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Abstract 22 

This study presents a systematic model to optimise nano-silica utilisation in cement paste and predict 23 

its nonlinear behaviour. The model integrates a hydration model, which calculates the dissolution rate 24 

of each clinker mineral, with a thermodynamic model that simulates the hydration reaction and 25 

interaction between hydrates and nano-silica. The investigation considered different replacement 26 

levels of nano-silica (2 and 4% by weight of cement) to analyse the phase assemblages and porosity 27 

of nano-silica reinforced cement paste. The reaction between nano-silica and the hydrate (portlandite) 28 

was meticulously accounted for by incorporating the formation of calcium-silica-hydrate (C-S-H) 29 

with a realistic transition from jennite-type C-S-H (Si/Ca ratio of 0.58) to tobermorite C-S-H (Si/Ca 30 

ratio of 0.67). The coupled model was validated against the experimental results obtained from 31 

thermogravimetric analysis, X-ray diffraction, and scanning electron microscopy, ensuring its 32 

reliability. Subsequently, the model was used to compute the volume fractions of various phases 33 

including hydrates, unhydrated clinkers, pores, and unreacted nano-silica. A representative volume 34 

element (RVE) was formulated for the cement pastes with and without nano-silica using MATLAB. 35 

The RVE was further evaluated through finite element analysis using COMSOL Multiphysics, 36 

enabling the computation of homogenised material properties such as compressive strength, and this 37 

aligned well with experimental findings. In summary, the proposed systematic model provides a 38 

realistic prediction of the nonlinear behaviour of cement pastes with different nano-silica replacement 39 

levels. Its applicability extends to the optimisation of cement-based composites for diverse 40 

engineering applications. 41 

 42 

Keywords: Nano-silica, cement paste, hydration model, thermodynamic model, representative 43 

volume element, finite element analysis 44 

 45 

 46 

 47 
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1. Introduction  48 

The growing demand for durable and sustainable construction of buildings and infrastructure has 49 

spurred a focus on high-performance cement-based materials [1]. Supplementary cementitious 50 

materials (SCMs) such as nano-silica are gaining popularity in the construction industry because of 51 

their ability to enhance durability, strength, and sustainability [2]. The high reactivity and small 52 

particle size make nano-silica particularly attractive for applications requiring rapid strength 53 

development [3]. Nano-silica in cement-based materials acts as a nucleation site, which promotes the 54 

hydration of clinker minerals and pozzolanic materials; during this process, calcium hydroxide reacts 55 

with nano-silica to form calcium silicate hydrate (C-S-H) gel [4]. Consequently, the microstructure 56 

becomes denser, possessing a higher strength than that without incorporating nano-silica [5]. 57 

 58 

Nano-silica has been effectively combined with various additives and SCMs, such as fly ash [6,7], 59 

slag [8,9], glass powder [10], metakaolin clay [11], and calcined clay [12], in construction industries 60 

to enhance the performance of cement-based materials. For instance, Hou et al. [13] demonstrated 61 

that the pozzolanic reaction of colloidal nano-silica and its nucleation occurred rapidly in fly ash 62 

mortar, particularly at a very early age, compared with the addition of the same quantity of silica fume. 63 

The addition of 5% colloidal nano-silica increased the compressive strength of the fly ash mortar by 64 

45 and 12% on days 7 and 28, respectively. However, at later ages, the acceleration effect of nano-65 

silica diminished. Therefore, the effectiveness of nano-silica in cement-based materials varies 66 

depending on its properties, such as particle size and morphology, specific dosage, and incorporation 67 

method. For instance, Meng et al. [14] examined the microstructural transformation of cement pastes 68 

with different nano-silica particle sizes (15 and 50 nm) using X-ray diffraction (XRD), scanning 69 

electron microscopy (SEM), and thermogravimetric analysis (TGA). The results revealed that larger 70 

nano-silica particles demonstrated superior compressive strength compared to smaller nano-silica 71 

particles. In addition, nano-silica with a smaller particle size resulted in a denser microstructure with 72 

a reduced average pore size. Moreover, nano-silica morphology affects the characteristics of cement 73 
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mixtures. Colloidal nano-silica considerably lowered the workability of cement mixtures compared 74 

to silica gel and silica fume, owing to the high absorption of free water and agglomeration of nano-75 

silica particles in the cement composite [15]. 76 

Appropriate quantities of nano-silica are required to achieve excellent outcomes and compatibility 77 

with the other cementitious materials used in cement composites [4]. According to literature, nano-78 

silica has been utilised as an additive or replacement in cementitious materials at various dosages, 79 

ranging from 0.5% to 7% in cement pastes [16–18], 1% to 12% in mortar [13,16,19], and 0.5% to 80 

10% in concrete [4,20]. However, determining the ideal replacement level and properties of nano-81 

silica combined with different SCMs is laborious and time-consuming. Therefore, there is a demand 82 

for a model that can predict the appropriate properties of nano-silica, accounting for the chemical and 83 

physical characteristics of the cementitious materials with which it interacts. This predictive model 84 

aids in making decisions regarding material selection and predicting the performance for future 85 

applications. 86 

Recent studies have explored various techniques to predict the optimal utilisation of nanoparticles 87 

and mechanical characteristics of cement-based composites. These include analytical approaches, 88 

[21] machine learning methods [22], and microstructural models [23,24]. Among these, 89 

microstructure models have emerged as widely accepted and effective for precisely forecasting 90 

optimal dosages and mechanical performance, because machine learning and analytical techniques 91 

rely purely on historical data [25] and often struggle to account for complicated composite materials. 92 

Microstructural models accurately simulate the hydration processes of cementitious materials 93 

[23,24]and concurrent evolution of the microstructure, which are crucial factors influencing the 94 

mechanical properties of cement-based materials. Notably, microstructure models like 95 

HYMOSTRUC [26], CEMHYD3D [24], μic [23], and DuCOM [27] have capably predicted 96 

cementitious material hydration dynamics but have fallen short in accurately projecting the 97 

mechanical properties [25]. Recently, there has been growing interest in computational 98 

homogenisation methods and multiscale finite element simulations. These methods accurately capture 99 
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micromechanical stress-strain behaviour. Finite element modelling based on representative volume 100 

elements (RVEs) provides great flexibility in configuring microstructures, making it a valuable 101 

approach for assessing composite material properties [28]. 102 

Considering the necessity for optimisation tools applicable to SCMs, such as nano-silica, and 103 

prediction of nonlinear behaviour in cement-based materials, this study introduces a microscale finite 104 

element model integrated with hydration and thermodynamic models. This approach initially 105 

integrates cement hydration and thermodynamic models to predict microstructural changes in volume 106 

fractions (hydrates, unhydrated clinker, pores, and unreacted nano-silica). The strength evolution of 107 

the cement pastes with and without nano-silica incorporation are then computed using finite element 108 

analysis. The proposed model was validated from the results of an experimental investigation, in 109 

which cement pastes were prepared with and without the replacement of nano-silica, and the effect 110 

of nano-silica was examined using various techniques, including XRD, SEM, and TGA. 111 

 112 

 113 

1.1 Research significance 114 

As discussed earlier, nano-silica is a superior SCM, and its early strength gain is of interest. However, 115 

an optimal dosage is required to ensure the effectiveness of other cementitious materials. Otherwise, 116 

its effectiveness is hindered by overdosage, owing to agglomeration. Determining the optimal dosage 117 

for a specific purpose is laborious and time-consuming. Therefore, this study proposes an integrated 118 

cement hydration and thermodynamic model to assess the effect of replacing nano-silica in cement 119 

paste in terms of phase assemblages, and a microscale finite element scheme to evaluate the nonlinear 120 

behaviour of nano-silica reinforced cement paste during the hydration stage. Notably, the proposed 121 

model, initiated with the chemical and physical properties and curing conditions of cementitious 122 

materials (cement and nano-silica), continually predicted the intrinsic mechanical properties until the 123 

required hydration age. The proposed model was further validated with experimental results, which 124 

were comparable. Thus, the proposed model can be further developed to predict the mechanical 125 
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properties of nano-silica-modified mortar and concrete, making it a tool for material optimisation and 126 

performance prediction of cement-based materials. 127 

 128 

 129 

2. Experimental procedures 130 

2.1 Materials and sample preparation 131 

Ordinary Portland cement (OPC), which conforms to the Japan Industrial Standard JIS R 5201:2015, 132 

was acquired from the Japan Cement Association. Nano-silica, with an average particle size of 18.5 133 

nm and 99.9% purity, was purchased from Kanto Chemical. Co., Inc. The XRD pattern in Fig. 1 134 

confirms the amorphous phase of the nano-silica. The chemical and physical properties of the cement 135 

and nano-silica are listed in Table 1. 136 

 137 

 138 

Fig. 1. XRD pattern verifying the amorphous phase of nano-silica. 139 

 140 

 141 

 142 

 143 

 144 
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Table 1. Chemical composition and physical characteristics of utilised cement and nano-silica 145 

