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ABSTRACT 
 

Geopolymer is a novel cementitious material which can be a potential alternative to 

ordinary Portland cement (OPC) for all practical applications. However, until now research 

on this revolutionary material is limited mainly to experimental studies, which have the 

limitations in considering the details of the atomic- and meso-scale structure and atomic 

scale mechanisms that govern the properties at the macro-scale. Most experimental studies 

on geopolymer have been conducted focusing only on the macroscopic properties and 

considering it as a single-phase material. However, research has shown that geopolymer is 

a composite material consisting of geopolymer binder (GB), unreacted source material, 

and, in the presence of Ca in the source material, calcium silicate hydrate (CSH). Therefore, 

in this research, a multiscale/multiphysics modeling approach has been taken to understand 

geopolymer structure and mechanical properties under varying conditions and at different 

length scales. First, GB was prepared at the atomic scale using molecular dynamics (MD) 

simulations with varying Si/Al ratios and water contents within the nano voids. The MD 

simulated geopolymer structure was validated based on comparison with experiments 

using X-ray pair distribution function (PDF), infra-red (IR) spectra, coordination of atoms, 

and density. The results indicate that the highest strength occurs at a Si/Al ratio of 2-3 and 

the presence of molecular water negatively affects the mechanical properties of GB. The 

loss of strength for GB with increased water content is linked to the diffusion of Na atoms 

and subsequent weakening of Al tetrahedra. The GB was also subjected to nanoindentation 

using MD and the effect of indenter size and loading rate was investigated at an atomic 

scale. A clear correlation between the indenter size and observed hardness of GB was 

observed which proves indentation size effects (ISE). Realizing the composite nature of 
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geopolymer, the presence of unreacted and secondary phases such as quartz and CSH in 

geopolymer was also investigated. To do that, the mechanical properties of GB, the 

secondary phases and their interfaces was first determined from MD simulations. Using 

the MD generated properties, a meso-scale model of geopolymer composite was prepared 

in Peridynamics (PD) framework which considered large particles of GB and secondary 

phases of nanometers in size which cannot be easily modeled in MD. The meso-scale 

model provides a larger platform to study geopolymer in the presence of large nano-voids 

and multiple phases. Results from the PD simulations were directly comparable to 

experimentally observed mechanical properties. Findings of this study can be directly used 

in future to construct more advanced and sophisticated models of geopolymer and will be 

instrumental in designing the synthesis condition for geopolymer with superior mechanical 

properties.  
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CHAPTER 1: INTRODUCTION  

 

1.1 Background 

 

Ordinary Portland cement (OPC) is the most widely used cementitious material in 

construction and its usage is even rapidly increasing in recent years due to the infrastructure 

development in developing countries [1]. Current estimate for worldwide cement 

manufactured is 1.7 billion tons per year [2]. However, the cement industry has been 

criticized since the late 1990's for its huge environmental impact related to the emission of 

CO2 [3]. It is estimated that the amount of CO2 emitted from the worldwide production of 

OPC counts for 7% of the total global CO2 emissions [4].  The raw materials for cement 

manufacturing are produced from quarrying which also consumes significant amount of 

energy and emits greenhouse gases like CO2 [5].  

Growing demand for environment friendly and low cost cementitious materials has 

led to effort for researching viable alternates to OPC. Davidovits [6] pioneered the research 

to develop such an alternate named ‘geopolymer’ through alkali activation of metakaolin. 

Later researchers studied the production of geopolymer from other aluminosilicate source 

materials including fly ash [7] , blast furnace slag [8], mine tailings [9] and red mud [10]. 

By definition, geopolymer is an inorganic material via alkali activation of amorphous 

aluminosilicates at ambient or low temperatures, having a three dimensional polymeric 

chain and ring structure consisting of Si-O-Al bonds [11]:  

Mn [-(SiO2)z–AlO2] n . wH2O           (1) 

where, M is an alkaline element or cation such as potassium, sodium or calcium; the symbol 

“–” indicates the presence of a bond, n is the degree of poly-condensation or 
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polymerization; and z is the number of SiO2 monomer units per AlO2. According to Duxson 

et al. [12], the geopolymerization process can be divided into three stages that may also 

occur in parallel: 1) Dissolution of amorphous aluminosilicate source materials in an 

aqueous alkali solution; 2) Formation of Si and/or Si-Al oligomers in the aqueous phase; 

and  3) Polycondensation of the oligomers to form a three dimensional aluminosilicate 

framework. The chemical composition of geopolymer is similar to natural zeolitic 

materials, but its microstructure is amorphous instead of crystalline [13,14].  

Geopolymer not only provides comparable performance to OPC in many 

applications but also shows additional advantages such as increased strength, high 

temperature resistance, early setting time, and immobilization of hazardous waste [12]. For 

example, geopolymer has been used to construct airfield pavements [15].  

The unique characteristics of geopolymer have attracted the interest of different 

researchers. A great number of experimental studies have been carried out to determine the 

mechanical properties of geopolymer at different Si/Al and Na/Al ratios [16–23]. It is 

found that the strength of geopolymer does not monotonically increase with the Si/Al or 

Na/Al ratio but rather decreases after a certain point, meaning that there is an optimum 

value for both the Si/Al and Na/Al ratios. It has been found that depending on the source 

material the optimum Si/Al ratio is between 2-3 and the optimum Na/Al ratio is around 1.0 

for gaining the maximum compressive strength. The Young’s modulus has been found to 

be dependent on the Si/Al ratio and the alkali composition. Very high Si/Al ratio has also 

been found to be effective for high plasticity geopolymer, undergoing large deformation 

rather than crushing in a brittle fashion [24,25]. The microstructural features of geopolymer 
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have been studied with the help of scanning electron microscopy (SEM) and energy 

dispersive spectrometer (EDS) [26]. The SEM imaging has shown a two phase 

microstructure of geopolymer: the matrix phase formed by the pure geopolymer gel or 

binder and the grain phase formed by the reminiscent of unreacted metakaolinite. This 

work also finds that the ideal Na/Al molar ratio is 1 for charge balancing the bonding 

network [26]. 

Although the extensive experimental studies on geopolymer provide good 

correlation between the chemical composition, micro-structure and its mechanical 

properties, they do not elucidate the mechanisms that are responsible at the nano level for 

the mechanical properties at the macro scale. It is extremely difficult to understand the 

mechanisms at the nano level of a material without the help of atomistic simulations. Also, 

the exact role of the unreacted phases in geopolymer is not clear from experiments. 

Whether the unreacted phase negatively or positively affect the final mechanical properties 

and how their interfaces with geopolymer binder (GB) behave when a deformation is 

applied are not well understood from experiments alone. Furthermore, geopolymer consists 

of molecular water inside its nano pores and the presence of water affects its mechanical 

properties [12]. Therefore, a fundamental understanding at the molecular level is necessary 

to explain the behavior of geopolymer in the presence of water. It is also well known that 

the main phase of alkali activated GB is sodium aluminosilicate hydrate (NASH) gel and 

for hydrated ordinary Portland cement (OPC) it is calcium silicate hydrate (CSH) and/or 

calcium aluminosilicate hydrate (CASH) gel [27]. Ca is present in many source materials 

such as slag, fly ash that are frequently used for geopolymerization. When Ca is present in 

the source material, CSH and/or CASH are likely to form in addition to GB. The possible 
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mechanism of the coexistence of CSH and GB and the role of Ca in the final strength of 

geopolymer are not very well understood. Therefore, understanding the role of Ca is crucial 

for the successful application of geopolymer in the presence of Ca rich source materials. 

To shed light on this problem, the coexistence of CSH, GB, unreacted phase and molecular 

water in geopolymer and the possible molecular structure of the composite need to be 

explored at an atomic scale.  

1.2 Research Objectives 

 

The overall goal of this research is to enhance the fundamental understanding of 

geopolymer through multiscale simulations based on molecular dynamics and 

Peridynamics.  

To achieve the goal, the research has the following specific objectives: 

1. Study the effect of Si/Al ratio on the structure and mechanical properties of GB 

using MD simulation. 

2. Study the effect of molecular water on the structure and mechanical properties of 

GBs using MD simulation. 

3. Determine the fundamental mechanisms that dictate the intrinsic mechanical 

properties (Young’s modulus, hardness) of GB using nanoindentation (NI) in MD 

simulation.  

4. Study the effect of Ca/Si ratio on the mechanical properties of GB, CSH, unreacted 

phase and their interfaces. 

5. Using PD conduct multiscale and multiphase simulations of geopolymer to 

understand the role of different phases on the final mechanical properties.  
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1.3 Research Methodology 

 

This research takes a multi scale and multiphysics approach involving both MD 

and PD simulations to study the nano- and meso-scale behavior of geopolymer. The MD 

simulation involved construction of realistic molecular models of geopolymer binder (GB) 

under different conditions. All simulations were conducted using LAMMPS simulation 

package [28] (lammps.sandia.gov) at the high performance computing (HPC) cluster of the 

University of Arizona. For the meso/micro scale study of geopolymer with multiple phases, 

PD simulations were conducted using the PDLAMMPS module of LAMMPS. Various 

post-processing scripts were written in Python to process the data generated by LAMMPS 

and PDLAMMPS. Visualizations were made by using atomic scale visualization software 

OVITO [29]. For atomic scale structural analysis, RINGS code [30] was used along with 

various other Python scripts.  

1.4 Dissertation Layout 

 

This dissertation includes three chapters followed by five appendices. This first 

chapter describes the background, research objectives, research approach and the layout of 

the dissertation. The second chapter recapitulates the main findings of the research 

presented in the appendices. The third chapter is a summary of the future works that can 

be conducted based on the findings of this research. Appendix A is a published paper 

regarding the effect of Si/Al ratio on the mechanical properties of sodium aluminosilicate 

GB using MD simulation. Appendix B is another published paper studying the effect of 

molecular water on the structure and mechanical properties of GB using MD. In Appendix 

C, which is also a published paper, the nanoindentation size effect (ISE) on the hardness 
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and Young’s modulus of GB has been studied using MD simulation. Appendix D studies 

the effect of Ca/Si ratio on the structure and mechanical properties of GB-CSH composite 

using ReaxFF MD simulation. Appendix E is a multiscale simulation study of geopolymer 

using both MD and PD to better understand geopolymer as a multiphase composite. The 

focus of this study is to utilize MD generated properties of the different phases and their 

interfaces to develop a meso-scale model of geopolymer for PD analysis.   
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CHAPTER 2: CURRENT STUDY  

 

2.1 Research performed 

 

The methodology, results and conclusions of this research are reported in Appendix 

A-E.  Among these, Appendix A, B and C are three papers which have already been 

published in journals. Appendix D and E are two recently completed papers which will be 

submitted to journals for publication soon.  

The specific studies are briefly described below and the main conclusions are 

summarized in next section. 

1. (Appendix A) The effect of Si/Al ratio on the structure and mechanical properties 

of sodium aluminosilicate geopolymers was studied using MD simulations. The 

interatomic potentials that were previously developed for sodium aluminosilicate 

glasses were used in this study. The structure of geopolymer was constructed 

without the presence of any water. Detailed structural analysis in terms of radial 

distribution function (RDF), coordination, evolution of tetrahedra in Si and Al 

atoms and void size was conducted. Correlations were made between the structure 

and the observed mechanical properties. 

2. (Appendix B) In this study, the effect of molecular water present within the nano 

voids of GB was investigated using MD simulations. Fully polymerized GB with a 

Si/Al ratio ranging from 1-3 and different percentage of molecular water by wt. (0-

6.6%) was prepared. The main motivation of this study was to investigate how the 

presence of water affects the structure and mechanical properties of GB.  
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3. (Appendix C) NI tests have been used to find the intrinsic mechanical properties of 

GB. However, the NI test results depend on several factors and indentation size 

effect (ISE) is an important phenomenon that can affect the test results. Until now, 

there has been no systematic investigation of the ISE associated with the amorphous 

geopolymer. In this study, the ISE on GB at the nano scale was investigated using 

MD simulations. GB structure was constructed with different Si/Al ratios and 

indenters with different sizes were used to conduct NI simulation using MD. The 

loading rate of the indenter was also varied to study the effect of loading rate on the 

hardness and Young’s modulus of GB.  

4. (Appendix D) Ca is an important element which can affect the structural and 

mechanical properties of geopolymer. Presence of Ca within the source material 

has been found to improve the mechanical properties of geopolymer. It was further 

shown in experiments that presence of Ca in the source material can lead to creation 

of CSH gels within geopolymer. However, until now there has been no systematic 

effort focused on understanding the interface between GB and CSH and the factors 

that affect the interface structure and mechanical properties. In this study, realistic 

molecular structures of CSH and GB were prepared and an interface was formed 

between them. MD simulations were conducted at different Ca/Si ratios of the CSH 

to understand the effect of Ca/Si on the structure and mechanical properties of the 

composite.  

5. (Appendix E) In this study, a multiscale simulation using molecular dynamics MD 

and peridynamics (PD) was undertaken to understand the role of 

unreacted/secondary phases in geopolymer. The intrinsic mechanical properties of 
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different phases commonly present in geopolymer and their interfaces were first 

estimated from MD simulations. Using the MD generated properties, the input 

parameters for a larger scale model in PD were determined. In the PD simulation, 

a composite model of geopolymer was prepared where the different 

unreacted/secondary phases along with GB were present.  

 

2.2 Conclusions 

 The significant conclusions from this research are summarized below: 

1. (Appendix A) In this study, using MD simulations, it was found that the uniaxial 

tensile strength (UTS) of GB was maximized at a Si/Al ratio 2-3 which is in good 

agreement with previous experimental findings. Detailed structural characterization 

showed that at a Si/Al ratio 2-3, the population of non-bridging oxygens (NBO) 

and penta-coordinated Al are minimized which results in strong network structure 

and hence increased mechanical properties. At a Si/Al ratio of 4, high percentage 

of edge sharing tetrahedra was seen for Al atoms which caused void coalescence 

and a subsequent decrease in the strength. The X-ray pair distribution function 

(PDF) of MD simulated structures showed good agreement with that from 

experiments. 

2. (Appendix B) In this study, it was observed through MD simulation that the higher 

the presence of water molecules in the nano voids of GB, the higher the diffusion 

rate of sodium ions which results in weakening of Al tetrahedra and Si-O-Al 

network, leading to lower ultimate tensile strength of GB. Further investigation of 

the diffusion of Na atoms also showed dynamic heterogeneity, where Na atoms at 
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a close proximity with water showed higher mobility compared to the Na atoms 

which are tightly bound within the Si-O-Al network. The results of this study show 

good agreement with experiments which examined the leaching behavior of Na 

from geopolymer when exposed to water.  

3. (Appendix C) In this study, nanoindentation of GB using MD simulations showed 

indentation size effect for this material. Use of smaller indenters was found to 

increase the hardness of GB. Detailed structural analysis showed that for small 

indenter radius, the Si and Al tetrahedra have less freedom to reorganize when an 

indentation is applied. This was reflected by the smaller Si-O-Al bond angle 

downshift. On the other hand, larger indenter allows greater flexibility for the Si-

O-Al network to rearrange themselves through bond angle change and 

accommodate the indenter. Higher bond angle downshift was observed for large 

indenters. Furthermore, for smaller indenters, the number of broken Si-O and Al-O 

bonds was also higher which requires greater strain energy and as a result, the 

hardness is increased. It was also observed that increment of loading rates increases 

the hardness of GB due to similar mechanisms. Study of the effect of indentation 

depth showed that for a fixed indenter size, increasing the indentation depth reduced 

the Young’s modulus. On the other hand, increasing the indenter size for a fixed 

indentation depth was found to increase the Young’s modulus. In this study, it was 

also observed that the increment of Si/Al ratio from 1.0 to 3.0 increased both the 

hardness and Young’s modulus of GB.  

4. (Appendix D) In this study, MD simulation of GB and CSH composites showed 

that increment of Ca/Si ratio from 1.2-1.65 decreases the mechanical properties of 
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the composite. The higher the Ca/Si ratio, the more disorder in the structure, and 

for a Ca/Si ratio of 2.0 the CSH structure was fully amorphous. For a Ca/Si ratio of 

2.0, the mechanical properties were found to increase compared to Ca/Si ratio of 

1.65 due to the higher network connectivity of Si tetrahedra. The failure of the 

composite was seen to be near the interface but within the CSH structure. For the 

first time, this study investigated the structure of the GB-CSH interface and the 

underlying factors that dictate the final mechanical properties of the GB and CSH 

composite.  

5. (Appendix E) The meso-scale PD study of geopolymer showed that the presence of 

quartz crystals enhances the strength of the composite. The obtained hardness and 

Young’s modulus of GB with a 40% porosity showed good agreement with those 

from previous experiments.  It was further seen that the increment of the grain size 

of different phases enhances the mechanical properties of the geopolymer 

composite.  
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CHAPTER 3: RECOMMENTATIONS FOR FUTURE RESEARCH 

 

 This research shows promising results in understanding geopolymer using 

multiscale simulations. Very few researches have been conducted to understand 

geopolymer using a bottom-up multiscale simulation approach starting from an atomic 

scale as in the current study. However, to fully understand geopolymerization mechanisms 

in the presence of various source materials and their coexistence as a composite, more 

research needs to be conducted considering the unreacted phases and their interaction with 

GB. The following is a brief summary of the works which should be considered on this 

regard: 

1. A coarse-grained MD model along with PD simulation can be performed to 

understand more details about the mechanism behind the coexistence of multiple 

phases in geopolymer. The utilization of a coarse-grained MD model will reduce 

the computation time and allow a larger length scale for the geopolymer model. 

Such multiphase models should consider a whole library of unreacted/secondary 

phases along with GB, such as mullite, alumina, calcium silicate hydrate, calcium 

aluminosilicate hydrate, dicalcium silicate, tricalcium silicate, dicalcium aluminate, 

tobermorite, lime, metakaolin and kaolinite.  

2. The current study only considered the isotropic behavior of the different phases in 

the PD model. The non-isotropic behavior of unreacted crystals such as quartz, 

alumina, mullite, CSH and metakaolin should be considered in the future PD 

models.  
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3. The current study used MD simulation which neglects all electron contribution of 

atoms. MD is also limited in capacity to understand reaction kinetics. First principle 

methods such as the density functional theory (DFT) can be utilized to understand 

the geopolymerization mechanism starting from the basic building blocks of GB. 

Use of alkali environment can be mimicked in the presence of alkali cations and 

explicit water molecules or by using any solvation model in DFT.  

4. The current study only considered Na as the charge balancing alkali cation. The 

effect of other alkali cations such as Ca and K can be studied in future MD models.  

5. Use of nano fibers such as graphene oxide within geopolymer is shown to improve 

its mechanical properties by experimental observations. MD simulations on this 

regard can be undertaken for better understanding of the underlying mechanics for 

this strengthening mechanism. In PD simulations of such systems, elastic-plastic 

constitutive models should be considered. In the current study, only a linear elastic 

model was used.  

6. Along with multiscale simulations, GB should be synthesized experimentally from 

pure source materials to fully understand geopolymers. Pure source materials such 

as sodium aluminate, sodium silicate, silica fume, alumina nano powder and 

sodium hydroxide can be used to prepare GB. To understand the effect of calcium 

on geopolymerization and the properties of the final geopolymer product, the use 

of calcium hydroxide is also suggested. Magic angle spinning (MAS)-nuclear 

magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), X-

ray diffractograms (XRD) and X-ray pair distribution function (PDF) experiments 
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should be used to study the nano structure as well as short and medium range order 

in GB.  

7. The structure of the interface between GB and unreacted phases is crucial for 

successfully predicting the mechanical properties of geopolymer at the macroscale. 

Future research should be focused on this topic using experiments. Use of atomic 

force microscopy (AFM) along with nanoindentation should be made to understand 

more details about the nano structure of GB and the interface with its unreacted 

precursors under varying conditions. 
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Abstract  

The amorphous geopolymer binder-phase is the primary adhesive constituent within a 

geopolymer and consists of completely polymerized glassy networks of (SiO4) and (AlO4)
- 

tetrahedra as well as interstitial charge-balancing alkali cations. In this context, the 

mechanical properties of the geopolymer binder-phase were examined as a function of the 

underlying silicon to aluminum ratio using molecular dynamics (MD) simulations. 

Detailed structural analysis reveals that the presence of edge-sharing (AlO4)
- tetrahedra, 

nanoscale voids as well as non-bridging oxygen and penta coordinated aluminum atoms 

significantly impact the ensuing elastic moduli, ultimate tensile strength and the nature of 

failure of the geopolymer binder-phase. In particular, the simulations indicate that there is 

an optimal silicon to aluminum ratio (~2-3) that results in enhanced mechanical properties. 

This study provides, for the first time, valuable insight into the structural mechanisms that 

are responsible for the strength and mechanical properties of the geopolymer binder-phase.  

Key words: Geopolymer; molecular dynamics; structure; mechanical properties; sodium 

aluminosilicate glass. 
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1. Introduction  

Growing demand for environment friendly, low cost cementitious materials has led to 

efforts for developing viable alternatives to ordinary Portland cement (OPC). Davidovits 

[1] pioneered the development of such an alternative named geopolymer, which is a 

product formed through the alkali activation of metakaolin. Later, geopolymers were also 

synthesized from other aluminosilicate source materials such as fly ash [2–4], blast furnace 

slag [5–7], mine tailings [8–10] and red mud [11,12]. Typically, the activation of a source 

material results in the formation of a biphasic “composite”, which consists of unreacted 

source-material particles bonded by an amorphous geopolymer binder-phase (GBP) [13]. 

Specifically, the GBP consists of a completely polymerized network of (SiO4) and (AlO4)
- 

tetrahedra, with alkali cations residing in the interstices of the GBP network for charge 

balance [13]. In addition to the unreacted source-material particles and GBP, the 

geopolymer composite also contains a wide distribution of voids in which residual water 

is present [14,15].  

The mechanical properties of geopolymer composites (referred to as geopolymers herein) 

have been widely investigated experimentally [12,14,16,17], due to their importance as a 

new structural material. The experimental studies indicate that the Si/Al and Na/Al ratios 

play a crucial role in determining the mechanical strength of geopolymers. The strength of 

geopolymers increases with increasing Si/Al or Na/Al ratio up to a certain level and then 

starts to decrease, meaning that there is an optimum value for both the Si/Al and Na/Al 

ratios. Table 1 summarizes the optimum Si/Al and Na/Al ratios at the maximum 

unconfined compressive strength for geopolymers studied by different research groups. It 
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is noted that these ratios are for the source materials and may be quite different from the 

corresponding ratios in the GBP due to the fact that some of the Si, Al and/or Na in the 

source materials may not take part in the geopolymerization process. The experimental 

studies also indicate that the degree of geopolymerization or the amount of GPB has a great 

impact on the mechanical properties of geopolymers. However, to the best of our 

knowledge, there has been no systematic effort in examining the mechanical properties of 

GBP as well as their effect on the ensuing mechanical response of geopolymers. Towards 

this end, as an important first step, we examine the structure-composition-mechanical 

property relations of GBP using an atomistic computational technique namely molecular 

dynamics (MD). While this work focuses on atomic scale mechanisms that govern the 

mechanical properties of GBP as a function of GBP composition, the success of this work 

will spur the development of hierarchical models that accurately represent the multiscale 

mechanical response of geopolymers.  

