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Abstract 28 

The interfacial characteristics of geopolymer binder to aggregate composites are poorly 29 

understood, especially at molecular level. Herein, molecular models are developed to study, for 30 

the first time, the geopolymer-aggregate interface. Chemically, various forms of interfacial 31 

bonding are characterized, including Al-O-Si bonding through condensation reactions, Na-O 32 

and H-bonding. An atomic-level interfacial transition zone (ITZ) is identified, attributed to the 33 

concentration of –OH groups. Increasing the Si/Al ratio of geopolymer is found to decrease the 34 

ITZ density, but have limited effect on the ITZ width. A heterogeneous diffusion characteristic 35 

occurs in geopolymer, due to the weak interfacial interaction. Mechanically, lowering the Si/Al 36 

ratio promotes the interfacial strength due to the stronger interfacial interaction and higher 37 

cross-linking degree in geopolymer. Under loading the interfacial fracture undergoes three 38 

stages: crack propagation, chain bridging (including aluminosilicate and ionic bridging) and 39 

breakage. The above atomic-level findings may facilitate a better design of geopolymer 40 

concrete in engineering. 41 

 42 

Keywords: Chemical bonding; Interfacial transition zone; Heterogeneous diffusion 43 

characteristic; Interfacial strength; Interfacial fracture  44 
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1. Introduction[U1] 45 

Cement industry is facing a huge challenge to meet the requirements of sustainable 46 

development, as it contributes about 6−8% emissions of human-made CO2 all over the world 47 

[1-3]. Therefore, there is an urgent need to look for more environmentally friendly cement 48 

binding materials for sustainable construction. As a kind of alkali-activated binder, geopolymer 49 

has drawn considerable attention from both academia and industry as a promising sustainable 50 

alternative to ordinary Portland cement (OPC). A wide variety of source materials can be used 51 

for the geopolymer synthesis, including metakaolin, fly ash, calcined clay, furnace slag, mine 52 

tailings [4-7]. Besides, biomass wastes such as rice husk ash and wood ash have been recycled 53 

as the precursor materials [8-10]. The geopolymer synthesis generally involves two processes: 54 

(1) the dissolution of source materials composed of aluminosilicate minerals under the alkali 55 

environment (e.g. NaOH and KOH solutions) to release small molecules known as oligomers; 56 

and (2) the condensation of these aluminosilicate oligomers into a covalently bonded network 57 

[11-13]. According to the Si/Al atomic ratio, geopolymer comprises different chemical units: -58 

Si-O-Si-O- (siloxo), -Si-O-Al-O- (sialate), -Si-O-Al-O-Si-O- (sialate-siloxo) and -Si-O-Al-O-59 

Si-O-Si-O- (sialate-disiloxo). Besides environmental advantages (e.g. over 80% reduction in 60 

CO2 emission and reuse of industrial waste [8, 14]), geopolymer poses tunable strength at both 61 

early and later ages, better durability, improved acid resistance, and higher temperature/fire 62 

resistance [15]. Because of these advantageous properties, geopolymer concrete has a good 63 

potential to become an alternative to conventional OPC concrete in many applications and is 64 

especially attractive to some special fields that demand extreme properties, such as 65 

toxic/radioactive waste encapsulation, fire resistant coatings and sewage pipes [16-18]. 66 

An important issue for geopolymer concrete is to understand the interfacial behavior (both 67 

chemically and physically) between the geopolymer binder and the aggregates. In recent years, 68 

a few experimental studies have been carried out to characterize the interfacial microstructure 69 

and the binding behaviors in geopolymer concrete. Sarker et al. [19] and Peng et al. [20] 70 

reported that geopolymer concrete shows a higher tensile strength than OPC concrete given the 71 

same compressive strength, originating from the stronger bond strength at the interface between 72 
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the geopolymer binder and aggregates. Khan et al. [21] proposed that the incorporation of CaO 73 

and MgO into the geopolymer results in a stronger bond between the geopolymer matrix and 74 

the aggregates. Pacheco-Torgal et al. [12] employed schist sand, granite and limestone as the 75 

aggregates and detected the interfacial microstructures in geopolymer concrete. In contrast with 76 

the typical porous interfacial transition zone (ITZ) of cement mixtures, a very dense and 77 

uniform ITZ was observed independent of the aggregate type, which is likely due to the better 78 

chemical interaction between the paste and aggregates. Also, the existence of ITZ in 79 

geopolymer concrete was confirmed by Khan et al. [21], Demie et al. [22], Sarker et al. [19], 80 

and Embong et al. [23]. However, some researchers claimed that no obvious ITZ was identified 81 

in geopolymer concrete, as there is no apparent difference between the bulk geopolymer matrix 82 

and microstructures of the ITZ [24-27]. Despite all of these existing efforts, the interfacial 83 

chemical structure of geopolymer concrete remains elusive because current experimental 84 

techniques (e.g. scanning electron microscopy, X-ray diffraction, energy-dispersive X-ray 85 

spectroscopy, Fourier transform infrared spectroscopy, nuclear magnetic resonance) can neither 86 

provide insights into the geopolymerization process at molecular level nor qualitatively identify 87 

the chemical composition of the geopolymer binder at the interface [28-30]. 88 

Molecular dynamics (MD), bypassing the experimental difficulties, could contribute a 89 

deep insight into the chemical and physical basis of materials at molecular level [31-33]. 90 

Previously, Lolli et al. [34] developed geopolymer atomic models based on a defective crystal 91 

structure to describe the geopolymerization product of sodium silicate-activated metakaolin. 92 