(wt. %) 146 

Properties Cement Nano-Silica 

SiO2  21.42 >99.5 

Al2O 5.52 - 

Fe2O3 2.81 - 

CaO 64.23 - 

MgO 1.42 - 

SO3 2.17 - 

Na2O 0.25 - 

K2O 0.58 - 

TiO2 0.27 - 

P2O5 0.42 - 

MnO 0.04 - 

Cl 0.015 - 

Density (kg/m3) 3160 2200 

Specific surface area (m2/kg) 339 33700 

 147 

 148 

Nano-silica was incorporated into cement pastes at replacement levels of 0, 2, and 4% by weight, 149 

while maintaining a consistent water-binder ratio of 0.40 across all mixtures. The workability of each 150 

mixture was evaluated by measuring the flow diameter at intervals of 0, 20, 60, and 120 min as 151 

outlined in JASS15M-103. Fig. 2 illustrates a substantial decrease in slump compared to the control 152 

sample, with flow reductions of 33.9 and 38.1% observed for the 2 and 4% replacement levels, 153 

respectively, at the initial stage (zero minutes). This decrease in workability associated with nano-154 

silica incorporation was attributed to its high water retention capacity [29], stemming from its high 155 
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surface area and reactivity. This characteristic reduces the amount of free water necessary for fluidity 156 

in the mixture, thereby increasing viscosity and resulting in decreased workability. Previous research 157 

has revealed similar findings with nanoparticles possessing high surface areas [8,30]. The water 158 

demand associated with the incorporation nano-silica in cement pastes can be effectively managed 159 

by introducing appropriate quantities of superplasticisers to achieve the desired workability [31]. 160 

Notably, this study did not use superplasticisers, as it falls beyond the scope of the present 161 

investigation. The compositions of the mixtures are listed in Table 2. 162 

 163 

 164 

Fig. 2. Changes of flow with time for all the pastes  165 

 166 

Table 2. Composition of the paste mixtures 167 

Sample ID Cement (g) Nano-silica (g) Water (g) 

CO 100 0 40 

CO+NS2 98 2 40 

CO+NS4 96 4 40 

 168 

Owing to the ultrafine nature of nano-silica particles and their strong van der Waals forces [32], which 169 

can result in particle agglomeration, a specified quantity of deionised water and nano-silica were 170 

combined in a beaker. The resulting mixture was ultrasonically dispersed for 10 min. The dispersed 171 
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solution was subsequently introduced into a cement blend using a Hobart N50 5-Quart mixer. The 172 

mixing process involved an initial one-minute period at low speed, followed by another one-minute 173 

at high speed. After pausing the mixing, the surface of the bowl was cleared using a spatula, following 174 

which a two-minute high-speed mixing implemented to ensure the uniformity of the pastes. The 175 

prepared pastes were poured into lightweight cylindrical moulds measuring with a diameter and 176 

height of 50 and 100 mm, respectively, in a two-layer arrangement. Each layer was subjected to 20 s 177 

of vibration to eliminate larger pores, which may have arisen due to reduced workability. Once 178 

moulded, the specimens were hermetically sealed and placed in a curing environment at a constant 179 

temperature of 20 ± 2°C. After a curing period of 24 hours, the specimens were carefully removed 180 

from the moulds, covered in polyester film, and stored under controlled conditions at 20 ± 2°C. The 181 

specimens of designated ages (1, 3, 7, 28, and 56 d) were finely crushed into pieces measuring 20 182 

mm or less using a hammer [33]. Subsequently, they were immersed in acetone for three days to halt 183 

the hydration process. The specimen pieces were separated using suction filtration and placed in a 184 

temperature chamber set at 40°C for two days to eliminate residual acetone. Once thoroughly dried, 185 

the samples were carefully ground using a mortar and pestle to avoid excessive heating. The resulting 186 

powder was sifted through a 75 μm sieve for subsequent measurements. 187 

 188 

2.2 Experimental Characterisation 189 

The effectiveness of nano-silica in enhancing the strength was evaluated using an automatic 190 

compressive strength testing machine (Hi-ACTIS-2000), following the ISO 679 standard. A constant 191 

load rate of 0.6 N/mm²∙s was maintained, with three replicate specimens per hydration age (1, 3, 7, 192 

28, and 56 days) to ensure reliable compressive strength measurements. Cement hydration with and 193 

without nano-silica was quantified by TGA under a nitrogen atmosphere, using a HITACHI TG/DTA 194 

7220 instrument. The heating rate was 10 ºC/min within a temperature range of 20–950ºC. 195 

Furthermore, a Rigaku X-ray diffractometer, utilising CuKα radiation and adhering to the following 196 

conditions, was employed to determine the hydrate contents: a tube voltage of 40 kV, tube current of 197 
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40 mA, scanning range (2θ) of ~5–70°, step width of 0.02°, and scanning speed of 6.5 °/min. A 198 

BGMN Rietveld refinement program (Profex) was used for phase quantification. The morphologies 199 

of the hydrates and their elemental compositions were studied by SEM and energy-dispersive X-ray 200 

spectroscopy (EDS). The powdered samples were coated with a thin gold layer before examination 201 

using a JSM-IT200 microscope (JEOL, Japan), operated at 15 kV and a working distance of 10 mm. 202 

 203 

 204 

3. Modelling approach  205 

3.1  Coupled hydration and thermodynamic model 206 

Thermodynamic models have emerged as valuable tools for understanding the intricate chemical 207 

reactions occurring during cement hydration [34,35]. By employing thermodynamic principles, these 208 

models facilitate the prediction of phase assemblages, hydration products, and properties of 209 

cementitious systems [36]. In this study, chemical thermodynamic calculations of the phases formed 210 

during hydration were conducted using the open-source geochemical software PHREEQC [37]. The 211 

phases considered in this study were consistent with those employed in [36], ensuring continuity and 212 

comparability. However, additional consideration was given to the equilibrium of various calcium–213 

silicate–hydrate (C-S-H) phases as end members in the chemical thermodynamic calculations [38]. 214 

This consideration is crucial because of the influence of nano-silica in altering the formation of C-S-215 

H phases by modifying the Ca/Si ratio [39–41]. The phase equilibrium module, which relies on the 216 

mass-action equation [37], was utilised to predict the stable solid phases and pore solution 217 

composition in the hydrated cement matrix with respect to hydration time, based on thermodynamic 218 

principles [35]. Essential parameters, such as equilibrium constants (log Kp) and standard heats of 219 

reaction (ΔrH0), were obtained from Cemdata18 [38] and the default database within the PHREEQC 220 

software. The phase equilibrium module utilised in this study requires specific input parameters, 221 

including a designated saturation index (set at zero for equilibrium) and the quantity of each phase. 222 

To quantify the amounts of the major clinker phases, such as C3S, C2S, C3A, and C4AF, at each time 223 
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step, a cement hydration model developed by Parrot and Killoh [42] was employed. The Parrot–224 

Killoh model has been extensively employed and validated through experimental findings from 225 

various prior studies [35,43]. Their approach encompasses three main controlling mechanisms for a 226 

realistic consideration of the reaction degree of each clinker phase: nucleation and growth of products 227 

(Eq. (1)), diffusion of ions through the layers of previously formed products (Eq. (2)), and formation 228 

of hydrate shells around the unreacted material (Eq. (3)). These mechanisms are described by Eqs. 229 