It is well known that there are striking similarities between geopolymers and sodium 

aluminosilicate (NAS) glasses. In particular,  both are amorphous as seen from x-ray 

diffraction (XRD) [18,19], and their respective NMR spectra show a predominance of four 

folded Si and Al tetrahedral connectivity [19–21], although the geopolymers show an 

additional NMR feature corresponding to the six-fold coordinated Al characteristic of the 

minority unreacted source material such as metakaolin [22]. The dominant tetrahedral 

peak, which is consistent with four-fold Al atoms, can be ascribed to the polymerized GBP 

[22], and thus a direct correlation between the GBP and the NAS glass structures at the 

atomic- and nano-scales can be expected. In this context, in this work, using NAS glass 
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structures as proxies, MD simulations of GBP with varying Si/Al ratios (1:1 to 4:1), while 

fixing the Al/Na ratio at 1 to ensure charge neutrality, will be carried to explore and 

characterize the interplay between the composition and mechanical properties of GBP. It 

is also worth pointing out that transmission electron microscopy (TEM) has revealed that 

the GBP is similar to porous amorphous aluminum silicate structures [14,23], with the 

overall density dependent on the processing conditions [13]. Specifically, high 

temperatures, high dilution rates and low silicon concentrations can lead to densification 

of the GBP [13]. In this regard, the MD simulations will be carried out on systems that 

correspond to dense, compacted GBP structures (the compacted density is also referred to 

as skeletal density [14,24]). An equally important aspect of this work is that the obtained 

results will also have important implications in furthering the understanding of NAS 

glasses in terms of the relations that characterize their composition and mechanical 

properties. 
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Table 1: Optimal Si/Al and Na/Al ratios leading to maximizing mechanical strength as 

identified in literature (modified from [25]). 

No. Source Material 
Optimum 

Si/Al 

Optimum 

Na/Al 
Reference 

1 Metakaolin 1.9  [14] 

2 Copper mine tailings and fly ash 1.89  [10] 

3 Metakaolin and blast furnace slag 1.58-1.73  [6] 

4 Metakaolin 1.75-1.90 1.2 [26] 

5 Fly ash 1.95 1.0 [27] 

6 Metakaolin 1.7-1.9 0.8-1.0 [28]  

7 
Municipal solid waste incinerator fly 

ash 
2.0  [29] 

8 Metakaolin 2.5 1.3 [30] 

9 Metakaolin 2.5 1.25 [31] 

10 Kaolinite and fly ash 2.0  [32] 

11 Kaolinite, albite and fly ash 2.1  [32] 

12 Metakaolin 2.0 1.0 [33] 

13 Metakaolin 2.75 1.0 [34] 

14 Metakaolin 1.55 1.15 [35]  

15 kaolin 1.64 1.09 [36] 

 

2. Background 

MD is an atomistic simulation technique capable of modeling the thermodynamic, 

mechanical and transport properties of materials. The accuracy of classical MD simulations 

is governed by the choice of the underlying interatomic potential used for describing the 

interaction between constituent atoms (and molecules). While interatomic potentials are 

typically parameterized to replicate materials’ thermodynamic properties that are either 

derived from first-principles or from experiment, they can provide valuable insight into the 
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atomic-scale mechanisms that govern the mechanical response of materials to external 

stimuli [37–40]. Although MD simulations tend to systematically overestimate yield and 

failure stress/strain when compared to experimental data, the proper choice of the 

interatomic potentials still enables the ability to capture the trends that describe the 

composition (and temperature) dependent variation in materials’ properties. The 

overestimation can be attributed to the fact that the size of MD simulation cells are at best, 

100’s of nanometers (with or without periodic boundaries), thereby precluding the 

incorporation of large defects (voids, pores). Further, MD simulations can only be carried 

out at high strain rates (as compared to experimentally achievable rates) due to 

computational constraints, and this serves as another reason for the systematic deviations 

from experiments while comparing MD and experimentally derived yield and fracture 

stresses/strains. 

MD has been previously employed to understand the structure and mechanical response of 

NAS glass. Using MD, Zirl and Garofalini [41] studied the structure of NAS by varying 

the Al/Na ratio (0.25 to 2.0) in conjunction with the corresponding Si/Al ratio (4 to 1.2). A 

substantial amount (~25%) of non-bridging oxygen (NBO) was seen at low Al/Na ratios 

leading to an open network structure and high diffusivity of the alkali ion.  

In a more recent study by Xiang et al. [42], the structure and mechanical properties of NAS 

glass as a function of different Al/Na ratios was studied using two body potentials. In 

contrast to [41], the authors eschewed the usage of three-body terms in the potential form, 

noting that the three body terms might have constrained the formation of non-tetrahedrally 

coordinated Al. Thus using simpler two-body terms, larger simulation systems consisting 
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of around 3000 atoms were studied to get a better representation of the NAS glass structure. 

For Al/Na ratios less than 1, Al was mainly four-fold coordinated and formed an integral 

part of the network NAS glass structure; at Al/Na > 1, oxygen triclusters as well as some 

non-tetrahedrally coordinated (3-5) Al were seen and their concentration increased with 

increasing Al/Na ratio, with a consequent effect on the resulting elastic modulus of the 

NAS glasses. 

In the current work, we expand upon earlier investigations of NAS glass structures by 

focusing on NAS glasses (which are GBP proxies) with a fixed Na/Al ratio equal to 1 while 

allowing the Si/Al ratio to vary between 1:1 and 4:1. We study the effect of the Si/Al ratio 

on the structure and mechanical properties of the NAS glasses under uniaxial strain. We 

conducted all our simulations at a uniaxial strain rate equaling 109 s-1 (0.001 /ps) and 

temperature equaling 300 K. Due care was taken to ensure that the predicted trends were 

independent of the applied MD strain rate. Detailed structural analysis was carried out to 

comprehensively characterize the interplay between the composition, structure and 

mechanical properties (moduli, strength, fracture) of the NAS glasses. 

3. Simulation procedure   

A pairwise partial ionic charge model in tandem with a Morse potential [43] was used for 

representing interatomic interactions. The form of the potential is given below:   

                              𝑈 (𝑟) =
𝑧𝑖𝑧𝑗𝑒2

𝑟
+  𝐷𝑖𝑗[ { 1 −  𝑒−𝑎𝑖𝑗∗(𝑟−𝑟𝑜 )  }2 −  1] +  

𝐶𝑖𝑗

𝑟12          (1) 

where the first term represents the long range Columbic energy, in which zi and zj are the 

charges of atoms i and j, e is the elementary charge, and r is the interatomic bond distance; 
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the second term is the short-range Morse function, in which Dij is the bond dissociation 

energy, aij is a function of the slope of the potential energy well, and ro is the equilibrium 

bond distance; and the third term is the repulsive contribution. The values of these 

parameters for different types of interactions are listed in Table 2. For long range 

electrostatics, particle-particle particle-mesh (PPPM) solver was used with a cutoff of 15 

Å. The short range interaction cutoff was also chosen as 15 Å. 

Table 2: Potential parameters of Eq. 2 [43]. 

Interaction type 

(superscripts 

show the 

charges) 

Dij (eV) aij (Å
-2) ro (Å) Cij (eV Å12) 

Na0.6-O-1.2 0.023363 1.763867 3.006315 5.0 

Al1.8-O-1.2 0.361581 1.900442 2.164818 0.9 

Si2.4-O-1.2 0.340554 2.006700 2.100000 1.0 

O-1.2-O-1.2 0.042395 1.379316 3.618701 22.0 

 

The MD simulations were performed using the Large-scale Atomic/Molecular Massively 

Parallel Simulator (LAMMPS) [44]. The size of the time step was chosen to equal 1 fs. 

Periodic boundary condition was chosen for all simulations. Starting from the 

configuration of silica glass which contains almost 100% four coordinated Si, the GBP was 

created by randomly replacing Si with Al and adding Na atoms within close proximity of 

the Al atoms. This structure closely resembles the original model of geopolymer structure 

proposed by Davidovits [45]. The molar percentage of SiO2, Al2O3 and Na2O was varied 
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to obtain NAS systems with desired Si/Al ratios as shown in Table 3. As mentioned 

previously, for all listed compositions, the Na/Al ratio was maintained to be unity to ensure 

charge balance. A snapshot of the model at Si/Al = 2.0 is shown in Fig. 1.  

The amorphous NAS glass structure was subjected to a heating step where the system 

temperature was increased to 2500 K and equilibrated for 300 ps, followed by quenching 

to 300 K at a rate of 7.33 K/ps. Finally, the system was maintained at 300 K for another 

300 ps each, using canonical (NVT) and isothermal-isobaric (NPT) ensemble respectively, 

resulting in the desired NAS glass structure. Due care was taken to ensure the total energy 

is conserved and the system has reached to an ‘ergodic’ state. For the calculation of static 

properties, statistical averages were taken for 100 ps using NVT ensemble after the system 

has reached equilibrium. The chosen thermal cycling steps resulted in a glass structure that 

matches the experimentally determined bond distances of atomic pairs as found from pair 

distribution function (PDF) study of geopolymers by Meral et al. [46]. A comparison of 

the normalized X-ray PDF of simulated geopolymer with Si/Al = 1 with the experimental 

data is shown in Fig. 2. The simulated PDF was examined using the R.I.N.G.S code [47]. 

Here, it is important to emphasize that while the preparation conditions employed in our 

MD work does not mimic the experimental conditions for geopolymers synthesis, they do 

provide the ability to obtain structures with structural features similar to the atomic-scale 

features of experimentally obtained geopolymers. 
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Fig. 1: NAS glass (compacted GBP) model for Si/Al = 2.0; red is oxygen, blue is sodium, 

yellow is silicon, purple is aluminum. Model shows system containing only 719 atoms 

for visualization purposes. 

 

Table 3: Composition of simulated NAS glasses. 

Si/Al ratio Na/Al ratio 
No. of atoms 

(small system) 

No. of atoms (big 

system) 

1.0 1.0 6048 48,384 

2.0 1.0 5752 46,016 

3.0 1.0 5616 44,928 

4.0 1.0 5528 44,224 
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Fig. 2: Comparison of normalized X-ray pair distribution function (PDF) of current study 

with the experimental result by Meral et al. [46]  

 

 

In order to probe the composition-mechanical properties interplay of the prepared NAS 

glasses, uniaxial tensile deformation simulations were performed at 300 K. A preliminary 

investigation of the effect of strain-rates on the tensile response of the samples was carried 

out, and it was seen that at a uniaxial strain rate of 0.001 /ps or below, the observed trends 

in the respective mechanical response were similar for all systems under study. In this 

regard, all data reported in this work correspond to a strain rate of 0.001 /ps.  Two different 

system-sizes (~48,000 atoms and ~6000 atoms) were simulated for each composition and 

it was seen that for both sizes the mechanical response was very similar. Twelve distinct 

simulations corresponding to different starting atomic configurations and velocity 

distributions were carried for each composition, to ensure reasonable statistics.  Structural 
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characterization of the simulated structures were analyzed using the R.I.N.G.S code [47] 

to examine the evolution of radial distribution functions (RDF), bonding characteristics, 

coordination number and void size distribution as a function of strain for each system. 

OVITO [48] was used for structural visualization.  

4. Results and discussion 

As a first step towards characterizing the composition-structure-mechanical property 

interplay of the NAS glasses, the bulk modulus was determined by:  

K = V 
d2E

 dV2            (3) 

where K, E and V refer to the bulk modulus, internal energy and volume, respectively. For 

each composition, the E vs. V variation was obtained from a series of MD simulations 

carried out at the corresponding volumes for the different NAS glasses at 300 K. Fig. 3 

shows the variation of K with composition (Si/Al).    
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Fig. 3: Variation of bulk modulus with Si/Al ratio. 

 

It is well-known that the intrinsic bulk modulus of pristine alumina (corundum) is much 

higher than that of the pristine silica counterparts namely quartz or silica-glass. Further, as 

shown by Xiang et al. [42], the increase in Al content (or equivalently a decrease in Si 

content) in a silicate network should lead to an increase in the elastic modulus of the 

system. However, as shown in Fig. 3, an increase of Si/Al ratio up to 3 does not result in 

any noteworthy decrease in the bulk modulus of the corresponding NAS glass, while for 

the highest Si/Al ratio considered in this study (= 4), there is a significant reduction. This 

can be understood based on the fact that by increasing Al content, the underlying structural 

characteristics of the equilibrated un-deformed NAS glass structures are modified leading 

to a corresponding increase in the percentage of non-bridging oxygen (NBO) defects (Fig. 

4). NBOs are formed due to the presence of network-disrupting Na atoms, which result in 
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bond-breakage between some Al-O and Si-O pairs and a consequent loss of connectivity 

in the network. As a result, the increase in modulus due to Al addition is offset by the 

presence of NBOs, leading to the observed flat-lining between Si:Al = 3 and 1 in the bulk 

modulus versus Si/Al relationship. On the other hand, the low amount of Al combined with 

the presence of of NBOs at Si/Al = 4 lead to the significant decrease of the bulk modulus 

of the NAS glass. Thus, the ability to preserve the integrity of the underlying network 

structure combined with the intrinsic bond-stiffness collectively determines the bulk 

modulus of the NAS glass.  

 

Fig. 4: Percentage of non-bridging oxygen (NBO) versus Si/Al ratio at zero strain 

condition.  

 

Figure 5 shows the uniaxial tensile stress-strain curves, where the stress is defined based 

on the Virial expression [49]. The curves were obtained as averages of twelve distinct MD 

runs.  The slope of the elastic response in the stress-strain curve is used as a measure of the 
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Young’s modulus, and its variation as a function of composition (Si/Al) is given in Fig. 6.  

Note that in the MD simulations protocol undertaken in this work, the lateral dimensions 

are not allowed to vary; thus the slope of the stress-strain curve is only an approximation 

of the Young’s modulus. Nevertheless, the trend observed is similar to that of the bulk 

modulus versus Si/Al variation, further reinforcing the importance of the underlying 

structural characteristics of the NAS glass and their effect on its mechanical response. 

Importantly, the respective moduli reported in this work are an order of magnitude greater 

than those of the corresponding geopolymer (composites) [14]. This is because, as pointed 

out in [14], the Young’s modulus of geopolymer composites is directly impacted by the 

underlying microstructure consisting of not only the GBP but also unreacted source 

materials as well as meso and macro voids, while our focus here is solely on the compacted 

GBP. 

 

Fig. 5: Uniaxial stress-strain curves of simulated geopolymers (The shaded bands show 

the extent of variation of 12 simulations).  



43 
 
 

 

Fig. 6: Variation of Young’s modulus with Si/Al ratio at 300 K 

 

Now we turn our attention to the variation in the ultimate tensile strength (UTS) with 

composition (Si/Al). The stress-strain curves (Fig. 5) show that the UTS and the extent of 

brittle failure is composition (Si/Al) dependent. Here, the UTS is defined as the highest 

stress-value in the stress-strain curve. Figure 7 depicts the variation of UTS as a function 

of Si/Al, which indicates that a Si/Al ratio of 2-3 enables the highest UTS.  
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Fig. 7: Variation of ultimate tensile strength with Si/Al ratio at 300 K with 0.001 ps-1 

strain rate 

 

In order to interpret the variation in UTS and also recognizing that the tensile (and 

compressive) properties of materials are fundamentally governed by bond-deformation and 

bond-breakage, the evolution in the number of bonds formed or broken was examined as a 

function of strain for different Si/Al ratios. Interestingly, for all compositions (Si/Al ratios), 

almost all Si-O bonds remained intact irrespective of the strain applied; in contrast, as the 

strain increase, bond-breakage was solely observed for the Al-O bonds (Fig. 8). This 

observation clearly points to the structural integrity of the silicate tetrahedra. Here, the 

neighboring Al and O atoms were defined to be bonded if the bond-distance is shorter than 

2.35 Å. This definition is based on analysis of the first minimum in the Al-O RDF as shown 
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in Fig. 9. Similarly, the critical Si-O distance was 2.2 Å based on the Si-O RDF shown in 

Fig. 10.  

 

Fig. 8: Variation in the % of Al-O bonds with strain at different Si/Al ratios. (The inset 

reflects the variation in Al-O bonds at small strain). 
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Fig. 9: Al-O radial distribution function at different Si/Al ratios. 

 

Fig. 10: Si-O radial distribution function at different Si/Al ratios. 
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The fact that Al-O bonds are more susceptible to bond-breakage can be understood in terms 

of the chemical environment of Al atoms in the glass structure as compared to pristine 

alumina. Specifically, in these glasses, Al exhibits both tetrahedral (majority) as well as 

penta-coordination, while the octahedral coordination environment is preferred in pristine 

alumina. This deviation from the preferred bonding environment of Al leads to a decrease 

in strength of the Al-O bond in the NAS glass. Consequently, as the glass is strained, Al-

O bonds predominantly corresponding to penta-coordinated Al atoms are more readily 

broken as shown in the decrease of the percentage of penta-coordinated Al as a function of 

strain (Fig. 11).  

 

Fig. 11: Percentage of penta-coordinated Al evolution as a function of strain for different 

Si/Al ratios. (The inset shows the percentage of penta-coordinated Al at zero-strain; 

Si/Al=1 has the highest and Si/Al=3 has the lowest percentage of such penta-coordinated 

Al) 
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Also of note is the variation in the percentage of Al-O bonds broken for each composition 

(Si/Al ratio) (Fig. 8), which is seen to be qualitatively similar to the corresponding uniaxial 

stress variation with strain. Further, amongst the unstrained (i.e. strain = 0) configurations, 

the Si/Al =1 structure has the largest percentage of penta-coordinated Al atoms (Fig. 11) 

and consequently the lowest UTS. This correlation can also be extended to the variation in 

the percentage of NBO’s for the various unstrained glasses as shown in Fig. 4. Obviously, 

the presence of NBO implies that the network connectivity is weakened, thereby adversely 

impacting the UTS. Thus, it can be inferred that the presence of penta-coordinated Al atoms 

in conjunction with the presence of NBO are mainly responsible for the observed UTS 

behavior.  

Another equally important composition dependent feature is the relative nature of failure 

of the considered amorphous structures. Among the four compositions (Si/Al ratios) 

considered, the Si/Al = 4 system demonstrates the most brittle failure behavior. Here, 

‘brittleness’ is correlated to the slope of the drop in stress past the UTS (in the 

corresponding stress-strain curves). Obviously, as compared to experimental stress-strain 

curves, these simulated systems exhibit much higher failure strains, which, as discussed 

earlier in the Background section, is attributed to the inherent constraints associated with 

MD simulations; nevertheless, the underlying atomic scale mechanisms governing failure 

is effectively captured by MD [39].  

Towards this end, a detailed analysis of the voids and the evolution in the number of edge-

sharing tetrahedra was carried out, based on the work of Muralidharan et al. [39]. 

Specifically, Muralidharan et al. [39] examined silica-based systems using MD, and 



49 
 
 

showed that their failure is largely dependent on the presence, growth and coalescence of 

voids within the simulated system. As the system’s strain increases, large voids serve as 

nucleating sites for the formation of compact, strained edge-sharing tetrahedra from corner-

sharing tetrahedra that are typical of silica systems. As more edge-sharing tetrahedra form, 

the voids in close vicinity grow larger due to the additional free volume generated from the 

transformation of corner-sharing to edge-sharing tetrahedra, and finally a network of 

coalescing voids are formed leading to the brittle failure of the material.  

Structural analysis of the unstrained glass systems shows that the Si/Al = 4 glass is 

characterized by the presence of significant voids as well as the largest percentage of edge-

sharing tetrahedra as shown in Figs. 12 and 13. This is attributed to the decrease in density 

of the glass with increasing Si/Al ratios. As the material is strained, the voids grow further, 

promoting the formation of more edge-sharing tetrahedra, with the Si/Al = 4 glass having 

the largest percentage of edge-sharing tetrahedra for all strains prior to failure. Thus the 

synergistic interplay between the growth of voids and formation of edge-sharing tetrahedra 

leads to the observed failure properties of the glass, with the glass having a larger Si/Al 

ratio being more brittle.  

While we have focused on understanding the structure-composition-mechanical property 

relations of NAS glasses, the above observations should be equally applicable to GBP. 

Interestingly the trends seen in the UTS behavior of the NAS glasses as a function of 

composition compare well with the trends observed for geopolymer composites too, though 

the magnitudes in the respective UTS are significantly higher. The difference in 

magnitudes arises due to the fact that our simulated systems’ densities correspond to the 
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theoretical maxima (i.e. the skeletal densities), and in addition, in geopolymers composites, 

the unreacted source material particles also contribute to failure [14]. Further, MD 

simulations cannot readily access experimental strain-rates leading to a further difference 

in the obtained results. However, our results clearly point out that in the limit that the GBPs 

attain their respective skeletal densities, and if the geopolymerization conditions are 

optimized to dramatically reduce the number of unreacted source material particles as well 

as reduce the presence of residual water molecules, one should expect the mechanical 

properties of geopolymer composites to be significantly enhanced.  

5. Conclusions 

In conclusion, it is seen that the mechanical properties of NAS glasses (and therefore 

compacted GBP) are significantly influenced by the composition (Si/Al ratio) and the 

underlying structural characteristics. Specifically, it is seen that the presence of NBO, 

penta-coordinated Al and edge-sharing tetrahedra are intimately linked to and control the 

modulus, strength and failure mechanisms of the NAS glass. These structural features can 

be regarded as defects and dictate the failure behavior and mechanical properties of NAS 

glasses. The results of this study are equally applicable to understanding the mechanical 

properties of fully polymerized, compacted GBP, which is, at the atomic-scale, similar to 

NAS glasses.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Fig. 12: Visual representation of void sizes using a probe radius of 3 Å at 0% strain: a) 

Si/Al =1; b) Si/Al =2; c) Si/Al =3; and d) Si/Al =4 (Si/Al = 4 includes voids up to 10 Å in 

diameter). 
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Fig. 13: Evolution of the percentage of edge sharing Al tetrahedra at different Si/Al 

ratios. 
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ABSTRACT 

In this paper, molecular dynamics simulations are used to study the effect of molecular 

water and composition (Si/Al ratio) on the structure and mechanical properties of fully 

polymerized amorphous sodium aluminosilicate geopolymer binders. The X-ray pair 

distribution function for the simulated geopolymer binder phase showed good agreement 

with the experimentally determined structure in terms of bond lengths of the various atomic 

pairs. The elastic constants and ultimate tensile strength of the geopolymer binders were 

calculated as a function of water content and Si/Al ratio; while increasing the Si/Al ratio 

from one to three led to an increase in the respective values of the elastic stiffness and 

tensile strength, for a given Si/Al ratio, increasing the water content decreased the stiffness 

and strength of the binder phase. An atomic-scale analysis showed a direct correlation 

between water content and diffusion of alkali ions, resulting in the weakening of the AlO4 

tetrahedral structure due to the migration of charge balancing alkali ions away from the 

tetrahedra, ultimately leading to failure. In the presence of water molecules, the diffusion 

behavior of alkali cations was found to be particularly anomalous, showing dynamic 

heterogeneity. This paper for the first time proves the efficacy of atomistic simulations for 

understanding the effect of water in geopolymer binders and can thus serve as useful design 

tools for optimizing composition of geopolymers with improved mechanical properties.  

 

I. INTRODUCTION 

Geopolymer is a novel cementitious material formed by the alkali activation of 

aluminosilicate source materials such as fly ash, metakaolin, blast furnace slag and mine 
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tailings [1–4]. The molecular structure of geopolymer has been widely investigated using 

NMR spectroscopy [5–10] and the results show that geopolymers consist of rings and 

chains made of interconnected Si and Al tetrahedra crosslinked together to form a 3-D 

network structure. Alkali cations such as Na+, K+ or Cs+ are essential to compensate the 

negative charge associated with the AlO4 tetrahedra, but are not considered to be part of 

the ring structures that comprise the geopolymer network [7,10]. Water is necessary for the 

synthesis and polymerization of geopolymer and remains distributed in the final structure 

[11]. Typically, the precursor material is incompletely polymerized, leading to regions of 

unreacted precursor phase in addition to the fully polymerized geopolymer binder phase 

within the geopolymer composite. 

