.5044 !Triple bond stabilization energy       
    0.0000 !Lower Taper-radius                     
   10.0000 !Upper Taper-radius                     
    2.8793 !Not used                               
   33.8667 !Valency undercoordination              
    6.0891 !Valency angle/lone pair parameter      
    1.0563 !Valency angle                          
    2.0384 !Valency angle parameter                
    6.1431 !Not used                               
    6.9290 !Double bond/angle parameter            
    0.3989 !Double bond/angle parameter: overcoord 
    3.9954 !Double bond/angle parameter: overcoord 
   -2.4837 !Not used                               
    5.7796 !Torsion/BO parameter                   
   10.0000 !Torsion overcoordination               
    1.9487 !Torsion overcoordination               
   -1.2327 !Conjugation 0 (not used)               
    2.1645 !Conjugation                            
    1.5591 !vdWaals shielding                      
    0.1000 !Cutoff for bond order (*100)           
    2.1365 !Valency angle conjugation parameter    
    0.6991 !Overcoordination parameter             
   50.0000 !Overcoordination parameter             
    1.8512 !Valency/lone pair parameter            
    0.5000 !Not used                               
   20.0000 !Not used                               
    5.0000 !Molecular energy (not used)            
    0.0000 !Molecular energy (not used)            
    2.6962 !Valency angle conjugation parameter    
  8    ! Nr of atoms; cov.r; valency;a.m;Rvdw;Evdw;gammaEEM;cov.r2;# 
            alfa;gammavdW;valency;Eunder;Eover;chiEEM;etaEEM;n.u.    
            cov r3;Elp;Heat inc.;n.u.;n.u.;n.u.;n.u.                 
            ov/un;val1;n.u.;val3,vval4                               
 C    1.3817   4.0000  12.0000   1.8903   0.1838   0.9000   1.1341   4.0000 
      9.7559   2.1346   4.0000  34.9350  79.5548   5.9666   7.0000   0.0000 

atom_info 1 ! 0: no atom info, 1: print basic atom info 
in the trajectory file 

atom_forces 1 ! 0: basic atom format, 1: print force on 

each atom in the trajectory file 
atom_velocities 0 ! 0: basic atom format, 1: print the velocity 

of each atom in the trajectory file 
bond_info 1 ! 0: do not print bonds, 1: print bonds in 

