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Abstract 7 

Reutilising waste glass powder (WGP) could be a promising alternative to supplementary 8 

cementitious materials (SCMs) because of its availability and carbon footprint reduction, 9 

especially in Hong Kong. However, concerns about the adverse effects on hydration and 10 

early strength have been raised and might limit concrete application. A wet grinding 11 

method was applied to convert WGP into ultra-fine particles, which could address these 12 

concerns and promote the application of WG as an alternative local SCM with a low carbon 13 

footprint. This study investigated the effect of wet grinding on WGP's physicochemical 14 

properties and how wet-ground WGP modified early hydration kinetics, mechanical 15 

performance, and microstructure of cement paste. The results indicated that ultra-fine WG 16 

was produced with the D50 of 500 nm and modified surface composition. Unlike micro-17 

sized WGP, introducing ultra-fine WGP increased the 1-d strength by 50 % and the 28-d 18 

strength by 5 % of cement paste. The improvement of early strength could be attributed to 19 

three reasons. Firstly, the dissolution of ultra-fine WGP increased pH in the pore solution 20 

of the cement paste, which accelerated the hydration of C3A and C3S and promoted the 21 

precipitation of ettringite and the formation of C-S-H. Secondly, the submicron particles 22 

provided nucleation sites for C-S-H precipitation and increased the pozzolanic reactivity. 23 

Lastly, ultra-fine WGP could also effectively fill the pores in the cement paste, leading to 24 

a denser microstructure. According to the result, the reactivity of WG could be enhanced 25 
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through wet-grinding and finely ground WGP could substitute reactive but costly binders, 26 

such as cement and silica fume.  27 

Keywords: Waste glass powder; Cement; Hydration; Microstructure; Pozzolanic reaction  28 

1. Introduction 29 

Rapid population growth has resulted in expanded urbanisation and construction to satisfy the 30 

demand for living [1], leading to a rapid increase in the global consumption of construction 31 

materials. Concrete production reached 14.0 billion m3 in 2020 [2]. Concrete production 32 

consumes a considerable amount of energy and releases a massive amount of CO2 [3], 33 

contributing to 8.6 % of global anthropogenic CO2 emissions [4-6] and being one of the major 34 

causes of global warming and climate change [7]. Meanwhile, low carbon emissions or 35 

“Carbon neutrality” has become a worldwide trend for stabilising the rise in temperature within 36 

1.5 – 2 °C, as agreed on in the Paris Climate Change Conference [8-10]. Thus, reducing CO2 37 

emissions from the cement sector would greatly aid in the battle against rising temperatures 38 

and climate change.  39 

Cement contributes to the primary CO2 emissions of concrete [5], and thus, reducing the 40 

cement dosage in concrete would be the most viable way to mitigate CO2 emissions, such as 41 

utilising SCMs to partially replace cement [11]. However, when selecting suitable SCMs, the 42 

availability that satisfies local demands should be considered. For instance, in Hong Kong, 43 

only 0.2 million tons of local pulverised fly ash (PFA) are produced annually [12], while the 44 

demand is approximately double the local supply [13]. The supply of PFA, a by-product of 45 

burning coal, is expected to be more limited because of the future closing down of coal-burning 46 

power stations to achieve carbon neutrality [14]. Therefore, exploring alternative SCMs with 47 

sufficient local supplies is essential for implementing the strategy to reduce CO2 emissions in 48 

the concrete sector.  49 
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WGP is a promising alternative SCM because of improved concrete performance and 50 

availability in some areas, especially in Hong Kong. The daily production of glass bottles in 51 

Hong Kong was approximately 300 tonnes, while less than 20 % of the consumed glass bottles 52 

were recycled in 2020, and the rest were disposed of at landfills [15]. A similar scenario was 53 

also observed in the United States. According to the Environmental Protection Agency in the 54 

United States, the recycling rate of glass bottles was 31.3 % in 2018, but more than 60 % of 55 

glass bottles were disposed of at landfills [16]. Moreover, the application of recycled WG is 56 

limited. In Hong Kong, the WG cullet mainly replaces fine aggregates in producing concrete 57 

paving blocks [17]. Many studies have proven the better workability, enhanced strength 58 

development, and durability of cementitious materials incorporating WGP [18-20]. The 59 

improved performance is attributed to the pozzolan reaction and filler effect of WGP, leading 60 

to dense microstructure [21]. Therefore, WG has excellent potential to be a widely used SCMs 61 

in these areas. 62 

However, some concerns have been raised when using WG in an application. The main factor 63 

hindering the utilisation of WG is the potential alkali-silica reaction (ASR) [22, 23] between 64 

Si(OH)4 and alkalis, including Na+, K+ and Ca2+, forming ASR gel [24]. The ASR gel could 65 

produce internal expansive stress when absorbing moisture and damage the concrete structure. 66 

Apart from the concern of ASR, the relatively lower pozzolanic reactivity and retarding effect 67 

of WGP compared to GGBS and FA also hinder WGP’s ability to replace GBS and FA. 68 

Incorporating WGP in concrete could result in delayed hydration, lengthened setting time and 69 

reduced early strength, particularly when a high proportion of WGP (more than 20 %) was 70 

incorporated [22, 25, 26]. Approaches such as thermal treatment and adding reactive 71 

nanoparticles have been introduced to improve the early strength of WGP concrete [27-29]. 72 

However, these methods could significantly increase production costs and energy consumption. 73 
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The particle size of WG is the most critical factor that significantly controls the ASR and 74 

pozzolanic reactivity [30, 31]. Thus, grinding WGP into finer particles could be a viable 75 

approach to mitigate ASR and enhance the pozzolanic reactivity. Previous studies 76 

demonstrated that finer particle size can effectively reduce ASR expansion [28, 32]. The 77 

observation was attributed to preventing concentrated expansive silica [33]. Moreover, finer 78 

WGP would be expected to have higher reactivity because of the higher surface area [34, 35]. 79 

However, conventional dry grinding treatment could only produce WGP in the micron size 80 

range, which had been found to have a lower reactivity [30]. Compared with other reactive 81 