(1–3). Among these three reaction rates (𝑅𝑅𝑡𝑡,1
𝑚𝑚 , 𝑅𝑅𝑡𝑡,2

𝑚𝑚 , and 𝑅𝑅𝑡𝑡,3
𝑚𝑚 ), the minimum value is chosen as the 230 

actual controlling rate for calculating the hydration degree 𝛼𝛼𝑡𝑡𝑚𝑚 at time t using Eq. (4). 231 

 232 

Nucleation and growth rate (𝑅𝑅𝑡𝑡,1
𝑚𝑚 ): 233 

𝑅𝑅𝑡𝑡,1
𝑚𝑚 =  𝐾𝐾1

𝑁𝑁1
(1 − 𝛼𝛼𝑡𝑡𝑚𝑚)(− ln(1 − 𝛼𝛼𝑡𝑡𝑚𝑚))(1−𝑁𝑁1)      (1) 234 

Diffusion rate (𝑅𝑅𝑡𝑡,2
𝑚𝑚 ): 235 

𝑅𝑅𝑡𝑡,2
𝑚𝑚 =  𝐾𝐾2(1−𝛼𝛼𝑡𝑡

𝑚𝑚)(23)

1−(1−𝛼𝛼𝑡𝑡
𝑚𝑚)(13)

          (2) 236 

Hydrates shell formation (𝑅𝑅𝑡𝑡,3
𝑚𝑚 ): 237 

𝑅𝑅𝑡𝑡,3
𝑚𝑚 =  𝐾𝐾3(1 − 𝛼𝛼𝑡𝑡𝑚𝑚)𝑁𝑁3        (3) 238 

The hydration degree of a clinker mineral (𝛼𝛼𝑡𝑡𝑚𝑚): 239 

𝛼𝛼𝑡𝑡𝑚𝑚 =  𝛼𝛼𝑡𝑡−1𝑚𝑚 + Δt · min (𝑅𝑅𝑡𝑡,1
𝑚𝑚 ,𝑅𝑅𝑡𝑡,2

𝑚𝑚 ,𝑅𝑅𝑡𝑡,3
𝑚𝑚 ) · 𝛽𝛽𝑤𝑤 𝑐𝑐⁄ · 𝜆𝜆𝑅𝑅𝑅𝑅 · 𝐴𝐴

𝐴𝐴0
· exp (𝐸𝐸𝑎𝑎

𝑚𝑚

𝑅𝑅
� 1
𝑇𝑇0
− 1

𝑇𝑇
�) (4) 240 

Here, 241 

𝛽𝛽𝑤𝑤 𝑐𝑐⁄  = (1 + 3.333 · �𝐻𝐻𝑚𝑚 · 𝑤𝑤
𝑐𝑐
− 𝛼𝛼𝑡𝑡−1�)4                𝑓𝑓𝑓𝑓𝑓𝑓 𝛼𝛼𝑡𝑡−1 >  𝐻𝐻𝑚𝑚 · 𝑤𝑤

𝑐𝑐
  (5) 242 

𝛽𝛽𝑤𝑤 𝑐𝑐⁄  = 1                                                                        𝑓𝑓𝑓𝑓𝑓𝑓 𝛼𝛼𝑡𝑡−1 ≤  𝐻𝐻𝑚𝑚 · 𝑤𝑤
𝑐𝑐
  (6) 243 

𝜆𝜆𝑅𝑅𝑅𝑅 =  (𝑅𝑅𝑅𝑅−0.55
0.45

)4         (7) 244 

 245 



12 
 

In the above equations, T represents the actual curing temperature in K, 𝑇𝑇0 corresponds to a reference 246 

temperature (293.15 K), 𝛥𝛥𝛥𝛥  denotes the time interval, 𝑤𝑤
𝑐𝑐

  stands for the water-to-cement ratio, RH 247 

signifies the relative humidity, A represents the Blaine surface area of the cement (m2/kg), A0 is the 248 

reference surface area of cement (385 m2/kg), 𝐸𝐸𝑎𝑎𝑚𝑚 is the apparent activation energy of the clinker 249 

mineral, and K1, N1, K2, K3, N3, and H are equation constants associated with the type of clinker 250 

mineral. The specific values used for OPC are listed in Table 3. 251 

 252 

Table 3. Coefficients for computing the hydration degree of the clinker phases [44,45] 253 

 C3S C2S C3A C4AF 

K1 1.5 0.5 1 0.37 

N1 0.7 1 0.85 0.7 

K2 0.05 0.006 0.04 0.015 

K3 1.1 0.2 1 0.4 

N3 3.3 5 3.2 3.7 

H 1.8 1.35 1.6 1.45 

Ea (J/mol) 41,570 20,785 54,040 34,087 

 254 

Based on the estimated hydration degree of individual clinker phases (𝛼𝛼𝐶𝐶3𝑆𝑆, 𝛼𝛼𝐶𝐶2𝑆𝑆, 𝛼𝛼𝐶𝐶3𝐴𝐴, and 𝛼𝛼𝐶𝐶4𝐴𝐴𝐴𝐴), 255 

the overall hydration degree of cement paste (𝛼𝛼𝑐𝑐) for a given time step can be calculated as outlined 256 

in Eq. (8). 257 

 258 

𝛼𝛼𝑐𝑐 =  
𝛼𝛼𝐶𝐶3𝑆𝑆 .𝑊𝑊𝐶𝐶3𝑆𝑆+ 𝛼𝛼𝐶𝐶2𝑆𝑆 .𝑊𝑊𝐶𝐶2𝑆𝑆 + 𝛼𝛼𝐶𝐶3𝐴𝐴 .𝑊𝑊𝐶𝐶3𝐴𝐴+ 𝛼𝛼𝐶𝐶4𝐴𝐴𝐴𝐴 .𝑊𝑊𝐶𝐶4𝐴𝐴𝐴𝐴

𝑊𝑊𝐶𝐶3𝑆𝑆+ 𝑊𝑊𝐶𝐶2𝑆𝑆+ 𝑊𝑊𝐶𝐶3𝐴𝐴+ 𝑊𝑊𝐶𝐶4𝐴𝐴𝐴𝐴
     (8) 259 

 260 

Here, 𝑊𝑊𝐶𝐶3𝑆𝑆, 𝑊𝑊𝐶𝐶2𝑆𝑆, 𝑊𝑊𝐶𝐶3𝐴𝐴, and 𝑊𝑊𝐶𝐶4𝐴𝐴𝐴𝐴 represent the mass fractions of the individual clinker phases. 261 
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Upon mixing cement with water, K, Na, and S ions are released into the pore solution because of the 262 

dissolution of soluble alkali sulphates, and less soluble minerals, such as gypsum and calcite, partially 263 

dissolve until an equilibrium with the pore solution is attained. In this context, gradually dissolving 264 

clinker phases was assumed to continuously release Ca, Si, Al, Fe, and hydroxide ions in proportion 265 

to the degree of reaction of the individual phases. Meanwhile, minor components in the cement matrix 266 

like Na2O, K2O, and MgO release Na, K, Mg, and O ions into the pore solution as a function of the 267 

total hydration degree (𝛼𝛼𝑐𝑐) for a specific time.  268 

 269 

Furthermore, the degree of nano-silica was determined based on the pozzolanic reaction between 270 

portlandite and nano-silica, as proposed in a previous study [46] and depicted in Eq. (9). It is evident 271 

that the reaction degree of nano-silica primarily depended on the availability of portlandite (CH), 272 

which is a by-product of the hydration of the C3S and C2S phases, at every time step. Stoichiometric 273 

calculations based on Eqs. (9) revealed that 0.74 g of nano-silica reacts with 1 g of portlandite during 274 

the pozzolanic reaction. Additionally, the formation of portlandite due to hydration decreased as the 275 

replacement ratio of nano-silica increased. By considering these factors, the proposed equation (Eq. 276 