Neutron pair distribution function (PDF) study conducted by White et al. [12] has 

shown that the majority of water in metakaolin based geopolymer is lost at a temperature 

below 200o C and only a small amount (~5%) is present in  nano-pores within the binder 

phase and as terminal –OH in the framework of Si-Al, as also suggested by Duxson et al. 

[11]. For fly ash based geopolymers it has been observed that the water remaining within 

the geopolymer up to a temp of 1050o C is in the non-disassociated molecular form and 

constitutes about 11 %wt of the total system [13].  

While it is clear that water is an integral part of the final geopolymer structure and 

remains within the geopolymer binder permanently, so far, there has been no systematic 

effort towards understanding and characterizing the role of residual water on the ensuing 

geopolymer structure and mechanical properties. Further, geopolymers are prone to 

efflorescence leading to decrease in geopolymer mechanical integrity, which arises due to 
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the leaching of alkali ions when they are in contact with water [14,15]. However, the 

mechanisms governing the efflorescence-mechanical property interplay is not well 

understood. Thus to achieve a fundamental understanding of the structure-mechanical 

property relations of geopolymers, in this work, we have carried out molecular dynamics 

(MD) simulations that examine the role of the alkali ions and residual molecular water 

(trapped within the nano pores of the geopolymer binder phase) on the mechanical 

properties of geopolymers. Equally importantly, we carry out this study as a function of 

composition (Si/Al ratio) in addition to as a function of water content. We restrict our 

studies to Na based geopolymers, such that Na/Al ratio is always maintained at one to 

ensure charge balance. It is worthwhile to point out that in a previous study [16], we used 

Na-aluminosilicate (NAS) glasses as a proxy in order to understand the effect of Si/Al ratio 

on the mechanical properties of a nominally fully dense geopolymer binder phase devoid 

of water and nanopores. The current study represents a follow up in which the effect of 

nano-voids and molecular water are explicitly included in order to observe the interplay 

between the binder porosity, the presence of water, and the variation in the Si/Al ratio on 

the structure-mechanical property relations of the geopolymer binder phase. Since our 

focus is on enabling a fundamental, atomic-scale characterization of the above interplay, 

we focus our efforts solely on the fully polymerized binder phase, and do not include the 

unreacted precursor material in our study. However, lessons learned from this work will 

serve as an important stepping-stone for developing multiscale modeling methods for 

incorporating the meso- and macro-scale precursor phases in conjunction with the binder 

phase in order to comprehensively and holistically describe geopolymer composite.  
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II. BACKGROUND 

Geopolymers are considered a binder analogous to calcium silicate hydrate (CSH) 

gel phase in ordinary Portland cement hydrates which binds or connects the precursor 

materials forming a composite matrix. Most geopolymers consist of unreacted precursor 

materials within it, making it very difficult to isolate and study the intrinsic binder phase. 

Kriven et al. [17] made the first attempt to study the fully reacted binder phase of 

geopolymers and correlated the microstructure with the underlying chemistry.  The 

microstructure of fully reacted geopolymer was found to be consisting of nanoparticulates 

of 20 nm diameter separated by nano voids of the order of 10 nm as observed in the 

transmission electron microscope (TEM) images. In a different study made by Kriven et 

al.[18], the average pore radius of intrinsic geopolymer was found to be 3.4 nm when 

natural metakaolin was used as source material and it reduced to 0.8 nm when pure 

synthetic aluminosilicate metakaolin was chosen instead. 

Although considerable amount of modeling work has been undertaken to 

understand the atomic level structure and mechanical property interplay of CSH gel [19–

25], a very limited number of studies have been carried out to examine the intrinsic 

geopolymer binder phase. White et al.[26] used density functional theory (DFT) based 

coarse grained Monte-Carlo (CGMC) simulation technique to understand the molecular 

mechanisms responsible for the structural changes that occur during geopolymerization 

using metakaolin as source materials. However, to the best of our knowledge there is still 

a dearth of information correlating the structure and mechanical properties of geopolymers 

in terms of their primary constituents namely alkali aluminosilicates and molecular water. 
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In this context, this work will provide a fundamental understanding of the structure-

mechanical property relations of hydrated geopolymers.  

III. METHODOLOGY OF MD SIMULATION 

A. Interatomic potential 

In MD simulations, choosing an appropriate interatomic potential is required to 

enable the ability to model the atomic scale mechanisms governing the mechanical 

response of materials. In this work, we chose potentials that were earlier validated for 

compositionally similar systems such as zeolites and metakaolin. The interaction between 

molecular water and geopolymer network atoms were based on previous work that 

examined water-zeolite systems[27,28], in addition to applications for examining the 

dehydroxylation mechanism of kaolinite to metakaolin[29]. Here we denote the structural 

or the network forming oxygen as Os, the water oxygen as Ow and the hydrogen atoms 

comprising the water molecules as Hw. The functional form of the short-range interaction 

between M-Os (M=Si, Al, Na), Os-Os and Os-Hw is given by the Buckingham potential  

𝑉(𝑟) = 𝐴 exp(−𝑟/𝜌) − 𝐶/𝑟6   (1) 

which consists of a Born-Meyer repulsion term and an attraction term. A, ρ and C 

are parameters given in Table I and r is the distance between atomic pairs. Further, to avoid 

unphysical interactions between neighboring oxygen atoms at short distances we also 

added a repulsive term 
𝐵

𝑟𝑛
 (where B =100 eV Å8, n = 8) to the Buckingham potential. 

Similar modifications to the Buckingham term have been done previously on many 

occasions [30–34].  



63 
 
 

For Si-Ow and Al-Ow interactions, functional forms [Eq. (2)] as developed by 

Sperinck [35] were used, with the respective parameters given in Table I 

𝑉 (𝑟) = 𝐴 exp(−𝑟/𝜌) + (𝜎/𝑟)12    (2) 

Additionally, based on Sperinck,[35] the interactions between Os and Ow as well as 

Ow-Ow were modeled using a Lennard-Jones potential [Eq. (3)], while a SPC/Fw force field 

[36] modified by Sperinck,[35] was employed to model Hw-Ow interactions within a water 

molecule. Here, the SPC/Fw model was restricted to only including the bond stretching 

and an angle bending term as given below in [Eq. (4a)] and [Eq. (4b)] respectively. 

𝑉 (𝑟) = 4ɛ [(
𝜎

𝑟
)

12

− (
𝜎

𝑟
)

6

]    (3) 

𝑉 (𝑟) =  
1

2
 𝑘𝑎  (𝑟 − 𝑟0)2     (4a)  

𝑉 (𝑟) =  
1

2
 𝑘𝑏 (𝜃 − 𝜃0)2     (4b)  

Here r0 and θ0 is the equilibrium bond length and bond angle respectively, while ka 

and kb are the force constants. r and θ is the distance between atomic pairs and bond angle 

between two hydrogen (Hw) and the central oxygen (Ow).  

For long range Coulombic interactions, particle particle-particle particle-mesh 

(pppm) solver [37] was used with a cutoff of 12 Å for fast and accurate convergence of 

real space and reciprocal space terms. Similar cutoff was used for short-range interactions 

as well. The complete list of the potential parameters for the different atomic pairs and the 

partial charges are listed in Table I. Note that unlike for the water molecules, there are no 

corresponding intra-molecular bond-terms ([Eq. (4a)] and [Eq. (4b)]) for the M-Os 
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interactions, and the Buckingham potential [Eq. (1)] is solely used for describing the non-

Coulombic part of their interactions. 

B. Structure generation and details of MD simulations 

In order to examine the structure-composition-mechanical property relations of 

geopolymers, the MD simulation package LAMMPS[38] was used. In this regard, as a first 

step, geopolymer structures with different Si/Al ratios (1-3) as well as different water 

contents (0-6.6 wt %) were simulated. To construct the geopolymer structures with 

different Si/Al ratios, one of the three following monomers (building blocks), namely poly-

sialate (Si/Al = 1), poly-sialate-siloxo (Si/Al = 2), poly-sialate-disilixo (Si/Al = 3) as 

originally proposed by Davidovits [1] were selected in conjunction with the appropriate 

number of Na atoms and water molecules (see Table II for full list of compositions). For 

generating the geopolymer structures, the monomers, the Na atoms and the water 

molecules were initially assigned random positions, with each unit separated by at least 2 

Å, within a cubic box as shown in Figure 1a (generated using the visualization software 

OVITO[39]) utilizing the software Packmol [40]. Periodic boundary conditions were 

imposed in all three directions and the systems were subjected to constrained NVE 

ensemble runs, where the maximum displacement of atoms was restricted to 0.005 Å per 

time step. This was followed by respective NVT runs at 300 K and a subsequent 

heating/cooling cycle, where the temperature of the systems was raised up to 4000 K to 

remove any memory effects [30,41,42] and then cooled down at a cooling rate of 5 K/ps to 

300 K. Further, raising the temperature to 4000 K also ensured highly connected network 

structures in all systems. As a final step, the systems were further equilibrated for 200 ps 
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under NPT (= 0 bars) conditions, followed by an NVT run at 300 K for 300 ps, leading to 

well-equilibrated structures. For all systems, six different initial configurations were 

generated to provide better statistical averaging, while the initial velocities of the atoms 

were prescribed based on a Gaussian distribution. 

A snapshot of an equilibrated structure is shown in Figure 1b for a Si/Al ratio of 2 

containing 2.6 %wt. water. In this case, the building blocks were the charge neutral poly-

sialate-siloxo (Si/Al = 2) monomers as shown in Figure 1c. The ‘x’ and ‘y’ labels in Figure 

1c represent reactive sites that enable the formation of the 3-D network structure. Figure 

1d shows a zoomed-in version of Figure 1b and depicts the 3-D geopolymer network 

consisting of the Si and the Al tetrahedra. As noted earlier, the Na atoms are not part of the 

network structure though their presence is necessary to ensure charge balance, leading to 

them being loosely bound to the Al tetrahedra. As evident from the above figures (i.e. 

Figures 1a-1d), while we started with individual monomers, the imposed MD conditions 

led to the formation of a 3-D connected network of Si and Al tetrahedra, as also observed 

experimentally [7]. This further confirms the ability of the selected interatomic potentials 

to correctly model such systems.  

In water containing systems, the water molecules formed nano droplets, within 

nano-voids, also consistent with experimental observations of the geopolymer binder 

matrix [11,12]. To study the effect of water, the water molecules were removed from the 

nano voids and the structure was further equilibrated at 300 K and zero bars.  For 

comparison, fully compacted geopolymer binders (‘Geopolymer Binder Phase’ or ‘GBP’) 

without the presence of any water or voids were simulated as well; note that the mechanical 
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properties of the fully compacted GBP structures were examined by us in an earlier 

published work [16]. For convenience, in this work, we refer to the fully compacted 

geopolymer binder phase as GBP while the other systems are defined in Table II.  In Table 

II, GBP1, GBP2 and GBP3 refer to the fully compacted GBP with Si/Al ratios equaling 1, 

2 and 3, respectively, while any ‘GPxW (x = 1, 2, 3)’ system corresponds to a non-

compacted geopolymer containing nano-voids and water. Here, ‘W’ refers to the hydrated 

geopolymer phase. Further, the Roman numerals (i, ii, iiii) that follow ‘W’ refer to differing 

water content. While not explicitly noted in Table II, the ‘dehydrated’ geopolymer systems 

are simply referred to as ‘GPx(W)’. They were formed by removing the water molecules 

from the GPxW systems and then equilibrated at NPT conditions. Interestingly, there was 

minimal change in the skeletal density as well as the void size distribution for every pair 

of GPx(W) and GPxW systems. The reported skeletal density in Table II denotes the 

geopolymer matrix density while the gel density takes into account the presence of water. 

For a given Si/Al ratio, increasing the water content decreases the skeletal density due to 

the increase in the nanoscale void population.  

The void size distribution of the different GPx(W) structures were calculated using 

the RINGS code [43]. Specifically, RINGS provides a pair correlation function gv(r), which 

is directly related to the probability distribution of the different void-sizes in the material. 

Figure 2 shows the void size distribution of a representative structure namely GP1(W). It 

can be seen that the void size increases with increasing water content. Similar trends in 

void size distributions were observed for other GPx(W) structures as well.  
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IV. RESULTS AND DISCUSSION 

A. Validation of MD model with X-ray pair distribution function (PDF) 

Neutron and X-ray pair distribution function (PDF) has been widely used for 

validating disordered and amorphous materials simulated with MD [19,20,44] and have 

also been employed for characterizing geopolymers [12,45–48]. In MD simulations, the 

static neutron and x-ray structure factors S(Q) can be computed, from which the simulated 

x-ray PDF are obtained. In this work, we obtained the X-ray PDF of the simulated 

geopolymer structures using the RINGS code [43] and compared with the experimentally 

determined X-ray PDF of a hardened geopolymer sample made from metakaolin by White 

et al. [49]. As shown in Figure 3, good agreement between the simulated and the 

experimentally obtained structures were observed, further confirming the reliability of the 

interatomic potentials and the adopted simulation procedure for obtaining geopolymer 

structures. 

B. Mechanical properties 

Uniaxial tensile deformation was applied on the equilibrated geopolymer structures 

using a constant strain rate of 0.001/ps (109 /s). Similar strain rates has been used by 

Muralidharan et al. [50] for simulating the brittle fracture mechanism of silica glass under 

uniaxial tension. Effect of strain rates has been also studied for silica glass[51] and silica 

nano wires[52] which reports the use of similar strain rates (0.001/ps).  Further, previous 

work on structurally and compositionally similar sodium aluminosilicate systems[16] 

demonstrated that the choice of the strain rate (=0.001 /ps) was low enough to allow for 

atomic restructuring mechanisms to occur in the stressed systems, while ensuring 
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computational tractability, without affecting observed trends relating the composition and 

mechanical properties such as elastic modulus and ultimate tensile strength. The stress was 

calculated using the Virial theorem[53] and the respective stress-strain plots were obtained 

for all systems. For all GPxW/GPx(W) systems failure occurred in a similar fashion, arising 

due to coalescence of a network of nano-voids present in the respective structures, which 

leads to the formation of the fracture surfaces as shown in Figure 4. In previous studies, it 

has been shown that the nano-voids serve as stress-concentrators[16,50]. 

The ultimate tensile strength (UTS) was also obtained for all systems, by 

identifying the peak stress-value from the respective stress-strain curves while the elastic 

modulus was calculated from the initial slope of the stress-strain plot. As an example, the 

stress strain curve for structures with Si/Al = 2 is shown in Figure 5. The variation of the 

ultimate tensile strength (UTS) as a function of skeletal density for the different 

compositions is shown in Figure 6. Consistent with our previous work[16] the UTS was 

found to increase with increasing Si/Al ratio for both GBP and GPx(W)/GPxW systems. 

Also, for a given Si/Al ratio, the GBP has a much higher UTS than the corresponding 

GPx(W)/GPxW systems. Further, increasing water content leads to a decrease in UTS for 

a given Si/Al ratio. However, for a given skeletal density, the dehydrated GPx(W) systems 

demonstrate a higher UTS than the corresponding hydrated systems.  

This systematic variation in UTS as a function of water content and skeletal density 

can be correlated to the underlying structure and diffusion properties of the Na ions as 

discussed below in subsection C. Before we move on to subsection C, it is also worthwhile 

noting that the elastic modulus follows the same Si/Al dependent trend as seen for UTS, 
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consistent with the experimental findings of Duxson et al. [54]. However, the variation in 

the modulus as a function of water content was not significant. 

C. Effect of nano confined water on the structure and deformation 

To understand the effect of water on the GPxW structures, the structural evolution 

as a function of applied strain for the GPx(W) and the corresponding GPxW systems were 

compared. At zero strain, for all simulated systems, Si was found to be completely 4-fold 

coordinated. On the other hand, Al was found to be predominantly in the 4-fold state while 

a non-trivial amount of AlO3 (Al coordinated to three oxygen atoms) were present. A lower 

amount of penta coordinated Al were also found in all systems. Here, the coordination of 

Si and Al atoms were calculated based on their bonding with oxygen atoms that belong to 

the 3-D polymeric network (i.e. structural oxygen, Os). We assume that a Si (or Al) bonds 

with an oxygen atom, if the distance of separation between the two atoms is less than 2.1 

Å. The choice of this cutoff was based on the first minimum of the X-ray PDF as shown in 

Figure 3, which is also consistent with what was observed in a previous investigation of 

sodium aluminosilicate structures[16].  

Interestingly, NMR studies of geopolymers have always pointed out the 

predominance of tetrahedrally coordinated Al [5–10]. However, the presence of three 

coordinated Al has been observed in metakaolin by White et al. [55]; further the relatively 

diminished presence of three coordinated Al (as reported in this work) may not be detected 

in NMR experiments possibly due to low signal to noise ratio [56,57] and can be regarded 

as structural defects which are undetectable in experimental analysis.  
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In order to better facilitate the discussion, we focus on the Si/Al = 2 systems; 

however, the trends observed for this ratio is equally applicable to the other ratios that were 

considered in this study. 

Table III, which tabulates Al coordination population for Si/Al = 2 points to the 

fact that in the equilibrated GPx(W) systems, the removal of water leads to a slight increase 

in AlO4 population (and a corresponding decrease in AlO3 population) as compared to the 

corresponding GPxW systems. Of note is the fact that even in systems containing water, 

none of the Al atoms were found to be coordinated with the oxygen atoms belonging to the 

water molecules (Ow). 

Figure 7 depicts the evolution in Al coordination as a function of strain. It is seen 

that with increasing strain, the decrease in the AlO4 population is higher for the hydrated 

GPxW systems as compared to the dehydrated GPx(W) systems. Further, the decrease in 

the AlO4 population is higher with increasing water content and as a consequence, leads to 

a corresponding reduction in UTS as pointed out in Figures 5 and 6. For all systems, a 

decrease in AlO4 population correlates exactly to a similar increase in AlO3 units 

confirming that the failure is always initiated by the breaking of Al-O bonds in AlO4
 units. 

A direct visualization of the MD simulation box shows that AlO3 units formed via the 

destabilization of the AlO4 units are primarily located near the failure surface formed due 

to the coalescence of the nano voids as seen in Figure 8. Very negligible change in Si 

coordination was seen at all strains (less than 0.3%).  

Having established that failure is initiated by breaking Al-O bonds, we now turn 

our attention to understanding the interplay between water content and failure. Clearly, 
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increasing water content leads to a relatively ‘faster’ destabilization of the AlO4 units. 

Towards this end, we examine the role of Na ions on the stability of AlO4, given that the 

presence of the positive Na ions allows for charge balancing the negative charge on the 

AlO4 units.  

Figure 9 depicts the mean squared displacement (MSD) of the Na ions during 

deformation. As seen from Figure 9, for a given pair of GPx(W) and GPxW systems, the 

presence of water molecules leads to significant increase in the mobility of the Na ions. 

Consequently, this leads to destabilization of AlO4 units, leading to bond breakage and 

expediting failure. In particular, an inspection of the AlO3 units (or destabilized AlO4 units) 

shows that they are primarily located near the nano-voids (Figure 8) and the presence of 

water in these nano-voids provide a local polarization field that enhances Na mobility away 

from the AlO4 units. The increase in Na mobility coupled with the nano-voids serving as 

stress-concentrators, lead to Al-O bond breakage occurring predominantly in the vicinity 

of the nano-voids; this serves as the underlying mechanism governing the further growth 

and coalescence of the nano-voids ultimately leading to failure. In the absence of water, 

the nano-voids still serve as stress-concentrators and failure is still governed by Al-O bond 

breakage near the nano-voids. However, the absence of water leads to higher overall stress 

required to initiate bond-breakage as seen by the corresponding higher UTS in the GPx(W) 

systems (noted in Figure 5).  

Interestingly, the identification of the role of water on the destabilization of the 

AlO4 units leading to failure is of fundamental importance as it is very different than the 

hydrolytic weakening mechanism involving Si-O bonds, which is typically accepted to be 
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the chief mechanism of failure in most silicate materials[58,59]. In this context, we have 

also carried out density functional theory (DFT) calculations focusing on estimating bond-

energies of Al-O and Si-O in charge neutral molecules as discussed in subsection D. 

D. Density functional theory (DFT) calculation of bond strength 

In order to shed further light on understanding the reasons underlying failure being 

exclusively driven by Al-O bond-breakage, we carried out DFT calculations that compared 

the relative molecular binding energies of the molecules (Al(OH)3, Al(OH)4, NaAl(OH)4 

and Si(OH)4. Al(OH)3 and Si(OH)4), with the choice being motivated by the fact that these 

molecules represent the immediate chemical environment seen by Al and Si ions. Here, we 

use the binding energy as a measure of the relative bond strengths of Al-O and Si-O. In all 

cases we used additional terminal H atoms to ensure charge balance.  Calculations were 

performed using the quantum chemistry software package Gaussian (g09)[60] within the 

framework of density functional theory (DFT). The basis set used for all atoms was 6-

311G(p,d). The exchange and correlation functional used were the hybrid functional of 

Becke and Lee-Yang-Parr (B3LYP) [61,62]. 

The binding energy ∆E is calculated as given below and reported in Table IV.  

∆𝐸 =  
(𝐸𝑀(𝑂𝐻)𝑥−𝐸𝑚−𝑥𝐸𝑂𝐻− 𝐸𝑁𝑎)

𝑥
  (5) 

where, M = Al or Si and x= 3 or 4    

EM(OH)x = total energy of M(OH)x 

EM = ground state energy of M 

EOH = total energy of OH  

ENa = ground state energy of Na 
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For NaAl(OH)4, the interaction energy between Na and OH is subtracted from ∆E to enable 

estimating and isolating the Al-O(H) interaction energy. 

In all calculations, the energy minimized structures were located without imposing 

any symmetry constraints. In addition, Al(OH)4 was also subjected to energy minimization 

while preserving the tetrahedral symmetry. 

It is clear from the Table IV that the bonding strength between Si and O is the 

strongest among all model compounds. When Si is substituted by Al in the tetrahedral 

structure, the binding energy becomes less negative or equivalently, the Al-O bond strength 

in the tetrahedral structure is reduced. Further, the preferred geometry of AlO4 deviates 

from an ideal tetrahedral symmetry. However, in the presence of Na, the tetrahedral 

geometry corresponds to the lowest energy configuration, with a simultaneous increase in 

the Al-O bond strength as seen in Table IV, confirming the fact that Na leads to 

stabilization of the AlO4 tetrahedron. Nevertheless, among all Al compounds, the 3-

coordinated Al demonstrates the highest bond strength, which can be attributed to the 

valence electronic configuration of Al. Thus one should expect that Al-O bond breakage 

should be restricted to tetrahedrally coordinated Al ions as seen in the above reported MD 

simulations. 

 

E. Diffusion of alkali (Na+) cations and water molecules under equilibrium condition 

1.  Diffusion of Na atoms 

Clearly, Na mobility is intimately linked to the mechanical response of the 

GPx(W)/GPxW systems. In this context, we examine the diffusion characteristics of Na 
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even in the absence of deformation. This enables fundamental insight into the equilibrium 

properties of geopolymers. Towards this end, we present the mean-squared displacement 

(MSD) averaged over all Na ions present in the respective systems at zero strain. The MSD 

of each Na atom was recorded at 50 ps intervals for a total production run of 4 ns (Figure 

10). For the sake of clarity, we compare and contrast Na diffusion for a given pair of 

GPx(W)/GPxW when Si/Al ratio equals 1. We chose this system since the number of 

counterbalancing Na ions is highest. As seen in Figure 10, the presence of water within the 

pores enhances alkali diffusion, consistent with experimental observation of enhancement 

in alkali leaching in geopolymers when exposed to water[14,15]. Inset of Figure 10 shows 

the log-log plot of MSD vs. time to illustrate the three different regimes of Na diffusion. 