SCMs such as SF, WGP was less reactive due to the large particle size [29] and grinding the 82 

WGP as fine as SF might increase the reactivity and substitute SF. 83 

Wet grinding might be an alternative to produce finer WGP and enhance its reactivity. The 84 

mechanism of wet grinding to refine the powdered raw materials into submicron size is through 85 

the impaction, shear stress and friction between the grinding balls and the raw materials in a 86 

liquid environment [36]. The ions on the surface of the powdered particles could be dissolved 87 

into the liquid media, resulting in a modified surface structure of the raw material and increased 88 

reactivity [36]. Another benefit of wet grinding compared with dry grinding was an energy 89 

saving of approximately 50 % to produce a material with the same particle size [37]. For 90 

instance, previous studies on slag [36, 38, 39] and fly ash [40-42] demonstrated that wet 91 

grinding efficiently increased early and later strength. Therefore, wet grinding could also be 92 

used in the mechanical activation of WG. A recent study indicated that activated WGP via 120 93 

mins of wet-grinding demonstrated accelerated cement hydration [43]. Another study 94 

demonstrated that wet-grinded WGP could enhance the 1-d compressive strength of mortar and 95 

refine the pore structure [44]. These studies provided evidence of improved performance by 96 

incorporating wet-grinded WG. However, these studies did not explain how the wet grinding 97 



5 

 

modified the physicochemical properties of WG, which contributed to the modification in early 98 

hydration kinetics, mechanical performance, and microstructure of cement pastes. 99 

Therefore, the motivation of this paper was to introduce a wet-grinding treatment to enhance 100 

the reactivity of WGP to replace some costly cementitious materials, such as cement and SF. 101 

This study aims to discover the effect of wet grinding on the physicochemical properties of 102 

WGP and how the early hydration kinetics, mechanical performance and microstructure of 103 

cement paste were modified. This study attempted to activate WGP by wet-grinding and 104 

investigated the chemical composition, surface composition, particle size distribution and 105 

morphologies of ultra-fine WGP. Moreover, the mechanisms of how ultra-fine WGP affect 106 

early cement hydration, mechanical performance and microstructure were systematically 107 

studied based on the analysis of hydration kinetics, hydrate production, microstructure, and 108 

pore solution.   109 

2. Materials and methods 110 

2.1 Materials and characterisation  111 

An ASTM type I class 52.5 Ordinary Portland Cement (OPC) was used in this study. The WGP 112 

was produced from a waste glass cullet (WGC) sourced from a waste recycling facility in Hong 113 

Kong. WGC was ground in a ball mill for 90 mins to WGP with a D50 of approximately 20 m  114 

before wet-grinding treatment (described in Section 2.2). The particle size distribution of 115 

cement (Fig. 1) was obtained by a laser diffraction particle size 144 analyser (Malvern 116 

Mastersizer 3000E). The mineral compositions of OPC and ultra-fine WGP were characterised 117 

by Rietveld refinement of quantitative X-ray diffraction (Q-XRD) shown in Table 1. The 118 

chemical compositions of OPC and 20 m and 500 nm WGP shown in Table 2 were determined 119 

by X-ray fluorescence (Rigaku Supermini 200 spectrometer). The result shows that the content 120 

of Na2O in WGP was reduced after wet-grinding treatment. The reduction of Na2O content 121 

https://www.sciencedirect.com/topics/materials-science/rietveld-refinement
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could be attributed to the dissolution of Na+ from WGP during wet-grinding treatment while 122 

the supernatant was removed. Only the solids were used for the experiment.  123 
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Fig. 1 Particle size distribution of OPC 125 

Table 1 Mineral composition of cementitious materials (%) 126 

 C3S C2S C3A C4AF Gypsum Calcite 

OPC  61.82 13.05 8.40 8.70 2.08 5.95 

WGP (500 nm)  Amorphous 

 127 

Table 2 Chemical compositions of cementitious materials (%) 128 

Compositions SiO2 CaO Fe2O3 MgO SO3 Al2O3 K2O Na2O P2O5 

OPC  19.1 65.2 2.96 0.75 4.27 6.06 0.68 0 0.14 

WGP (20 m) 69.2 10.6 0.63 1.43 0.17 2.27 0.78 14.5 0.12 

WGP (500 nm) 71.1 12.6 1.17 1.73 0.07 2.45 0.85 9.76 0.12 

 129 

2.2 The preparation process of ultra-fine WGP 130 

A mixture of 20 g of the 20 m WGP produced by conventional dry grinding, 120 g of tap 131 

water and 3 g of polycarboxylate ether (PCE) superplasticiser (Sika) with a specific gravity of 132 

1.05 were wet ground in a planetary ball mill with agate tanks and balls in Fig. 2 (mass ratio of 133 
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20 mm: 10 mm: 6 mm = 3:50:90) for 30 mins at a speed of 450 rpm. The superplasticiser was 134 

used to facilitate the dispersion of WGP during wet grinding treatment. The solids of the post-135 

grinding mixture were collected using a centrifuge operating at 10,000 rpm for 10 min 136 

(Dynamica, Velocity 18R) and dried at 105°C overnight in an oven. 137 

  

(a) Agate Tank (1 L) (b) Agate balls 

 

(c) Planetary ball mill 

Fig. 2 Equipment for wet grinding 138 

2.3 Design mix of ultra-fine WGP paste and specimen preparation 139 

The WGP cement paste was prepared based on the mix proportions in Table 3. The water-to-140 

binder ratio (w/b) for all the specimens was 0.4. Due to the flocculation of ultra-fine WGP, 141 

ultra-fine WGP was mixed with water and dispersed by ultrasound for 30 mins. Afterwards, 142 

the paste specimens were prepared by mixing cement and the ultra-fine WGP slurry in a mixer 143 

at low speed for 1 min, followed by at high speed for 3 mins. Then, the paste was remixed at a 144 

low speed for 1 min to remove the bubbles produced from the high-speed mixing.  145 

Table 3 Design mix of ultra-fine WGP paste 146 
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Mix Cement WGP w/(cement+WGP) 