(10)) accurately describes the degree of nano-silica. 277 

 278 

1.1𝐶𝐶𝐶𝐶 + 𝑆𝑆 + 2.8𝐻𝐻 → 𝐶𝐶1.1𝑆𝑆𝐻𝐻3.9      (9) 279 

𝛼𝛼𝑠𝑠(𝑡𝑡) =  
𝜇𝜇 �𝑊𝑊𝐶𝐶3𝑆𝑆×0.49×𝛼𝛼𝐶𝐶3𝑆𝑆(𝑡𝑡)+ 𝑊𝑊𝐶𝐶2𝑆𝑆×0.22×𝛼𝛼𝐶𝐶2𝑆𝑆(𝑡𝑡)�×0.74

𝑊𝑊𝑠𝑠
𝑊𝑊𝑐𝑐
�

   (10) 280 

Here, 𝛼𝛼𝑠𝑠 is the degree of pozzolanic reaction, and 𝜇𝜇 (a constant) is the ratio of reacted silica to the 281 

total amount of nano-silica added. The value was taken as 0.05 by calibrating the experimental results 282 

[47] of the cement paste at a particular degree of hydration.  283 

𝑊𝑊𝐶𝐶3𝑆𝑆 and 𝑊𝑊𝐶𝐶2𝑆𝑆 are weight ratio of the C3S and C2S phases in the cement, respectively. 284 

𝛼𝛼𝐶𝐶3𝑆𝑆(𝑡𝑡) and 𝛼𝛼𝐶𝐶2𝑆𝑆(𝑡𝑡) are the reaction degrees of the C3S and C2S phases, respectively. 285 

𝑊𝑊𝑠𝑠 and 𝑊𝑊𝑐𝑐 are total weight of nano-silica and cement, respectively, in the mix. 286 
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The aforementioned (hydration and thermodynamic) models were coupled and simulated to predict 287 

the solid assemblage of the hydration products and dissolution of clinker minerals over hydration 288 

time, as shown in Fig. 3. A small time step was used, particularly during the early stages of hydration, 289 

to accurately capture the rapid changes. The time step was then gradually adjusted as the hydration 290 

progressed to stabilise the simulation.  291 

 292 

 293 

Fig. 3. Schematic illustration of the proposed model. 294 

 295 

 296 

 297 
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3.2 Volume fraction of hydrates  298 

In this study, the total weight of the C–S–H matrix, as predicted by the coupled model mentioned 299 

above, was further categorised into two distinct components, namely low- and high-density C-S-H, 300 

for the accurate prediction of hydrate assemblages using the correlation in Eq. (11), as suggested by 301 

Tennis and Jennings [48]. This categorisation follows the research conducted by Constantinides and 302 

Ulm [49], who observed the development of C–S–H primarily on the surface of the cement particles 303 

during the early stages of the hydration process. However, as time progressed, the cement particles 304 

became partially or fully covered by a layer of C–S–H, and further growth of C–S–H occurred within 305 

the confined spaces as a result of the diffusion of clinker minerals such as C3S and C2S. Consequently, 306 

the outer layer of C–S–H formed on the surface exhibited a lower density than the inner C–S–H, 307 

which grew within confined spaces. The average densities of the high-density (HD) and low-density 308 

(LD) C-S-H were obtained from the literature. Without the incorporation of nano-silica, the densities 309 

were 2000 and 1700 kg/m3, respectively [48]. With the incorporation of nano-silica, the densities 310 

changed to 1800 and 1500 kg/m3, respectively, owing to the transformation of C-S-H from a jennite-311 

like structure to a tobermorite structure [50]. 312 

 313 

𝑀𝑀𝑟𝑟 = 3.017 (𝑤𝑤/𝑐𝑐)𝛼𝛼 − 1.347𝛼𝛼 + 0.538      (11) 314 

 315 

In addition, it is essential to consider the molar volume differences between the hydration products 316 

and clinker minerals. This difference leads to a phenomenon known as chemical shrinkage, where the 317 

total volume of the hydration products is less than the total volume of the clinker minerals; this 318 

phenomenon contributes to self-desiccation and autogenous contraction in cementitious systems 319 

[51,52]. Previous studies have often overlooked or assumed constant percentages of reacted cement; 320 

however, this can have implications in accurately predicting capillary porosity. The total chemical 321 

shrinkage was calculated by multiplying the weight proportion of each phase by its corresponding 322 

shrinkage coefficient [53]. 323 
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 324 

The volumes of the hydration products were determined based on their respective molar volumes. 325 

Subsequently, the capillary porosity of the cement matrix was estimated using an equilibrium 326 

approach by calculating the difference between the initial and final volumes of the hydration products. 327 

This calculation considers factors such as chemical shrinkage and unreacted clinker minerals, as 328 

shown in Eqs. (12). The evaluation of the chemical shrinkage involved multiplying the reacted clinker 329 

phases with their respective shrinkage coefficients, which were 0.0704 for C3S, 0.0724 for C2S, 0.171 330 

for C3A (when converting to ettringite), 0.115 for C3A (when converting to monosulfoaluminate), 331 

0.117 for C4AF (when converting to ettringite), and 0.086 for C4AF (when converting to 332 

monosulfoaluminate) [54]. 333 

 334 

𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑖𝑖 − (𝑉𝑉𝑈𝑈𝑈𝑈 + 𝑉𝑉𝐻𝐻𝐻𝐻 + 𝑉𝑉𝐶𝐶𝐶𝐶),       (12) 335 

 336 

where 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐 is the volume of the capillary pore space, 𝑉𝑉𝐶𝐶𝐶𝐶 is the chemical shrinkage, 𝑉𝑉𝑖𝑖 is the initial 337 

volume of the matrix, 𝑉𝑉𝑈𝑈𝑈𝑈 is the unreacted clinker volume, and 𝑉𝑉𝐻𝐻𝐻𝐻 is the volume of the hydration 338 

products. 339 

 340 

3.3 Development of representative volume elements for paste 341 

Simulating the actual microstructure of cement paste using the current advanced computing 342 

technologies presents significant challenges in terms of computational time. This is primarily due to 343 

the presence of nanoscale gel pores, which typically range from 0.5 to 10 nm in size [55]. 344 

Incorporating these nanoscale phases into a microscale model introduces computationally demanding 345 

complexity. Nevertheless, researchers have successfully employed simplified microstructural models 346 

to analyse the mechanical properties of cement pastes [56,57]. However, owing to the significant 347 

computational requirements for simulating a numerically generated three-dimensional (3D) cement 348 

specimen, the 3D model was successfully converted into an equivalent two-dimensional (2D) plane 349 
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element using probabilistic and statistical approaches [58,59]. Although this 2D representation 350 

ignores out-of-plane factors, several earlier studies [60–62] have shown that using a comparable 2D 351 

model has a minor impact on homogenised mechanical responses compared to a full 3D model. 352 

 353 

Hence, we developed a 2D representative volume element in MATLAB based on the predicted 354 

volume fractions in Section 3.2. To preserve the heterogeneity of the cement paste, the matrix material 355 

was assumed to represent the hydrated phase, while the unhydrated cement, unreacted nano-silica, 356 

and pore phases were randomly dispersed [61,63]. The volume fraction of the unhydrated phase 357 

within the representative volume element was determined by adding the volumes of the major clinker 358 

phases (C3S, C2S, C3A, and C4AF) at each time step, as described in Section 3.2. Conversely, the pore 359 

phase was calculated by combining the capillary pore volume and chemical shrinkage at each time 360 

step. Moreover, the unhydrated cement, unreacted nano-silica particles, and pores were represented 361 

by independent circular particles and circular cavities, following approaches found in the literature 362 

[61,64,65]. The “take-and-place” method was utilised to ensure the random distribution and non-363 

overlapping arrangement of the particles [58,59]. To maintain consistency with the actual hydration 364 

process and microstructural development, the sizes of the particles representing the unhydrated phase 365 

were determined as a function of the degree of hydration by maintaining the area/volume ratio at any 366 

hydration time, as described by Eqs. (13). 367 

 368 

𝑅𝑅𝑡𝑡 = 𝑅𝑅𝑖𝑖(1 − 𝛼𝛼𝑐𝑐)1 3� ,         (13) 369 

 370 

where 𝑅𝑅𝑡𝑡, 𝑅𝑅𝑖𝑖, and 𝛼𝛼𝑐𝑐 are the radii of a particle at time t, initial radii of the particle, and degree of 371 

cement hydration, respectively. 372 

The clinker particles and pores in cement paste exhibit a wide range of sizes, from nanometres to 373 

several micrometres. However, including the actual particle distribution in the numerical analysis 374 

introduces computational complexity. The grain sizes of cement particles typically fall within the 375 
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range of 7–200 µm [66], and 50% of the cement particles pass through a size of 15 µm [67]. 376 