Zhang et al. [28] carried out, perhaps for the first time, a reactive MD simulation of the 93 

polymerization process of aluminosilicates for geopolymer synthesis, which produced realistic 94 

geopolymer models comparable to experimentally synthesized geopolymer. Following this 95 

method, Zhang et al. [35, 36] developed geopolymer models to study the chemical interactions 96 

between active geopolymer and nano-materials. Up to now, the MD tool has been widely 97 

applied to study the interfacial properties in various composite systems. For example, MD 98 

simulation reveals that the interfacial bonding between asphalt and aggregate is strongly 99 

dependent on the types of chemical compounds and functional groups (e.g. saturates, aromatics, 100 
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resins, and asphaltenes) in the asphalt binder [37-41], and the interfacial failure is affected by 101 

many factors, such as moisture content [39, 40, 42, 43], air void [44, 45], loading rate [44, 45], 102 

aging [40, 41] and temperature [38, 44-46]. Besides, the MD tool has been used to study the 103 

interfacial properties of many other composites, such as water-silica [47], water-metal [48], 104 

polymer-silica [49], polymer-metal [50], coating-metal [51] and solution-mineral [52].[U2] 105 

These studies facilitated a better understanding of the physics and chemistry at the interfaces, 106 

which are usually not accessible experimentally. To the best of the authors' knowledge, however, 107 

there is still no atomic-level study on the interfacial characteristics of geopolymer concrete 108 

system, especially considering the formation of the interfacial chemical structure and the effect 109 

of the Si/Al ratios of geopolymer binder. 110 

In this study, a reactive MD simulation is carried out, for the first time, to provide atomic-111 

level insights into the interfacial characteristics between geopolymer binder and silica 112 

aggregates, considering three typical Si/Al ratios of geopolymer. First, the potential chemical 113 

reactions between geopolymer and aggregate are explored and the effect of Si/Al ratios is 114 

discussed, following which the interfacial structure is characterized to find how the ITZ exists 115 

and the corresponding features. Then, atom trajectories are recorded to analyze the diffusion 116 

behavior of geopolymer onto the aggregate surface. Mechanically, the interfacial strength is 117 

tested using a strain constant method and the full-range fracture process is captured. 118 

2. Simulation Method 119 

2.1 Model establishment 120 

Considering the main chemical components in aggregates are sand, granite, quartz, and 121 

basalt, a silica (SiO2-alpha) unit is often selected to build a representative aggregate model [43, 122 

44, 53]. The initial silica model is a monoclinic cell with a size of a = 4.91 Å, b = 4.91 Å, c = 123 

5.41 Å (α = 90o, β = 90o, γ = 120o), as shown in Fig. 1(a). To begin with, a (8 × 10 × 8) supercell 124 

of silica is transformed into an orthorhombic configuration with a size of 39.30 Å  42.55 Å  125 

43.24 Å [37]. To construct the geopolymer binder-aggregate interface, an exposed silica 126 

surface is created by introducing a 40 Å vacuum gap perpendicular to the (010) direction. 127 

Hydroxyl groups are assigned on the surface to represent its hydrated form (≡Si-OH), which is 128 
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in line with the experimental finding that one hydroxyl group per one surface Si is the most 129 

probable form on the fully hydroxylated silica surface [54, 55]. As the polymerization of 130 

geopolymer starts with oligomers, 440 sialate oligomers (Fig.1 a) together with the same 131 

number of Na atoms (for charge balance) are packed into the vacuum region as the initial 132 

geopolymer model with a Si/Al = 1, as shown in Fig. 1(b). To design the geopolymer models 133 

with different Si/Al ratios, partial sialate units in geopolymer are replaced by siloxo units (Fig. 134 

1a) to achieve Si/Al ratios of 2 and 3 [36, 56], as shown in Fig. 1(c) and (d). The number of Na 135 

atoms in the geopolymer system is consistent with that of Al atoms. As a result, three 136 

geopolymer-aggregate composite models are prepared with three typical Si/Al ratios. 137 

 138 

Fig. 1 (a) Initial atomic models for fabricating silica aggregate and geopolymer: SiO2-alpha unit cell, sialate 139 

and siloxo oligomers (Here we use ball-and-stick models to show the connection between atoms); (b-d) a 140 

perspective view of geopolymer-aggregate composite models with typical Si/Al ratios of 1, 2 and 3 (Here 141 
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we use CPK models, also known as “space-filling model”, to show the atoms whose radii are proportional 142 

to the radii of the atoms). 143 

2.2 Simulation procedure 144 

First, the initial composite models are geometry-optimized based on the conjugate 145 

gradient (CG) algorithm with a convergence criterion of 10−6 kcal/mol, followed by a dynamic 146 

equilibration for 300 ps under the isothermal-isobaric (NPT) ensemble with a temperature of 147 

300 K (room temperature) and a pressure of 101 kPa (atmospheric pressure). The Nose-Hoover 148 

thermostat and barostat algorithms are applied for the temperature and pressure control [57, 149 

58]. Then, these composite systems are thermally treated at 1500 K for 300 ps under the 150 

canonical (NVT) ensemble to accelerate the polymerization of the oligomers, which is a 151 

common method to produce a realistic cross-linked geopolymer model [28, 35, 36, 56]. During 152 

the thermal treatment, water molecules produced by the polymerization are removed in case of 153 

the formation of voids in geopolymer caused by the agglomeration of too many water 154 

molecules as the capillary water [28, 35, 56, 59]. These models are gradually cooled down to 155 

300 K with a cooling rate of 5 K/ps. Subsequently, the Grand Canonical Monte Carlo (GCMC) 156 

method is performed to absorb water molecules into the dry cross-linked geopolymer models 157 

as the physically absorbed water. The final water contents are 7.9 %, 8.0 % and 8.1 % by weight 158 

of geopolymer with Si/Al ratios of 1, 2 and 3 respectively, which are close to the reported 159 

values (7.9 % in Ref. [36] and 7.64 % in Ref. [60]). After the GCMC process, a further dynamic 160 

equilibrium is carried out for another 300 ps under the NPT ensemble with a temperature of 161 