Ref 1 0 

0.4 

1% 0.99 0.01 

3% 0.97 0.03 

5% 0.95 0.05 

7% 0.93 0.07 

2.3 Physicochemical properties test of ultra-fine WG 147 

The physicochemical properties of ultra-fine WGP were characterised using several amounts 148 

of equipment. A Malvern Zetasizer Nano Series was used to determine the ultra-fine WGP. In 149 

addition, the zeta potential of ultra-fine WGP was also acquired using a Nano-Series Zetasizer. 150 

WGP and deionised water were mixed in a mass ratio of 1:10000, and 1 mL of the mixture was 151 

injected into a folder capillary cell to determine the zeta potentials. The surface composition of 152 

the ultra-fine WGP sample was characterised by Nexsa X-ray photoelectron spectroscopy (XPS, 153 

Thermo Scientific, America). The analytical software CASAXPS was used to analyse the XPS 154 

spectrum of ultra-fine WGP. Scanning electron microscopy (SEM, TESCAN VEGA3) was 155 

conducted to observe the morphology of the ultra-fine WGP. 156 

2.4 Fresh properties 157 

The slump flow of WGP cement pastes was measured according to BS EN1015-3 [45]. The 158 

test was performed immediately after mixing. In addition, a Vicat apparatus was used to 159 

determine the samples' initial and final setting times according to the BS EN 196-3 procedures 160 

[46]. 161 

2.5 Mechanical properties  162 

(1) macro-mechanical properties  163 

The WGP cement pastes were cast in steel cube moulds of 20 mm × 20 mm × 20 mm to 164 

determine the 1-d, 7-d and 28-d compressive strength. The specimens were vibrated on a 165 
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vibration table and sealed with plastic wrap to prevent surface moisture loss. The specimens 166 

were demolded at 24h and cured in a CaO-saturated solution until the testing time. A 2 mm/min 167 

loading rate was applied for the compressive strength test. 168 

(2) micro-mechanical properties  169 

Nano-indentation was conducted to investigate the early micro-/nano-mechanical properties of 170 

the cement paste using a nano-indenter (Bruker's Hysitron TI Premier). The instrument was 171 

equipped with a Berkovich diamond tip with a triangular pyramid shape. The 72-h paste 172 

specimens used for nano-indentation were fractured and impregnated in epoxy resin. The 173 

surface of the impregnated paste was polished according to the procedures reported in previous 174 

literature [47]. Before the measurement, the nano-indenter was first calibrated on a standard 175 

sample of fused quartz. The measurement was conducted according to the setup of the 176 

indentation program illustrated in Fig. 3. A 15 × 15 square grid arrangement (225 points total) 177 

with a 10 μm spacing was used to investigate the micro-/nano-mechanical properties. The 178 

loading for indentation was a trapezoid load with a loading rate of 400 μN/s to reach 2000 μN, 179 

a holding time of 2 s and an unloading speed of 400 μN/s. The result after measurement 180 

provided the reduced modulus (Er) and hardness (H) of the cement paste. The reduced modulus 181 

was a combined modulus of the specimen and indenter and can be converted to the indentation 182 

modulus based on Equation (1) [48]: 183 

 E′ = (
1

𝐸𝑟
−  

1−𝑣𝑖
2

𝐸𝑖
)−1  

(1) 

Where E′is the indentation modulus. 𝐸𝑖 and 𝑣𝑖  are the modulus and Poisson’s ratio of the 184 

indenter, respectively. For a diamond tip, 𝐸𝑖  = 1140 GPa and 𝑣𝑖 = 0.07 were used in this study 185 

[49].  186 
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Fig. 3 (a) Grid setting for nano-indentation; (b) Loading program of nano-indentation test 187 

2.6 Hydration heat 188 

The heat flow and cumulative heat of the pastes were determined by TAM (TA instruments 189 

Microcalorimetry) Air isothermal calorimeter for 72 h. Approximately 20 g of paste samples 190 

were premixed with water externally and placed in a glass ampoule sealed with an aluminium 191 

cap before being loaded into the calorimeter. A reference ampoule containing dry sand and 192 

distilled water with the equivalent total heat capacity was also loaded into the calorimeter to 193 

minimise experiment errors. The final heat flow curves were adjusted by the baseline measured 194 

before and after the tests. 195 

2.6 Pore solution 196 

The pore solution chemistry of the paste specimens was studied to investigate the mechanism 197 

of ultra-fine WGP on cement hydration. 3 % cement replacement by ultra-fine WGP was 198 

chosen to compare with the reference. The paste samples were prepared and cast into 50 mL 199 

lab tubes sealed with a cap. The hydration was stopped by immersing in liquid nitrogen and 200 

being freeze-dried in a freeze-dryer for 1 h. To prepare the pore solution, Ex situ leaching was 201 

performed to analyse the pH value and ion concentration [50]. After drying, the paste samples 202 

were ground into less than 75 μm. The ground samples were then mixed with DI water in a 203 
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mass ratio of 1:1 for 5 mins. The leaching solutions were separated from the ground samples 204 

using a centrifuge and were filtrated through a 0.45 μm membrane filter before analysis. The 205 

pH of the solution was measured immediately using a portable pH meter. After pH 206 

measurement, the solution was stored in a fridge at 5 °C  1 °C. The pH was converted to the 207 

concentration of OH
— using Equations (2) and (3):  208 

 pH = 14 - pOH (2) 

 pOH = -log [OH
—
] (3) 

The evolution of pore solution chemistry in the early hydration (up to 72 h) of cement 209 

incorporating ultra-fine WGP was studied. Al, Ca, Na, and K concentrations in the pore 210 

solution were analysed by an inductively coupled plasma/optical emission spectroscopy (ICP-211 

OES, FMX36, SPECTROBLUE). The pore solutions were digested with concentrated nitric 212 

acid and diluted with 5 % nitric acid before the ICP-OES analysis. A geochemical modelling 213 

program PHREEQC with a thermodynamic database for cement paste was used to analyse the 214 

evolution of the saturation index (SI) of the above ions [51]. 215 

2.7 Microstructure 216 

SEM (TESCAN VEGA 3) was used to study the morphology of the ultra-fine WGP paste at 217 