The initial ballistic motion occurs up to 0.3 ps, followed by a plateau caged regime and 

then diffusive regime. 

On a different note, a comparison between Figures 9 and 10, shows that the MSD 

of Na ions is orders of magnitude greater in both GPx(W) and GPxW systems when 

subjected to deformation. This can be attributed to the application of a uniform strain at a 

constant rate to the system which leads to much larger ‘forced’ displacements of all atoms 

within the simulation box. Further, the fact that in the deformed systems there is significant 

Al-O bond breakage, also affects the mobility of the Na ions. Specifically, the 

destabilization of Al tetrahedra allows the previously loosely bound Na ions to migrate 

faster through the structural network, leading to the much larger observed MSD in the 

systems that undergo deformation. However, for both deformed and undeformed systems, 

the presence of water always enhances Na diffusion. 
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Typically, in MD simulations, the diffusion coefficient D, is calculated in terms of 

the MSD (⟨|𝑟(𝑡) − 𝑟(𝑡0)|2⟩ ) via the Einstein relation [Eq. (6)]. 

𝐷 =  lim
𝑡 →∞

⟨|𝑟(𝑡)−𝑟(𝑡0)|2⟩ 

6(𝑡−𝑡0)
  (6) 

where 𝑟(𝑡)⃗⃗⃗⃗⃗⃗⃗⃗⃗  is the position of the atom at time t and to refers to the initial time. But, Eq. (2) 

is applicable only for linear diffusion that follows Fick’s law. In our case, Na diffusion was 

found to be anomalous (nonlinear with time) as shown in Figure 10. Specifically, for Na, 

the MSD vs time (t) behavior is obtained via a power law [63] [see Eq. (7)].  

          〈𝑟2(𝑡)〉 = 6 𝛤 𝑡𝛼     (7) 

where Γ is a constant. If α < 1 then the system is called “subdiffusive”, α > 1 is 

“superdiffusive”. It is interesting to notice that at zero strain the diffusion of Na is 

‘subdiffusive’ where α < 1 (see Figure 10).  

Further, for anomalous diffusion, the diffusion constant is referred to as an apparent 

diffusion constant and given by [Eq. (8)][63]. Specifically, for the particular system under 

consideration (GP1Wi) the calculated apparent diffusion coefficient was found to be 9.23 

× 10-13 ± 5×10-14 m2/s. 

     𝐷(𝑡) =  𝛤 𝑡𝛼−1           (8) 

Interestingly, a comparison of the apparent diffusion coefficients of Na within the 

different GP systems with available experimental data as observed by Lloyd et al.[64] 

shows that the predicted diffusion coefficients are in accordance with observed 

experimental values. Table V summarizes the experimentally obtained diffusion 
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coefficients of Na ions by Lloyd et al.[64] and the calculated diffusion coefficients from 

our MD simulations. It should be noted that the experimental results of Lloyd et al. [64] 

only report the initial water content of the geopolymer mixture and the Na diffusion 

coefficient of the unhardened ‘early-stage’ geopolymer paste. Nevertheless, despite the 

differences in conditions between the experiments and the current simulations at which Na 

diffusion was evaluated, it is clear that increasing water content leads to an increase in the 

diffusion coefficient of Na, as seen by our MD simulation studies. This lends credence to 

our hypothesis that the polarization field arising due to the presence of the water molecules 

enhances Na diffusion. However, doing a more detailed analysis to validate this hypothesis 

is beyond the scope of this paper, and will form the basis of future work in this regard.  

In the following section, we further quantify Na diffusion by examining whether 

dynamical heterogeneity (DH) arises in Na diffusion in the presence/absence of water. In 

particular, in the presence of water one should expect more prominent DH effects given 

that water molecules are mostly found within the voids, thereby biasing Na diffusion found 

in their vicinity. In MD, DH is quantified by calculating the non-Gaussian parameter[65] 

as discussed below, which is given by, 

𝑁𝐺𝑃 (𝑡) =  
3〈𝑟4(𝑡)〉

5〈𝑟2(𝑡)〉
− 1       (9) 

Here, 〈𝑟2(𝑡)〉 is the mean squared displacement (MSD) of the atoms. For a 

homogenous system which obeys Brownian diffusion, NGP (t) equals to zero, while it is 

greater than zero when there are dynamical heterogeneities (DH). The variation in NGP for 

a Si/Al ratio of 1 as a function of water content is given in Figure 11 and points to the fact 

that as we increase water content the DH increases correspondingly. In addition, Figure 12 
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depicts the displacement-trajectory of Na atoms near and away from water within the bulk 

geopolymer. It is clear from Figure 12 that Na atoms in the vicinity of water demonstrate 

higher MSD even in the absence of external mechanical stimulus further confirming the 

interplay between presence of water and Na diffusion. Thus, the higher NGP values point 

to the fact that the Na atoms near water have much higher mobilities as compared to other 

Na atoms. Furthermore, the NGP of GP1(Wi) in Figure 11 reaches a maximum value at 

around 75 ps, which can be correlated to the transition from the caged regime to the 

diffusive as shown in Figure 10. Similar phenomena has been also observed for 

aluminosilicate melts in the MD study made by Hoang et al. [66]. 

2. Diffusion of water molecules  

To complement the Na diffusion studies, we also examined the mobility of water 

molecules, since water within geopolymers has been found to be tightly bound as opposed 

to being highly mobile in semi-crystalline systems as seen from NMR spectra[67]. Towards 

this end, we calculated the diffusion coefficient of water molecules in the GP1Wi as well 

as the self-diffusion coefficient in bulk water. Samples corresponding to the equilibrium 

density of bulk water (0.999 gm/cm3) were used for obtaining the self-diffusion coefficient. 

A linear diffusion behavior was observed for bulk water (Figure 13a) and thus the Einstein 

relation [Eq. (6)] was used to calculate the diffusion coefficient. The diffusion coefficient 

for bulk water was estimated as 3.10×10-9 ± 3.72×10-11 m2/sec consistent with experimental 

values[68]. However, the diffusion behavior of confined water molecules trapped within 

the voids of geopolymer was found to be ‘anomalous’ or ‘subdiffusive’ with a much 

smaller α value of 0.08 ± 0.01 (see Figure 13b) as compared to that of Na. Unlike the Na 
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diffusion in Figure 10, the water molecules are trapped within the nano voids of 

geopolymer which is manifested by their restricted MSD in Figure 13b. The calculated 

apparent diffusion coefficient of water molecules for GP1Wi structure was found to be 7.33 

× 10-11 ± 4.02×10-12 m2/sec. Interestingly, previous Quasi-Elastic Neutron Scattering 

(QENS) and MD simulation results both show that in NaX and NaY zeolites, water 

diffusion is highly restricted too[69].  

V. SUMMARY AND CONCLUSION 

The findings of the current work can be summarized as below: 

1. The ultimate tensile strength (UTS) and elastic modulus of the MD simulated 

geopolymer binder increases with the increasing Si/Al ratios. For a given Si/Al 

ratio, the UTS decreases with increasing water content and decrease in skeletal 

density. Removing water from the voids present in the geopolymer network doesn’t 

affect the Si-Al framework structure but results in an increase in the UTS. However, 

the elastic modulus of the binder is not significantly altered due to the removal of 

water. 

2. Failure of geopolymers are initiated via Al-O bond breakage. In particular, the Al 

tetrahedron is characterized by weaker bonds as compared to Si tetrahedron as 

observed from the MD simulations and also supported by the DFT calculations.  

3. The presence of water in the nano voids has a significant impact on the deformation 

dynamics of geopolymers. Specifically, Na diffusion was found to be greatly 

enhanced in the presence of water, leading to a faster destabilization of Al 

tetrahedra.  
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4. The destabilization of the AlO4 tetrahedra due to water underlies the mechanical 

failure of geopolymers. This is in contrast to the hydrolytic weakening mechanisms 

that are known to occur in other silicate materials.  

5. Both Na and molecular water show anomalous diffusion behavior in geopolymers. 

Water molecules are tightly bound within the voids of geopolymers showing much 

lower diffusivity compared to bulk water. In the geopolymers Na diffusion shows 

dynamic heterogeneity (DH) due to the presence of water and its extent increases 

with the increment of water content.  

The findings of this study provides a fundamental understanding of the molecular 

mechanisms that govern the mechanical response of geopolymers. While we have only 

focused on elucidating the role of molecular water, in the future we will develop reactive 

force fields (i.e. ReaxFF[70]) that will explicitly account for the disassociation of water 

and its interplay with the alkali cations and their combined effect on the mechanical 

response of geopolymers. The next steps that will help in extending the scope of the current 

work will involve coupling the MD simulations to larger scale finite element method 

(FEM) and/or peridynamics simulations in order to account for the presence of 

macroscopic voids and unreacted phases that are present within the geopolymer composite. 

Currently, work is underway in this regard.  
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TABLES 

TABLE I. Interatomic potential parameters[35] used for simulating the GPxW systems. 

 

Atoms Charge Atoms Charge 

Si +2.4 Os
a -1.2 

Al +1.8 Ow
b -0.82 

Na +0.6 Hw
c +0.41 

2-body Buckingham potential parameters 

Atomic pair A (eV) ρ (Å) C (eV Å6) 

Si-Os 13702.9050 0.193817 54.681 

Al-Os 12201.4170 0.195628 31.997 

Na-Os 2755.0323 0.258583 33.831 

Na-Ow 2616.2137 0.258583 33.831 

Os-Os 2029.2233 0.343645 192.58 

Os-Hw 100.0 0.25 0.0 

2-body Lennard Jones potential parameters 

Atomic pair ɛ (eV) σ (Å) 

Os-Ow 0.024309 2.4952 

Ow-Ow 0.006735 3.1690 

2-body Composite potential parameters 

Atomic pair A (eV) ρ (Å) σ (eV-12 Å) 

Si-Ow 0.5883 2.7561 1.225 

Al-Ow 4.7788 2.5235 1.223 

Bond stretching parameters 

Atomic pair ka (eV / Å2) r0 (Å) 

Ow-Hw 45.93 1.012 

Angle bending parameters 

Triplet kb (eV/rad2) θ0 

Hw-Ow-Hw 3.29136 113.24 

astructural oxygen.  
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bwater oxygen.  
cwater hydrogen. 

 

TABLE II. A tabulation of the composition of the various GPxW systems studied in this 

work (for convenience the composition is expressed in terms of SiO2 Al2O3 and Na2O units, 

while the simulated systems primarily consist of SiO4 and AlO4 tetrahedra). 

 

Name 

Si/Al 

ratio 

SiO2 

(%wt.) 

Al2O3 

(%wt.) 

Na2O 

(%wt.) 

H2O 

(%wt.) 

Total 

atoms in 

simulation 

cell 

Skeletal 

density 

(gm/cm3) 

Gel 

density 

(gm/cm3) 

GBP1 1 42.30 35.89 21.81 0.00 39,998 2.51 2.51 

GP1Wi 1 41.20 34.96 21.24 2.59 43,598 2.01 2.05 

GP1Wii 1 40.33 34.22 20.80 4.65 46,598 1.98 2.06 

GP1Wiii 1 39.50 33.51 20.36 6.63 49,598 1.95 2.05 

GBP2 2 59.45 25.22 15.33 0.00 40,000 2.45 2.45 

GP2Wi 2 57.90 24.57 14.93 2.60 43,600 1.97 2.00 

GP2Wii 2 56.68 24.04 14.61 4.67 46,600 1.95 2.01 

GP2Wiii 2 55.50 23.54 14.31 6.65 49,600 1.92 2.03 

GBP3 3 68.74 19.44 11.81 0.00 40,001 2.41 2.41 

GP3Wi 3 66.95 18.94 11.51 2.61 43,601 1.95 1.98 

GP3Wii 3 65.53 18.53 11.26 4.68 46,601 1.92 1.99 

GP3Wiii 3 64.16 18.15 11.03 6.66 49,601 1.90 2.00 

 

TABLE III. Al coordination at zero strain for GP2 as a function of water content. 

Name %AlO4 %AlO3 %AlO5 

GP2Wi 95.31±0.49 4.63±0.50 0.07±0.02 

GP2(Wi) 95.44±0.20 4.53±0.22 0.04±0.03 

GP2Wii 95.47±0.21 4.45±0.19 0.09±0.04 

GP2(Wii) 95.78±0.27 4.12±0.23 0.11±0.06 

GP2Wiii 96.01±0.47 3.88±0.48 0.11±0.04 

GP2(Wiii) 96.235±0.42 3.68±0.40 0.09±0.03 
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TABLE IV. The M-O(H) binding energy (kJ/mol) and symmetry of model compounds. 

 

Compounds ∆E (kJ/mol) Symmetry 

Al(OH)3 or (AlO3) H3 -454.39 Planar Trigonal 

NaAl(OH)4 or Na (AlO4) H4 -438.72 Tetrahedral 

Al(OH)4 or (AlO4) H4 -373.29 Distorted Tetrahedral 

Al(OH)4 or (AlO4) H4 -360.96 Tetrahedral 

Si(OH)4 or (SiO4) H4 -489.00 Tetrahedral 

 

TABLE V: Comparison of simulated and experimental Na diffusivity  

Diffusion coefficient observed 

experimentally by Lloyd et al.[64] for 

geopolymer paste 

Apparent diffusion coefficient 

calculated from MD simulations in 

this study for GP1W structures 

(Initial water content 

%) 

Diffusion 

coefficient 

(m2/s) 

Water content 

(%) 

Diffusion coefficient 

(m2/s) 

27.5 4.7 × 10-12  0 
7.82 × 10-13 ± 

7.27×10-14 

32.5 7.3 × 10-12 2.6 9.23 × 10-13 ± 5×10-14 

37.5 27 × 10-12 4.7 
10.12 × 10-13 ± 

6.5×10-14 
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FIGURES 

 

FIG. 1: (a) Planar (zx) view of the initial configuration of GP2Wi; Red = Si, Blue = Al, 

Orange = Na, White = O, Magenta = Ow (water oxygen), Cyan = Hw (water hydrogen). 

(b) Structure of the geopolymer after MD equilibration. The voids and water clusters 

within the geopolymer are highlighted. (c) Poly-sialate-silixo monomer (i.e the building 

blocks), which was used to construct this model. ‘x’ and ‘y’ represent sites that are 

susceptible to polymerization. (d) A zoomed in image of the geopolymer structure in (b) 

illustrating the network connectivity of Si and Al tetrahedra 
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FIG. 2: Void size distribution of GP1(W) structures. gν(r) denotes the probability of 

finding a void of radius r. 
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FIG. 3: Simulated X-ray PDF of the GBP2 geopolymer in comparison with an 

experimental X-ray PDF of a hardened metakaolin based geopolymer synthesized by 

White et al. [49]; T denotes Si or Al. 
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FIG. 4: Atomic configuration of: a) GP2(Wi) and b) GP2Wi at failure (~20% strain). 
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FIG. 5: Stress-strain plots for Si/Al = 2 under different condition (GBP2, GP2Wi, 

GP2(Wi)); inset highlights the reduction of UTS due to the presence of water within nano 

voids 
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FIG. 6: Variation of ultimate tensile strength (UTS) as a function of skeletal density for 

different composition and water content; inset shows the UTS (y-axis) as a function of 

densities (x-axis) for fully compacted GBP without the presence of water or voids; W* 

represents water contents Wi, Wii and Wiii (increasing with decreasing skeletal density)  
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FIG. 7: Evolution of AlO4 tetrahedra population as a function of strain with and without 

water for GP2Wi; inset shows the corresponding evolution of AlO3 population.  
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FIG. 8: Snapshots of AlO3 evolution at (a) equilibrium and at (b) 20% strain in the 

GP2Wi system. Yellow spheres indicate the three coordinated Al atoms (i.e. AlO3); as 

obvious from the figure the number of AlO3 increases significantly at 20% strain, and are 

typically present in the vicinity of the nano-voids.  
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FIG. 9: Mean squared displacement (MSD) of Na atoms as a function of time during 

uniaxial deformation for different compositions with and without the presence of water 

within voids. Solid lines represent MSD of structures with different water content within 

voids. Dashed lines represent MSD of structure after removing water from voids. Shades 

represent the error bars. The MSD implicitly includes the displacement of the Na atoms 

caused by the uniform uniaxial deformation of the MD simulation box. Inset shows the 

corresponding log-log plot. 
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FIG. 10: Mean-squared-displacement of Na vs. time for GP1Wi and GP1(Wi) at 0% 

strain. Solid lines represent MSD of Na atoms influenced by water within voids, and 

dotted lines represent the cases corresponding to the dehydrated counterparts. Each curve 

was averaged over six independent NVE ensemble runs for 4ns; the α and Γ values 

reported were obtained by fitting to a power law [Eq. (7)]. Inset shows the log-log plot 

highlighting different regimes (ballistic, caged and diffusive) of the MSD curves. 
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FIG. 11: Time evolution of the non-Gaussian parameter for the GP1 system as a function 

of water content. Inset shows the zoomed view of NGP for GP1(Wi) and GP1Wi. 
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FIG. 12: Illustration of the displacement-trajectory of a typical Na atom in the vicinity of 

water molecules; for comparison, the trajectory of a Na atom away from water molecules 

but within the bulk region of geopolymer binder is also shown in the top-left corner.  
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FIG. 13: Mean squared displacement for the center of mass of all water molecules for (a) 

bulk water (b) water within the voids of geopolymer binder for GP1Wi. Inset in (b) shows 

the log-log plot of water diffusion. 
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Highlights: 

1. Geopolymer binder (GB) shows greater hardness with decreasing nano-indenter 

size. 

2. Higher Si/Al ratio increases the hardness and Young’s modulus of GB. 

3. The hardness of GB is dependent on the indentation loading rates. 

4. Rotation of Si and Al tetrahedra and bond breaking dictates indentation response. 

 

 

ABSTRACT 

Using molecular dynamics simulations, the mechanical response of amorphous 

geopolymer binder (GB) under spherical nanoindentation was examined as a function of 

GB composition (Si/Al ratio), indenter size (radius of indenter) and loading rates. The 

observed hardness values were strongly dependent on the indenter size and loading rates. 

Specifically, the GB hardness increased with decreasing indenter size and increasing 

loading-rate. The indenter size effect and the effect of loading rate were related to the ease 

of rotation of the underlying Si and Al tetrahedra in conjunction with the breaking of 

bridging Si-O and Al-O bonds. Further, for a given indenter size, increasing the Si/Al ratio 

increased the hardness and Young’s modulus of the GB, which was correlated to higher 

strength of Si-O bonds as compared to Al-O bonds present in the GB.   

Keywords: Nanoindentation; Geopolymer; Molecular dynamics; Indentation size effect.  
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1.  Introduction  

Solid-state materials are known to exhibit size-dependent mechanical properties. 

At very small scales, typically at the nanoscale, they show extraordinary strength, fatigue 

resistance, hardness and toughness that can measure orders of magnitude higher than those 

at macroscales [1–5]. Of particular importance and relevance is the hardness of materials; 

in particular, micro-indentation (MI) and nanoindentation (NI) tests are widely used to 

characterize the mechanical properties of materials at their respective distinct spatial scales. 

Both MI and NI tests provide an accurate measure of the intrinsic mechanical properties of 

materials. However, indentation size effects (ISE) are typical of such tests, with the size 

effects being especially dominant during NI. Specifically, ISE is correlated to increase in 

material hardness at smaller indentation depth for a typical pyramidal or Berkovich 

indenter [6–10] or for a spherical indenter with decreasing sphere radius [7,11,12]. ISE is 

very common in crystalline materials and is attributed mainly to geometrically necessary 

dislocations (GND) beneath the indenter during nanoindentation [7,13–15].  

Characterization of the mechanical response of materials under NI can be obtained either 

via experiments or via computer simulations. In particular, computer simulations offer an 

attractive method of probing the size-/scale-dependent indentation effects, without 

resorting to time-consuming and typically expensive experiments. In this regard, using 

molecular dynamics (MD), we have undertaken a bottom-up approach to predict the elastic 

and plastic response of geopolymer binder (GB) under NI. Specifically, in this work we 

examine the response of GB as a function of composition (Si/Al ratio) when undergoing 

nanoindentation with spherical indenters of different radius and at different loading rates. 

The choice of geopolymers is chiefly motivated by the fact that they are beginning to gain 
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prominence as an important, environmentally friendly industrial and engineering material. 

Further, GB is amorphous, and thus identifying the extent as well as the mechanisms that 

underlie ISE will provide new insights into NI of amorphous materials, which, to the best 

of our knowledge, has not been studied extensively. It is worth noting that MD is 

particularly suited to study ISE, given the atomic-scale and nano-scale resolution that it 

offers. Further, MD software packages like LAMMPS [16] are especially optimized to 

carry out large scale simulations in order to characterize the mechanical response of 

materials, especially under NI [17–19]. In a very recent study [20], ISE has been observed 

in the MD simulation of amorphous polyethylene for conical indenters as a function of 

indentation depth. However, in the present study we have used spherical indenters to study 

ISE in geopolymers, where the ISE was observed with the change of indenter radius. 

Further, the structure of geopolymer is distinct from traditional polymers containing 

individual chains and molecules. Hence, a clear picture of the atomic scale mechanism of 

geopolymer is very important to properly understand ISE in this material. 

2. Background and motivation 

The term ‘geopolymer’ was first coined by Davidovits [21] in 1989 based on an 

underlying ‘geosynthesis’ condensation reaction step [22] leading to the ‘polymerization’ 

of  individual silicate and aluminate monomers and oligomers (dimers, trimers, etc.) 

[23,24]. Geopolymer is formed by the alkali activation of aluminosilicate source materials 

such as fly ash, metakaolin, blast furnace slag, and mine tailings and is considered a 

potential sustainable alternative to ordinary Portland cement (OPC). At the atomic-scale, 

it is similar to aluminosilicate glass, though the processing does not involve high 

temperature steps [25]. At the microstructural level, geopolymer consists of unreacted 
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precursor crystals and a fully reacted amorphous aluminosilicate gel binder phase (called 

geopolymer binder or GB) connecting the unreacted particles. Geopolymers have various 

industrial applications and possess superior mechanical properties as well as high 

temperature withstanding capacity with respect to OPC [24]. In this context, in addition to 

studying the macroscale properties of geopolymers, MI and NI have been used to probe 

the intrinsic mechanical response of geopolymer constituents [26–28]. It was shown that 

GB is weaker/more compliant than the unreacted crystal phases. The results of previous NI 

investigations on the weaker GB phases are given in Table 1. As seen in Table 1, there is 

variation in the reported values of hardness and elastic modulus of GB. Němeček et al. [26] 

have pointed out that the mechanical properties of GB are independent of the source-

material and processing conditions, implying that the variation in the reported GB 

properties is possibly due to the ISE associated with indentation experiments.  

Table 1 

Nano indentation test results of geopolymer binder 

Ref. 
Type of 

indenter 

Source 

material 
E (GPa) H (GPa) 

Max load (mN) / 

penetration depth 

(nm)  

Loading type 

Němeček 

et al. [26] 
Berkovich  

Fly ash 

and 

metakaoli

n 

17~18 1.25* 2.0 / 305.9  
Fixed load (30 

s) 

Belena et 

al. [28] 
Berkovich 

Metakaoli

n 
14 0.5 - 

Fixed load 

(30 s) 

Skvara et 

al. [29] 
Berkovich Fly ash 36.1±5.1 1.13±0.3 30 /1200 

Fixed load 

(200 s) 

Allison et 

al. [27] 

Berkovich 

(20 nm tip 

radius) 

Fly ash - 3.86* 2.0 /213.65  - 

Das et al. 