300 K and pressure of 101 kPa.  162 

A structural analysis of these final geopolymer-aggregate composite models is carried out 163 

to explore the interfacial molecular structures and the effect of Si/Al ratio. In order to study the 164 

atom dynamics of different components, including aluminosilicates, Na+ ions and water 165 

molecules, in geopolymer matrices, the trajectory information of atoms is recorded by further 166 

equilibrating these systems for 500 ps under the NVT ensemble at 300 K. To investigate the 167 

interfacial mechanical properties and fracture process of these composites, a uniaxial tensile 168 

loading is applied on the composite models along the y-direction (perpendicular to the 169 
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interfaces), before which a small defect with a size of 9 Å width and 5 Å thickness is introduced 170 

on the silica surface to induce the interfacial defect propagation, as shown in Fig. 2(a). Fig. 2(b) 171 

shows a schematic view of the defect design by deleting some atoms on the surface of silica 172 

aggregate and assigning hydroxyl groups on the newly exposed surface. The uniaxial tensile 173 

loading is applied using a constant-strain method with a strain rate of 0.01%/ps, indicating that 174 

the model dimension along the y-direction changes linearly with time. The strain rate employed 175 

in this study has been widely suggested to measure the stress-strain curves of various inorganic 176 

systems in MD simulation. During the tensile loading, the NPT ensemble with a temperature 177 

of 300 K is implemented and the pressure is controlled at 101 kPa in x and z directions to take 178 

account of the Poisson effect. 179 

 180 

Fig. 2 (a) A side view of a composite model with a small defect designed for the tensile test along y direction; 181 

(b) A schematic view of the defect design on SiO2 aggregate surface (Step 0: a defect-free SiO2 surface; Step 182 

1: selection of the atoms within the middle region (9 Å  5 Å) in the xy plane, which are labeled with green 183 

color; Step 2: removal of green atoms and hydrogenation of new exposed O atoms for charge balance. 184 

All the simulations are carried out using the Large-scale Atomic/Molecular Massively 185 
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Parallel Simulator (LAMMPS) software with a time step of 0.25 fs. Periodic boundary 186 

conditions are applied to all directions of the composite systems during all the simulation 187 

processes mentioned above. Therefore, both sides (perpendicular to the y-direction) of silica 188 

aggregate can interact with geopolymer: one is in the middle, and the other is at the boundary.  189 

2.3 Reactive force field 190 

In this study, the reactive force field (ReaxFF), developed by van Duin et al. [61] for use 191 

in MD simulations, is employed to express both inter- and intra-molecular interactions. This 192 

force field uses the distance-dependent bond order concept to describe the instantaneous 193 

interactions between atoms, which allows for a smooth transition between the bonded states 194 

(including single, double, or triple bonds) and un-bonded states. This strategy allows one to 195 

simulate the chemical processes where the bond formation and dissociation are involved during 196 

the dynamic evolution of a system. In general, the ReaxFF divides the system total energy 197 

(Esystem) into several partial contributions, as given below [62], 198 

ETotal = Ebond + Eover + Eunder + Eval + Etor + Elp + EH-bond + EvdW + Ecoul     (1) 199 

where Ebond is the two-body energies associated with bonded atoms; Eover and Eunder are the 200 

penalty energies preventing the atom over/under-coordination; Eval and Etor are the energies 201 

correlated with three-body valence angle strain and four-body torsional angle strain, 202 

respectively; Elp is the lone-pair energies based on the number of lone pairs around an atom; 203 

EH-bond is the hydrogen-bond (H-bond) energies; EvdW and Ecoul, are van der Waals and Coulomb 204 

contributions calculated between all the atom pairs regardless of connectivity, and includes a 205 

shielding parameter to avoid excessive repulsion at short distances. The atomic charges are 206 

adjusted at each MD time step using the Charge equilibration (QEq) scheme. More details 207 

about these partial energy terms in ReaxFF can be found elsewhere [63].  208 

The ReaxFF parameters employed in this work were developed by the group of van Duin 209 

[64]. These parameters have been fit to a large quantum mechanics (QM) training set containing 210 

data of Na/Si/Al/O/H systems, via a single-parameter search optimization to minimize the error, 211 
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so that the ReaxFF MD simulation can retain accuracy nearly as great as that of QM 212 

calculations [63]. Previously, these parameters have already been successfully applied to study 213 

a variety of materials, such as silica [65, 66], geopolymer [35, 59], zeolite [64, 67], clay 214 

minerals [68, 69], calcium silicate hydrates [70, 71], sodium aluminosilicate glass [72, 73]. 215 

3. Results and Discussion 216 

3.1 Interfacial bonding and structure 217 

To understand the interfacial chemical structures, it is necessary to figure out the chemical 218 

interaction between the geopolymer and the silica aggregate firstly. By observing the formation 219 

process of the interfacial chemical structure, it is found that active aluminosilicate oligomers 220 

can react with silica aggregate by typical condensation reactions, as illustrated in Fig. 3(a). 221 

Initially, four-coordinated Al (Al[4]) in oligomers is coordinated with an oxygen atom in the 222 

hydroxyl group exposed on the surface of the aggregate. At this intermediate state, Al[4] is 223 

transformed into five-coordinated Al (Al[5]) and a Brønsted acid site (proton donor) is formed 224 

[74]. Next, the Brønsted acid site donates the H+, which further binds with one adjacent OH− 225 

ion to produce a H2O molecule coordinated with Al[5]. Finally, the H2O molecule can escape 226 

from Al[5] coordination and diffuse in geopolymer. At this state, Al[5] is transformed back 227 

into Al[4]. As a result, an interfacial Al-O-Si bonding (type 1) is formed. It is also found that 228 

≡Al-OH groups in the oligomers chemically bonded with aggregate can further polymerize 229 

with adjacent ≡Si-OH groups from the aggregate by the same condensation reaction 230 

mechanism, resulting in a new type Al-O-Si bonding (type 2) between the geopolymer and the 231 

aggregate, as illustrated in Fig. 3(b). Similarly, it is found that geopolymer can chemically bond 232 

with various materials due to its activity, such as Al-O-Fe bonding with steel [75], Al-O-C 233 

bonding with catechol in humic substances [76], and Al-O-Si bonding with Si-doped graphene 234 