Subsequently, the initial size of the anhydrous particles was set at 15 µm. In addition, capillary pores 377 

in cement paste have been reported to range in size from 10 nm to 100 µm, with a peak distribution 378 

between 4–6 µm [27]. Accordingly, two pore sizes (6 and 4 µm) were considered, each contributing 379 

50% to the total pore volume, unlike other studies that considered mono-sized pores [61,63]. 380 

 381 

Moreover, previous studies have proposed various approaches to represent significantly more minor 382 

inclusions, such as unreacted nano-silica particles, compared to the size of the RVE. Maekawa et al. 383 

[27] suggested using the equivalent radius calculated from the geometric mean to account for the 384 

different orders of magnitude of the pore radii in concrete modelling. Rupasinghe et al. [63] employed 385 

lumping techniques to represent nanoparticles smaller than 10 nm at the micro-level by aggregating 386 

smaller individual particles. These particles were approximately 104 times smaller than the 100 μm-387 

sized RVE. Therefore, this study adopted mono-size particles, whose size was set to 4 µm, to represent 388 

unreacted nano-silica particles in cement paste. Similar approaches that consider the pores within a 389 

given RVE at the concrete mesoscale can be found in [68].  390 

 391 

To ensure numerical accuracy and computational efficiency when predicting material properties using 392 

a sequential homogenisation approach in a multiscale model [69], selecting an appropriate size for 393 

the RVE is crucial. Previous studies have indicated that reliable predictions of the mechanical 394 

characteristics of cement paste can be achieved using RVE sizes ranging from 100 µm to 200 µm 395 

[70]. Therefore, a representative volume element size of 100 µm was chosen for modelling cement 396 

paste in this study. Fig. 4 illustrates the geometry of the RVE developed based on the selected values 397 

for unhydrated cement particles, pores, and the 100 µm RVE size, corresponding to seven-day aged 398 

cement pastes with a water-cement ratio of 0.4. 399 

 400 
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 401 

Fig. 4. Geometry of the RVE of seven-day aged cement pastes: (a) CO, (b) CO+NS2, and (c) 402 

CO+NS4 (Orange, magenta, black, and white colours represent the hydrated phase, unhydrated 403 

cement particles, unreacted nano-silica particles, and pores, respectively). 404 

 405 

3.4 Numerical investigation of the RVE 406 

3.4.1 Materials modelling, loading conditions, and boundary constraints 407 

The finite element analysis of the RVE for cement pastes, developed in Section 3.3, was performed 408 

using the structural mechanics module in COMSOL Multiphysics 6.0 [71]. As shown in Fig. 4, the 409 

RVE generated in MATLAB is transferred to COMSOL using the LiveLink of the MATLAB tool 410 

[72]. To determine the homogenised mechanical properties of the cement paste, the material 411 

behaviour of each phase was defined using COMSOL. In a previous study by Rupasinghe et al. [63], 412 

hydrated products and unhydrated clinkers were modelled as linearly elastic perfectly plastic 413 

materials, and it was demonstrated that these simplifications had a negligible influence on the 414 

homogenised elastic modulus and strength. However, considering the nonlinear behaviour of 415 

cementitious materials, this study employs the Bresler–Pister yield criterion proposed by Bresler and 416 

Pister [73]. The Bresler–Pister yield criterion is a constitutive model developed specifically to assess 417 

the strength of concrete subjected to multiaxial stress. This yield criterion represents an extension of 418 

the well-known Drucker–Prager criterion to account for the brittle behaviour of concrete. The 419 

Bresler–Pister yield criterion is expressed in terms of stress invariants, as shown in Eq. (14). Although 420 
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this material is commonly utilised to simulate concrete components, to the best of our knowledge, its 421 

utilisation in multiscale methodologies for nanocomposites of cement paste has not been documented. 422 

  423 

𝐹𝐹𝑦𝑦 = �𝐽𝐽2 + 𝑘𝑘1𝐼𝐼12 + 𝑘𝑘2𝐼𝐼1 + 𝑘𝑘3        (14) 424 

 425 

Here, 𝑘𝑘1 , 𝑘𝑘2 , and 𝑘𝑘3  are the function of the uniaxial compressive strength (𝜎𝜎𝑐𝑐𝑐𝑐 ), uniaxial tensile 426 

strength (𝜎𝜎𝑡𝑡𝑡𝑡), and biaxial compressive strength (𝜎𝜎𝑏𝑏𝑏𝑏), and their detailed description can be found in 427 

[71]. 428 

In contrast, the unhydrated clinkers exhibited a much higher strength than the hydrated products. For 429 

instance, the tensile strength of unhydrated cement reported in several studies was 683 MPa [56,74], 430 

whereas those of the hydrated products were 58–92 MPa. These values were obtained through inverse 431 

analysis of the experimental results and nanoindentation techniques [75]. Therefore, to account for 432 

the higher stiffness and strength, this study modelled unhydrated clinkers as linearly elastic materials 433 

[74,76]. Similarly, the unreacted nano-silica particles were modelled as linear elastic materials.  434 

 435 

To simulate the uniaxial compressive test, the bottom surface of the RVE was immobilised to restrict 436 

movement along the y-direction, as illustrated in Fig. 5. A prescribed displacement was applied to the 437 

top surface in the negative y-direction to simulate compressive loading. Furthermore, the bottom-left 438 

corner of the RVE was restrained horizontally to prevent rigid-body motion in the horizontal direction. 439 

Additionally, periodic boundary conditions were implemented on opposite vertical surfaces to 440 

simulate infinite repetition within a limited computational domain. 441 
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 442 

Fig. 5. Boundary conditions applied on the RVE. 443 

 444 

3.4.2 Input parameters for material models 445 

The Bresler–Pister yield criterion adopted to model the mechanical behaviour of the hydrated phase 446 

requires specific input parameters, such as Young’s modulus, Poisson’s ratio, density, tensile strength, 447 

compressive strength, and biaxial compressive strength. In this study, a Poisson’s ratio of 0.24 was 448 

assigned to the hydrated phase [77], while the remaining input parameters were allowed to vary with 449 

hydration time to capture the evolving properties of the cement matrix as the microstructure 450 

developed. Unlike previous studies [63,78], the contributions of hydrates, such as C-S-H, ettringite, 451 

monosulfate, and portlandite, in strengthening of the hydrated phase were also considered. 452 

Consequently, the effective parameters of the hydrated phase were calculated using Eqs. (15), as 453 

outlined in a previous study [79]. The intrinsic mechanical properties of the individual phases are 454 

summarised in Table 4. 455 

 456 

𝑋𝑋𝑡𝑡𝑚𝑚 = ∑(𝑉𝑉𝑉𝑉)𝑡𝑡𝑚𝑚 × 𝑌𝑌𝑡𝑡𝑚𝑚         (15) 457 
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Here, 𝑋𝑋 represents the effective properties, such as the compressive strength, Young’s modulus, and 458 

density of the hydrated phase at a particular hydration time. 459 

𝑉𝑉𝑉𝑉 is the volume fraction of the 𝑚𝑚th phase (where 𝑚𝑚 corresponds to C-S-H (LD and HD), portlandite, 460 

ettringite, or monosulfate) in the hydrated phase at a particular time. 461 

Y represents intrinsic properties, such as compressive strength, Young’s modulus, and density of the 462 

𝑚𝑚 th phase (C-S-H, ettringite, monosulfate, or portlandite) at a particular hydration time. 463 

 464 

Furthermore, in this study, the effective compressive strength of the hydrated phase was attributed 465 

solely to the compressive strength of the C-S-H phase. This is because experimental data for other 466 

phases were unavailable, Furthermore, previous studies, such as that by Tailor [80], indicated that the 467 

C-S-H matrix predominantly contributes to the overall strength of the hydrated matrix. In addition, 468 

owing to the lack of experimental results for the tensile and biaxial strengths of the hydrated phase, 469 

assumptions were made based on the Griffith model [81], which describes the failure and damage 470 

mechanics of cement-based materials. Consequently, the tensile strength of the hydrated phase was 471 

assumed to be 1/8 times the compressive strength of the C-S-H matrix, and the biaxial strength was 472 

1.2 times the strength of the C-S-H matrix. 473 

 474 

Table 4. Mechanical properties of hydrates 475 

Phases/properties Young’s 

modulus (GPa) 

Compressive 

strength (MPa) 

Density 

(kg/m3) 

Ref. 