[30] 
Berkovich Fly ash 15-20 0.58* 2.97 /534.0  - 

*Not explicitly reported in the respective references, but was calculated by current authors based on data 

given in reference 
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MD has been used to conduct NI on thin films [31], single crystals [32–34], 

amorphous materials [35–37] and ceramics [19,38]. Although NI in MD is typically 

performed at high loading rates and smaller indentation depths compared with 

experimental studies, it can still provide valuable information about the atomic scale 

mechanisms that dictate the mechanical response of materials [39]. For example, Lodes et 

al. [19] have used MD to study the ISE and pop-in (deviation from elastic behavior) in 

CaF2 single crystals and found good agreement with experimental observations. Zhang and 

Tanaka [32] have shown that the inelastic deformation of Si monocrystal is caused by 

amorphous phase transformation during NI. Knap and Ortiz [40] used the MD based 

quasicontinuum method to understand the effect of indenter size on the load displacement 

behavior of Au (001) and it was found that use of larger indenter increased the slope of 

load displacement curve during loading and a drop in load was not observed for a given 

penetration depth for larger indenters. While MD simulations have also been used to 

perform NI on amorphous materials such as borosilicate glasses [36,37], to the best of our 

knowledge, no previous attempt has been made using MD to study the deformation 

mechanisms of geopolymers during NI.  

3. MD simulations: methodology and implementation procedure 

In NI experiments, different types of indenters can be used, including spherical, 

conical, Vickers (square pyramid), and Berkovich (three sided pyramid). However, in MD 

simulations, considering simulation convenience and straightforward interpretation of the 

loading curves, a spherical indenter is typically implemented. This can be achieved by 

selecting a virtual rigid spherical indenter as outlined by Kelchner et al. [41], where the 
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interaction between the indenter and the substrate is chosen to be purely repulsive 

[39,40,42]. Details on the indenter-substrate interactions as well as the interatomic 

interactions between the constituent atoms of GB are given in the following section. 

3.1. Interatomic Potential 

A non-bonded Buckingham potential was used to define the M-Os bonds (M = 

Si/Al/Na), where Os is the oxygen of the tetrahedral AlO4 and SiO4 units:  

𝑉(𝑟) = 𝐴 exp(−𝑟/𝜌) − 𝐶/𝑟6          

(1) 

where the first part is the Born-Meyer repulsion term and the second part is the attractive 

term. The details of the interatomic potential have been described in our previous work 

[43] and will not be repeated here. The hydroxyl oxygens are designated here as Oh and the 

M-Oh interactions are also defined by the Buckingham potential. The M-Oh parameters are 

given in Table 2. 

For the interaction between the Oh and H atoms of the –OH group, a Morse function 

is used:  

 𝑉 (𝑟) =  𝐷𝑖𝑗 [ { 1 −  𝑒−𝑎𝑖𝑗∗(𝑟−𝑟𝑜 )  }
2

−  1] +  
𝐶𝑖𝑗

𝑟12  (2) 

where Dij, aij, ro and C are the parameters as listed in Table 2.  
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Table 2 

Interatomic potential parameters used for M (Si/Al/Na)–Oh and Oh –H interaction. 

Atoms Charge Atoms Charge 

Si +2.4 Os
a -1.2 

Al +1.8 Oh
b -0.856 

Na +0.6 H +0.256 

2-body Buckingham potential parameters 

Atomic pair A (eV) ρ (Å) C (eV Å6) 

Si-Oh 12433.827 0.193817 54.681 

Al-Oh 9701.4170 0.195628 31.997 

Na-Oh 2629.3649 0.258583 33.831 

Os-Oh 2029.2233 0.343645 192.58 

Oh-H 100.0 0.25 0.0 

Morse potential parameters 

Atomic pair D (eV) α (Å-1) ro (Å) 

Oh-H 7.0525 1.8 0.9485 

aStructural oxygen; bHydroxyl oxygen 

 

To perform nanoindentation, a rigid spherical indenter is simulated by using a 

repulsive potential that forces the atoms to stay outside of the indenter: 

𝑈𝑒𝑥𝑡 =  ∑ 𝐹 (𝑟𝛼)𝑁𝐴
𝛼=1       (3) 

where 𝑟𝛼 is the distance between atom α and the center of the indenter, and  

𝐹 (𝑟) =  {
𝐾 ( 𝑟 − 𝑅)2 𝑓𝑜𝑟 𝑟 < 𝑅,
0                    𝑓𝑜𝑟 𝑟 ≥ 𝑅

   (4) 
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where R is the indenter radius. The radius chosen in this work is in accordance with 

previous MD simulations of nanoindentation [35,38]. The constant K in Eq. (4) is related 

to the effective stiffness of the indenter and defines the ‘softness’ of the indenter surface 

[42]. In this work, based on previous MD simulations of NI [19,42], K was chosen as 7.62 

eV/Å3 which corresponds to an indenter elastic modulus of 1220 GPa (the same as that of 

diamond). This value is much higher than the substrate indentation modulus observed in 

this study.  

3.2. Structure generation and equilibration 

To create the GB structures, the method as described in our previous work [43] was 

followed. Sufficiently large systems (~ 25×25×25 nm3) containing around 1080000 atoms 

(Si, Al, O and charge-compensating Na) were considered in this study (see Fig. 1). The 

sizes were carefully chosen to ensure that the reported mechanical response were not an 

artifact of the simulation size. Note that we considered three different Si/Al ratios (1, 2 and 

3), and for each of these systems, the Al/Na ratio always equaled unity.  All systems 

(initially unhydrated) were first equilibrated under isothermal/isobaric (NPT) conditions at 

300 K and 1 atmosphere using periodic boundary conditions. Once equilibration was 

achieved, a large vacuum-region was created in the z-direction of the simulation box. Then 

the surface was hydrated as follows: the under-coordinated (less than four) surface Si and 

Al atoms were saturated by adding –OH groups and for each dangling O, an H atom was 

added. The surface hydration ensures consistency with experimental observations of 

surface hydroxylation of GB constituents in geopolymers. The resulting surface hydrated 

structure was further equilibrated at 300 K under constant volume/isothermal (NVT) 

conditions. 
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Fig. 1. A GB MD model (Si/Al = 2) showing 1080000 atoms and a spherical indenter 

approaching the top surface.  

 

3.3. Validation of simulated GB structures 

The various MD simulated structures were found to be in good agreement with the 

experimentally determined structures. Specifically, both Si and Al atoms predominantly 

showed 4-fold coordination (96.5-98.5% Al for Si/Al = 1, 2, 3 and 100% Si for all Si/Al 

ratios), in good agreement with nuclear magnetic resonance (NMR) experiments 

[24,44,45].  
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3.3.1. Infra-red (IR) spectra 

In addition to NMR validation, as an important step towards establishing the 

validity of the chosen interatomic potential to simulate the GP structure and properties 

accurately, the predicted IR spectra were compared with available experimental data. In 

this work, the IR spectra were determined from the autocorrelation of the Fourier transform 

of the dipole-moment as given below: 

𝐼(𝜔) = ∫ 〈𝝁(𝜏) ⋅ 𝝁(𝜏 + Δ𝜏)〉𝑒−𝑖𝜔𝜏𝑑𝜏    (5) 

Here 𝝁  is the species or molecule dipole-moment and 𝜏  is time. The dipole-moment in 

Eq. (5) is defined in terms of position, but based on the properties of Fourier transform it 

is equally valid to define   = 𝑞 ⋅ 𝐯 , where 𝐯 is the velocity. This approach is 

computationally beneficial for calculating the IR spectrum and the calculated intensities 

become proportional to the dipole-moment autocorrelation [46]. The calculated IR 

spectrum in this work was carried out using the total dipole-moment of the simulation cell. 

The time interval between successive correlations is 0.002 ps for a total correlation length 

of 4 ps. The simulation time was 1 ns. 

The IR spectra for GB with different Si/Al ratios and for pure silica are shown in 

Fig. 2. A comparison of MD obtained spectra with available experiments demonstrates the 

accuracy of the simulated structures. The two main peaks that can be observed in the 

spectra are centered around 604-650 cm-1 and 973-1023 cm-1. It can be seen that with the 

decrease of Si/Al ratio, the peaks shift toward lower values. The experimental observation 

of Yunsheng et al. [47] has shown that substitution of Si with Al shifts the IR frequencies 

to lower values. The experimental work of Lee et al [48] also confirms similar observation 
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where increment of alkali content (in our case which is similar to lowering Si/Al ratio) 

lowers the T-O-T (T=Si or Al) stretching vibration band. Yunsheng et al. [47] has further 

shown the characteristic band of geopolymer to be at 1006 cm-1 which is in good agreement 

with the IR spectra of our MD simulated structure in Fig. 2. García-Lodeiro et al. [49] have 

also observed similar Si/Al-O stretching vibrations around 1006 cm-1 and TO4 internal 

symmetric bending vibration at 690-700 cm-1 for GB gel and at 660 cm-1 for calcium silicate 

hydrate (CSH) gel which is in good agreement with the first peak in Fig. 2. Table 3 

summarizes the FTIR spectra observed by different research groups for T-O stretching 

vibrations of GB.  

 

Fig. 2. IR spectra of geopolymer binder from MD simulation 
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Table 3  

A summary of the FTIR spectra of geopolymer binder obtained by different research 

groups 

Reference M-O (M=Si or Al) stretching (cm-1) 

Rees et al. [50] 958 

Lee et al. [48] 1010-1070 

Phair et al. [51] 1000 

Hajimohammadi et al. [52] 940 

Yunsheng et al. [47] 1006 

García-Lodeiro et al. [49] 1006 

MD simulation (this work) 973-1023 

 

 

3.3.2. X-ray pair distribution function (PDF) 

In addition to the IR spectra, the ability to emulate experimental X-ray PDF is used 

for further validating the accuracy of the employed interatomic potential as well as the 

simulation methods to obtain the GB structures. On similar lines,  MD simulations of 

disordered materials such as CSH [53,54], sodium aluminosilicate glass [55] and Y2O3–

Al2O3 glasses [56] have relied on using X-ray PDF to validate their respective models. 

As seen in Fig. 3, the simulated X-ray PDF matched well with experimental data 

[57] in terms of the bond lengths of the various atomic-pairs. It should be noted that 

geopolymers contain crystallites such as mullite and quartz which cannot be distinguished 

in the experimental X-ray PDF. However, no long range order was seen in the model as 

evident from Fig. 3 which is distinctive of amorphous GB structures.  
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Fig. 3. X-ray PDF of MD simulation superimposed with that of experimental geopolymer 

from White et al. [57]; M denotes Si or Al. 

 

3.4. Software and statistical analysis details 

To ensure adequate statistics were incorporated in analyzing the NI results, six 

initial configurations and velocity distributions were considered for each case-study. All 

simulations were conducted using MD software package LAMMPS [16]. Visualizations 

were performed by using OVITO [58]. For studying the bond properties, the RINGS code 

[59] was used.  

3.5. Nanoindentation procedure 

Nanoindentation was conducted using a displacement controlled method by 

positioning the spherical indenter just above the top of the substrate and moving it 

vertically (along -z axis) downward at different loading rates. In typical MD simulations, 

the loading rate is chosen to be 0.5 Å/ps (or 50 m/s), and unless or otherwise stated, all 
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reported data in this work correspond to this loading rate.  In addition to this loading rate, 

to study loading rate effects, further simulations were also conducted at 5, 10, 50, 100 and 

200 m/s, respectively. In all studies, the bottom few layers (~5 Å) were frozen to prevent 

‘sample drift’ [31,35], while the rest of the simulated system was subjected to an NVT 

ensemble. For statistics, six different locations of the substrate were chosen as the points 

of impact of the indenter. The mean and standard deviation of all the structural and 

mechanical properties were calculated from the six different simulations. It is noted that, 

as is typical of MD simulations, the indentation speed or the loading rate in physical 

nanoindentation tests is in the order of µm/s in contrast to m/s that was used in this work. 

However, attaining an indentation speed as those used in physical nanoindentation tests is 

not practical for MD simulations. The range of loading rates used in current study is in 

accordance with previous MD simulations of nanoindentation [31,33,36,38]. The loading 

depth was chosen based on the observation of the load-displacement (P-h) plots where any 

increase in depth beyond a certain limit led to “pop-in” (deviation from the elastic 

behavior) of the P-h curve. Typically, this depth was found roughly equal to the radius of 

the indenter. 

After the loading was finished, the unloading phase was simulated by vertically 

moving the indenter in the opposite (i.e. upward) direction using the same movement rate 

as loading. The total force produced by the indenter along the z-direction was recorded at 

every time step and used to plot the P-h curves. The h was calculated as the difference 

between the lowest point of the indenter and the initial top surface of the substrate.  
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To study the ISE, different indenter radii (R) and indentation depths (h) were 

considered in this work. To ensure consistency in obtained hardness (H) values, geometric 

similarity between NI simulations of different R was maintained. This was achieved by 

ensuring the ratio of contact radius (a) and R, i.e. a/R, which is defined as strain for a 

spherical indenter, to be a constant. The maximum value of contact radius a is equal to R. 

Thus, the maximum a/R = 1. Further, in MD simulations using the spherical indenter, it 

has been shown that the initiation of pop-in (the onset of plastic deformation) is penetration 

depth dependent [40,60]. Specifically, the pop-in depth of penetration increases with 

increasing R. As a result, in this work, based on preliminary analysis, high a/R (= 1) values 

were used in order to ensure occurrence of pop-in for all indenters. Experimentally, smaller 

values of a/R are adequate to initiate the plastic deformation of the material (a/R < 0.3 

according to [7]), given the much larger indenter sizes of experimental indenters (R ≥ 100 

nm). 

4. Results and discussion 

In this section, we discuss the elastic and plastic response of GB as a function of 

indenter size, loading rates and composition (Si/Al ratio). A range of indenter sizes were 

used varying between 10 and 50 Å in radius. The loading rates that were used are 5, 10, 

50, 100 and 200 m/s. The Si/Al ratios of 1, 2 and 3 were examined in this work. 

4.1. Effect of indenter size and indentation depth on Young’s modulus 

As a first step toward analyzing the effect of indenter size and indentation depth, 

we focus on the elastic response of GB with Si/Al ratio of 2. Fig. 4 (a) plots the P-h curves 

for a given indenter size (50 Å radius) as a function of penetration depth. The P-h curves 
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were found to follow the Hertzian solution for a spherical indenter [61] at small indenter 

depth. Further, from the P-h curves, the respective Young’s modulus E were estimated 

based on the Oliver and Pharr [62] method: 

1

𝐸𝑒𝑓𝑓
=  

1−𝜈2

𝐸
+ 

1−𝜈𝑖
2

𝐸𝑖
         (6)       

where E and ν are the Young’s modulus and Poisson’s ratio of the substrate, respectively 

(ν was predicted as 0.31 for GB), and Ei and vi are the Young’s modulus and Poisson’s 

ratio of the indenter, with vi = 0.2 for a diamond indenter chosen in this work. Eeff  is the 

effective elastic modulus which takes into account of the combined elastic deformation of 

both the indenter and the substrate. Eeff  can be determined from the unloading part of the 

P-h curve with the following relationship [62]: 

𝐸𝑒𝑓𝑓 =
𝑆√𝜋 

2√𝐴𝑐
    (7)   

where S is the maximum slope of the initial unloading part of the P-h curve, Ac is the 

projected contact area which is directly related to the depth of contact between indenter 

and the specimen, hc [62]: 

𝐴𝑐 = 𝑓(ℎ𝑐)    (8) 

For a spherical indenter, Ac can be calculated as [63]: 

𝐴𝑐 =  𝜋(2𝑅ℎ𝑐 − ℎ𝑐
2)   (9) 

where R is the indenter radius, and hc can be determined by [64]:  

 ℎ𝑐 =
ℎ𝑚𝑎𝑥+ℎ𝑓

2
      (10) 
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where hmax is the maximum depth of penetration, and hf is the residual penetration depth 

after complete removal of the indenter. According to this method [62], the contact area 

calculated using Eqs. (8) - (10) is expected to match the true contact area if the ratio of 

hf/hmax is less than 0.7.  

 

Fig. 4. (a) Load (P) versus penetration depth (h) curves, and (b) Effect of penetration 

depth on Young’s modulus, for an indenter radius of 50 Å.  

Fig. 4 (b) shows the variation of obtained Young’s modulus (E) with penetration 

depth (h) and corresponding strain (a/R) based on the P-h curves in Fig. 4 (a). It clearly 

shows that the Young’s modulus (E) decreases with h and a/R. Similar observations have 

been made by Bandini et al. [65] for NI of marble using a Berkovich indenter.  

However, for a fixed penetration depth, E was found to increase with indenter 

radius (Fig. 5) and becomes almost constant when the indenter size is large enough. This 

is not surprising because, for a fixed penetration depth, a smaller indenter radius means a 

larger strain (a/R). When the strain is large enough, the substrate (partially) enters the 

plastic zone and thus the E decreases. This is why the E essentially does not change when 

the strain (a/R) is decreased to a certain level and the substrate is in the elastic range.  
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Fig. 5. Young’s modulus E vs. indenter radius for a fixed maximum penetration 

depth of 20 Å 

4.2. Effect of indenter size on hardness 

The P-h curves for different indenter radius of 25, 35 Å and 45 Å with a fixed 

maximum penetration depth of 20 Å are shown in Fig. 6 (a). The hardness, H, was 

calculated by [62]:  

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
    (11) 

where 𝑃𝑚𝑎𝑥 is the load at full penetration depth and 𝐴𝑐is the contact area at that depth. Ac 

was calculated as per Eq. (9) where the whole elastic deformation (hmax-hf) of the upper 

surface of the substrate was considered [64]. Fig. 6 (b) shows the obtained hardness H at 

different indenter radius. It can be clearly seen that the hardness H decreases with 

increasing indenter radius. This is caused by the decrease of strain a/R with increasing 

indenter size. At a fixed value of a/R, H is also found to decrease with increasing indenter 
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radius with the decreasing rate becoming smaller as the indenter radius increases (Fig. 7). 

Similar phenomena has been observed previously on NI test of Ir by Swadener et al [7].  

 

Fig. 6. (a) Load-penetration depth (P-h) curve for an indenter radius of 25, 35 and 45 Å, 

respectively and (b) Hardness H versus indenter radius with variable a/R (for 20Å 

maximum depth) 

 

Fig. 7. Hardness H versus indenter radius at a/R = 1 

The ISE was further investigated at a higher loading rate (200 m/s) and a similar 

trend was observed (Fig. 8). The underlying mechanisms that dictate ISE is investigated in 

the next section. 
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Fig. 8. Hardness H versus indenter radius at a/R = 1 with two different loading rates 

 

4.3 Atomic-scale mechanisms governing ISE   

We now turn our attention to the understanding of the underlying atomic-scale 

mechanisms that govern the ISE in GB. Towards this end, structural features such as bond-

breakage and bond angle distribution (BAD) at different NI conditions are discussed. To 

ensure consistency in the analysis, the evolution of structural features was restricted to 

characteristic ‘minimum process-zones’. This process zone is identified as the deformation 

area surrounding the indenter, and is based on the ‘cavity model’ as adopted by Kilymis et 

al. [36] for borosilicate glasses.  The process-zone radius Rp is given by  

𝑅𝑝 =  √3𝑃𝑚𝑎𝑥 2𝜋𝑌⁄       (12) 

where Pmax is the maximum indentation load at full depth, and Y is the yield stress. Y was 

obtained from the uniaxial stress-strain plot of previous MD simulation of geopolymers 

[43]. A cylindrical process zone was considered based on the value of Rp (Fig. 9). As shown 
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in Fig. 9, Rp is also consistent with the spatial extent of volumetric strain within the 

substrate, providing further proof of the validity of Eq. (12).  

 

Fig. 9.  Illustration of ‘minimum process zone’ at full penetration depth (20 Å) for 

indenter radius R = 20 Å: The radius of the ‘minimum process zone’ (Rp = 34 Å) is shown 

within the rectangular section at the top along with the whole substrate. In the bottom 

left, the cylindrical section of the process zone is shown with dimensions. The bottom 

right figure shows the volumetric strain at full loading for the process zone. All 

calculations of bond breakage and bond angle evolution was restricted within this zone. 
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4.3.1 Si-O and Al-O bond evolution 

Fig. 10 illustrates the evolution in the percentage of ‘broken’ Al-O and Si-O bonds 

as a function of the indenter radius at full loading (for a/R =1). Here a bond is considered 

to be broken when the bond-length is greater than a cut-off which corresponds to the first 

minimum in the corresponding radial distribution function [66]. Clearly, more Al-O bonds 

are broken as compared to Si-O bonds, indicating the relative strength of the two types of 

bonds. More importantly, we see that for both the Si-O and Al-O bonds, the number of 

broken bonds increases with decreasing indenter radius. This can be understood in terms 

of associated strain gradients, which is defined as 𝑎/𝑅2 for a spherical indenter: at smaller 

indenter sizes, the strain gradients are higher (within the volume of contact), and 

consequently more strain energy is localized leading to increased bond-strain and bond-

breakage and a higher hardness as a result. While increased hardness as a function of 

decreasing indenter size is also observed for crystalline systems, the underlying 

mechanisms for the observed increase are fundamentally different. Specifically, in the case 

of crystalline materials, the hardness is intimately linked to the nucleation of geometrically 

necessary dislocations (GND) [7,13–15].  

 

Fig. 10. Percentage of broken Si-O and Al-O bonds due to nanoindentation as a function 

of indenter radius 
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4.3.2 Bond angle distribution (BAD) evolution 

   The evolution of BAD can be correlated to the accommodation of strain within 

the GB structure. In particular, the ability of neighboring tetrahedra to reorient with respect 

to each other indicates the conversion of strain energy into tetrahedral rotation in addition 

to bond-deformation. In this light, we analyze the evolution in the respective BADs before 

loading, at full loading and after unloading in Fig. 11, for two given indenter radiuses (10 

Å and 35 Å). Fig. 11 points to the fact that there is permanent deformation of the M-O-M 

(M=Si and Al) BADs (shown only for Si-O-Al in Fig. 11) for both indenter sizes, indicating 

that bond-breakage is simultaneously accompanied by local structural compaction. 

Interestingly, we see a larger down-shift in the M-O-M BADs at full load for the larger 

indenter (~15°) as compared to the smaller indenter (~10°). The fact that there are 

(relatively) smaller number of broken M-O bonds for the larger indenter, when viewed in 

conjunction with the respective BAD shifts, suggests that strain-accommodation via 

structural reorientation, rather than just bond-breakage, is easier for larger indenter sizes. 

However, for the larger indenter, after unloading, there is recovery within the deformed 

material as seen by a 5° upshift in the BAD, which is absent for the smaller indenter, further 

demonstrating that the plastic deformation is ‘more severe’, correlating well with the 

observed higher hardness with the smaller indenter. 
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Fig. 11.  Si-O-Al bond angle distribution at different stages of nanoindentation using a (a) 

10 Å and (b) 35 Å indenter radius: solid line represents distribution before indentation, 

dashed line represents distribution at full loading, and dotted line is the distribution after 

unloading 

4.4 Effect of loading rates 

The effect of loading rate on hardness was investigated for indenters with different 

radius (Fig. 12). It can be seen that increasing the loading rate increases the observed 

hardness for all indenter sizes and, as shown earlier, the hardness is greater at a smaller 

indenter radius. This is because a smaller indenter radius or a higher loading rate leads to 

a greater percentage of bond-breakage (Fig. 13) and less structural relaxation in the form 

of a smaller BAD downshift (Fig. 14).  
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Fig. 12. Hardness versus loading rate for different indenter radius 
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Fig. 13. Percentage of bonds broken as a function of loading rate: (a) Al-O bonds, and (b) 

Si-O bonds 
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Fig. 14. Effect of nanoindentation with different loading rates on the Si-O-Al bond angle 

distribution for a (a) 10 Å, and (b) 35 Å radius indenter: solid line is for before 

indentation, dashed line is for 50 m/s at full load and dotted line is for 200 m/s at full 

load. 