[62]. In addition, there exists ionic (Na-O) bonding and H-bonding that bridge the geopolymer 235 

and the silica aggregate, as illustrated in Fig. 3(c). For the H-bonding, it can be formed between 236 

–OH groups in aluminosilicates and aggregate or formed by H2O. In conclusion, there are 237 

various forms of interfacial chemical bonding between geopolymer and silica aggregate, 238 

including two types of Al-O-Si bonding through condensation reactions, Na-O ionic bonding 239 
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and H-bonding.  240 

 241 

Fig. 3 Snapshots of the interfacial chemical bonding between geopolymer and silica aggregate: (a) formation 242 

of type 1 Al-O-Si bonding; (b) formation of type 2 Al-O-Si bonding; (c.1) Na-O ionic bonding and (c.2-4) 243 

Multiform H-bonding.  244 

To further understand the interfacial chemical structures, the concentrations of different 245 

interfacial chemical bonds are calculated, which are defined as the number of chemical bonds 246 

divided by the surface area of the aggregate, as shown in Fig. 4 (a). At the interfaces, the bond 247 
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concentration follows an order of Al-O-Si < Na-O < H-bond. The concentrations of interfacial 248 

Al-O-Si and Na-O bonds are 1.14 nm-2 and 2.74 nm-2 respectively for geopolymer (Si/Al =1). 249 

With Si/Al ratio rising to 3, the interfacial bond concentrations for these two types of bonds 250 

decrease by nearly a half. However, the interfacial H-bond concentration is hardly affected by 251 

Si/Al ratio. As depicted in Fig. 3(c), the interfacial H-bonding can be formed by 252 

aluminosilicates and water with silica aggregate. To distinguish these two different H-bonding 253 

at the interface, the contributions to the H-bond from aluminosilicates and water with the silica 254 

aggregate is calculated, as shown in Fig. 4(b). The H-bond between aluminosilicates and 255 

aggregate contributes to 61%~66% of the total interfacial H-bonds while that between water 256 

and aggregate contributes to the remaining 34%~39% in various geopolymer-aggregate 257 

composites, indicating that the interfacial H-bonds mainly originate from the aluminosilicates 258 

on the aggregate surface.  259 

      260 

Fig. 4 (a) The concentration of various interfacial chemical bonds (Al-O-Si, Na-O and H-bond) between 261 

geopolymer and silica aggregate; (b) the interfacial H-bond contribution (%) from aluminosilicates and water 262 

in geopolymer with silica aggregate. 263 

It is well-known that geopolymer has a cross-linked aluminosilicate structure; as a result, 264 

the polymerization of the aluminosilicate oligomers is realized through a typical condensation 265 

reaction [28]. Fig. 5(a) shows a snapshot of the cross-linked geopolymer model built in this 266 
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study and its internal cross-linking between oligomers. The condensation reaction between 267 

≡Al-OH and ≡Si-OH groups from oligomers results in the formation of Si-O-Al link between 268 

oligomers while the formation of Al-O-Al link is attributed to the condensation reaction 269 

between two ≡Al-OH groups. The bridging oxygen is usually called cross-linking sites [77, 270 

78], which is marked with green in Fig. 5. It is also observed that partial Al[4] in geopolymer 271 

is transformed into Al[5], which is in line with the experimental analysis of geopolymer 272 

materials from 27Al magic angle spinning nuclear magnetic resonance (MAS NMR) [79]. Fig. 273 

5(b) depicts the cross-linking sites in geopolymer with various Si/Al ratios. Obviously, the 274 

increase in Si/Al ratios reduces the number of cross-linking sites from 659 to 375, indicating 275 

that the aluminosilicates in geopolymer are more highly cross-linked at lower Si/Al ratios, 276 

attributed to more active ≡Al-OH groups participating in the condensation reaction. Similarly, 277 

it was found that higher Al content in geopolymer can promote the polymerization process [28], 278 

in consistent with the present findings. 279 

 280 

 281 

Fig. 5 (a) Snapshots of the cross-linked alumisilicates in geopolymer (Si/Al = 2) model and its internal cross-282 
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linking between oligomers. The green balls represent the cross-linking sites (bridging oxygen atoms) 283 

between oligomers; (b) snapshots of the cross-linking sites in geopolymer due to the polymerization of 284 

oligomers in geopolymer with Si/Al ratios of 1, 2 and 3. The number of the cross-linking sites is 659, 474 285 

and 375 respectively. 286 

Next, the interfacial atomic structures of geopolymer-aggregate composites are 287 

characterized. Fig. 6(a) presents a density field of one composite model with the Si/Al ratio of 288 

3 for geopolymer. It can clearly be seen that there is a low density region at the middle of the 289 

composite, which can be defined as an atomic-level “interfacial transition zone (ITZ)”. Please 290 

note that the other ITZ at the boundary is not labeled where it is also an interface between 291 

geopolymer and silica aggregate as periodic boundary conditions are used in this study. The 292 

ITZ formation is attributed to the concentration of –OH groups from both geopolymer and 293 

silica aggregate, as Fig. 3(c) and 4(a) prove that H-bonding is the major interfacial bonding 294 

form. Interfacial H-bonding can generate a region with a density approaching the density of 295 

water (1 g/cm3), which is an H-bonding system. Previously, the atomic-level ITZ with a low 296 

density was observed at the interfaces of various campsites, such as cement-polymer 297 

composites [80], SiO2-epoxy composites [81], and hydroxyl functionalized graphene-298 

geopolymer composites [62], which agrees with the present  findings. To further characterize 299 

the ITZ features of these composites and the effect of the Si/Al ratios of geopolymer, the atomic 300 

density profile of the three composite models is plotted in Fig. 6(b) as a function of the distance 301 

along the y-direction. The ITZ density of the composites is 1.67 g/cm3, 1.40 g/cm3 and 1.29 302 

g/cm3 respectively, suggesting that the Si/Al ratio plays an important role in the ITZ density. 303 