the trajectory file 
angle_info 1 ! 0: do not print angles, 1: print angles in 

the trajectory file 
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      1.2114   0.0000 202.5551   8.9539  34.9289  13.5366   0.8563   0.0000 
     -2.8983   2.5000   1.0564   4.0000   2.9663   0.0000   0.0000   0.0000 
 H    0.8930   1.0000   1.0080   1.3550   0.0930   0.8203  -0.1000   1.0000 
      8.2230  33.2894   1.0000   0.0000 121.1250   3.7248   9.6093   1.0000 
     -0.1000   0.0000  61.6606   3.0408   2.4197   0.0003   1.0698   0.0000 
    -19.4571   4.2733   1.0338   1.0000   2.8793   0.0000   0.0000   0.0000 
 O    1.2450   2.0000  15.9990   2.3890   0.1000   1.0898   1.0548   6.0000 
      9.7300  13.8449   4.0000  37.5000 116.0768   8.5000   8.3122   2.0000 
      0.9049   0.4056  59.0626   3.5027   0.7640   0.0021   0.9745   0.0000 
     -3.5500   2.9000   1.0493   4.0000   2.9225   0.0000   0.0000   0.0000 
 Ca   1.9535   2.0000  40.0870   2.7142   0.1886   1.0000   1.0000   2.0000 
     10.5235  27.5993   3.0000  38.0000   0.0000  -1.7130   6.5096   0.0000 
     -1.3000   0.0000 220.0000  49.9248   0.3370   0.0000   0.0000   0.0000 
     -2.0000   3.8301   1.0564   8.0000   2.9663   0.0000   0.0000   0.0000 
 Si   2.1932   4.0000  28.0600   1.8951   0.1737   0.5947   1.2962   4.0000 
     11.3429   5.2054   4.0000  21.7115 139.9309   4.2033   5.5558   0.0000 
     -1.0000   0.0000 128.2031   9.0751  23.8188   0.8381   0.8563   0.0000 
     -4.1684   2.0754   1.0338   4.0000   2.5791   1.4000   0.2000  13.0000 
 Al   2.1967   3.0000  26.9820   2.3738   0.2328   0.4265  -1.6836   3.0000 
      9.4002   3.9009   3.0000   0.0076  16.5151   1.7429   6.8319   0.0000 
     -1.0000   0.0000  78.4675  20.0000   0.2500   0.0000   0.8563   0.0000 
    -22.7101   1.7045   1.0338   8.0000   2.5791   0.0000   0.0000   0.0000 
 S    1.9405   2.0000  32.0600   2.0677   0.2099   1.0336   1.5479   6.0000 
      9.9575   4.9055   4.0000  52.9998 112.1416   5.8284   8.2545   2.0000 
      1.4601   9.7177  71.1843   5.7487  23.2859  12.7147   0.9745   0.0000 
    -11.0000   2.7466   1.0338   6.2998   2.8793   0.0000   0.0000   0.0000 
 X   -0.1000   2.0000   1.0080   2.0000   0.0000   1.0000  -0.1000   6.0000 
     10.0000   2.5000   4.0000   0.0000   0.0000   8.5000   1.5000   0.0000 
     -0.1000   0.0000  -2.3700   8.7410  13.3640   0.6690   0.9745   0.0000 
    -11.0000   2.7466   1.0338   2.0000   2.8793   0.0000   0.0000   0.0000 
 27      ! Nr of bonds; Edis1;LPpen;n.u.;pbe1;pbo5;13corr;pbo6       
                         pbe2;pbo3;pbo4;n.u.;pbo1;pbo2;ovcorr        
  1  1 158.2004  99.1897  78.0000 -0.7738 -0.4550  1.0000  37.6117 0.4147 
         0.4590  -0.1000   9.1628  1.0000 -0.0777  6.7268   1.0000 0.0000 
  1  2 169.4760   0.0000   0.0000 -0.6083  0.0000  1.0000   6.0000 0.7652 
         5.2290   1.0000   0.0000  1.0000 -0.0500  6.9136   0.0000 0.0000 
  2  2 153.3934   0.0000   0.0000 -0.4600  0.0000  1.0000   6.0000 0.7300 
         6.2500   1.0000   0.0000  1.0000 -0.0790  6.0552   0.0000 0.0000 
  1  3 158.6946 107.4583  23.3136 -0.4240 -0.1743  1.0000  10.8209 1.0000 
         0.5322  -0.3113   7.0000  1.0000 -0.1447  5.2450   0.0000 0.0000 
  3  3 142.2858 145.0000  50.8293  0.2506 -0.1000  1.0000  29.7503 0.6051 
         0.3451  -0.1055   9.0000  1.0000 -0.1225  5.5000   1.0000 0.0000 
  2  3 160.0000   0.0000   0.0000 -0.5725  0.0000  1.0000   6.0000 0.5626 
         1.1150   1.0000   0.0000  1.0000 -0.0920  4.2790   0.0000 0.0000 
  2  4   0.0000   0.0000   0.0000 -0.0203 -0.1418  1.0000  13.1260 0.0230 
         8.2136  -0.1310   0.0000  1.0000 -0.2692  6.4254   0.0000  
24.4461   
  3  4  49.2298   0.0000  43.3991  0.9186 -0.3000  1.0000  36.0000 0.0025 