72 h. Freeze-dried residues were fractured into particles with a size of less than 1 mm. Before 218 

the SEM analysis, the sample was coated with gold to enhance its conductivity. The SEM was 219 

operated at an accelerating voltage of 20 kV. 220 

Mercury intrusion porosimetry (MIP, Micromeritics AutoPore IV 9500) was used to test the 221 

pore size distribution of the cement with and without ultra-fine WGP. The paste samples used 222 

in the analysis were fractured particles less than 1 mm and soaked in isopropanol to stop the 223 

hydration, followed by being dried at 40 °C in a vacuum oven. 224 

https://www.sciencedirect.com/topics/engineering/membrane-filter
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2.8 Characterisation of hydration products 225 

To characterise the hydration product of cement paste incorporating ultra-fine WGP, 226 

thermogravimetric analysis (TG) was performed. The freeze-dried paste samples were ground 227 

into powder before the measurement. The powdered specimens were characterised using 228 

Rigaku Thermo Plus EVO2 by heating from 30 °C to 1000 °C at a 10 °C/min rate in an N2 229 

environment. 230 

X-ray diffraction (XRD, Rigaku SmartLab) was used to compare the crystalline composition 231 

in the cement pastes with and without ultra-fine WGP. The ground paste samples, less than 45 232 

μm, were analysed with a parallel beam mode at 45 kV and 200 mA with a CuKα radiation. 233 

The freeze-dried samples in Section 0 were co-ground with 10 % of corundum by mass 234 

(10 wt%) and then scanned by Rigaku SmartLab 9 kW from 5° to 70° 2θ at a speed of 2.5°/min 235 

with a 0.02° step size. Using the Rietveld method, quantitative X-ray Diffraction (QXRD) was 236 

conducted to quantify the evolution of various phases in the pastes.  237 

A JEOL ECZ 500 MHZ solid-state nuclear magnetic resonance (NMR) spectrometer with a 7-238 

mm CP/MAS probe using a 4 kHz spinning rate, 98.4 MHz resonance frequency and 20 s 239 

relaxation delay was used for the analysis. The paste samples used in the analysis were freeze-240 

dried for 1 h and ground to less than 45 μm. The resulting spectra were deconvoluted and 241 

analysed according to Qn classification [52] (where Q refers to silica tetrahedra (SiO4), and n 242 

refers to different types of silica tetrahedra) to obtain the mean chain length (MCL) and 243 

polymerisation degree (PD). Equations (4) and (5) are used to calculate MCL and PD according 244 

to a previous study [53]. 245 

 MCL = 2 × (Q1 + Q2) / Q1 (4) 

 PD = Q2 / Q1                                                                                                  (5) 

https://www.sciencedirect.com/topics/engineering/crystalline-phase
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3.  Results 246 

3.1 Physicochemical properties of the prepared ultra-fine WG 247 

Fig. 4 shows the particle size distributions of the ultra-fine WGP. The particle size of the ultra-248 

fine WGP ranged between 300 and 700 nm with a D50 of 500 nm. The particle size distribution 249 

is similar to that of SF, as the  D50 of the SF had been reported to range from 100 nm to 300 250 

nm [54].   251 
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Fig. 4 Particle size distributions of ultra-fine WGP 253 
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Fig. 5 Zeta potential of ultra-fine WGP 255 

The zeta potential of the ultra-fine WGP shown in Fig. 5 was -28.7 mV, much higher than the 256 

micro-size WGP (WGP with D50 = 18.6 µm, -31.4 mV). Thus, it can be concluded that the wet-257 

grinding process changed the surface characteristics of WG, which might be attributed to the 258 

removal of soluble ions during the wet-grinding process. In addition, the morphologies of ultra-259 

fine WGP (Fig. 6) also confirmed the change in the surface characteristics of WG. The 260 

flocculation observed in Fig. 6 resulted from the lower magnitude of zeta potential (within -30 261 

mV and +30 mV), leading to less repulsive force between the WG particles against van der 262 

Waals's attractive forces [55].  263 

Compared with other conventional SCMs, the magnitude of the zeta potential of the ultra-fine 264 

WGP was much higher. The previous study reported that the zeta potential of GGBS, FA and 265 

SF was -2 mV, 0 mV and -2 mV, respectively [56]. The more negative zeta potential could 266 

result in better flowability due to the repulsive force between the particles [15]. Therefore, 267 

incorporating ultra-fine WGP might render better workability than conventional SCMs even 268 

though the magnitude of the zeta potential was reduced. 269 

  

Fig. 6 Morphologies of ultra-fine WGP 270 

Fig. 7 shows the Na 1s, Si 2p and Ca 2p XPS spectra of WGP before and after wet-grinding. 271 

Firstly, the peak associated with Na 1s (Fig. 7a) right shifted from 1071.8 to 1071.6 with a 272 

decreased intensity. The intensity was associated with the quantity of the corresponding atom 273 
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on the surface of the materials [57]. The decreased intensity in Na 1s could be attributed to the 274 

Na+ leaching into the water after wet-grinding. The Si 2p spectra (Fig. 7b) also showed a right-275 

shift in binding energy in the ultra-fine WGP, from 102.60 eV to 102.66 eV, but with a widened 276 

peak. For the Ca 2p spectrum, the peak was left-shifted from 347.3 eV to 347.0 eV and 277 

broadened after grinding. The result indicated that Na on the WGP surface was reduced while 278 

silica and calcium remained on the surface of WGP, resulting in more surface defects for the 279 

chemical reaction [58], such as with calcium hydroxide (CH) dissolved from cement. The ultra-280 

fine WGP was expected to have higher reactivity. 281 

In summary, ultra-fine WGP was produced from wet grinding. The surface composition and 282 

zeta potential of WGP were modified. The modified physicochemical properties of WG might 283 

lead to its effects on cement hydration and performance, which are investigated in the following 284 

section. 285 
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Fig. 7 XPS spectra of WGP for (a) Na1S, (b) Si2P, (c) Ca2P 286 

3.2 Effect of ultra-fine WGP on the fresh properties of cement paste  287 

3.2.1 Slump flow 288 

Fig. 8 shows the slump flow of cement paste prepared with the replacement of ultra-fine WGP. 289 