The decrease of ITZ density results from less Na and Al atoms concentrating on the surface of 304 

the silica aggregate when the Si/Al ratio increases, as proved in Fig. 4(a). The ITZ widths for 305 

the three composites are 3.8 Å, 4.0 Å and 4.0 Å, which shows a very limited increase (~ 5%) 306 

with increasing the Si/Al ratio. This indicates that the ITZ width is mainly dependent on the 307 

interfacial H-bonding while the concentration change of Na and Al atoms on the surface of 308 

silica aggregate has a limited effect with increasing the Si/Al ratio. In conclusion, there is an 309 

ITZ between the geopolymer and the silica aggregate and its density is highly correlated with 310 
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the Si/Al ratio of geopolymer. However, the ITZ width is not greatly affected such a ratio. 311 

 312 

Fig. 6 (a) Density field of a geopolymer-aggregate composite model (Si/Al = 3 for geopolymer) and a 313 

schematic view of the concentration of –OH groups at the interface based on the results from Fig. 4. Please 314 

note that the interfacial transition zone (ITZ) in the middle is labeled while the other one at the boundary is 315 

not labeled; (b) atomic density profiles of the three composites as a function of the distance along y distance 316 

with the Si/Al ratios of 1 (geopolymer 1), 2 (geopolymer 2) and 3 (geopolymer 3).  317 

3.2 Diffusion behavior 318 

The diffusion behavior in geopolymer binder, is related to a series of material 319 

characteristics, such as ion exchange ability [21], immobilization/leaching of alkali ions [35, 320 

56], self-healing process [46], and creep behaviors [82]. To assess the diffusion behavior of 321 

different components (aluminosilicates, Na+ ions and water molecules) in geopolymer, the 322 

geopolymer matrices in the composites are first divided equally into 6 parts, as shown in Fig. 323 

7(a). In view of the symmetry of the composite models due to periodic boundary conditions, 324 

these parts can be classified into three regions. Then, the mean squared displacement (MSD), 325 

defined as an ensemble average of the deviation of the atom positions with respect to their 326 
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reference positions over time, of aluminosilicates, Na+ ions and water molecules in these 327 

regions is calculated as a function of time by the following equation [32], 328 

𝑀𝑆𝐷(𝑡) = 〈|𝒓(𝑡) − 𝒓𝟎|2〉 =
1

𝑁
∑|𝒓𝑖(𝑡) − 𝒓𝑖(0)|2

𝑁

𝑖=1

                              (2) 329 

where N is the number of atoms to be averaged; vector 𝒓𝑖(0) is the reference position of the 330 

i-th atom; and vector 𝒓𝑖(𝑡)  is the position of the i-th atom at time t. The MSD of 331 

aluminosilicates in geopolymer is represented by the MSD of Si and Al atoms [36, 83]. Based 332 

on the MSD calculation, the self-diffusion coefficients of different components in geopolymer 333 

are further computed by the following equation [32], 334 

𝐷 =
1

6
lim
𝑡→∞

𝑀𝑆𝐷(𝑡)

𝑡
≈

1

6

𝑀𝑆𝐷(𝑡1) − 𝑀𝑆𝐷(𝑡0)

𝑡1 − 𝑡0
                              (3) 335 

where 𝑡1 and 𝑡0 represent the final and initial computing time, respectively. 336 

                                       337 

(a)                                               (b) 338 

Fig. 7 (a) Definition of three different regions and four interfaces of geopolymer (Interface 1 is between 339 

geopolymer and silica aggregate, and Interface 2, 3 4 are in the geopolymer matrices); (b) interfacial 340 

interaction between two adjacent regions.  341 

Fig. 8 summarizes all the MSD curves of aluminosilicates, Na+ ions and water molecules 342 

in different regions of three geopolymer matrices over a time scale of 500 ps. At the very 343 
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beginning (< 1 ps, the ballistic motion stage), there is a fast jump from 0 to a certain value for 344 

all MSD curves attributed to the inertia of atoms [36], since when MSD values increase slowly 345 

with time (the diffusion stage) [35]. All MSD curves suggest that all components, including 346 

aluminosilicates, Na+ ions and water molecules, travel at different rates in different regions of 347 

geopolymer matrices, following an order of Region 1 > Region 2 > Region 3. It states that the 348 

existence of an interface between geopolymer and silica aggregate can lead to a heterogeneous 349 

diffusion characteristic in geopolymer matrices. It is also noted that different components in 350 

geopolymer matrices exhibit different diffusion rates, following an order of aluminosilicates < 351 

Na+ ions < water molecules, regardless of Si/Al ratios. It originates from different chemical 352 

confinement on these components, because Si and Al atoms in the aluminosilicates of 353 

geopolymer are locally covalently bonded with their adjacent atoms (Covalent-bond 354 

confinement), and Na+ ions interact with their adjacent atoms by ionic bonds (Ionic-bond 355 

confinement), while water molecules are weakly bonded with other atoms by H-bonds (H-bond 356 

confinement) [36]. Additionally, it can be observed that the slope of nearly all the MSD curves 357 

decreases slightly with time, which results from the inherent confinement from the solid gel 358 

[35].  359 

 360 
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 362 

(b) Geopolymer (Si/Al = 2) 363 

 364 

(c) Geopolymer (Si/Al = 3) 365 

Fig. 8 The MSD curves of aluminosilicates, Na+ ions and water molecules in different regions of 366 

geopolymers for three different composites: (a) geopolymer with Si/Al = 1; (b) geopolymer with Si/Al = 2; 367 

(c) geopolymer with Si/Al = 3. To show the overall trend of MSD curves with increase of the simulation 368 

time, the linear logarithmic transform function (𝑦 = 𝑎 + 𝑏𝑥𝑐) was used to fit all curves. Please note that 369 

the MSD values at t = 0 should be 0 and there is a marked rise from 0 to a certain value within a short period 370 

(< 1 ps, the ballistic motion stage), since when MSD values increase slowly with time (the diffusion stage). 371 