4.5. Effect of Si/Al ratio 

The effect of Si/Al ratio on H and E is reported in Fig. 15. The loading-rate was 

fixed at 50 m/s with an indenter radius of 25 Å. It can be seen that increasing the Si/Al ratio 

increases both H and E. 

 The trend of increasing hardness and Young’s modulus with higher Si/Al ratio is 

attributed to the larger percentage of Si-O bonds as the Si/Al ratio increases. Specifically, 

for Si and Al atoms that are tetrahedrally coordinated to oxygen atoms, Si-O bonds 

demonstrate higher intrinsic bond-strength as compared to Al-O bonds [43], which directly 

affects both the elastic response (modulus) and the resistance to indenter penetration 

(hardness). Interestingly, experimental studies [67] support this observation. 
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Fig. 15. Effect of Si/Al ratio on (a) P-h plot, (b) H, and (c) E 

 5. Conclusion 

In summary, using MD simulations, we have identified the fundamental 

mechanisms that underlie the deformation response of GB under nanoindentation. 

Specifically, the following results represent the salient aspects of this work: 

1. Indentation size effect (ISE) is clearly present in GB. The size effect is visible from 

the increased hardness values with decreasing indenter size. 

2. The restriction in the re-orientation of Si and Al tetrahedra at smaller indenter sizes 

is accompanied by higher percentage of bond-breakage, leading to higher hardness 
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values. Higher loading rates show similar structural mechanisms and hence 

increases the hardness.  

3. Increasing Si/Al ratio increases the hardness and Young’s modulus due to a 

corresponding increase in Si-O bonds which demonstrate higher intrinsic bond-

strength as compared to Al-O bonds in GB.  

Future work will involve using multiscale, multiphase simulations for predicting the 

mechanical properties of geopolymers, for which GB represents an integral structural 

constituent. Work is under progress in this regard, where MD simulations are being coupled 

with larger-scale continuum fracture-mechanics models to predict and design geopolymers 

with tailorable microstructures.  
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Highlights: 

1. Geopolymer binder (GB) and calcium silicate hydrate (CSH) composites were 

studied.  

2. The failure of the GB-CSH composite is initiated near the interface but within CSH. 

3. The strength of the GB-CSH composite is dependent on the Ca/Si ratio in CSH. 

4. The orientation of silica layers in CSH strongly affects the strength of the GB-CSH 

composite.  

 

Graphical abstract: 
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ABSTRACT 

This paper for the first time used reactive molecular dynamics (MD) simulation to study 

the mechanical behavior of geopolymer binder (GB) and calcium silicate hydrate (CSH) 

composites. Specifically, GB-CSH composites with different Ca/Si ratios for the CSH 

phase were constructed and their mechanical behavior in terms of ultimate tensile strength, 

fracture toughness and strain energy release rates was investigated. It was observed that 

the Ca/Si ratio of CSH greatly affects the mechanical response of the composite. Increasing 

the Ca/Si ratio from 1.2 to 1.65 created more disorder in the silica layers in CSH and 

decreased the mechanical properties of the composite. However, the completely glassy 

CSH at a Ca/Si ratio of 2.0 showed slight improvement of mechanical properties due to 

high three-dimensional (3D) network connectivity in the Si tetrahedra. A detailed analysis 

of bond evolution and bond angle distribution showed their direct correlation with the 

observed mechanical response. Low Ca/Si ratio structures showed more Si-O bond 

breakages in CSH compared to high Ca/Si ratio structures. The high Ca/Si ratio structure 

showed deformation mobilization by the change in bond angles in GB instead of bond 

breakage. The failure was always governed by the Si-O bond breaking of CSH near the 

GB-CSH interface.  

 

Keywords: Geopolymer; CSH; ReaxFF; fracture; interface; composite.  
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1. Introduction 

Geopolymer cement has drawn great attention in recent times due to its remarkable 

physical and mechanical properties and low energy requirement for its production. Much 

experimental research has been conducted on the effect of source material types [1,2], 

source material composition [3–5], and curing condition [3,6] on the physical and 

mechanical properties of the final geopolymer products. It has been found that in the 

presence of Ca-rich precursors both geopolymer binder (GB) and calcium silicate hydrate 

(CSH) phases can be produced and the resulted GB-CSH composite can show enhanced 

physical and mechanical properties [2]. 

Yip et al. [7] used metakaolin (MK) and ground granulated blast furnace slags 

(GGBFS) to produce geopolymers, where the dual presence of GB and CSH gels was 

confirmed. Further, alkaline activation of only GGBFS was found to produce calcium 

alumino silicate hydrate (CASH) where the Si atoms in the silica chains are replaced by Al 

at the bridging sites of Si tetrahedra and the resulting negative charge is balanced by alkali 

cation (i.e. Na) between the silica sheets [8,9]. Depending on the synthesis conditions and 

the nature of source materials, geopolymerization in the presence of Ca-compounds can 

form calcium hydroxide (CH) [10],  CSH gel [2,10,11] along with GB gel or form an 

entirely different CASH gel phase [8,9]. The atomic scale structure of CASH gel has been 

studied previously using latest computational methods [12,13]. However, although widely 

observed in experimental studies, to the best knowledge of the authors, no previous work 

has been undertaken using computational methods to investigate the coexistence of GB 

and CSH as separate phases. At the atomic scale, the mechanism of the interfacial 

interaction between the two phases needs to be better understood for the optimum design 
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of geopolymer in the presence of Ca. This kind of information cannot be obtained from 

physical experiments alone. In this regard, molecular dynamics (MD) simulation provides 

a good way to study the interfacial interaction between GB and CSH.  

In this study, GB-CSH composites were constructed using ReaxFF MD simulation 

[14] and their structural, dynamical and mechanical properties were studied in details, 

aiming to better understand geopolymer in the presence of Ca.  

2. Background 

2.1 ReaxFF MD simulation 

ReaxFF was first developed by van Duin et al. [7] in 2001 using bond order (or 

bond strength) concepts of Tersoff [8] and Brenner [9]. In these interatomic potentials, the 

bond order monotonically decreases with the coordination of an atom and that information 

is added as a parameter into the interatomic potential function. Since ReaxFF is based on 

the concept of bond order, it allows for dynamic formation and breaking of bonds and 

hence can simulate chemical reactions. The main advantage of ReaxFF is that there are no 

discontinuities in energy or forces even during reaction. The same force field atom type is 

used for a given element. For example, a metal oxygen is described by the same parameters 

as the oxygen in an organic molecule. Classical MD does not have these capabilities and 

the interatomic potentials developed for one particular system can be seldom used for a 

different system. Furthermore, when a deformation is applied, ReaxFF can dynamically 

adjust the charge of various species but in classical MD potentials, the charge of an atomic 

species is always fixed. Because of the aforementioned advantages, ReaxFF has gained 

remarkable acceptance among researchers and has been increasingly used for simulating a 
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diverse array of materials including sodium silicate glass [10], CSH gel [11], silica-water 

interface [12], alumina-water reaction for hydrogen fuel extraction [13], sol-gel synthesis 

of bio-active glasses [14] and water dynamics in smectite clay-zeolite composites [15]. 

2.2 MD simulation of CSH and geopolymer 

A great number of MD simulation studies have been undertaken to understand the 

CSH structure and find its mechanical properties from a bottom up fashion. Pellenq et al. 

[15] proposed a molecular model of CSH gel consistent with experimental determination 

using neutron scattering and Extended X-Ray Absorption Fine Structure (EXAFS) 

measurements. Bauchy et al. [16] used ReaxFF potential for simulating CSH structure. 

Unlike the core shell parameters used in [15], the use of ReaxFF allowed the dissociation 

of water into –OH groups. Good agreement between the CSH simulation and experimental 

data was observed in terms of Si-O, Ca-O and Si-Si correlations from X-ray pair 

distribution function (PDF). The crystal structure of tobermorite with a Ca/Si ratio of 1 was 

also simulated to compare its PDF with that of CSH (Ca/Si = 1.65) structure. Manzano et 

al. [17] used MD to study the shear deformation behavior of CSH gel. It was emphasized 

by the authors that although the macroscopic mechanical behavior is the combined effect 

of multiple features emerging at different scales, in most cases the deformation within the 

CSH gel itself will play an important role. It was found that the water rich defective regions 

in the CSH gel are responsible for the development of deformations. It was also found that 

the development of deformation was less localized in tobermorite than in the CSH. Qomi 

et al. [18] studied the dynamics of nanoconfined water within the silicate layers of CSH 

using ReaxFF MD simulation. It was found that the composition of CSH gel has a 
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significant effect on the structure of water. The dipole moment, Voronoi density and the 

number of hydrogen bonds per water molecule were found to increase with the Ca/Si ratio. 

The mobility of water was also found to be strongly composition dependent. The diffusivity 

of water increased with higher Ca/Si ratio by up to one order of magnitude. The diffusivity 

at all Ca/Si ratios was 1/1000th of that of bulk water. The self-diffusivity of water in the 

interlayer was found to be roughly ten times smaller than the one observed from 

experiments. It was explained by the authors that the experimental results can only look at 

the dynamics of water at the mesopores but cannot address the water dynamics inside the 

nano pores of CSH. Bauchy et al. [19], in a different study, determined the fracture 

toughness and critical energy release rates of CSH gel using ReaxFF MD simulation. The 

fracture toughness determined from MD was in good agreement with the experimental 

values. The CSH structure was found to be showing nano ductility due to the inherent 

flexibility of the CSH structure. It was suggested by the authors that the MD results cannot 

be directly compared with the experimental data due to the presence of various phases and 

different pore size in hardened cement paste. Hou et al. [12] introduced Al within the CSH 

to study its effect on the structure and mechanical properties of calcium aluminate silicate 

hydrate (CASH) using ReaxFF MD simulation. It was found that the addition of Al played 

a crucial role in connecting the defective silicate chains and transforming the CSH gel from 

a layered structure to a 3D network. The failure stresses obtained for the CASH were found 

to be higher than that of the CSH gel. Using MD simulations, Manjano et al. [20] showed 

that introducing defects in crystalline CSH (e.g. tobermorite, Jennite) leads to lower 

mechanical properties, which is in good agreement with the experiments. Increasing only 

the Ca/Si ratio slightly lowers the mechanical properties of the crystalline CSH, but their 
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magnitude is much higher compared to the experimental results without the presence of 

any defects. Zhou et al. [21] in a very recent MD simulation study showed that increasing 

the Ca/Si ratio enhances the chloride absorption in CSH gel. The Cl adsorption is facilitated 

by the generation of non-bridging oxygen sites and free Ca ions with the increment of Ca/Si 

ratio.  

In contrast, very few MD simulation studies have been carried out on geopolymer 

binder (GB). Kupwade-Patil et al. [22] showed the effect of temperature and Si/Al ratio on 

the stability of GB using MD. In our recent work [23], MD simulations were used to 

understand the effect of nano confined molecular water on the structure and mechanical 

properties of GB. To the best of our knowledge, no previous studies have been conducted 

to understand the interfacial interaction between GB and CSH and correlate the interface 

structure with the mechanical properties of the GB-CSH composite. Therefore, this paper 

will make the first attempt to shed light on this problem. To do that, first the molecular 

models of GB and CSH are created separately and an interface between the two phases is 

formed. Then the effect of composition (i.e. Ca/Si ratio) in CSH on the mechanical 

properties of the GB-CSH composite is studied. For better understanding of the GB-CSH 

composite, a detailed characterization of the structure of the interface and the respective 

phases is also performed.  
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3. Methodology 

3.1 Computational details 

The total energy in ReaxFF is defined as below: 

Esystem = Ebond + Eover + Eunder + Eval + Epen + Etors + Econj + Evdwals + ECoulomb (1) 

where Ebond is the bond energy which depends on the bond order (BO) of two atoms. BO 

depends on the interatomic distance between two atoms.  Eover and Eunder are the energy 

penalty for over- and under-coordination of atoms, respectively. Eval, Epen, Etors, Econj, Evdwals 

and Ecoulomb are the valence angle energy, penalty energy, torsion energy, conjugation 

energy, van der Walls energy and Coulombic energy, respectively [7].  

The parameters of ReaxFF are discussed in detail in the original paper of ReaxFF 

for hydrocarbons [7] and will not be repeated here. ReaxFF corrects for the BO if an atom 

is over-coordinated. In ReaxFF, BO is associated with the interatomic distance by a simple 

equation with separate terms for sigma, first pi and second pi bonds. The BO and its 

corrections make ReaxFF inherently many-body. This causes ReaxFF to be 

computationally more expensive than classical MD potentials. Unlike classical MD, 

ReaxFF doesn’t use Ewald summation [7, 16] but uses electronegativity equilibration 

method (EEM) [17], which is similar to the charge equilibration (qeq) scheme [18]. The 

charge of each atom is determined by its local environment and the coordination number. 

This is rather an attractive feature for simulating hydrated aluminosilicates like geopolymer 

which can have different neighboring environment due to the presence of water and alkali 

cations. The parallel codes reax/c and qeq/reax [19] available in LAMMPS package [20] 

were used for running all simulations in this paper. The ReaxFF parameters used in the 
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current study were originally developed and used for Smectite clay-zeolite composites by 

Pitman et al. [21]. These parameters were also successfully used in predicting the structure 

of sodium silicate glass [10]. The full interatomic potential parameters can be found in the 

supporting information of this article. ReaxFF has been used to model CSH by different 

authors [12,17,19], some of which are already briefly discussed in Section 2.2.  

3.2 Generation of structure  

The GB structure was created based on our previous MD simulation study [23] with 

a fixed Si/Al ratio of 2.0 and 2.66% water content (named ‘GP2W1’ in [23]). The CSH 

structure was constructed from 11 Å tobermorite following [24]. While tobermorite has a 

Ca/Si ratio of 1 or lower, CSH has higher Ca/Si ratios (1.2-2.3) with a significantly larger 

presence of Ca and water [15]. The TEM images of CSH studied by Qomi et al. [25] have 

shown that at high Ca/Si ratio, CSH structure becomes reasonably amorphous in nature. 

The crystalline CSH structure at low Ca/Si ratio is highly anisotropic and changes to 

isotropic with increasing Ca/Si ratio. In this regard, both crystalline CSH with a Ca/Si ratio 

of 1.2, 1.45 and 1.65, respectively, and amorphous CSH with a Ca/Si ratio of 2.0 were 

considered in this study.  

The bridging and pairing silica tetrahedra in tobermorite form the so called 

‘Drierketten’ pattern as shown in Fig. 1. This pattern continues infinitely along the 𝑏 

dimension of tobermorite. On the contrary, in CSH gel, these infinitely long chains are 

broken at intermediate points which lead to Ca/Si ratios higher than unity. CSH structure 

has been created by introducing defects in tobermorite crystals [15,25]. The defected 

tobermorite contains adsorption sites for water and the number of such sites increases with 
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higher Ca/Si ratio. Following the method of Qomi et al. [25], a super cell of Hamid’s 

tobermorite with Ca/Si = 1 was chosen and Si atoms at random locations of different chains 

were removed along with its two non-bridging oxygen atoms. This process was repeated 

several times until the desired Ca/Si ratio was reached. After finishing the cutting 

operation, the originally infinitely long silica chains were converted into individual 

monomers, dimers, pentamers and octamers of Si tetrahedra. The defected tobermorite 

structure was first relaxed using CSH-FF potential [26] at 0 K temperature and later 

subjected to grand canonical Monte Carlo (GCMC) simulation for water adsorption. The 

water adsorbed structure was equilibrated at 300 K and 0 bars using NVT and NPT 

ensembles, respectively, with ReaxFF. The equilibrated system was then used as the final 

CSH structure for further analysis. The use of ReaxFF gives one the exclusive opportunity 

to allow dissociation of water molecules and subsequent hydroxylation of Si and Ca to 

form Ca-OH and Si-OH in CSH along with the Si-OH and Al-OH in GB.  
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Fig. 1: Original structure of Hamid’s 11 Å tobermorite (anhydrous) [24] before cutting; 

Sites marked ‘1’ are pairing tetrahedra, sites marked ‘2’ are bridging tetrahedra; red = O, 

green = Ca. 
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3.3 Validation of structure for GB and CSH  

3.3.1 Structure of GB 

The generated GB structure was validated by comparing the density, molecular 

water content, coordination of Si and Al atoms and X-ray PDF with the experimental data. 

The selected GB model at a Si/Al ratio 2.0 had an equilibrated density of 2.08 gm/cm3, 

which is in excellent agreement with experimental observations at similar Si/Al ratios [28]. 

The molecular water in the GB was 2.6% which is in agreement with experimentally 

observed molecular water content of less than 5% [29]. The coordination of Si and Al 

atoms of the generated GB model was primarily 4-folded with oxygen atoms (> 97% for 

Al and 100% for Si), which is in good agreement with experimental observations using 

29Si and 27Al nuclear magnetic resonance (NMR) spectroscopy [30]. The X-ray PDF of the 

generated GB model also shows a good agreement with the experimental observation of 

White et al. [31] in terms of the bond lengths of individual atomic pairs (Fig. 2). 

 

Fig. 2: Comparison of X-ray PDF of simulated GB with experimental observation [31]; 

M = Si or Al  
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3.3.2 Structure of CSH 

The elastic tensor (Voight notation) of the generated CSH structure with a Ca/Si 

ratio of 1.65 is reported in Table 1. Excellent agreement can be observed in the elastic 

tensor of CSH with previous MD models. The unit cell parameters (Table 2) and elastic 

properties (Table 3) of the generated CSH structure also show good agreement with 

previous MD simulation results. 

Table 1 

Elastic tensor (Voight notation) of CSH structure using different forcefields  

 ReaxFF (current 

study) 

Core shell [15] CSH-FF [26] 

C11 (GPa) 92.79 93.49 86.19 

C22 (GPa) 85.27 94.86 85.49 

C33 (GPa) 79.92 68.45 80.40 

C12 (GPa) 40.62 45.37 34.29 

C13 (GPa) 37.65 26.07 35.65 

C23 (GPa) 36.76 30.06 32.34 

C44 (GPa) 19.18 19.23 18.26 

C55 (GPa) 24.33 16.12 17.72 

C66 (GPa) 24.96 31.23 24.39 

C14 (GPa) 0.17 0.58 - 

C15 (GPa) - - - 

C16 (GPa) - 3.46 1.26 

C24 (GPa) 0.21 - - 

C25 (GPa) - 1.79 - 
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Table 2  

Average elastic properties of CSH calculated using different forcefields and comparison 

with self-consistent model of real samples [27] (for packing fraction 𝜂 = 1) 

 

Bulk 

modulus, K 

(GPa) 

Shear 

modulus, G 

(GPa) 

Indentation 

modulus, M 

(GPa) 

Poisson’s 

ratio, 𝜈 

Core-shell [15] 49.53 22.69 64.92 0.30 

CSF-FF [26] 50.50 21.69 63.06 0.31 

ReaxFF (current 

study) 
54.23 22.83 66.69 0.31 

Experiment [27] - - 61.2 ~0.30 

 

Table 3  

Structural data of CSH unit cell obtained using different forcefields  

 𝑎 (Å) 𝑏 (Å) 𝑐 (Å) 𝛼𝑜   𝛽𝑜  𝛾𝑜 

Core shell [15] 13.31 29.52 23.69 92.01 88.52 123.58 

CSH-FF [26] 13.06 29.02 23.08 91.69 87.86 122.68 

ReaxFF (Current 

study) 
13.37 29.59 29.93 91.69 88.69 123.40 

 

3.4 Preparation of GB and CSH composite  

To construct a GB-CSH composite, an orthorhombic section was cut from a large 

monoclinic supercell of the CSH structure generated in Section 3.2. Due care was taken to 

ensure that the per-atom energy of the modified orthorhombic CSH structure is close to the 

original monoclinic configuration. Similar approach was also taken by Hou et al. [32] and 

Murray et al. [33] for studying CSH structure. Two different orientations of the CSH 

structure were chosen for constructing the composite: i) interface parallel to the silica 

layers, and ii) interface perpendicular to the silica layers. After cutting the orthorhombic 
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CSH section, the resulting structure was relaxed and equilibrated at 300 K using NVT 

ensemble. The equilibrated CSH was then placed next to the previously equilibrated GB 

with a small gap (~ 3 Å) between them. The resulting structure was first relaxed and then 

equilibrated at 300 K again. To ensure that the interface has reached a local minima, a small 

region on both sides of the interface (=5 Å) was heated to 1000 K. The interface was then 

slowly cooled down to 300 K using a cooling rate of 1 K/ps. The resulting structure was 

further equilibrated using NVT and NPT ensembles at 300 K and 0 bar for 200 ps. This 

structure was then used for all subsequent characterization and mechanical property 

studies. The composite structures were named after the Ca/Si ratio in CSH. Fig. 3 shows a 

schematic of composite GB-CSH1.65 (Ca/Si = 1.65) with the silica layers in CSH oriented 

perpendicular to the interface. A total of 103,231 atoms are present in the structure shown 

in Fig. 3. Unless otherwise mentioned, all structural characterization and mechanical 

property determination were made for silica layers in CSH oriented in the direction 

perpendicular to the interface.  
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Fig. 3: A vertical section of composite GB-CSH1.65 (Ca/Si = 1.65) with the silica layers 

in CSH oriented perpendicular to the interface: green = Ca, gold = Si, grey = Al, red = O, 

white = H, purple = Na 

 

3.5 Determination of mechanical properties 

The mechanical properties of GB, CSH and/or GB-CSH composite that were 

studied in this paper are bulk modulus, Young’s modulus, uniaxial tensile strength (UTS), 

strain energy release rate and fracture toughness. For determining the bulk modulus, the 

potential energy was first calculated for different volume of the system, where the volume 

was varied within 5% of equilibrium volume and equilibrated under NVT ensemble at 300 

K. The bulk modulus was then determined by [34]:  

𝐾 = 𝑉0 [
𝑑2𝑈

𝑑𝑉2]
𝑉0

 (2) 
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where K is the bulk modulus, U is the potential energy, V is the volume of the system at a 

given configuration, and V0 is the volume of the system at equilibrium. 

Uniaxial tensile deformation was applied at a strain rate of 0.001/ps (109/s) on GB, 

CSH and GB-CSH composite in the direction perpendicular to the interface, respectively. 

The UTS was approximated from the peak of the stress-strain curve. And the Young’s 

modulus, E, was determined from the initial slope of the stress-strain curve.  