The slump flow decreased from 175 to 150 mm when the replacement by ultra-fine WGP 290 

increased from 0 % to 7 %. On the contrary, the incorporation of micro-size WGP was reported 291 

to increase the slump flow of cement pastes [59, 60]. Previous study also reported incorporating 292 

wet-ground WGP with D50 of 900 nm could improve the slump flow [43]. The difference can 293 

be attributed to the very high fineness of ultra-fine WGP because the finer particles usually 294 

possessed higher surface areas [34].  295 

3.2.2 Setting time 296 

Regarding setting time (Table 4), the ultra-fine WGP delayed the cement paste's initial and 297 

final setting times. The initial and final setting times were delayed by 5 – 10 % and 4 – 8 %, 298 

respectively, and the setting time increased with the increasing amount of ultra-fine WGP. 299 

However, the delayed setting time was insignificant, similar to previous studies on micron-size 300 

WGP replacing 10 % cement [61]. 301 
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Fig. 8 Slump flow of cement paste incorporating ultra-fine WGP 303 

Table 4 Setting time of cement with different percentages of ultra-fine WGP 304 

 Ref 1% 3% 5% 7% 

Initial Setting 

(min) 

195 205 210 210 215 

Final Setting 

(min) 

235 245 245 250 255 

 305 

3.3 Mechanical properties 306 

3.3.1 Compressive strength  307 
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Fig. 9 Compressive strength of cement pastes incorporating different percentages of ultra-fine WGP 309 

Fig. 9 shows the compressive strength of cement pastes incorporating different percentages of 310 

ultra-fine WGP. Strength improvement was observed in all cement pastes at all testing ages. 311 

More significant improvements were observed at an early age. For example, the 1-d strength 312 

for the sample containing 3 % ultra-fine WGP had the highest value, 50 % higher than the 313 

reference. For the 7-d strength, up to 30 % improvement could be obtained when 7 % of ultra-314 

fine WGP was added. Moreover, a slight improvement (3-5 %) could be observed in the 28-d 315 

strength of samples incorporating different amounts of ultra-fine WGP. It can be concluded 316 

that the ultra-fine WGP significantly influenced the early-age development of mechanical 317 

properties, which would mitigate the adverse effect of conventional SCMs on the early strength.  318 

3.3.2 Micro-mechanical properties  319 

To provide a more comprehensive investigation of the effect of ultra-fine WGP on the early 320 

mechanical properties of cement paste, nano-indention analysis was used to quantify the micro-321 

mechanical properties of the hydration products at 72 h. Fig. 10 illustrates the indentation 322 

modulus distribution of the hydration products of the samples prepared with and without  3 % 323 

ultra-fine WGP. The results identified three phases: C-S-H with low density (LD) and high 324 

density (HD) and unhydrated clinker in the cement paste samples. According to the previous 325 

studies, the LD and HD C-S-H had an indentation modulus of 10 – 26 GPa and 25 – 39 GPa 326 

and a hardness of 0.4 – 0.8 and 0.8 – 1.25, respectively. [62], while the unhydrated clinker had 327 

a higher indentation modulus and hardness of above 93 GPa and 3 GPa, respectively. Fig. 11 328 

demonstrated the volume percentage of the different phases based on Fig. 10. The LD and HD 329 

of C-S-H in REF were 61 % and 7 %, respectively, while LD and HD in 3 % were 7 % and 10 330 

% higher than the REF. In addition, the amount of unhydrated phase in the 3 % ultra-fine WGP 331 

decreased from 32 % to 15 %. Therefore, the addition of ultra-fine WGP not only accelerated 332 

the cement hydration but also promoted the formation of C-S-H. As a result, a significant 333 

strength enhancement (up to 50 %) was observed at 3 d (Fig. 9). 334 
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           (a) REF 72 h                 (b) 3% 72 h 

Fig. 10  Statistical distribution of indentation modulus for cement paste with and without ultra-fine WGP at 3d  335 

 336 

Fig. 11 Volume percentages of different phases in cement pastes prepared with and without ultra-fine WGP 337 

3.4 Effect of ultra-fine WGP on the pore structure 338 

Fig. 12 illustrates the pore structure of the cement pastes prepared with and without ultra-fine 339 

WGP at 8 h and 3 d. To quantitatively characterise the pore-refining effect by incorporating 340 

ultra-fine WGP in the cement paste, a classification of pore structure was suggested at three 341 

ranges: 4.5 - 50 nm (mesopores), 50 - 100 nm (medium capillary pores), and >100 nm (large 342 

capillary pores). Table 5 illustrates the proportion of these pores at 8 h and 72 h. At 8 h, with 343 
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the ultra-fine WGP, the large capillary pores of the paste were 63.2 %, 5.9 % lower than the 344 

reference, whereas the proportion of medium capillary pores and mesopores was 0.3 % and 5.6 345 

% higher, respectively. At the same time, the cumulative pore volume of ultra-fine WGP 346 

cement paste was 0.272 mL/g, comparable to that of the reference (0.265 mL/g). In addition, a 347 

similar trend was also observed in the 3-d samples. At 72 h, the volume of large pores was 348 

fewer with ultra-fine WGP, approximately 5.9 % lower than the REF. The medium capillary 349 

pores and mesopores were also 2.1 % and 3.7 % higher, respectively, in samples prepared with 350 

ultra-fine WGP. The 72-h cumulative pore volume was also similar in both samples, 351 

approximately 0.160 mL/g. Therefore, incorporating a small amount of ultra-fine WGP had a 352 

limited effect on the total porosity of the cement paste but refined the pore structure at an early 353 

age.  354 
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Fig. 12 (a) Pore volume distributions and (b) cumulative pore volumes of cement pastes prepared with and without ultra-fine 355 
WGP 356 

Table 5 Pore size proportion of cement paste at 8 h and 72h 357 

Pore proportion (%) mesopores medium capillary pores large capillary pores 

REF 8h 14.0 16.9 69.1 

3% 8h 19.6 17.2 63.2 

REF 72h 29.1 21.3 49.7 

3% 72h 32.8 23.4 43.8 

 358 
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3.5 Evolution of hydration product in cement paste incorporating WGP 359 