C-S-H (LD) 21.7 528 1700/1400* [74] 

C-S-H (HD) 29.4 856 2000/1700* [74] 

Portlandite 38 - 2240 [67] 

Ettringite 22.4 - 1800 [82] 

Monosulfate 38 - 1990 [67] 

 *When nano-silica is incorporated  476 
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The input parameters for the unhydrated phase were Young’s modulus, Poisson’s ratio, and density. 477 

The density of the unhydrated phase was based on the actual density of the clinker, which was used 478 

as input for the coupled model (Section 3.1). The Young’s modulus and Poisson’s ratio were assumed 479 

to be constant at 137 GPa and 0.3, respectively. These values were selected because the material 480 

properties of the clinker remained constant during hydration. Additionally, these values are consistent 481 

with the findings reported in literature [63,77]. Similarly, Young’s modulus, Poisson’s ratio, and 482 

density of unreacted nano-silica were assumed to be 70 GPa, 0.21, and 2200 kg/m³, respectively. 483 

These values, selected based on similar studies [83], provide a reasonable representation of the 484 

material properties. Furthermore, circular voids were incorporated into the pore phase within the 485 

hydrated phase.  486 

 487 

 488 

3.4.3 Finite element analysis and homogenised mechanical properties 489 

The RVEs were meshed using triangular plane elements. Capillary pores were not meshed but instead 490 

regarded as cavities embedded within the hydrated phase. The homogenised microscopic stress was 491 

determined by averaging the stress tensor (𝜎𝜎𝑦𝑦) and field across the RVE domain, as shown in Eq. (16). 492 

Similarly, the homogenised microscopic strain was computed by averaging the strain tensor (𝜀𝜀𝑦𝑦) over 493 

the RVE domain (Eq. (16)). 494 

 495 

𝜎𝜎�: 𝜀𝜀̅ =  1
|𝐴𝐴|∫ 𝜎𝜎𝑦𝑦𝑅𝑅 : 𝜀𝜀𝑦𝑦 𝑑𝑑𝑑𝑑       (16) 496 

 497 

Subsequently, a stress-strain curve was generated, and important homogenised material properties, 498 

including the compressive strength and Young’s modulus, were determined. The maximum stress 499 

value on the curve was taken as the compressive strength of the material, whereas the initial slope of 500 

the stress-strain curve was the Young’s modulus. 501 

 502 
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4. Results and discussions 503 

4.1 Analysis of hydration products 504 

4.1.1 Thermogravimetric analysis  505 

TGA was performed on all the cement pastes (CO, NS2, and NS4) at different hydration ages (1, 3, 506 

7, 28, and 56 days). Differential thermogravimetry curve (DTG) and mass losses are plotted in Fig. 507 

6. These DTG profiles consistently exhibited two distinct peaks at all hydration ages, indicative of 508 

the release of unbound and bound water from the phases encompassing C-S-H, ettringite, and 509 

monosulfate within the temperature range of 80–200°C [63], and of portlandite (CH) decomposition 510 

around 450°C [13]. Subsequently, the CH content was quantified using Eq. (17).  511 

 512 

𝐶𝐶𝐶𝐶 =  (𝑊𝑊𝑊𝑊)𝐶𝐶𝐶𝐶 ∙
74
18

,         (17) 513 

 514 

where (𝑊𝑊𝑊𝑊)𝐶𝐶𝐶𝐶 is the weight loss due to the decomposition of portlandite in the TG curve, and the 515 

fraction (74/18) is the ratio of the molar masses of portlandite (CH) and water (H2O). 516 

 517 

Fig. 6 shows how the introduction of nano-silica led to an increased CH content during the initial 518 

stages, specifically on days 1 and 3. This enhancement can be attributed to the nucleation effect of 519 

nano-silica, which accelerates cement hydration and consequently boosts the CH production [39]. 520 

This effect was most pronounced at a 2% replacement level. However, after three days, the CH 521 

content declined owing to the pozzolanic effect, where CH was consumed, leading to reduced free 522 

CH content within the cement matrix [5]. Furthermore, to account for the dilution effect resulting 523 

from the decreased cement content in the mixture due to the incorporation of nano-silica, the CH 524 

contents across all formulations were normalised to the nano-silica substitution level. These 525 

normalised values were then plotted against the hydration age, as shown in Fig. 7. Fig. 7 distinctly 526 

illustrates the CO+NS4 sample, exhibiting a reduced CH content at all ages. This can be attributed to 527 

the dominant influence of the pozzolanic effect on the nucleation effect at higher replacement levels 528 
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[4,20]. Additionally, the aggregation effect of nano-silica, owing to its substantial surface area, may 529 

hinder the hydration process, thereby highlighting this reduction. This observation is further 530 

supported by Fig. 6d, which shows significant decomposition of C-S-H. The tendency for aggregation 531 

could potentially limit the reactivity and hinder the diffusion of clinker minerals, consequently 532 

affecting the overall CH production during hydration [84]. Notably, certain studies [41,63] have 533 

presented conflicting findings, indicating a reduction in CH content upon the introduction nano-silica 534 

during the initial stages of hydration. However, these investigations did not distinctly explain the 535 

effects of the nucleation sites and pozzolanic reactions [63,79]. In contrast, the results of the present 536 

study clarify the actual influence of nano-silica on cement paste hydration [85]. These observations 537 

suggest that the existence of an optimal level of cement replacement with nano-silica. Below this 538 

optimal threshold, free calcium hydroxide (CH) remains in the mixture, and the quantity of nano-539 

silica within the paste is insufficient to fully react with CH. Conversely, surpassing the optimal nano-540 

silica content results in a lack of available CH for interaction with nano-silica, causing the 541 

nanoparticles to primarily function as inert fillers without actively participating in the pozzolanic 542 

reactions. Considering the specific experimental parameters and type of nano-silica employed, the 543 

analysis conducted in this study clearly advocates a 2% replacement level of nano-silica as the optimal 544 

configuration to achieve maximum benefits through nucleation and pozzolanic reactivity. 545 
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 546 

Fig. 6. TGA and DTA curves of the cement pastes at (a) one, (b) three, (c) seven, (d) 28, and (e) 56 547 

days. 548 

 549 

Fig. 7. Normalised CH content of the cement pastes at different ages. 550 

 551 

(a) (b) 

  
(c) (d) 

  
(e) 
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4.1.2 Analysis of the XRD diffraction patterns of cement pastes 552 

Fig. 8 depicts the X-ray diffraction patterns for all the paste samples (CO, CO + NS2, and CO + NS4) 553 

at different hydration ages (1, 3, 7, 28, and 56 days). As shown in Fig. 8, portlandite, ettringite, 554 

monosulfate, alite, and belite are the principal crystalline phases at all hydration ages. Notably, the 555 

peak intensities associated with these phases exhibited distinct variations upon nano-silica 556 

substitution. Fig. 8(a) highlights that the presence of nano-silica leads to increased intensity 557 

corresponding to ettringite (2θ = 9.1) and monosulfate (2θ = 9.9). This increase confirms the 558 

acceleration of cement hydration induced by nano-silica. Conversely, the peak intensity attributed to 559 

portlandite (2θ = 34.1) diminished upon the introduction of nano-silica. This reduction is aligned with 560 

the increased pozzolanic activity of nano-silica, which engages in the substantial consumption of 561 

portlandite, thereby fostering the generation of supplementary C-S-H [63]. Compared to the earlier 562 

stages, this trend was particularly noticeable at days 7, 28, and 56, supporting the findings discussed 563 

in Section 4.1.1. These observations collectively enabled a qualitative analysis of the influence of 564 

nano-silica on cement clinker through variations in the peak intensity. Fig. 9 provides a graphical 565 

representation of the hydration reactions within individual clinker minerals (C3S, C2S, C3A, and 566 