Please note we used different y-axis ranges in these figures. 372 

Fig. 9 summarizes all the self-diffusion coefficients of aluminosilicates, Na+ ions and 373 

water molecules in different regions of geopolymer matrices. It is clearly evident that the self-374 

diffusion coefficients of all components are highly affected with the Si/Al ratio of geopolymer 375 
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matrices. For example, the increase in Si/Al ratio from 1 to 3 leads to 8.0 times (from 0.08  376 

10-12 to 0.64  10-12 m2/s), 1.4 times (from 1.56  10-12 to 2.16  10-12 m2/s) and 2.8 times (from 377 

2.43  10-12 to 6.85  10-12 m2/s) of increase of the self-diffusion coefficients of aluminosilicates, 378 

Na+ ions and water molecules in Region 1, respectively. Overall, the self-diffusion coefficients 379 

of all components in Region 1 obviously exhibit much higher values compared to those in 380 

Region 2 and 3, indicating that the diffusion of the components in geopolymer is affected more 381 

by the interface between geopolymer and silica aggregate when they are closer to this interface. 382 

   383 

(a) Aluminosilicates                (b) Na+ ions                   (c) Water 384 

Fig. 9 Summary of the diffusion coefficients of (a) aluminosilicates, (b) Na+ ions and (c) water in different 385 

regions of geopolymers with Si/Al ratios of 1, 2 and 3 for three different composites. Please note we used 386 

different y-axis ranges in these figures. 387 

To explain the heterogeneous diffusion characteristics in the geopolymer matrices of the 388 

composites and the effect of Si/Al ratio, the interfacial interaction energy between geopolymer 389 

and aggregate (Interface 1) and the internal interaction of geopolymer (Interface 2, 3 and 4) are 390 

calculated by the following equation to reveal the confinement in different locations of the 391 

composites, 392 

𝐸𝐼𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 = 𝐸𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 − 𝐸𝐿𝑒𝑓𝑡 − 𝐸𝑅𝑖𝑔ℎ𝑡                       (4) 393 

where 𝐸𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 is the total potential energy of a composite system, 𝐸𝑙𝑒𝑓𝑡 is the potential 394 

energy of the left region of the interface and 𝐸𝑅𝑖𝑔ℎ𝑡 is the potential energy of the right region 395 
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of the interface. The lower interfacial energy corresponds to the stronger interfacial interaction 396 

and thus the stronger confinement. The results are recorded in Fig. 7(b). It is obvious that the 397 

interfacial interaction energy at Interface 1 is much higher than those at Interface 2, 3 and 4 for 398 

all three composites, while there is no notable difference among the interfacial interaction 399 

energy at Interfaces 2, 3 and 4. This states that the confinement at the interface (Interface 1) 400 

between geopolymer and aggregate is much weaker than the internal confinement within 401 

geopolymer while the internal confinement within geopolymer keeps invariant in different 402 

locations (Interfaces 2, 3 and 4). Therefore, it can be concluded that the weak interfacial 403 

interaction between geopolymer and aggregate is the cause of the heterogeneous diffusion 404 

characteristics in the geopolymer matrices of the composites. Additionally, Fig. 7(b) shows that 405 

the interfacial interaction energy increases from -6787 Kcal/mol to -3827 Kcal/mol with the 406 

Si/Al ratio ranging from 1 to 3, indicating the interfacial interaction is weakened by increasing 407 

the Si/Al ratio, in line with the results that less Al-O-Si and Na-O bonds are formed at the 408 

interface (Fig. 4). That is to say, the interfacial confinement between geopolymer and aggregate 409 

becomes wreaker in case of higher Si/Al ratios, which can be one reason why all components 410 

in geopolymer diffuse in a faster rate at higher Si/Al ratios. Another reason is that the increase 411 

of Si/Al ratio can decrease the cross-linking degree in geopolymer (Fig. 5), which leads to the 412 

weakened confinement between atoms within geopolymer according to the rigid theory and 413 

thus promotes the diffusion rate [36, 81, 84, 85].  414 

In conclusion, geopolymer exhibits a heterogeneous diffusion characteristic as its 415 

components diffuse at a faster rate at a distance closer to the interface between geopolymer and 416 

silica aggregate, resulting from the weak interfacial interaction compared with its internal 417 

interaction. The diffusion rate of different components in geopolymer follows an order of 418 

aluminosilicates < Na+ ions < water molecules. Furthermore, the higher Si/Al ratio can cause 419 

a faster diffusion of all components in geopolymer, originating from the weakened interfacial 420 

interaction and decreased cross-linking degree in geopolymer.  421 

3.3 Mechanical/fracture properties 422 

The interfacial mechanical properties between geopolymer and aggregate are one of the 423 
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most noteworthy features that play a decisive role in the material performance of geopolymer 424 

concrete [5, 29]. Therefore, a series of tension tests on geopolymer-aggregate composites with 425 

a defect at the interface is carried out to investigate the interfacial strength and fracture process. 426 

The tensile stress (𝑃𝑦) is calculated using the following equation during the tensile process [35], 427 

𝑃𝑦 =
∑ 𝑚𝑘𝑣𝑘𝑦𝑣𝑘𝑦

𝑁
𝑘

𝑉
+

∑ 𝑟𝑘𝑦𝑓𝑘𝑦
𝑁′

𝑘

𝑉
                        (5) 428 

where 𝑁 is the number of atoms in the simulation box; 𝑁′ denotes the number of atoms in 429 

the simulation box and periodic image atoms outside the central box; 𝑣𝑘𝑦
, 𝑟𝑘𝑦

 and 𝑓𝑘𝑦
 430 

denote the component in the y-direction of the velocity and position of 𝑘th atom, and the force 431 

exerted on the 𝑘 th atom; 𝑚𝑘  is the mass of the 𝑘 th atom; and 𝑉  is the volume of the 432 

simulation box. 433 

Fig. 10 (a) exhibits the stress-strain curves of the three geopolymer-aggregate composites. 434 