3.5.1 Thermogravimetric analysis 360 

To explore the acceleration effect of WGP at an early age, the hydration of the samples 361 

prepared with and without WG was stopped at 1.5 h, 8 h, 24 h and 72 h, and a TG test was 362 

conducted. Fig. 13 compares the TG and DTG curves of the cement paste prepared with and 363 

without ultra-fine WGP. The DTG curve (Fig. 13a) illustrates several peaks of mass loss. The 364 

first peak around 100 to 200 °C was attributed to the dehydration of free water and chemically 365 

bound water of hydrates such as C-S-H and AFt [63, 64]. Another peak around 450 °C was 366 

attributed to the dehydroxylation of Ca(OH)2 [65]. The cement paste incorporating ultra-fine 367 

WGP had wider C-S-H and CH peaks than the REF before 2 d, while the intensity of the peak 368 

corresponding to CH was lower than that of the reference sample at 72 h. The quantity of CH 369 

could be calculated based on the DTG curves, and the results showed that there was 3.85 % 370 

CH in the ultra-fine WGP samples, which was 4 times higher than that in the reference sample 371 

(0.93 %) at 1.5 h CH. At 24 h, the CH mass loss was also 0.62 % higher than the REF (9.88 %) 372 

when ultra-fine WGP (10.5 %) was incorporated. Therefore, at a very early age (<3 d), the 373 

presence of ultra-fine WGP promoted the formation of hydration products, including CH, C-374 

S-H and ettringite, which was attributed to the acceleration effect of WGP on cement hydration. 375 

However, the WGP also has pozzolanic reactivity that could participate in the cement hydration 376 

and consume some CH. As a result, the CH was reduced at 72 h, and the ultra-fine WGP sample 377 

had a lower CH content than the reference sample at 72 h.  378 
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Fig. 13 a) TG curve, b) DTG curve and c) mass loss of CH of cement pastes prepared with and without ultra-fine WGP  379 

3.5.2 29Si Solid-state NMR 380 

29Si MAS-NMR analysis was conducted to analyse the structure of the silicate phases in the 381 

cement paste prepared with and without ultra-fine WGP, and the results are shown in Fig. 14. 382 

Three prominent peaks were observed in all the 29Si MAS-NMR spectra, which were Q0 at -72 383 

ppm, Q1 at -81 ppm and Q2 at -86 ppm, respectively. The Qn indicated a different state of SiO4 384 

in the specimens: Q0 represented the SiO4 in cement, Q1 represented the SiO4 for bridging in 385 

C-S-H, and Q2 represented the SiO4
 at the end-chain of C-S-H and SiO4 [63]. The peak of Qn 386 

was quantified after deconvolution.  At 8 h, the Q0 of ultra-fine WGP samples was 68.6 %, 6.6 387 

% lower than the REF. However, the Q1 and Q2 peaks of the ultra-fine WGP samples were 388 
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increased to 24.8 % and 6.53 % from 20.3 % and 4.4 %, respectively. A similar trend was 389 

observed in the 3-d samples. The Q0 of ultra-fine WGP samples was 48.3 %, 9.3 % lower than 390 

the REF. The Q1 (37.05 %) and Q2 (14.6 %) were also higher in the ultra-fine WGP samples, 391 

5.35 % and 4 % higher than the REF, respectively. The results indicated that the amount of 392 

hydration products in the cement paste was increased after adding the ultra-fine WGP.  393 

The MCL and PD of C-S-H were calculated according to equations (4) and (5), and the results 394 

are shown in Table 6. The MCL of the reference sample was 2.43 at 8 h, but it increased to 395 

2.53 after adding ultra-fine WGP. The MCL was also increased from 2.67 to 2.79 at 3 d because 396 

of the ultra-fine WGP incorporation. Thus, adding a small amount of ultra-fine WGP promoted 397 

cement hydration and increased the MCL of C-S-H. Similarly, adding 3 % ultra-fine WGP led 398 

to 20 % higher PD than the reference at all the tested ages, indicating that the connectivity ratio 399 

of the hydrate species was significantly increased. The result might suggest that the ultra-fine 400 

WGP particles could provide nucleation sites for C-S-H precipitation, resulting in early C-S-H 401 

polymerisation. Generally, the formation of hydrates with very long chains correlated with the 402 

increase in compressive strength of concrete and could hinder the development of micro-cracks 403 

[66]. These might be one of the reasons contributing to the significantly enhanced compressive 404 

strength at a very early age.  405 
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(a) 29Si MAS-NMR spectrum  (b) Deconvoluted peaks 

Fig. 14 29Si MAS-NMR spectra and deconvoluted peaks of cement pastes incorporating ultra-fine WGP; Note: R: reference 406 
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Table 6  MCL & PD of C-S-H in cement pastes prepared with and without ultra-fine WGP based on 29Si MAS-NMR 407 

 

Qn/%   

Q0 Q1 Q2 MCL PD 

REF 8h 75.2 20.3 4.4 2.43 0.22 

3% 8h 68.6 24.8 6.53 2.53 0.26 

REF 24h 57.6 31.7 10.6 2.67 0.33 

3% 24h 48.3 37.05 14.6 2.79 0.39 

 408 

3.6 Hydration kinetics 409 

3.6.1 Heat of hydration  410 

Fig. 15 shows the hydration heat evolution profiles of the cement pastes prepared with and 411 

without ultra-fine WGP up to 72 h. As shown in Fig. 15 and b, all samples incorporating ultra-412 

fine WGP released more significant amounts of heat than the reference sample at an early age 413 