         0.8319  -0.2500  12.0000  1.0000 -0.0569  9.1331  1.0000 24.4461 
  4  4  39.2866   0.0000   0.0000 -0.2437 -0.2000  0.0000  16.0000 0.3235 
         0.1112  -0.2000  10.0000  1.0000 -0.0806  4.1233   0.0000 0.0000 
  2  5 250.0000   0.0000   0.0000 -0.7128  0.0000  1.0000   6.0000 0.1186 
        18.5790   1.0000   0.0000  1.0000 -0.0731  7.4983   0.0000 0.0000 
  3  5 274.8339   5.0000   0.0000 -0.5884 -0.3000  1.0000  36.0000 0.2131 
         9.9772  -0.2572  28.8153  1.0000 -0.1130  8.4790   6.0658 0.0000 
  4  5   0.0000   0.0000   0.0000  0.5000 -0.3000  1.0000  16.0000 0.5000 
         0.5000  -0.2500  15.0000  1.0000 -0.1000  9.0000   0.0000 0.0000 
  5  5  70.9120  54.0531  30.0000  0.4931 -0.3000  1.0000  16.0000 0.0392 
         0.2476  -0.8055   7.1248  1.0000 -0.1009  8.7229  0.0000  0.0000 
  1  6   0.0000   0.0000   0.0000 -0.6528 -0.3000  0.0000  36.0000 0.5000 
        10.0663  -0.3500  25.0000  1.0000 -0.1000 10.0000   0.0000 0.0000 
  1  4   0.0000   0.0000   0.0000 -0.6528 -0.3000  0.0000  36.0000 0.5000 
        10.0663  -0.3500  25.0000  1.0000 -0.1000 10.0000   0.0000 0.0000 
  2  6  92.8579   0.0000   0.0000 -0.6528 -0.3000  0.0000  36.0000 0.1551 
        10.0663  -0.3500  25.0000  1.0000 -0.3842 13.1758   0.0000 0.0000 
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  3  6 227.9327   0.0000   0.0000 -0.8375 -0.3000  0.0000  36.0000 0.1286 
         0.3686  -0.3500  25.0000  1.0000 -0.1740  5.2057   0.0000 0.0000 
  4  6   0.0000   0.0000   0.0000  1.0000  0.3000  0.0000  26.0000 1.0000 
         0.5000   0.0000  12.0000  1.0000 -0.2000 10.0000   0.0000 0.0000 
  5  6   0.0000   0.0000   0.0000  1.0000  0.3000  0.0000  26.0000 1.0000 
         0.5000   0.0000  12.0000  1.0000 -0.2000 10.0000   0.0000 0.0000 
  6  6  34.0777   0.0000   0.0000  0.4832 -0.3000  0.0000  16.0000 0.5154 
         6.4631  -0.4197  14.3085  1.0000 -0.1463  6.1608   0.0000 0.0000 
  1  7 128.7959  56.4134  39.0716  0.0688 -0.4463  1.0000  31.1766 0.4530 
         0.1955  -0.3587   6.2148  1.0000 -0.0770  6.6386   1.0000 0.0000 
  2  7 136.1049   0.0000   0.0000 -0.4669  0.0000  1.0000   6.0000 0.3803 
        10.5730   1.0000   0.0000  1.0000 -0.1000  7.0000   1.0000 0.0000 
  3  7 161.0562 220.0000  40.0000  0.6070 -0.2406  1.0000  22.1005 0.2476 
         0.7150  -0.2741   8.3216  1.0000 -0.1109  5.4501   1.0000 0.0000 
  4  7   0.0000   0.0000   0.0000  0.5000 -0.5000  1.0000  50.0000 0.6000 
         0.5000  -0.2500  10.0000  1.0000 -0.2000 10.0000   1.0000 0.0000 
  5  7   0.0000   0.0000   0.0000  0.5000 -0.5000  1.0000  50.0000 0.6000 
         0.5000  -0.2500  10.0000  1.0000 -0.2000 10.0000   1.0000 0.0000 
  6  7   0.0000   0.0000   0.0000  0.5000 -0.5000  1.0000  50.0000 0.6000 
         0.5000  -0.2500  10.0000  1.0000 -0.2000 10.0000   1.0000 0.0000 
  7  7  96.1871  93.7006  68.6860  0.0955 -0.4781  1.0000  17.8574 0.6000 
         0.2723  -0.2373   9.7875  1.0000 -0.0950  6.4757   1.0000 0.0000 
 15    ! Nr of off-diagonal terms; Ediss;Ro;gamma;rsigma;rpi;rpi2    
  1  2   0.1239   1.4004   9.8467   1.1210  -1.0000  -1.0000 
  2  3   0.0283   1.2885  10.9190   0.9215  -1.0000  -1.0000 
  1  3   0.1156   1.8520   9.8317   1.2854   1.1352   1.0706 
  2  4   0.0100   1.6000  13.2979  -1.0000  -1.0000  -1.0000 
  3  4   0.1054   1.7539  12.0932   1.8770  -1.0000  -1.0000 
  2  5   0.2000   1.5207  12.9535   1.2125  -1.0000  -1.0000 
  3  5   0.1836   1.9157  10.9070   1.7073   1.2375  -1.0000 
  4  5   0.1000   1.9000  11.0000  -1.0000  -1.0000  -1.0000 
  1  6   0.2000   1.9000  12.0000  -1.0000  -1.0000  -1.0000 
  2  6   0.0564   1.4937  12.0744   1.7276  -1.0000  -1.0000 
  3  6   0.1745   1.8928  11.2476   1.5382  -1.0000  -1.0000 