The tensile strength (the peak stress) of the three composites is 4.3 GPa, 1.3 GPa and 0.9 GPa 435 

with Si/Al ratio of 1, 2 and 3, respectively. The Young's modulus, determined by calculating 436 

the initial slope ratios of the stress-strain curves with the strain ranging from 0.0% to 2.0% [71], 437 

is 49.2 GPa, 31.9 GPa and 28.2 GPa for the three composites, respectively. The results indicate 438 

that the interfacial strength is weakened by increasing Si/Al ratios. To assess the variation of 439 

the interfacial interaction between geopolymer and aggregate during the tensile test, the 440 

interfacial interaction energy is calculated based on Eq. (4) and the results are presented in Fig. 441 

10 (b). The initial interfacial interaction energy of the three composites is -6190 Kcal/mol, -442 

4502 Kcal/mol and -3103 Kcal/mol, because of the less Al-O-Si covalent bond and Na-O ionic 443 

bonds formed at the interface when the Si/Al ratio increases, as stated previously. That is why 444 

a lower Si/Al ratio is more beneficial for the interfacial strength. Similarly, it is widely reported 445 

that the interfacial covalent bonding can promote the interfacial stress transfer and thus the 446 

interfacial bond strength [36, 62, 81, 86, 87], which is in line with the present study because 447 

the concentration of Al-O-Si bonds at the interface is decreased by increasing Si/Al ratios. 448 

However, the strongest interface between geopolymer (Si/Al = 1) and aggregate involves the 449 
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fastest loss of the interfacial interaction during the tensile process with a maximum loss of ~ 450 

61% at strain = 16%, while the interfacial interaction energy of the composites with the Si/Al 451 

ratios of 2 and 3 increases slowly during the tensile process with a maximum loss of ~ 18% at 452 

strain = 10% and ~ 33% at strain = 13%, respectively. In addition, there is a recovery stage of 453 

the interfacial interaction for all three composites during the tensile process, as revealed from 454 

Fig. 10(b). The results indicate that the variation of the interfacial interaction during the tensile 455 

process undergoes two stages: the loss stage and recovery stage, and the loss of the interfacial 456 

interaction for the three composites follows an order of Si/Al = 1 > Si/Al = 3 > Si/Al = 2.  457 

 458 

      459 

Fig. 10 (a) Tensile stress-strain curves for the geopolymer-aggregate composites with various Si/Al ratios 460 

for geopolymer during the tensile process along y direction; (b) the variations of the interfacial interaction 461 

energy for the geopolymer-aggregate composites during the tensile process along y direction. 462 

To figure out the interfacial fracture process of geopolymer-aggregate composites, the 463 

interfacial chemical bonds, including Al-O-Si, Na-O, and H-bonds, are recorded for the three 464 

composites with various Si/Al ratios during the tensile process, as presented in Fig. 11. For the 465 

interfacial Al-O-Si bonds, there are 64% and 20% bond breakage for the composites with Si/Al 466 

ratios of 1 and 2 during the tensile process, while there is no bond breakage for the composite 467 

with the Si/Al ratio of 3, indicating that the interfacial Al-O-Si bonds are more likely to be 468 
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broken at lower Si/Al ratios. In addition, no recovery of Al-O-Si bonds is found after the bond 469 

breakage. For the interfacial Na-O and H-bonds, the bond number decreases with increasing 470 

tensile strain at the initial stage. However, a recovery of Na-O and H-bonds is observed at the 471 

interface for all composites at the later stages. Therefore, it can be concluded that the loss stage 472 

of the interfacial interaction (Fig. 10 b) originates from the breakage of Al-O-Si, Na-O, and H-473 

bonds at the interface, while the recovery stage is attributed to the recovery of Na-O and H-474 

bonds at the interface. The composite (Si/Al = 1) involves the maximum loss of the interfacial 475 

interaction compared with the other two composites due to the fastest breakage of interfacial 476 

bonds, while the composite (Si/Al = 2) has the minimum loss of the interfacial interaction 477 

because it has the least breakage of Na-O and H-bonds. 478 

 479 

Fig. 11 The record (normalized number) of the interfacial chemical bonds, including Al-O-Si, Na-O, and H-480 

bonds, for the geopolymer-aggregate composites with Si/Al ratios of 1, 2 and 3. The invariable region is 481 
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labeled in grey color; the descending region is labeled in pink color; and the ascending region is labeled in 482 

blue color. 483 

In order to further understand the fracture process of geopolymer-aggregate composites, 484 

Fig. 12 shows a side view of the three composites with various Si/Al ratios for geopolymer 485 

under the tensile process. Overall, the fracture process for the three composites undergoes three 486 

stages: crack propagation, chain bridging and chain breakage. The main difference is that the 487 

formation of the chain bridging and breakage for the composites (Si/Al = 1) is earlier than the 488 

other two composites (Si/Al = 2 and 3), in line with the results that the composite (Si/Al = 1) 489 

fails first in Fig.10 (a). By comparing Fig. 12 with Fig. 10 (a), it can be found that the chain 490 

bridging is the origin of the residual strength of composites. For example, the composite (Si/Al 491 

= 1) still has residual strength at strain = 20% (Fig. 10a), by which time the interfacial 492 

connection between geopolymer and aggregate is a chain bridging (Fig. 12a). However, at some 493 

times the composites fully lose the strength even though the chain bridging is not broken. For 494 

example, the composites (Si/Al = 2 and 3) fully lose the strength at strain = 30% and 25% 495 

respectively (Fig. 10a), by which time the chain bridging between geopolymer and aggregate 496 

still exists (Fig. 12b and c). According to Fig. 11 and 12, it can be found that the fracture process 497 

involves the bond breakage at the interface and in geopolymer matrices. The bond breakage in 498 

geopolymer matrices results in a small remnant of geopolymer matrices on the aggregate 499 

surface.  500 

 501 
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 502 

 503 

Fig. 12 A side view of the geopolymer-aggregate composites with (a) Si/Al ratio = 1, (b) Si/Al ratio = 2, and 504 