Since materials always contain defects in terms of cracks and voids and failure often 

originates from such defects, it is important to characterize fracture toughness which is a 

measure of material’s ability to withstand failure when a certain crack is present. Therefore, 

the fracture toughness in mode I (KIC) was determined for GB, CSH and GB-CSH 

composites by introducing a slit crack of 4 Å thickness and 20 Å width. For the composites, 

the slit crack was created right at the interface along its direction (Fig. 4). On the other 

hand, for GB and CSH, the crack was created at the center of the periodic simulation box 

along the direction perpendicular to the deformation. After the system was equilibrated at 

300 K temperature, a uniaxial tensile deformation was applied perpendicular to the crack 

at a strain rate of 0.001/ps. The KIC was then calculated by [35]: 

𝐾𝐼𝐶 = {
2b

πa
tan (

𝜋𝑎

2𝑏
)}0.5𝜎𝑓√𝜋𝑎  (3) 

where a is the half width of the crack, b is the width of periodic simulation box along the 

direction of the interface, and 𝜎𝑓 is the failure stress.  
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Strain energy release rate, Gc, is a measure of the amount of energy required to separate 

a material into two halves. The 𝐺𝑐 was calculated by integrating the area under the stress-

strain curve of material with a preexisting crack and using the formula [19]: 

 

𝐺𝑐 =
∆𝐹

∆𝐴
=

𝐿𝑥𝐿𝑦

∆𝐴𝑥𝑦
 ∫ 𝜎𝑧𝑑𝑙𝑧

𝐿𝑧𝑚𝑎𝑥

𝐿𝑧0
    (4) 

 

where F is the free energy of the surface, and ∆𝐴𝑥𝑦is the total surface area created after 

failure. The area of the fractured surface was estimated using the surface mesh modifier in 

OVITO [36] with a large probe radius of around 13 Å.  

 

Fig. 4: GB-CSH1.65 composite with a preexisting crack at the interface after 

equilibration at 300 K temperature: green = Ca, gold = Si, grey = Al, red = O, white = H, 

purple = Na; Note that particle sizes are reduced to a fixed value in order clearly show the 

crack. 
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4. Results and discussion 

4.1 Bulk modulus 

Fig. 5 shows the variation of bulk modulus K of GB, CSH and GB-CSH composite 

with the Ca/Si ratio. It can be seen that the K is the highest for the GB. For CSH, the K in 

general decreases with increasing Ca/Si ratio. The K of the GB-CSH composites lies 

between the K of GB and CSH and follows the same trend of CSH with increasing Ca/Si 

ratio. Thus, it can be said that the K of the composite structure is affected by both GB and 

CSH.  

4.2 Young’s modulus 

Fig. 6 shows the variation of E with Ca/Si ratio for GB, CSH and GB-CSH. It can 

be seen that the E of CSH and GB-CSH decreases with higher Ca/Si ratio up to 1.65 and 

then increases. The E of GB shows much higher values compared to CSH and slightly 

higher values than GB-CSH.  

 

Fig. 5: Bulk modulus of CSH and GB-CSH composite as a function of Ca/Si ratio in 

CSH; dashed line on the top shows the bulk modulus of GB.  
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Fig. 6: Young’s modulus of CSH and GB-CSH composite versus Ca/Si ratio in CSH; 

dashed line on the top shows the Young’s modulus of GB. 

 

4.3 Uniaxial tensile strength (UTS)  

Fig. 7 shows the typical tensile stress versus strain plots for GB, CSH and GB-CSH 

composite and the variation of UTS with Ca/Si ratio. The UTS of GB was much higher 

(11.5 GPa) compared to those of CSH and GB-CSH composite. For both CSH and GB-

CSH composite, the UTS decreases with higher Ca/Si ratio from 1.2 to 1.65 and then 

increases with higher Ca/Si ratio.   
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Fig. 7: Typical stress versus strain plots for (a) GB, (b) CSH and (c) GB-CSH; and (d) 

UTS versus Ca/Si ratio for CSH and GB-CSH composite.    

A comparison of the UTS of GB-CSH composites with SiO2 layers oriented parallel 

to the interface was made with the UTS of GB-CSH composites with SiO2 layers 

perpendicular to the interface. Fig. 8 shows the stress vs. strain curves of the two cases for 

GB-CSH1.45. It can be seen that the UTS of the GB-CSH composite with SiO2 layers 

perpendicular to the interface is much higher (almost double) than that of the GB-CSH 

composite SiO2 layers parallel with the interface. 

Fig. 9 shows the failure patterns of GB-CSH1.45 with the SiO2 layers in different 

directions. When a deformation is applied, it is much easier to overcome the Van der Waals 

force between different SiO2 layers than the strong Si-O covalent bonds present in a SiO2 
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layer. Within a given SiO2 layer, there are defects at random locations. However, the 

presence of strong Si-O bonds at the undeformed locations of the chain must be broken for 

a complete failure of the system. It can be seen from Fig. 9 that at about the same strain, 

there are much more unbroken bonds when the silica layers are perpendicular to the 

interface than when the silica layers are parallel to the interface. Hence, the orientation of 

CSH is an important factor for determining the UTS of the GB-CSH composite.   

 

Fig. 8: Stress versus strain curves of GB-CSH1.45 for different orientations of SiO2 

layers with respect to the interface 

 

4.4 Mode I fracture toughness of GB-CSH  

Fig. 10 shows the stress vs. strain diagram for different Ca/Si ratio in the presence 

of crack at the interface. The trend of the stress-strain curves in Fig. 10 as a function of 

Ca/Si ratio is very similar to that when no preexisting crack is present (Fig. 7(c)). However, 

their stress magnitude is smaller compared to that in Fig. 7(c).  
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Fig. 9: Failure of GB-CSH1.45 (Ca/Si = 1.45) composites for interface (a) parallel and 

(b) perpendicular to SiO2 layers in CSH 

 

Fig. 11 shows the KIC of GB, CSH and GB-CSH composites at different Ca/Si 

ratios. The KIC of GB is much higher than those of CSH and GB-CSH composites and, as 

expected, does not change with the Ca/Si ratio. The KIC of both the CSH and GB-CSH 

composites decreases when the Ca/Si ratio increases from 1.2 to 1.65. However, the trend 

is reversed and KIC increases when the Ca/Si ratio is furthered increased to 2.0. This could 

be caused by the higher network connection of Si tetrahedra in the completely glassy CSH 
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at Ca/Si = 2.0. It is also noted that KIC of the GB-CSH composite is smaller than that of 

CSH.  

4.5 Strain energy release rate 

Fig. 12 shows the strain energy release rate of GB, CSH and GB-CSH composites 

at different Ca/Si ratios. It can be clearly seen that the 𝐺𝑐follows the same trend as the 𝐾𝐼𝐶. 

 

Fig. 10: Stress-strain curves of GB-CSH composites at different Ca/Si ratios and with a 

crack of 2a = 20 Å and thickness of 4 Å  
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Fig. 11: Mode I fracture toughness vs. Ca/Si ratio for GB, CSH and GB-CSH composites  

 

Fig. 12: Strain energy release rate (Gc) versus Ca/Si ratio for GB, CSH and GB-CSH 

composites  

 

 

 

 



165 
 
 

4.6 Structural properties 

We now draw our attention toward the characterization of the structure of GB-CSH 

composites to better understand their mechanical response. The structural properties were 

evaluated in terms of radial distribution function (RDF) of different atomic pairs, evolution 

of bonds, evolution of Si and Al tetrahedra and their bond angles. All structural 

characterization was made for structures without any artificially created slit cracks at the 

interface.  

4.6.1 RDF of interface atomic pairs 

The RDF of various pairs of atoms at the GB-CSH interface was calculated for 

different Ca/Si ratios. The observation of RDF also gives us the opportunity to study the 

bond evolution of the system as a function of strain. The RDF of Si-O, Na-O and Al-O 

(here O is the oxygen in CSH, Si, Al and Na are those in the GB) pairs is shown in Figs. 

13, 14 and 15, respectively. Although there is no noticeable change in the RDF of Si-O and 

Al-O, the Na-O bond distance and RDF were found to change significantly with the 

variation of Ca/Si ratio. The bond distance for Na-O was found to be the longest at 

Ca/Si=1.65. This could be caused by presence of larger amount of water when the Ca/Si 

ratio is increased from 1.2-1.65. Na atoms are more susceptible to diffusion in the presence 

of water as seen in our previous MD simulation study on GB [23]. In the presence of 

intramolecular water in CSH, the Na atoms in GB are attracted towards the water molecules 

instead of forming bonds with the O of CSH close to the interface. This might cause weaker 

interfacial Al-O bonds at the interface and thus lower interfacial strength [23].  The Na-O 

bond distance change can be correlated with the UTS of the composite as a function of 
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Ca/Si ratio (Fig. 7(d)). The Na-O bond distance is the shortest (the strongest bond) for 

GBCSH1.2 which has the highest UTS. On the other hand, for GBCSH1.65, the Na-O bond 

distance is the longest which is representative of the weakest bond and hence the lowest 

UTS.  

 

Fig. 13: Si (GB) – O (CSH) RDF 

 

Fig. 14: Al (GB) – O (CSH) RDF 
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Fig. 15: Na (GB) – O (CSH) RDF 

4.6.2 Evolution of number of atomic bonds 

The evolution of the number of bonds for different parts of the composite was 

studied in detail to investigate the failure mechanism. Interestingly, it was observed that 

the failure is primarily located within the CSH phase dominated by the breaking of Si-O 

bonds (see Fig. 9). Very few interfacial bonds were broken between the atoms of GB and 

CSH. No bond breakage was observed within the GB phase. Fig. 16 shows the evolution 

of the number of Si-O bonds broken within the CSH phase. It is clearly seen that the 

structure with Ca/Si = 1.2 undergoes the highest number of bond breakages. This 

observation is in agreement with the trend of UTS versus Ca/Si ratio shown in Fig. 7(d) 

where the UTS is the highest at Ca/Si = 1.2.  

Fig. 17 shows the population of Si tetrahedra within the CSH phase at different 

Ca/Si ratios. The trend is in very good agreement with that in Fig. 7(d), indicating that the 

UTS is closely related to the Si tetrahedra population.  
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Fig. 16: Number of broken Si-O bonds in CSH versus strain at different Ca/Si ratios 

 

Fig. 17: Number of Si tetrahedra in CSH as a function of Ca/Si ratio 

4.6.3 Evolution of Si-O-Al bond angle distribution of GB  

We also looked at the change in bond angles for Si-O-Si, Si-O-Al, O-Al-O and O-

Si-O of different phases. Interestingly, it was found that the number of bonds broken and 

UTS have direct correlation with the change in bond angle of Si-O-Al in the GB. No 

noticeable change or shift was observed for the bond angles in CSH.  
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Fig. 18 shows the Si-O-Al bond angle distribution (BAD) in GB for GB-CSH1.2 

and GB-CSH1.65 before and after deformation. It can be seen that, for both structures, 

application of strain shifts the Si-O-Al BAD peak in GB to smaller values. However, the 

BAD peak shift is lower for GB-CSH1.2 compared to that for GB-CSH1.65. This can be 

correlated with the higher number of Si-O bonds broken in the CSH phase for GB-CSH1.2 

in Fig. 16. For GB-CSH1.65, the deformation is mobilized more by the bond angle shifts 

in GB rather than by bond breaking in the CSH phase. In GB-CSH1.2, the deformation is 

mostly caused by the breaking of existing Si-O bonds in CSH layers (Fig. 16) rather than 

by the shift of the Si-O-Al angles in GB (Fig. 18). This causes the UTS to increase. The 

correlation of bond angle shift to strength has been shown in our previous MD simulation 

study of nanoindentation of GB [37], in which it was seen that small BAD shift is correlated 

with higher percentage of broken bonds and increased hardness. The higher the Ca/Si ratio, 

the more the defects (more SiO2 chains are removed). Hence, GB-CSH1.65 also has more 

existing defects in the SiO2 layers of CSH compared to GB-CSH1.2, which results in its 

lower UTS. 

 

Fig. 18: Si-O-Al BAD evolution in GB for (a) GB-CSH1.2, and (b) GB-CSH1.65 
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5. Conclusions 

This study for the first time uses reactive MD simulations to better understand the GB-

CSH composite. The findings of this study can be summarized below. 

1. The UTS and fracture toughness of GB-CSH composites are affected by the Ca/Si 

ratio of the CSH phase. Higher Ca/Si ratio increases the disorder in the CSH 

structure and leads to lower UTS and fracture toughness. However, for completely 

glassy CSH at further high Ca/Si ratio, the mechanical response is slightly improved 

due to the high network connectivity of Si tetrahedra.  

2. The GB has the highest elastic modulus followed by the GB-CSH composite and 

the CSH. The variation of elastic modulus of the composite with Ca/Si ratio follows 

the same trend as the UTS.  

3. The orientation of the silica layers in CSH with respect to the interface greatly 

affects the failure strength and Young’s modulus of the GB-SCH composite. For 

silica layers oriented parallel to the interface, the UTS is about half of that when 

the silica layers are perpendicular to the interface.  

4. The failure always takes place near the GB-CSH interface but within the CSH phase 

due to the breaking of Si-O bonds. No bond is broken in the GB phase and very few 

bonds are broken at the GB-CSH interface.  

5. There is no noticeable change in the RDF of Si-O and Al-O bonds at the GB-CSH 

interface for various Ca/Si ratios. However, the Na-O bonds show large variation 

with Ca/Si ratio at the GB-CSH interface. The Na-O bond length of the interface 

increases with the increment in Ca/Si ratio from 1.2-1.65 and the increment of water 

molecules within silica layers. For Ca/Si ratio of 2.0 the bond distance decreases 
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again. The Na-O bond length change was found to be directly correlated with the 

decrement of UTS of the composite, where an increase in bond length resulted in 

decrease in UTS and vice versa.  

6. The Si-O-Si and O-Si-O bond angles in the CSH phase do not change during 

deformation. However, the Si-O-Al bond angles in GB shifts towards lower values 

after deformation and the magnitude of the shift is directly related to the failure 

stress of the composite.  
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Abstract 

In this paper, we used a multiscale approach with coupled molecular dynamics (MD) and 

peridynamics (PD) simulations to study geopolymer composites (GC). The bottom up 

approach starting at the atomic scale was used to predict the mechanical properties of GC 

consisting of voids at the meso-scale. Intrinsic mechanical properties such as bulk modulus, 

shear modulus and strain energy release rates were first determined for the constituent 

phases and their interfaces using MD. The MD generated properties were then used to 

determine the input parameters of the much larger scale model in PD. Both bond-based and 

state-based PD models were considered for simulating the GC. The geopolymer binder 

(GB) phase of micrometer length scale was first simulated in PD as a function of porosity 

of 0%, 20% and 40%. The GB with a porosity of 40% showed a Young’s modulus of 17 

GPa which is in close agreement with previous experimental observations based on 

nanoindentation (NI). NI tests were also conducted using PD simulation to predict the 

hardness of GB. The calculated hardness using the state-based and bond-based model was 

0.67 GPa and 1.14 GPa, respectively. Both values are within the ranges observed in 

physical NI tests. Further simulation of GC consisting of GB, calcium silicate hydrate 

(CSH) and quartz (010) showed that the presence of quartz (010) increases its strength. It 

was also observed that the larger size of the individual phases (meaning reduced number 

of interfaces) increases the strength of GC, which is comparable to the inverse Hall-Petch 

effects in crystals with grain boundaries.  

 

Keywords: geopolymer binder; calcium silicate hydrate; quartz; molecular dynamics; 

peridynamics; nanoindentation  
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1. Introduction 

Ordinary Portland cement is responsible for about 8% of global CO2 emission [1]. 

Research and development of alterative cementitious materials has been growing rapidly 

in recent years.  As a potential sustainable alternative to ordinary Portland cement, 

geopolymer can be formed by alkaline activation of different aluminosilicate source 

materials such as fly ash [2–4], blast furnace slag [5–7], metakaolin  [8–10], mine tailings  

[11–13] , and red mud [14,15]. Among these source materials, fly ash and metakaolin are 

the most widely reported precursors for geopolymerization.  

Research [16–18] has shown that geopolymer is a composite consisting of 

unreacted precursors and the geopolymer gel binder (GB) phase connecting the unreacted 

particles. It has been shown from scanning electron microscopy (SEM) images that the 

failure of geopolymer is initiated not within the GB but at the interface between GB and 

unreacted source materials [16,18]. Hence, understanding the structure of the interface 

between GB and unreacted phase is crucial for predicting its failure and finding the 

conditions that are responsible for increment of strength. So far, most researches of 

geopolymer are undertaken at macroscale, assuming it as a homogeneous mass without 

consideration of the behavior of the GB and unreacted phase interface. Lee et al. [19] 

studied the interface between natural aggregate and geopolymer. However, geopolymer 

was considered a single phase material by them and the behavior of the individual phases 

and their interfaces at the microscale was not accounted.  

Multiscale simulation of ordinary Portland cement paste considering the individual 

contribution from its constituent phases has been performed using FEM analysis [20]. The 

smallest scale considered was calcium silicate hydrate (CSH) gel (nano meter level) which 
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included porosities associated with CSH and small calcium hydroxide (CH) crystals. 

According to the authors, high density CSH, low density CSH and CH are the three main 

hydration products that dictate the effective properties of the cement paste. The next higher 

level (i.e. cement paste) had a length scale ranging from 1-100 microns consisting of 

unhydrated cement clinkers, gypsum, larger CH crystals, ettringite, capillary porosity, 

other minor phases and the homogenized CSH phase from the previous length scale. The 

intrinsic elastic properties of the different chemical phases were determined from nano 

indentation and resonance frequency technique. The Young’s modulus of the hardened 

cement paste (hcp) was determined under different conditions as a function of RVE 

(representative volume element) and the degree of hydration. Constantinides et al. [21] 

studied the elastic properties of hcp at different length scales and used an advanced 

homogenization model to upscale the contribution of different chemical constituents of hcp 

to predict the elastic properties at the macro level. The smallest length scale considered 

was the CSH phase with length varying from 10-6 to 10-8 m (Level I) and its mechanical 

properties was determined by nano indentation supplemented by SEM images to get 

quantitative as well as qualitative information of this phase. The next length scale was the 

cement paste consisted of the CSH matrix together with large CH crystals, cement clinker 

and micrometer porosity with a length scale in the range of 10-4 to 10-3 m (Level II). The 

elastic properties of the cement paste were determined by ultrasonic pulse velocity (UPV) 

tests. Level III was referred to mortars with a length varying from 10-3 to 10-1 m. This level 

consisted of sand particles, cement paste and interfacial transition zone (ITZ). Finally, 

Level IV included aggregates in addition to the mortar and ITZ. Although the above works 

offered a multiphase and multiscale modeling of ordinary Portland cement based 
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composites but they failed to accurately consider the actual interfaces between the different 

phases.  

To the best knowledge of the authors, no previous work has numerically studied 

geopolymer by treating it as a multiphase material and considering the interface behavior 

of the different phases. Therefore, as a first step in this direction, this paper utilized 

peridynamics (PD) combined with molecular dynamics (MD) to investigate geopolymer 

by considering the three commonly occurring phases, GB, CSH and quartz (010) crystals, 

in it. To do that, first the three phases and their interfaces were simulated using ReaxFF 

MD and their intrinsic mechanical properties were determined. Then the obtained 

properties were used to build the multiscale PD models of the geopolymer composite for 

studying its mechanical properties at different conditions. Specifically, the effects of 

porosities, the different phases and their interfaces on the uniaxial tensile strength (UTS), 

hardness and Young’s modulus of geopolymer were investigated.  

2. Background 

2.1 Geopolymer composite and its microstructure 

Geopolymer can be synthesized from different source materials including 

metakaolin, fly ash, slag, and mine tailings [22,23]. Temuujin et al. [24] used Collie fly ash 

containing 60.1% amorphous content, 19.9% quartz and 17.4% mullite to produce 

geopolymer. In geopolymerization, the amorphous content is usually consumed and 

converted to GB whereas the crystalline phases remain unreacted or partially reacted. Table 

1 summarizes the different unreacted phases in geopolymer as observed by various 

researchers based on XRD experiments. It can be seen that quartz and mullite are the two 

unreacted phases most often present in the final geopolymer matrix. Ca is present in many 
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source materials (i.e. slag, fly ash etc.) which are frequently used for geopolymerization. 

Recent studies [25] have shown that when geopolymer is synthesized from Ca-rich source 

materials, CSH can also coexist with GB [25].  However, the effect of CSH on the final 

mechanical properties of geopolymer is not clearly elucidated from experiments alone. 

Table 1: Unreacted phases in geopolymer based on XRD experiments 

Reference  Source material Unreacted phase  

[26] fly ash quartz, amorphous silica, hematite, mullite 

[27] fly ash quartz, mullite, herschelite, hydroxysodalite 

[28] fly ash 
quartz, mullite, magnetite, hematite, 

analcime, corundum 

[29] 
fly ash and waste concrete 

mix 

anorthite, mullite, portlandite, quartz, 

tobermorite 

[30] fly ash mullite and quartz 

[31] 
geothermal silica and 

sodium aluminate 
quartz, fauzasite, zeolite A 

[32] metakaolin quartz, sodalite, zeolite 

[33] kaolinite/fly ash/albite quartz, mullite, zirconia 

[16] metakaolin quartz, muscovite 

[34] metakaolin quartz 

The nano particles of GB were found to be comprised of aluminosilicate gels on 

the order of 5-10 nm as seen from transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) images [8,35–37]. The porosity of fully reacted GB phase was 

found to be around 40-41% by Kriven et al. [35]. However, the size distribution of pores 

in GB can also be affected by the type of source materials [35]. The particle size of CSH 

can range from 1 to 100 nm based on the model proposed by Jennings [38]. The proposed 

colloidal model of CSH used a particle diameter around 5 nm [39]. Allen et al. [40] have 

shown a schematic of CSH particles with a mean particle size around 5 nm. On the other 
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hand, the particle size of quartz present within fly ash used for geopolymerization was 

found to be smaller than 100 nm by Rickard et al [41].   

2.2 PD modeling  

Peridynamics (PD) is a non-locally reformulated continuum formulation of the 

classical solid mechanics and assumes that material is composed of material points of 

known mass and volume and every material point interacts with all the neighboring 

material points inside a nonlocal region around it. The main advantage of this method is 

that the same integral based governing equation can be used for computing force at a 

material point both in the continuous and discontinuous media. The original theory of PD 

was formulated using a bond based model [42] suitable only for brittle materials. This 

model was later improved to a more general state based model [43] where two 

mathematical objects called deformation state and force state were considered and their 

relationship was regarded as the constitutive model for the material. In the bond based 

model, the interaction between a pair of points is influenced only by a central force 

potential which is independent of all other conditions. On the contrary, in the state based 

model, the deformation of a point is influenced by all bonds connected to that point. The 

later model uses a force state or stress tensor like object for defining the constitutive model 

and has the capacity to calculate plasticity of materials in a correct manner. The state based 

PD theory enables utilizing any constitutive model within the PD framework and studying 

the dynamic failure behavior of a material.  

In the bond based model, the critical stretch (or bond failure) is calculated as [42]: 

𝑠𝑜 =  √5𝐺0/9𝑘𝛿                       (1) 
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where 𝐺0 is the energy per unit fracture area to break all bonds for complete separation of 

the body into two halves, k is the bulk modulus, and 𝛿 is the horizon. 𝛿 is usually chosen 

to be three times of the material point spacing [42]. 

The spring constant or the stiffness of the force-displacement relationship of the 

PD model (constitutive relation) is calculated as: 

𝑐 = 18𝑘/𝜋𝛿4              (2) 

To correctly define a bond based PD model, only two parameters, c and s0, are 

needed. That means only one elastic constant (i.e. c) is needed for defining the model. 

However, the classical elastic theory requires two elastic constants. This is because the 

bond based PD model is based only on the interaction between two points without 

considering the dependence of strain energy density on local volume change, giving rise to 

a fixed Poisson’s ratio of 0.25. Therefore, the bond based model is applicable only for an 

isotropic material with a fixed Poisson’s ratio of 0.25. To simulate anisotropic materials or 

materials with a Poisson’s ratio other than 0.25, the more general state based PD model 

should be used [43].  