  5  6   0.0295   1.5025  11.8687  -1.0000  -1.0000  -1.0000 
  1  7   0.1408   1.8161   9.9393   1.7986   1.3021   1.4031 
  2  7   0.0895   1.6239  10.0104   1.4640  -1.0000  -1.0000 
  3  7   0.2047   1.7931  10.2391   1.4608   1.3987  -1.0000 
 61    ! Nr of angles;at1;at2;at3;Thetao,o;ka;kb;pv1;pv2             
  1  1  1  59.0573  30.7029   0.7606   0.0000   0.7180   6.2933   1.1244 
  1  1  2  65.7758  14.5234   6.2481   0.0000   0.5665   0.0000   1.6255 
  2  1  2  70.2607  25.2202   3.7312   0.0000   0.0050   0.0000   2.7500 
  1  2  2   0.0000   0.0000   6.0000   0.0000   0.0000   0.0000   1.0400 
  1  2  1   0.0000   3.4110   7.7350   0.0000   0.0000   0.0000   1.0400 
  2  2  2   0.0000  27.9213   5.8635   0.0000   0.0000   0.0000   1.0400 
  1  1  3  49.6811   7.1713   4.3889   0.0000   0.7171  10.2661   1.0463 
  3  1  3  77.7473  40.1718   2.9802 -25.3063   1.6170 -46.1315   2.2503 
  2  1  3  65.0000  13.8815   5.0583   0.0000   0.4985   0.0000   1.4900 
  1  3  1  73.5312  44.7275   0.7354   0.0000   3.0000   0.0000   1.0684 
  1  3  3  79.4761  36.3701   1.8943   0.0000   0.7351  67.6777   3.0000 
  3  3  3  80.7324  30.4554   0.9953   0.0000   1.6310  50.0000   1.0783 
  1  3  2  70.1880  20.9562   0.3864   0.0000   0.0050   0.0000   1.6924 
  2  3  3  75.6935  50.0000   2.0000   0.0000   1.0000   0.0000   1.1680 
  2  3  2  85.8000   9.8453   2.2720   0.0000   2.8635   0.0000   1.5800 
  1  2  3   0.0000  25.0000   3.0000   0.0000   1.0000   0.0000   1.0400 
  3  2  3   0.0000  15.0000   2.8900   0.0000   0.0000   0.0000   2.8774 
  2  2  3   0.0000   8.5744   3.0000   0.0000   0.0000   0.0000   1.0421 
  3  4  3   1.1001   4.9610   2.2118   0.0000   0.7118   0.0000   1.2337 
  4  3  4   2.8736   5.1092   1.8311   0.0000   1.5359   0.0000   1.8829 
  2  3  4  42.2769   2.8497   0.2663   0.0000   0.4192   0.0000   1.0000 
  3  3  4  70.0000  25.0000   1.0000   0.0000   1.0000   0.0000   1.2500 
  5  5  5  78.5339  36.4328   1.0067   0.0000   0.1694   0.0000   1.6608 
  2  5  5  77.2616   5.0190   7.8944   0.0000   4.0000   0.0000   1.0400 
  2  5  2  75.7983  14.4132   2.8640   0.0000   4.0000   0.0000   1.0400 
  3  5  5  86.3294  18.3879   5.8529   0.0000   1.7361   0.0000   1.2310 
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  2  5  3  73.6998  40.0000   1.8782   0.0000   4.0000   0.0000   1.1290 
  3  5  3  79.5581  34.9140   1.0801   0.0000   0.1632   0.0000   2.2206 
  5  3  5  82.3364   4.7350   1.3544   0.0000   1.4627   0.0000   1.0400 
  2  3  5  90.0000   6.6857   1.6689   0.0000   2.5771   0.0000   1.0400 
  3  3  5  92.1207  24.3937   0.5000   0.0000   1.7208   0.0000   3.0000 
  2  2  5   0.0000  47.1300   6.0000   0.0000   1.6371   0.0000   1.0400 
  5  2  5   0.0000  27.4206   6.0000   0.0000   1.6371   0.0000   1.0400 
  3  2  5   0.0000   5.0000   1.0000   0.0000   1.0000   0.0000   1.2500 
  3  2  6   0.0000   4.2750   1.0250   0.0000   1.3750   0.0000   1.4750 
  2  2  6   0.0000   3.0000   1.0000   0.0000   1.0000   0.0000   1.2500 
  6  2  6   0.0000  20.2391   0.1328   0.0000   2.9860   0.0000   1.0870 
  2  3  6  90.0000  19.7491   1.8227   0.0000   1.0000   0.0000   2.5337 
  3  3  6  34.4326  25.9544   5.1239   0.0000   2.7500   0.0000   1.7141 
  6  3  6  23.7270  19.5973   4.0000   0.0000   0.6619   0.0000   1.9380 
  2  6  2  67.4229   4.5148   5.9702   0.0000   3.0000   0.0000   2.6879 
  2  6  3  41.8108  17.3800   2.6618   0.0000   0.7372   0.0000   1.0100 
  3  6  3  54.0864   9.7594   1.9476   0.0000   3.0000   0.0000   1.4400 
  2  6  6  78.2279  37.6504   0.4809   0.0000   1.0000   0.0000   2.9475 
  5  3  6  15.7093   0.0100   2.7033   0.0000   1.0000   0.0000   1.0000 