(<30 min). Regarding the first heat evolution peak, its occurrence was approximately 2 h earlier 414 

in the samples prepared with 5 % (7.4 h) and 7 % (7.6 h) ultra-fine WGP, while 0.4 h earlier 415 

with 3 % ultra-fine WGP (8.9 h) than the REF (9.3 h). The first peak (peak 1) of samples 416 

prepared with 5 % ultra-fine WGP (2.88 mW/g) was also 0.08 mW/g higher than the REF, 417 

while 3 % and 7 % were 0.06 and 0.05 mW/g lower than the REF. Peak 2, associated with the 418 

depletion of gypsum and ettringite formation [67], of 5 % and 7 % was observed 2 h earlier 419 

than the REF, indicating accelerated C3A hydration [68]. The AFm formation (peak 3), 420 

associated with transformation from AFt to AFm, also occurred more than 7 h earlier in 5 % 421 

and 7 % than the REF and 1 h earlier in 3 %. Besides, the difference in cumulative heat release 422 

between cement pastes prepared with or without ultra-fine WGP was insignificant except for 423 

the 5 % ultra-fine WGP sample. The observation was related to the enhancement of 3-d strength. 424 

Overall, the ultra-fine WGP accelerated the cement hydration with a low dosage. The result 425 
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was observed in the previous literature and was attributed to the increased reactivity in ultra-426 

fine WGP or seeding effect [43]. It should be noted that five stages of hydration were selected 427 

for further investigation, including the beginning of the dormant period (1.5 h), the occurrence 428 

of the second and third peaks ( 8 h and 10 h, respectively), the end of the deceleration period 429 

(24 h) and densification (72 h) [69].  430 
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(b) 

Fig. 15 (a) Heat Flow and (b) Cumulative heat of cement pastes prepared with ultra-fine WGP 431 

3.6.2 Effect of ultra-fine WG on pore solution  432 

Fig. 16 demonstrates the evolution of the cation and anion concentrations in the pore solution 433 

of the cement paste. The concentration of Al3+ (Fig. 16a) in the ultra-fine WGP paste at 1.5 h 434 

was 42.8 ppm, approximately 10 % higher than the REF. The higher Al3+ concentration in the 435 

pore solution might be related to the enhanced dissolution of C3A when ultra-fine WGP was 436 

present [70], which is consistent with the observation in the calorimeter result. After 10 h, the 437 

Al3+ concentration in the ultra-fine WGP paste rapidly declined and remained steady at 438 

approximately 38.0 ppm, while the concentration of the REF reached a maximum value at 10 439 

h and then decreased gradually. Fig. 16 b and c showed that the initial concentrations of Na+ 440 

and K+ were lower in the ultra-fine WGP paste. The result might be attributed to the high initial 441 

Al3+ concentration suppressing the initial release of Na+ and K+ to balance the ion charge in the 442 

pore solution. For the REF, the Na+ concentration was continuously reduced after 10 h. In 443 

contrast, the Na+ concentration of the ultra-fine WGP cement paste began to increase rapidly, 444 

reaching 100 ppm at 72 h. The increased Na+ concentration after 10 h was attributed to the 445 

dissolution of WGP [70, 71], which resulted in accelerated cement hydration and early strength 446 

development [68]. Previous studies showed that hydration kinetics was associated with ion 447 

concentration, temperature and pressure [72, 73]. Unlike Na+, the dissolution of K+ was 448 

hindered by ultra-fine WGP at the initial age, where its concentration was 720 ppm at 1.5 h, 449 

which was only half of the reference (1400 ppm). The K+ concentration of the pore solution in 450 

the samples incorporating ultra-fine WGP increased rapidly between 1.5 h and 10 h, while the 451 

K+ concentration of the REF showed a decreasing trend. Similar K+ concentrations could be 452 

observed after this initial stage.  453 
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Apart from K+, the high Na+ concentration in the ultra-fine WGP cement paste also suppressed 454 

Ca2+ dissolution (Fig. 16 d), facilitating the release of OH
—

  (Fig. 16 e) [74]. The Ca2+ 455 

concentration decreased rapidly in both samples but became stable at approximately 200 ppm 456 

after 24 h. However, the Ca2+ concentration of the samples incorporating ultra-fine WGP was 457 

20 ppm lower than the reference. The suppressed Ca2+ concentration was attributed to the 458 

reduced Ca(OH)2 solubility when higher alkalinity was present in the samples prepared with 459 

ultra-fine WGP [68]. In addition, the rapid decrease of Ca2+ concentration was related to the 460 

enhanced formation of C-S-H. The higher alkalinity was related to incorporating ultra-fine 461 

WGP, forming more C-S-H layers [68]. Another reason for the reduction of Ca2+ concentration 462 

in the ultra-fine WGP incorporated samples could be attributed to the pozzolanic reaction of 463 

ultra-fine WGP. The OH
—
concentration was also slightly modified due to the incorporation of 464 

ultra-fine WGP [75]. The OH
—

concentration was similar in both samples before 12 h but 465 

became approximately 100 ppm higher in the samples prepared with ultra-fine WGP at 72 h. 466 

The higher OH
—

concentration was attributed to the higher Na+ concentration, resulting in 467 

ettringite precipitation and OH
—

leaching into the pore solution [68]. In summary, a small 468 

amount of ultra-fine WGP addition modified the ion concentrations in the pore solution, which 469 

also modified the hydration kinetics of the cement paste. 470 

 471 
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(e) 

Fig. 16 Evolution of the concentrations of a) Al3+, b) Ca2+, c) Na+, d) K+, e) OH
—

 in cement pastes prepared with and without 472 
ultra-fine WGP   473 



29 

 

4. Discussion 474 

4.1 Acceleration mechanism of OPC hydration 475 

The wet-grinding process might lead to the leaching of ions, such as Na, Al and Si, from WGP 476 

into a solution. Meanwhile, the mechanical milling produced defects on the surface of WGP, 477 

leading to enhanced reactivity with cement [58]. In section 3.5.2, the result showed that a small 478 

amount of ultra-fine WGP modified the ion concentration of the pore solution. The change in 479 

pore solution would also influence the hydration kinetics, such as the dissolution and 480 

precipitation of hydration products, including ettringite, CH and C-S-H. Therefore, the SI of 481 

ettringite, CH and C-S-H (Fig. 17) were used to analyse the trend of dissolution/precipitation 482 

of the hydration products. The SI of ettringite (Fig. 17a) shows that the sample prepared with 483 

ultra-fine WGP had a slightly higher SI at 1.5 h than the REF. The ettringite SI of both samples 484 

then rapidly decreased and became steady after 24 h. The ettringite SI was consistent with the 485 

observation in the heat flow test (section 3.6.1), which suggested that incorporating ultra-fine 486 