A simple example of state based PD model is the linear peridynamics solid (LPS) 

[43,44]. This model is analogous to the classical linear elastic isotropic model. For a LPS 

model, the elastic properties are determined by the bulk modulus (k) and shear modulus 

(G) along with the horizon 𝛿. The LPS model has a force scalar state: 

𝑡 =
3𝑘𝜃

𝑚
 𝜔 𝑥 + 𝛼 𝜔 𝑒𝑑   (3) 

where, 

𝛼 =
15𝐺

𝑚
    (4) 
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in which m is the weighted volume, x is the reference position scalar state, e is the extension 

scalar state (ed is the deviatoric part of e), and θ is the dilation. The non-negative scalar 

state 𝜔 is an influence function. The LPS model is isotropic if a spherical influence function 

is used. For anisotropic material behavior, a non-spherical influence function is required. 

One should note that the LPS model is linear in dilation θ and deviatoric extension ed. For 

more details on the LPS model and its implementation, the reader is referred to [44].     

Both the bond based and state based PD models have been successfully used to 

simulate different types of materials, including bimaterial interfaces [45], composite 

laminates [46], fiber-reinforced composites [47,48] and cementitious composites [49]. In 

PD simulations, the force between two material points, x and x’, is computed based on their 

relative distance and the prescribed constitutive model. One half of the force comes from 

material point x and the other half from material point x’. For materials containing multiple 

phases, the same treatment can be carried out [50], i.e., the force will be coming from the 

respective material points. The total force between two different types of materials is the 

sum of their individual forces. The individual forces are calculated based on their 

respective constitutive models and material properties. The interaction of two dissimilar 

materials in PD can also be determined using a weight function as described in [45].  

Bond based PD has been used to conduct nanoindentation (NI) simulations on CSH 

[51]. The NI simulation with PD showed good agreement with experimentally determined 

elastic modulus and hardness. Very recently, a state based PD model has been used to 

conduct fracture analysis of cement concrete at the mm scale by Yaghoobi et al. [49]. The 

phases considered were homogenized cement mortar, coarse aggregate, air voids, and 
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interfacial transition zone (ITZ). The effect of porosity, aggregate volume fraction, and 

material point spacing were investigated.  

3. Methodology 

The composite model of geopolymer was constructed in a bottom up fashion 

starting with MD simulations at the atomic scale. First, MD was used to find the elastic 

modulus and fracture energy of individual phases and their two-phase composites 

containing an interface. The bond properties between the particles of a given phase were 

found from their respective MD simulation as a single phase material. On the other hand, 

the bond properties of an interface were found from a composite model in MD where two 

different phases were present and the interface was chemically bonded. Next, these 

properties were used to calculate the input parameters for defining the bond properties of 

material points in PD simulations at a larger length scale. The details of these simulation 

steps are discussed below.  

3.1 MD simulation  

Using MD, the fracture energy and bulk modulus of the individual phases (GB, 

CSH and Quartz) and their interfaces were determined. The MD simulations were 

conducted using the reax/c [52] package of LAMMPS [53]. Details of the forcefield 

parameters can be found in [54,55]. Periodic boundary conditions were considered for all 

MD simulations.  

3.1.1 GB 

The GB structure was constructed following the methods outlined in our previous 

study [56]. A total of 46,148 atoms were present in the GB phase. Specifically, the structure 
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contained nanoscale voids, water molecules and Si and Al atoms primarily 4-folded 

coordinated with oxygen (98% for Al and 100% for Si). The Si/Al ratio was fixed at 2.0 

with a Na/Al ratio of 1.0. Molecular water of 2.66 wt.% was present within the nano voids 

of GB. Good agreement between the MD generated structure and that from experiments 

was observed regarding X-ray pair distribution function (PDF) and infra-red (IR) spectra 

as discussed in our previous study [56,57].  

3.1.2 CSH 

The CSH structure was constructed following the method of Qomi et al. [58] where 

defects were introduced by randomly removing SiO2 from the continuous ‘Drierketten’ 

chains of 11 Å tobermorite crystal [59]. A total of 57,990 atoms were present in the system. 

The finally achieved Ca/Si ratio was 1.65. This structure was utilized to perform grand 

canonical Monte Carlo (GCMC) simulation with a chemical potential of 0.0. The simulated 

structure was equilibrated at 300 K and 0 bars using isothermal (NVT) and isobaric (NPT) 

ensembles, respectively. The finally achieved structure showed good agreement with 

experiments in terms of elastic tensor, elastic modulus, and unit cell properties as shown 

in Tables 1-3.  
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Table 1: Elastic tensor (Voight notation) of CSH structure using different forcefields  

 ReaxFF (current 

study) 

Core shell [60] CSH-FF [61] 

C11 (GPa) 92.79 93.49 86.19 

C22 (GPa) 85.27 94.86 85.49 

C33 (GPa) 79.92 68.45 80.40 

C12 (GPa) 40.62 45.37 34.29 

C13 (GPa) 37.65 26.07 35.65 

C23 (GPa) 36.76 30.06 32.34 

C44 (GPa) 19.18 19.23 18.26 

C55 (GPa) 24.33 16.12 17.72 

C66 (GPa) 24.96 31.23 24.39 

C14 (GPa) 0.17 0.58 - 

C15 (GPa) - - - 

C16 (GPa) - 3.46 1.26 

C24 (GPa) 0.21 - - 

C25 (GPa) - 1.79 - 

 

 

Table 2: Average elastic properties of CSH calculated using different forcefields and 

comparison with self-consistent model of real samples [62] (for packing fraction 𝜂 = 1) 

 

Bulk 

modulus, K 

(GPa) 

Shear 

modulus, G 

(GPa) 

Indentation 

modulus, M 

(GPa) 

Poisson’s 

ratio, 𝜈 

Core-shell [60] 49.53 22.69 64.92 0.30 

CSF-FF [61] 50.50 21.69 63.06 0.31 

ReaxFF (current 

study) 
54.23 22.83 66.69 0.31 

Experiment [62] - - 61.2 0.30 
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Table 3: Structural data of CSH obtained using different forcefields  

 𝑎 (Å) 𝑏 (Å) 𝑐 (Å) 𝛼𝑜   𝛽𝑜  𝛾𝑜 

Core shell [60] 13.31 29.52 23.69 92.01 88.52 123.58 

CSH-FF [61] 13.06 29.02 23.08 91.69 87.86 122.68 

ReaxFF (current 

study) 
13.37 29.59 29.93 91.69 88.69 123.40 

3.1.3 Quartz 

The (010) plane of quartz was selected as it is orthorhombic and easier to construct 

and study an interface with GB or CSH. The quartz (010) with 55,080 atoms (Si and O) 

was equilibrated at 300 K and 1 atmosphere pressure using NVT and NPT conditions, 

respectively. The MD simulated fracture energy (8.97 J/m2) and bulk modulus (53.78 GPa) 

of the quartz showed good agreement with experimental observations [63].  

3.1.4 Composites 

Composites of GB-CSH, GB-quartz and CSH-quartz with interfaces were 

constructed in the MD simulation. To do that, two individual phases were placed next to 

each other with a small gap (~3 Å) between them. For interfaces with CSH, the silica chains 

in CSH were oriented parallel to the interface. For interfaces with quartz, the interface was 

perpendicular to the (010) direction of quartz. The interface was heated up to 1200 K and 

then slowly cooled down and equilibrated at 300 K using NVT ensemble. The composite 

structures were further equilibrated at 300 K temperature and 1 atmosphere pressure using 

NPT ensemble. Fig. 1 shows the equilibrated GB-CSH, GB-quartz (010), and CSH-quartz 

(010) interface models. 
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Fig. 1: Equilibrated MD interface models: (a) GB-CSH, (b) GB-quartz (010), and (c) 

CSH-quartz (010); Green = Ca, Purple = Na, Red = O, White = H, Gold = Si, Grey = Al.  

 

3.1.5 Fracture energy calculation 

To determine the fracture energy, uniaxial tensile deformation at a strain rate of 

0.001/ps (109/s) was applied on the GB, CSH and quartz phases and their composites in 

the direction perpendicular to the interface, respectively. A preexisting crack of length 20 
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Å and thickness 4 Å was placed in the direction perpendicular to the direction of loading. 

For composites, the crack was placed at the middle interface of the periodic simulation 

box. For quartz (010), the crack was placed perpendicular to the (010) direction of the 

crystal. For CSH, the crack was placed parallel to the direction of the silica chains of Ca 

layers. The same choice of direction was made for calculation of fracture energy of CSH 

by Bauchy et al. [64]. Such a choice of direction was made in [64] to ensure that the crack 

propagation occurs parallel to the silica layers and not within the silica layers by breaking 

the Si-O bonds in CSH. The fracture energy G0 was calculated by [64]: 

𝐺0 =
∆𝐹

∆𝐴
=

𝐿𝑥𝐿𝑦

∆𝐴𝑥𝑦
 ∫ 𝜎𝑧𝑑𝑙𝑧

𝐿𝑧𝑚𝑎𝑥

𝐿𝑧0
    (5) 

where ΔF is the free energy of the surface, and ∆𝐴𝑥𝑦is the total surface area created after 

failure. The area of the fractured surface was estimated using the surface mesh modifier 

in OVITO [65] with a large probe radius of around 12 Å. A typical fracture of quartz 

(010) is shown in Fig. 2.  

 

Fig. 2: Quartz (010) at (a) initial condition with a preexisting crack of length 20 Å and 

thickness 4 Å, and (b) after failure. 
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3.1.6 Calculation of elastic properties, bulk and shear modulus 

 Unlike fracture energy, the bulk modulus K and shear modulus G were calculated 

based on the simulation results without the presence of any cracks in the system. The 

second derivative method was used to calculate the stiffness matrix of GB, CSH and GB-

CSH. According to this method [66], a single point energy calculation is made to obtain 

the stiffness matrix elements defined by  

𝐶𝑖𝑗 =  
1

𝑉
 (

𝜕2𝑈

𝜕𝜀𝑖𝜕𝜀𝑗
) (6) 

where U is the potential energy of the system, ε is the strain and V is the volume. 

K and G in the Voight notation was then calculated as [66]: 

𝐾 =
1

9
(𝐶11 +  𝐶22 +  𝐶33 + 2(𝐶12 +  𝐶13 +  𝐶23))  (7) 

𝐺 =
1

15
((𝐶11 +  𝐶22 +  𝐶33 + 3(𝐶44 +  𝐶55 +  𝐶66) − 𝐶12 −  𝐶13 −  𝐶23) (8) 

3.2 PD simulation 

The bond based PD model used in this work is called the prototype microelastic 

brittle (PMB) model [42]. The PMB model has been successfully used to simulate brittle 

materials such as CSH [51]. The state based PD model used in this study is the linear PD 

solid (LPS) model [43,44]. More details about these models and their implementation can 

be found in [67]. The governing relations in the PD models are simple to use and 

implemented in the PDLAMMPS [67] package of LAMMPS software [53]. For 

computational convenience, the same material point spacing of 10 nm was used for all GB, 

CSH and quartz phases. The material point spacing was chosen based on the average size 
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and spacing of the different nanoparticles, GB [8,35–37], CSH [39,40,68] and quartz 

[41,69]. The spacing was also in accordance with the system size of MD simulations for 

each phase. The phases in PD will be called ‘grains’ and the size of the phases will be 

called ‘grain size’ in the following discussion.  

The grain structures of different phases for PD simulations were generated using 

random grain centers, grain shapes and grain orientations with the 3-D Voronoi tessellation 

technique (Fig. 3). Unless otherwise stated, a total of 131 grains with an average grain 

diameter of 200 nm were created in a cubic box of side length 1000 nm (1 µm). The grains 

were randomly assigned to be GB, CSH or quartz with equal probability of occurrences. 

Material points were deleted within randomly located spherical zones of diameter (20-30 

nm) to mimic the voids present in geopolymer as observed in TEM and SEM images 

[35,36]. The voids were generated to mimic a total porosity of 0%, 20% and 40%, 

respectively. Six different structures were generated with random assignments of material 

phases to the grains at each condition. After generating the structure, a uniaxial tensile 

deformation was applied to it at a strain rate of 0.1/ns (108/sec). For PD simulation in 

LAMMPS, microcanonical ensemble (NVE) is generally used [70]. However, Rahman and 

Foster [71] have shown the use of NVT ensemble for PD simulation to capture the thermal 

fluctuations in nano meter scale. In this work, unless otherwise mentioned, the NVT 

ensemble was used in the PD simulation. For all simulations, the same total number of 

material points was used. The average results of the six simulations were reported and 

statistical errors in terms of standard deviation were shown in the results.  
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Fig. 3: A 1 micron cube PD model of geopolymer consisting of 131 grains at a size 

around 200 nm and with a 10 nm material point spacing. Different colors are used to 

distinguish individual grains/phases.  

4. Results and discussion 

4.1 MD simulation 

The elastic properties were calculated as per Eqs. (6), (7) and (8) based on the 

simulation results without the presence of any crack.  On the other hand, for the fracture 

energy calculation, the simulation results with a preexisting crack in the system as 

discussed in Section 3.1.5 were used. Fig. 4 shows the uniaxial tensile stress versus strain 

plots of the GB, CSH and quartz (010) phases and their interfaces containing a preexisting 

crack. It can be seen that, among the three single phases, the quartz has the highest ultimate 

tensile strength (UTS), followed by the GB and the CSH. It can be also be seen from Fig. 

4 (d) that, among the different composites considered, GB-CSH shows higher UTS than 

GB-quartz and CSH-quartz which have about the same UTS. The elastic properties along 

with the fracture energies of the different phases and their interface structures are reported 

in Table 4.  
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Fig. 4: MD simulated stress versus strain curves (Mode I) of different phases with a 

preexisting crack in the middle: (a) GB, (b) CSH, (c) Quartz, and (d) their composites 

with a preexisting crack at the interface. 
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Table 4: Mechanical properties of different phases and their interfaces from MD 

simulation  

Material 

Bulk modulus, 

k 

(GPa) 

Shear modulus, G 

(GPa) 

Fracture energy, G0 

(J/m2) as per Eq. (5) 

GB 118.827 39.76 4.38 

CSH 66.84 28.15 0.527 

Quartz (010) 53.78 46.04 8.97 

GB-CSH 106.5 37.28 0.820 

GB-Quartz (010) 110.5 44.49 0.296 

CSH-Quartz (010) 81.4 39.6 0.351 

4.2 PD simulation 

For the PMB model, the estimated values of c and s0 for the different phases and 

their interfaces are reported in Table 5. For the LPS model, the input parameters are given 

in Table 6.   

Table 5: Parameters for PMB model implementation 

Material 
Critical stretch (𝑠0) 

as per Eq. (1) 

Spring constant, c 

(attogram/(ns)2.(nm)5) as per Eq. (2) 

GB 0.026 0.841 

CSH 0.012 0.473 

Quartz (010) 0.055 0.380 

GB-CSH 0.012 0.753 

GB-Quartz (010) 0.007 0.782 

CSH-Quartz (010) 0.009 0.576 
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Table 6: Parameters for LPS model implementation 

Name of phase 
Bulk modulus, k 

(GPa) 

Shear modulus, G 

(GPa) 

Critical stretch 

(𝑠0) as per Eq. (1) 

GB 118.827 39.76 0.026 

CSH 66.84 28.15 0.012 

Quartz (010) 53.78 46.04 0.055 

GB-CSH 106.5 37.28 0.012 

GB-Quartz (010) 110.5 44.49 0.007 

CSH-Quartz (010) 81.4 39.6 0.009 

 

4.2.1 PD simulation of GB 

As a first step towards modeling geopolymer, GB was simulated using both PMB 

and LPS models. First, the effect of ensembles (NVE and NVT) on the stress-strain 

behavior of GB was studied. Then, the effect of porosity on the stress-strain curve, ultimate 

tensile strength (UTS) and Young’s modulus E was investigated. Finally, a 

nanoindentation (NI) simulation on a homogenized model of GB with a 40% porosity was 

conducted to predict its hardness and Young’s modulus.  

4.2.1.1 Effect of ensembles (NVE and NVT) 

Fig. 5 shows the stress versus strain curves of GB at a 0% porosity with NVE and 

NVT ensembles for PMB and LPS models, respectively. For the PMB model, the NVE and 

NVT ensembles show very similar stress versus strain behavior. For the LPS model with 

NVE ensemble, the stress versus strain curve is only slightly lower than those for the PMB 

model with NVE or NVT. For the LPS model with NVT ensemble, however, the stress 

versus strain curve is drastically lowered. The reason can be attributed to the distortional 

and volumetric deformation in the LPS model [43] which is further exacerbated by the 
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presence of thermal vibrations of particles in NVT. Rahman and Foster [71] have showed 

that increment of temperature lowers the stress in PD simulation. 

 

Fig. 5: Stress versus strain curves of GB for PD models with NVE and NVT ensembles. 

 

4.2.1.2 Effect of porosity 

 

Fig. 6 shows the micro structure of GB at a porosity 0%, 20% and 40%, 

respectively. The void size was uniformly distributed between 20-30 nm for all models. 

The stress versus strain curves for GB at different porosities are shown in Fig. 7.  

 

Fig. 6: A section of GB micro structure with (a) 0%, (b) 20% and (c) 40% 

porosity. Simulation box size = 1000 nm × 1000 nm × 1000 nm and void size (diameter) 

= 20-30 nm. 
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Fig. 7: Stress versus strain curves at different GB porosity values using (a) PMB model, 

and (b) LPS model. 

The Young’s modulus E was determined using the slope of the initial portion of the 

stress versus strain curve. The UTS was approximated as the peak of the stress versus strain 

curve. The variation of E and UTS as a function of porosity is shown in Figs. 8 and 9, 

respectively. Not surprisingly, both the E and UTS decrease with increasing porosity. 

However, as also observed initially, the E and UTS are much lower for the LPS model 

compared to those for the PMB model. This variation can be explained by the thermal 

vibrations of particles associated with volumetric and distortional deformation capabilities 

in the LPS model. 

 

Fig. 8: E versus porosity for GB from PD based on PMB and LPS models, respectively. 
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Fig. 9: UTS versus porosity for GB from PD based on PMB and LPS models, 

respectively. 

 

4.2.1.3 NI simulation 

NI simulation was performed on GB with 40% porosity to predict its E and hardness 

H. The choice of 40% porosity GB structure was motivated by experimental observations 

[35]. A rigid spherical indenter was used to conduct the NI simulation. The load-

displacement (P-h) plots were first generated and the Oliver and Pharr method [72] was 

then used to determine the E and H for both the LPS and PMB models. The H is calculated 

by [72]: 

𝐻 =
𝑃𝑚𝑎𝑥

𝐴𝑐
   (9) 

where Pmax is the maximum load experienced by the indenter, and Ac is the contact area. 

For a spherical indenter, Ac can be calculated from: 

𝐴𝑐 =  𝜋(2𝑅ℎ𝑐 − ℎ𝑐
2)     (10) 

where R is the indenter radius, and hc is the depth of contact between indenter and the 

specimen which is calculated by: 
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              ℎ𝑐 =
ℎ𝑚𝑎𝑥+ℎ𝑓

2
            (11) 

In which, hmax is the maximum depth of penetration, and hf  is the residual penetration 

depth.  

Fig. 10 shows the P-h plots for a typical NI test using LPS and PMB models, 

respectively. The R was 70 nm and hmax was set to be 18 nm. The maximum load is higher 

for the PMB model compared to that for the LPS model. The calculated H value was 0.67 

GPa for the LPS model and 1.14 GPa for the PMB model. Both values are in good 

agreement with the range of 0.58 – 1.25 GPa observed experimentally [57,73].  

The E was calculated based on the unloading slope of the P-h plots as per Oliver 

and Pharr method [72]. The value of E was found to be 18.9 GPa for the LPS and 21.7 GPa 

for PMB model. Both values are very close to the experimentally observed E of GB using 

NI [74]. 

 

Fig. 10: Load-displacement (P-h) curve of nanoindentation test on GB for R = 70 nm and 

hmax = 18 nm from PD based on PMB and LPS models, respectively. 
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4.2.2 Effect of different phases  

The effect of different phases on the mechanical properties of geopolymer was also 

investigated. As a first step and to be simple, the geopolymer structure was prepared with 

equal percentage of GB, CSH and quartz (010). Binary systems consisting of GB and CSH 

or GB and quartz were also prepared. The size of grains was fixed at 350 nm. For 

simplicity, only the case of 0% porosity was considered here. Fig. 11 shows the stress 

versus strain plots of the three systems for both PMB and LPS models. It can be seen that 

for both the PMB and LPS models, the UTS is the highest for the GB-quartz system. This 

is in agreement with the experimental observation that the presence of higher percentage 

of quartz promotes the strength of geopolymer [75]. It can also be seen from Fig. 11 that 

the GB-CSH system has the lowest strength, indicating the adverse effect of CSH. 

However,  some experimental observations show that CSH can act as a secondary binder 

and filler in geopolymer and enhances the strength [76]. The difference between the PD 

simulation results and the experimental observations is possibly because the filler effect of 

CSH was not considered in the PD simulation. Therefore, more studies are required to 

understand the relative role of CSH as a filler and a secondary binder in geopolymer.  

Fig. 12 shows the damaged structure of GC containing different phases. It can be 

seen that the GB-CSH composite is highly damaged compared to the other composites due 

to the weaker fracture energy of CSH compared to quartz.  
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Fig. 11: Effect of different phase on UTS using (a) PMB model, and (b) LPS model. 

 

Fig. 12: PD model of geopolymer with average grain size of 350 nm: (a) Initial model 

with no deformation; each color represents a different grain/phase; phase assignments 

were done based on equal probability and uniform distribution; damaged structures (blue 

= no damage, green = intermediate damage condition, red = complete damage) seen at 

1% strain for (b) GB-quartz, (c) GB-CSH, and (d) GB-CSH-quartz composites. 
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4.2.3 Effect of grain size 

The effect of grain size on the strength of geopolymer was also investigated in this 

study. Grains of equivalent diameter of 200, 250, 300, 350 and 400 nm were used for 

creating the composites. Fig. 13 shows the stress versus strain plots of GB-CSH-quartz 

composites at different grain sizes with 0% porosity. The UTS as a function of grain size 

is shown in Fig. 14. It is interesting to note that the increment of grain size increases the 

UTS for both the PMB and LPS models. This can be explained by the inverse Hall-Petch 

effect [77–79] in nano-crystalline materials, which describes a phenomenon that material 

gets softer as the grain size decreases to a critical value. The grain size effect in the current 

work can also be explained by the presence of weak interfaces between the grains/phases. 

Increase of grain size creates fewer weak interfaces and, as a result, a composite with larger 

grain size shows increased strength. It should also be noted that grain boundary dislocation 

[80] is an important phenomenon for deformation in crystalline materials. Geopolymer is 

a composite consisting of both amorphous and crystalline unreacted materials and thus its 

deformation mechanism is more complicated and needs further study.  

 

Fig. 13: Effect of grain size on stress-strain curve of GB-CSH-quartz composite based on 

(a) PMB and (b) LPS models, respectively. 
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Fig. 14: Effect of grain size on the UTS of GB-CSH-quartz composite: (a) PMB model, 

and (b) LPS model. 

5. Conclusions 

The following conclusions can be drawn from this study: 

1. Based on MD simulations, the GB-CSH interface is the strongest, followed by the 

GB-quartz interface and the CSH-quartz interface. 

2. The PD simulations show that both the E and UTS of the GB decrease with higher 

porosity. The E and H of GB with a 40% porosity from PD simulations based on 

the LPS model show good agreement with the experimental data.  

3. Based on the PD simulations, the GB-quartz composite has the highest UTS and E 

values among the three composites studied despite the weak interfacial strength of 

GB-quartz. The GB-CSH composite is the weakest among the composites studied 

mainly because CSH is the weakest among GB, CSH and quartz.  

4. The geopolymer composites become stronger with increasing grain size of the 

constituent phases.  
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