  3  5  6  88.2703   0.3954   0.2500   0.0000   0.5000   0.0000   2.1060 
  3  6  5  83.8306   0.3712   0.2500   0.0000   0.5000   0.0000   2.1153 
  1  1  7  74.4180  33.4273   1.7018   0.1463   0.5000   0.0000   1.6178 
  1  7  1  79.7037  28.2036   1.7073   0.1463   0.5000   0.0000   1.6453 
  2  1  7  63.3289  29.4225   2.1326   0.0000   0.5000   0.0000   3.0000 
  1  7  2  85.9449  38.3109   1.2492   0.0000   0.5000   0.0000   1.1000 
  1  7  7  85.6645  40.0000   2.9274   0.1463   0.5000   0.0000   1.3830 
  2  7  2  83.8555   5.1317   0.4377   0.0000   0.5000   0.0000   3.0000 
  2  7  7  97.0064  32.1121   2.0242   0.0000   0.5000   0.0000   2.8568 
  3  7  3  81.7931  31.2043   6.5492  -4.4116   2.6067   0.0000   3.0000 
  1  7  3  70.0000  35.0000   3.4223   0.0000   1.3550   0.0000   1.2002 
  1  3  7  57.3353  41.0012   1.0609   0.0000   1.3000   0.0000   3.0000 
  3  3  7  83.9753  31.0715   3.5590   0.0000   0.8161   0.0000   1.1776 
  2  3  7  90.0000  17.5000   3.5000   0.0000   2.0000   0.0000   2.2501 
  4  3  6  74.9672  11.7556   5.0000   0.0000   0.3509   0.0000   2.0116 
  4  3  7 114.2370  19.7117   0.5240   0.0000   3.0000   0.0000   0.8335 
 28    ! Nr of torsions;at1;at2;at3;at4;;V1;V2;V3;V2(BO);vconj;n.u;n 
  1  1  1  1  -0.2500  34.7453   0.0288  -6.3507  -1.6000   0.0000   0.0000 
  1  1  1  2  -0.2500  29.2131   0.2945  -4.9581  -2.1802   0.0000   0.0000 
  2  1  1  2  -0.2500  31.2081   0.4539  -4.8923  -2.2677   0.0000   0.0000 
  1  1  1  3  -0.3495  22.2142  -0.2959  -2.5000  -1.9066   0.0000   0.0000 
  2  1  1  3   0.0646  24.3195   0.6259  -3.9603  -1.0000   0.0000   0.0000 
  3  1  1  3  -0.5456   5.5756   0.8433  -5.1924  -1.0180   0.0000   0.0000 
  1  1  3  1   1.7555  27.9267   0.0072  -2.6533  -1.0000   0.0000   0.0000 
  1  1  3  2  -1.4358  36.7830  -1.0000  -8.1821  -1.0000   0.0000   0.0000 
  2  1  3  1  -1.3959  34.5053   0.7200  -2.5714  -2.1641   0.0000   0.0000 
  2  1  3  2  -2.5000  70.0597   1.0000  -3.5539  -2.9929   0.0000   0.0000 
  1  1  3  3   0.6852  11.2819  -0.4784  -2.5000  -2.1085   0.0000   0.0000 
  2  1  3  3   0.1933  80.0000   1.0000  -4.0590  -3.0000   0.0000   0.0000 
  3  1  3  1  -1.9889  76.4820  -0.1796  -3.8301  -3.0000   0.0000   0.0000 
  3  1  3  2   0.2160  72.7707  -0.7087  -4.2100  -3.0000   0.0000   0.0000 
  3  1  3  3  -2.5000  71.0772   0.2542  -3.1631  -3.0000   0.0000   0.0000 
  1  3  3  1   2.5000  -0.6002   1.0000  -3.4297  -2.8858   0.0000   0.0000 
  1  3  3  2  -2.5000  -3.3822   0.7004  -5.4467  -2.9586   0.0000   0.0000 
  2  3  3  2   2.5000  -4.0000   0.9000  -2.5000  -1.0000   0.0000   0.0000 
  1  3  3  3   1.2329  -4.0000   1.0000  -2.5000  -1.7479   0.0000   0.0000 
  2  3  3  3   0.8302  -4.0000  -0.7763  -2.5000  -1.0000   0.0000   0.0000 
  3  3  3  3  -2.5000  -4.0000   1.0000  -2.5000  -1.0000   0.0000   0.0000 
  0  1  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  2  0   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000   0.0000 
  0  2  3  0   0.0000   0.1000   0.0200  -2.5415   0.0000   0.0000   0.0000 
  0  1  1  0   0.0000  50.0000   0.3000  -4.0000  -2.0000   0.0000   0.0000 
  0  3  3  0   0.5511  25.4150   1.1330  -5.1903  -1.0000   0.0000   0.0000 
  2  3  7  3   2.5000   2.5000   0.2237 -10.0000  -1.0000   0.0000   0.0000 
  0  3  7  0   0.1000  50.0000   0.0100 -10.0000   0.0000   0.0000   0.0000 
  4    ! Nr of hydrogen bonds;at1;at2;at3;Rhb;Dehb;vhb1              
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  3  2  3   2.1200  -3.5800   1.4500  19.5000 
  3  2  7   1.5000  -2.0000   3.0582  19.1627 
  7  2  3   1.5000  -2.0000   3.0582  19.1627 
  7  2  7   1.5000  -2.0000   3.0582  19.1627 