WGP provided adequate aluminium in the pore solution to promote the formation of AFt. The 487 

CH SI (Fig. 17b) of the samples prepared with ultra-fine WGP was also higher in all testing 488 

ages than in the reference. Adding ultra-fine WGP had the highest CH SI at a very early age, 489 

while the reference peak was recorded at 10 h. In addition, the sample with ultra-fine WGP had 490 

a higher C-S-H SI before 72 h. Therefore, adding ultra-fine WGP also promoted the 491 

precipitation of CH and C-S-H at a very early age. The result suggested that the dissolution of 492 

ultra-fine WGP increased Ca, Al and Si ions in the pore solution, which accelerated the 493 

hydration rate of cement. 494 
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Fig. 17 Saturation index of (a) ettringite (b) CH (c) C-S-H 495 

4.2 Role of the physicochemical properties of ultra-fine WGP on the performance of OPC 496 

According to the above results, incorporating the ultra-fine WGP accelerated cement hydration 497 

significantly enhanced compressive strength development. This effect would be closely related 498 

to the physicochemical properties of WGP prepared by wet grinding. The relations between 499 

the physicochemical properties of WGP and the evolution of performance are discussed as 500 

follows:  501 

Firstly, the enhanced early hydration promoted by the nucleation effect was achieved using the 502 

submicron-sized WGP [76]. In this study, ultra-fine WGP with a D50 of 500 nm was produced 503 
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through wet grinding, which was used as nucleation seeds to accelerate the hydration of 504 

clinkers.  505 

However, unlike other nanoparticles, such as nano-SiO2 and C-S-H, the ultra-fine WGP could 506 

also enhance the dissolution of alkali ions into the pore solution due to the defects on the surface 507 

produced from wet-grinding [58]. The high alkalinity environment could facilitate the 508 

precipitation of ettringite and the formation of C-S-H, leading to better early strength 509 

development [68].  510 

As an SCM, ultra-fine WGP could participate in pozzolanic reactions with cement at an early 511 

age to form gel products, which are different from micron-sized WGP. Generally, micron-size 512 

WGP could retard the hydration and mainly contribute to later strength [43]. However, the wet 513 

grinding process could produce defects on the surface of WG [58], which provided reactive 514 

sites for the reaction with CH, leading to higher pozzolanic reactivity. The early reduced Ca2+ 515 

concentration might indicate that CH was consumed and participated in the pozzolanic reaction 516 

at an early age. In addition, the gel products produced from ultra-fine WG-cement consisted of 517 

more HD C-S-H (as shown in Fig. 11), which was associated with the refined pore structure in 518 

this study. The lower porosity observed in the cement paste with ultra-fine WGP could explain 519 

the higher 1-d compressive strength. Furthermore, the modified surface of ultra-fine WG was 520 

also associated with longer MCL and higher polymerisation of C-S-H. The ultra-fine WG 521 

might facilitate the dissolution of Si ions, which participated in the polymerisation of C-S-H. 522 

Overall, the ultra-fine WG via the above mechanisms could, therefore, serve as an early-age 523 

accelerator, compensating for the disadvantages of using micron-size WGP in cement-based 524 

materials, such as low strength at an early and later age. 525 

4.3 Innovation significance and recommendation for future work 526 

The significance of this study could be divided into environmental and applicable aspects. 527 

Firstly, part of WG is disposed of at a landfill as waste daily. Broadening the application of 528 
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WG could consume WG as a resource and reduce the accumulation of WG at landfills. Wet-529 

grinding of WG is a less costly approach to producing reactive cementitious materials, which 530 

enhances the feasibility and applicability of advanced construction materials with large 531 

volumes of costly binders, such as ultra-high-performance concrete (UHPC). Ultra-fine WG 532 

was aimed to replace costly cement or other high-quality SCMs, such as GGBS and SF.  533 

This study mainly focuses on the physicochemical properties of ultra-fine WGP and proposes 534 

the mechanism of ultra-fine WGP in cement hydration, mechanical performance, and 535 

microstructure. Therefore, more work could be conducted to validate the feasibility of using 536 

ultra-fine WGP in concrete in the future. While the higher reactivity was observed, a 537 

comparison to other conventional SCMs, especially silica fume, could be carried out to 538 

demonstrate the merits of ultra-fine WGP and the possibility of replacing conventional SCMs. 539 

Moreover, using WG in concrete could raise concerns about durability performance, such as 540 

ASR and shrinkage. More investigation on the durability of concrete should be suggested. Last 541 

but not least, some works could also focus on the effects of incorporating high-volume ultra-542 

fine WG on the long-term performance of concrete. 543 

5. Conclusion 544 

This study investigated the effect of wet grinding on the physicochemical properties of WGP 545 

and the effect of incorporating the wet grinding of WGP on the early hydration kinetics, 546 

mechanical performance, and microstructure of cement pastes. The conclusion of this study is 547 

summarised as follows: 548 

1. Through wet-grinding, ultra-fine WGP with D50 of 500 nm was produced with a modified 549 

surface composition and zeta potential. 550 

2. Ultra-fine WGP significantly influences the early-age development of the mechanical 551 

properties of the cement paste. Incorporating ultra-fine WGP increased 1-d, 7-d and 28-d 552 
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compressive strength by 50 %, 30 %, and 10 %, respectively. Therefore, incorporating 553 

ultra-fine WGP would mitigate the adverse effect of conventional SCMs on early strength.  554 

3. A small amount (3 %) of ultra-fine WGP incorporation increased the alkaline ion 555 

concentration and pH in the pore solution of the cement paste. The higher alkalinity 556 

environment enhanced the precipitation of ettringite and the formation of C-S-H, leading 557 

to better early strength development.  558 

4. Ultra-fine WGP can be characterised as a new material with multiple effects on nucleation, 559 

hydration kinetics, mechanical performance and microstructure of cement pastes. It could 560 

be an alternative to substitute reactive but costly SCMs. 561 
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