C4AF) and overall degree of cement hydration, as determined by the XRD/Rietveld analysis. 567 

Although the hydration degree of C3A remained unchanged, the presence of nano-silica significantly 568 

affected the hydration degrees of C3S, C2S, and C4AF. This effect can be attributed to the apparent 569 

pozzolanic reactivity and nucleation effect caused by nano-silica. However, these alterations in the 570 

degree of hydration did not affect the overall degree of cement hydration (Fig. 9(e)). Furthermore, a 571 

comparison of the predicted hydration reactions of the clinker minerals (using the coupled hydration 572 

and thermodynamic model outlined in Section 3.1) with the experimental values over the hydration 573 

age is presented in Fig. 9. This comparison illustrates the remarkable reliability of the coupled models 574 

in accurately reproducing the realistic evolution of the clinker mineral reactions over the hydration 575 

age. 576 

 577 
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 578 

Fig. 8. X-ray diffraction curves of the cement pastes at (a) one, (b) three, (c) seven, (d) 28, and (e) 579 

56 days. 580 
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 581 

Fig. 9. Reaction degree of clinker minerals in the cement pastes: (a) C3S, (b) C2S, (c) C3A, and (d) 582 

C4AF. (e) Overall hydration degree of cement pastes. 583 

 584 

4.2 Analysis of microstructures 585 

SEM utilising backscattered electron (SEM-BSE) imaging was employed to analyse the cement paste 586 

with (2% by weight) and without nano-silica at aging intervals of three and seven days. This 587 

investigation aims to determine the influence of nano-silica on the microstructures of cement pastes. 588 

The SEM micrographs of the pastes are shown in Fig. 10. The increase in the number of nucleation 589 

sites facilitated by nano-silica substitution is prominent in the initial stages, as indicated by the 590 

(a) (b) 

  
(c) (d) 

  
(e) 
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degradation of the portlandite (CH) surface in Fig. 9(b). Moreover, replacing nano-silica yielded a 591 

more compact microstructure within the cement paste. This microstructural change is due to the 592 

pozzolanic effect of nano-silica [86], which triggers a secondary hydration reaction. 593 

Consequently, this secondary reaction leads to the formation of supplementary calcium silicate 594 

hydrate (C-S-H) through the consumption of portlandite (Fig. 9(d)). The increased density of the 595 

microstructure can also be attributed to the filling effect exhibited by nano-silica. Considering 596 

ultrafine particles, nano-silica effectively occupied the pores within the cement paste, contributing to 597 

the overall densification. 598 

 599 

Fig. 10. SEM-BSE micrographs of (a and b) control paste, at days one and seven, respectively, and 600 

(c and d) 2% nano-silica substituted paste at days one and seven, respectively. 601 

 602 

  

  
 

(c) (d) 

(a) (b) 
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The impact of substituting nano-silica on the chemical composition of the resulting hydrates was 603 

investigated using elemental composition analysis (SEM-EDS). EDS analysis points were chosen by 604 

visual distinctions in the grey scale intensities within the backscattered electron (BSE) images and 605 

significant elevations in the intensities of the major elements (Ca, Si, and Al) in the EDS maps. 606 

Approximately 50 specific points were targeted during EDS point analysis to capture the atomic ratios 607 

of Ca, Si, and Al. Fig. 11 depicts the distribution of the Al/Ca and Si/Ca ratios within the C-S-H phase 608 

of the control sample and sample with 2% nano-silica after seven days. A particular trend emerged 609 

with points exhibiting an upward shift upon nano-silica substitution. This trend, resulting in an 610 

increased silicon-to-calcium (Si/Ca) ratio as the Si content in the paste increased, was attributed to 611 

the presence of Si, originating from nano-silica. The Al/Ca and Si/Ca ratios within the primary C-S-612 

H phase, encompassing both inner and outer regions, span broad ranges of 0.03–0.25 and 0.21–0.52, 613 

respectively. 614 

Furthermore, an increase in the Al/Ca ratio, which was noted within additional secondary C-S-H 615 

formations, was attributed to the pozzolanic reaction of nano-silica. In this scenario, the C-S-H 616 

structure absorbs Al in lieu of Si. This finding aligns with the prior literature [2,50,87], demonstrating 617 

the emergence of C-S-H structures at elevated Si/Ca ratios, reminiscent of tobermorite-like structures. 618 

Therefore, the Si/Ca ratios of the nano-silica substituted samples were considered to be 0.67, which 619 

is slightly higher than that of the control sample (0.58). Furthermore, partially reacted nano-silica was 620 

characterised by elevated Si/Ca and reduced Al/Ca ratios (Fig. 11) [87]. 621 

In contrast, fully reacted nano-silica induced the creation of an additional secondary C-S-H phase 622 

through pozzolanic reactions. This variant of secondary C-S-H demonstrated a tendency to absorb or 623 

incorporate a greater quantity of alkali, which was attributed to the negative surface charge of C-S-624 

H. Collectively, the results obtained through TGA, XRD, and SEM assays validate the favourable 625 

influence of nano-silica substitution on the characteristics of cement paste. This advantageous impact 626 

can be attributed to the synergistic effects of the nucleation and pozzolanic reactions induced by nano-627 

silica. To comprehensively capture and simulate this phenomenon and ensuring a realistic 628 
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representation of the intricate influence exerted by nano-silica, this phenomenon was carefully 629 

incorporated into the coupled hydration and thermodynamic model, as explained in Section 3.1. 630 

 631 

 632 

Fig. 11. Variation of Al/Ca and Si/Ca ratios of C-S-H structure found in control paste and 2% nano-633 

silica containing paste at 7 days. 634 

 635 

4.3 Prediction of volume fraction of hydrates with hydration time 636 

Following the discussion in Section 3.2, the volume fractions of the phases, namely hydrated, 637 

unhydrated, unreacted nano-silica, chemical shrinkage, and capillary pores, were estimated as 638 

functions of the hydration age. The predictions are shown in Fig. 12. The most significant increase in 639 

the volume fractions of the hydrates, particularly C-S-H, was observed with the substitution of 2% 640 

nano-silica (Fig. 12(a)), regardless of the hydration age. Fig. 12(b) shows a gradual reduction in the 641 

unhydrated phases in all pastes (CO, CO + NS2, and CO + NS4) as hydration progressed. Notably, 642 

there is a linear relationship between the volume fractions of the unhydrated phases in the mixtures. 643 

These results clearly indicate that hydration of clinker minerals remained independent of the nano-644 

silica reactivity; instead, it was solely governed by the initial cement content present in each specific 645 

mixture. The changes in the volume fractions of the pore phases with hydration age are illustrated in 646 

Fig. 12(c), as discussed in Section 3.2. The findings reveal a steady reduction in the pores within the 647 
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cement paste containing nano-silica, compared to those without nano-silica, at all stages of hydration. 648 

This phenomenon was attributed to the denser microstructure resulting from the incorporation of 649 

nano-silica. 650 

Additionally, the ultra-fine nano-silica particles acted as a filler material, contributing to decreased 651 

porosity within the cement paste. Fig. 12(d) illustrates the relationship between the volume fraction 652 

of unreacted nano-silica and hydration age of the different pastes. Unreacted nano-silica increased 653 

proportional to the initial nano-silica content in the cement paste. However, within a specific cement 654 

paste, the unreacted nano-silica content diminished as hydration progressed, owing to the increasing 655 

contribution of nano-silica to the pozzolanic reactions over time. Considering the overall reactivity 656 

of nano-silica in the cement paste, the optimal replacement ratio was determined to be 2%.  657 

 658 

 659 

Fig. 12. Volume fraction of (a) hydrated phase, (b) unhydrated phase, (c) pore phase, and (d) 660 

unreacted nano-silica of the cement pastes. 661 

 662 

 663 
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4.4 Finite element model verification 664 