A 6. Job script for the linux cluster university of Kassel 

#!/bin/ksh 

#SBATCH -J c2s_0-10_1671 
#SBATCH --time=1-00:00:00 
#SBATCH --mem-per-cpu=2000 
#SBATCH --nodes=1 
#SBATCH --ntasks=32 
#SBATCH --cpus-per-task=1 
#SBATCH --mail-type=BEGIN 
#SBATCH --mail-type=END 
#SBATCH --mail-user=salahuddin@uni-kassel.de 
#SBATCH --partition public 
#SBATCH --output=slurm.%j.out 
#SBATCH --error=slurm.%j.err 
 
. /usr/share/Modules/3.2.9/init/ksh 
source ~/.profile 
module unload gcc/4.9.0 
module load gcc/7.1.0 
module unload mpi 
module load mpi/openmpi/2.1.1/gcc-7.1 
#module add mvapich2/1.8rc1-r5350/gcc-4.4.6 
#module load lib/fftw/3.3.4/gnu 
 
export HOMEBASE=$PWD 
export WorkDir=/work/$USER/$SLURM_JOBID 
 
if [[ -d "/work/uk035710" ]];then 
  continue 
else 
  mkdir /work/$USER 
fi 
 
cd $HOMEBASE 
mkdir $WorkDir 
cp * $WorkDir 
cd $WorkDir 
 
 
export OMP_NUM_THREADS=$SLURM_CPUS_PER_TASK 
##mpirun -np $SLURM_NTASKS lammps-new -i in.silicate_cal_water > 
production.02.log 
mpirun -np $SLURM_NTASKS lammps-plumed -i in.ca1671-mov_c2s_0-10_water > 
production.01.log 
 
cp * $HOMEBASE 
##rm -rf $WorkDir 
 

A 7. Hydration of different surfaces of C3S 
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(g) 

 

(h) 

 

(i) 

 

 

 

Figure A 7. Representing snapshot of (100), (101), (011), (011), ,(001), (010), (010), 
(110), (110), surfaces of C3S (a, b, c, d, e, f, g, h, i) after hydration for 
600 picoseconds at 298K.  

A 8. Hydration of different surfaces of C2S 

(a) 

 

(b) 
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(c) (d) 

(e) 

 

(f) 

 

Figure A 8. Representing snapshot of (100), (101), (010), (011), (101), (110), 
surfaces of C2S (a, b, c, d, e, f) after hydration for 600 picoseconds at 
298K.  

A9. Carbonation of different crystal phases of portlandite at RH 10% and 

CO2 30%  
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Figure A 9. (a) XRD spectrum for the Carbonation of portlandite powder at different 
time interval over the period of 24h and increase of CaCO3 content and 
(b) decrease of various surfaces of portlandite over time derived from 
XRD data (Rietveld refinement) at relative humidity 10% in the presence 
of 30%CO2.  
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