(c) Si/Al ratio = 3 during the tensile process. The black circles are used to label the chain bridging between 505 

geopolymer and aggregate. 506 

To gain a deep insight into the effect of the chain bridging and breakage on the residual 507 

strength of the composites, a series of the local structures of the chains that bridge geopolymer 508 

matrices and aggregates are depicted in Fig. 13 at various tensile strains. For the composite 509 

(Si/Al = 1), there is an intact aluminosilicate chain that bridges the geopolymer and aggregate 510 

at strain = 21.0%, by which time the composite has the residual strength (Fig. 10a). But the 511 

aluminosilicate chain is broken and Na+ ions (sometimes with water molecules) are filled at 512 

the breaking point to form a local Na-O ionic bridging (sometimes together with H-bond 513 

bridging) at strain = 23.5%, by which time the tensile strength is 0 (Fig. 10a). That is to say, 514 

the residual strength of the composite is attributed to the bridging of the aluminosilicate chain 515 

while the Na-O ionic bridging (or H-bond bridging) cannot provide the load-bearing ability 516 
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when the aluminosilicate chain is broken. Finally, the ionic bridging is also broken to form a 517 

crack with further increase of the tensile strain. Similarly, the other two composites also 518 

undergo two different chain bridging stages: one is the aluminosilicate chain bridging at strain 519 

= 27.5% for the composite (Si/Al = 2) and at strain = 23.5% for the composite (Si/Al = 3). At 520 

this stage, the composites have the residual strength; and the other is the ionic bridging after 521 

the aluminosilicate chains are broken. At this stage, the composites have already lost the 522 

strength completely. The results are in line with the fact that Al-O-Si bond strength is much 523 

higher than Na-O ionic bond and H-bond strength [88]. It is also another reason why the 524 

interfacial strength of the composites is higher at lower Si/Al ratios because geopolymer is 525 

more highly cross-linked at lower Si/Al ratios, leading to a stronger geopolymer.  526 

 527 

 528 
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 529 

Fig. 13 The local chemical structure of the chains that bridges the geopolymer and aggregate in the 530 

composites with (a) Si/Al ratio = 1, (b) Si/Al ratio = 2, and (c) Si/Al ratio = 3 during the tensile process. The 531 

images in the circles show again the local structure using the ball-stick models to reveal the chemical bonding 532 

of the molecular structure. 533 

In conclusion, lower Si/Al ratios are more beneficial for the interfacial strength of 534 

geopolymer-aggregate composites, resulting from more Al-O-Si and Na-O bonds formed at the 535 

interface that contribute to the interfacial interaction and a more highly cross-linked 536 

aluminosilicate structure. During the tensile process, the variation of the interfacial interaction 537 

undergoes two stages: the loss stage formed by the breakage of interfacial bonds, and the 538 

recovery stage formed by the recovery of interfacial Na-O and H-bonds. Lower Si/Al ratios 539 

can result in faster interfacial Al-O-Si bond breakage. In addition, the fracture process of the 540 

composites undergoes three stages: crack propagation, chain bridging and chain breakage. The 541 

chain bridging also involves two processes: one is aluminosilicate chain bridging that can 542 

contribute to the residual strength of the composites; and the other is Na-O ionic bridging that 543 

has no contribution to the strength because ionic bonding is a kind of weak chemical interaction. 544 

4. Conclusions 545 

As a promising sustainable construction material, geopolymer concrete has been poorly 546 

understood in terms of the characteristics of geopolymer binder-aggregate interface, especially 547 

at the molecular level. In this study, a comprehensive research of atomic-level interfacial 548 

properties was carried out, for the first time, using MD simulation with a reactive force field to 549 
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reveal the chemical events, structure evolution, diffusion behavior and fracture process at the 550 

interface between geopolymer (Si/Al = 1, 2, and 3) and SiO2 aggregate. Some conclusions can 551 

be drawn from this study as follows: 552 

(1) Chemically, various forms of interfacial bonding are characterized between 553 

geopolymer and aggregate, including two types of Al-O-Si bonding formed by the 554 

condensation reaction, Na-O ionic bonding and H-bonding. The increase in Si/Al ratio results 555 

in lower interfacial Al-O-Si and Na-O bond concentrations, but has a negligible effect on the 556 

interfacial H-bond concentration. 557 

(2) Structurally, an atomic-level ITZ (low density region) is identified at the interface 558 

between geopolymer and aggregate, attributed to the concentration of –OH groups from both 559 

SiO2 aggregate and geopolymer. The ITZ density can be decreased by increasing the Si/Al ratio 560 

as less Na and Al atoms concentrate on the surface of the aggregate, but the ITZ width is not 561 

greatly affected by the Si/Al ratio, as it is mainly dependent on the interfacial H-bonding. 562 

(3) A heterogeneous diffusion characteristic occurs in geopolymer, due to the weak 563 

interfacial interaction compared with the internal interaction within geopolymer. The diffusion 564 

rate of different components in geopolymer follows an order of aluminosilicates < Na+ ions < 565 

water. The increasing Si/Al ratio can cause a faster diffusion of all components, originating 566 

from the weakened interfacial interaction and decreased cross-linking degree of geopolymer. 567 

(4) Mechanically, lower Si/Al ratios are more beneficial for the interfacial strength due to 568 

the stronger interfacial interaction and more highly cross-linked structure, but result in a faster 569 

Al-O-Si bond breakage at the interface. During the tensile process, the variation of the 570 

interfacial interaction undergoes two stages: the loss stage due to the breakage of interfacial 571 

Al-O-Si, Na-O and H-bonds, and the recovery stage due to the reformation of Na-O and H-572 

bonds. 573 

(5) Overall, the fracture process of the geopolymer-aggregate composites undergoes three 574 

stages: crack propagation, chain bridging and chain breakage. The chain bridging also involves 575 

two processes: one is aluminosilicate chain bridging that can contribute to the residual strength 576 

of the composites; and the other is Na-O ionic bridging that cannot contribute to the strength. 577 
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