As outlined in Section 3.4, the numerical microstructure (RVE) generated for the seven-day aged 665 

cement paste without nano-silica incorporation was examined using various mesh sizes. The predicted 666 

compressive strengths are shown in Fig. 13. The simulations revealed that the compressive strength 667 

of the cement paste exhibited limited sensitivity to changes in the mesh size (Fig. 13). Nevertheless, 668 

reducing the mesh size led to decreased variability in the predicted compressive strengths, consistent 669 

with theoretical expectations [88]. Therefore, for the sake of result consistency, unless otherwise 670 

stated, a fine mesh was selected for all the analyses in this study. 671 

 672 

 673 

Fig. 13. Results of the mesh convergency study of the control paste at day seven. 674 

 675 

Because the homogenisation of materials with randomly distributed inclusions affects localised 676 

deformation and leads to inaccurate computation of mechanical properties, stress-strain responses 677 

were simulated for five distinct configurations of unhydrated particles and pores within the hydrated 678 

paste. Fig. 14 depicts the stress-strain responses of these random configurations with the mean stress-679 

strain response, revealing standard deviations of 1.6 MPa and 0.4 Gpa for homogenised compressive 680 

strength and Young’s modulus, respectively. These values align with those in the existing literature 681 
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[89] and suggest that approximately five random samples are generally sufficient to determine the 682 

mean mechanical properties. 683 

 684 

Fig. 14. Stress-strain behaviour of a random RVE, corresponding to the control paste at day seven. 685 

 686 

Fig. 15 illustrates the computed stress-strain curves for the cement paste with (2 and 4%) and without 687 

nano-silica after seven days of aging. Furthermore, the stress distributions depicting the plastic 688 

potential at the strain values of 0.002 and 0.004 for each RVE are shown in Fig. 16. A comparison of 689 

the microstructures with and without nano-silica at 0.002 strain (Fig. 16(a–c)) reveals that the cement 690 

paste without nano-silica exhibits higher plastic potential values across the microstructure, indicative 691 

of ductile behaviour [90]. Conversely, the incorporation of nano-silica reinforced the microstructure 692 

and reduced the plastic potential. As a result, nano-silica-reinforced cement pastes demonstrated a 693 

higher Young’s modulus and strength (Fig. 15) than the control cement paste, which was more prone 694 

to deformation under stress. 695 

Similarly, when examining the microstructure of the pastes at a strain of 0.004, the cement paste with 696 

nano-silica exhibited increased pore closure (depicted by a larger red area) compared to the control 697 

paste, due to compressive stress. This enhanced pore closure increases the effective load transfer area 698 

between the microstructural elements, thereby reducing the stress concentration areas and enhancing 699 

the strength of the material (Fig. 15) [91]. Additionally, the increased strength was accompanied by 700 
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a more significant ultimate deformation (Fig. 16(e–f)); nano-silica further influenced the nonlinear 701 

behaviour by augmenting the nonlinear deformation capacity of the material. Thus, it can be 702 

concluded that the developed RVE and microscale finite element analysis can realistically predict the 703 

influence of nano-silica in cement pastes, elucidating its role in enhancing both mechanical strength 704 

and nonlinear behaviour.  705 

As the experimental compression tests in this study focused solely on capturing the ultimate 706 

compressive strength, the entire stress-strain response was comprehensively compared with those in 707 

other studies [92,93] that reported similar compressive behaviours. 708 

 709 

 710 

Fig. 15. Stress-strain response of the control paste (CO) aged for seven days and pastes containing 711 

nano-silica (NS2 and NS4) 712 
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 713 

Fig. 16. Stress distribution (plastic potential) of seven-day aged pastes: (a) control, (b) 2% nano-714 

silica containing, and (c) 4% nano-silica containing pastes at strain values of 0.002 and (d) control, 715 

(e) 2% nano-silica containing, and (f) 4% nano-silica containing pastes at strain values of 0.004. 716 

 717 

The compressive strengths of all cement pastes across different ages are shown in Fig. 17. Notably, a 718 

significant improvement in strength compared to the control paste was observed with increasing 719 

concentrations of nano-silica substitution. This effect, which was particularly prominent during the 720 

early stages of hydration, was attributed to nucleation and pozzolanic influences. This effect resulted 721 

in the significant presence of hydrated phases (C-S-H), which are the primary contributors to strength 722 

development in cement pastes [6]. However, when substituted with 4% nano-silica, the compressive 723 

strength decreased compared to that achieved with 2% substitution. This outcome can be attributed 724 

to the agglomeration of nano-silica particles (Section 4.2), which impedes the hydration process and 725 

results in the formation of hydration products such as C-S-H. Furthermore, the model slightly 726 

underestimated the compressive strength for all samples at an age of one day (Fig. 17). This can be 727 
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attributed to the inferior mechanical properties of the cement matrix due to incomplete hydration and 728 

higher volume fraction of the pore phase, which collectively lead to a weaker matrix that is less 729 

capable of withstanding higher loads. 730 

Nonetheless, the experimental findings indicate that substituting 2% nano-silica increases the 731 

compressive strength by 35.2, 21.2, and 17.2% at days one, three, and seven, respectively. In contrast, 732 

4% nano-silica substitution resulted in compressive strength increase of 17.8, 7.6, and 15.9%, at days 733 

one, three, and seven, respectively. This trend aligns closely with the predictions of the proposed 734 

numerical model. 735 

 736 

Fig. 17. Comparison of compressive strength values from experimental and numerical models. 737 

 738 

The variation in the Young’s modulus with hydration age is depicted in Fig. 18. The predicted values 739 

have not been compared with experimental results since only the ultimate compressive strength was 740 

captured during the experimental tests. Nevertheless, Fig. 18 illustrates that substituting nano-silica 741 

into cement paste increases the Young’s modulus, indicating improved stiffness and resistance to 742 

deformation. This enhancement is attributed to the stronger interparticle bonding and cohesion 743 

facilitated by nano-silica [5,16], which bridges the gaps between the cement particles. Furthermore, 744 

the filling of nanoscale voids and porosity reduction contributed to a denser microstructure [18], 745 

ultimately enhancing the rigidity of the material. 746 

 747 
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 748 

Fig. 18. Predicted Young’s modulus of the cement pastes with respect to hydration age. 749 

  750 

5. Conclusions  751 

This study introduced a coupled hydration and thermodynamic model to optimise nano-silica 752 

replacement in nano-silica reinforced cement paste and proposed a numerical approach to predict its 753 

nonlinear behaviour. Furthermore, the predicted results were verified using experimental results. The 754 

following conclusions were drawn based on both numerical and experimental results. 755 

 756 

1. A coupled hydration and thermodynamic model was proposed to predict the volume fractions 757 

of the phases, such as hydrates, unhydrated clinker, pores, and unreacted nano-silica, in cement pastes 758 

with and without including nano-silica over varying hydration times. This model was implemented 759 

using the PHREEQC-MATLAB interface. Subsequently, the predicted results were validated against 760 

the experimental data.  761 

2. Replacing cement with nano-silica in cement pastes significantly enhanced the mechanical 762 

properties of the nano-silica-reinforced cement pastes. This improvement stems from the synergistic 763 

effects of nucleation and pozzolanic reactions. Through numerical simulations and experimental 764 

observations, the optimal replacement level was determined to be 2% by the weight of the cement 765 

content. 766 
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3. A cement paste RVE was developed in MATLAB based on the predicted phase volume 767 

fraction, while accounting for the hydration of clinker particles and agglomeration of nano-silica 768 

particles. 769 

4.  Finite element analysis was conducted on the developed RVE using COMSOL Multiphysics 770 

software by incorporating suitable boundary conditions. This analysis predicted the nonlinear 771 

behaviour of pastes with and without nano-silica. The introduction of nano-silica significantly 772 

improved the strength and deformation capacity of the paste under compression.  773 

5. The mechanical properties, such as the compressive strength and Young’s modulus, of the 774 

pastes with and without nano-silica were predicted, and the values were consistent with the 775 

experimental values. 776 

6. Refining the proposed models to accurately depict the dispersion and agglomeration of nano-777 

silica in numerical simulations offered a more intricate and comprehensive understanding of the 778 

material behaviour. This enhancement enabled a more precise assessment of the impact of nano-silica 779 

on the mechanical properties of cement paste, leading to further insights and advancements in material 780 

science.  781 
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