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Abstract 15 

This study aimed at developing an eco-friendly precast concrete product by enhancing 16 

the application of waste glass. The waste glass was utilized as both fine aggregates and 17 

a partial binder in the form of glass powder (GP) in the paving blocks. The results 18 

showed that the strength was constant despite increasing amount of glass cullet (GC) 19 

was used in the paving blocks. The combined use of GC and fine GP was beneficial in 20 

reducing the water absorption and drying shrinkage of the paving blocks within 21 

permissible limits. Moreover, the addition of GP could successfully address the concern 22 

of ASR expansion resulting from GC.  23 
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1. Introduction29 

1.1 Waste glass in Hong Kong 30 

The large amount of waste glass generation (329 tonnes/daily in 2016 [1]) has become 31 

a serious concern in Hong Kong due to there is no glass manufacturing industry and the 32 

running out of landfill sites in Hong Kong. Actually, the Hong Kong Government has 33 
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taken actions to expand the recycling outlets for waste glass to tie in with the imminent 34 

implementation of the Producer Responsibility Scheme on glass beverage bottles which 35 

aims at enhancing the recovery rate of waste glass in Hong Kong. Even so, the recycling 36 

rate of waste glass was only 7.7% in 2016 based on the Environmental and Protection 37 

Department (EPD) statistics [1], which was much lower when compared to other 38 

countries, such as Sweden (99%), Switzerland (98%), Belgium (96%) and Germany 39 

(85%) [2]. In Europe, the majority of waste glass bottles can be recycled back for 40 

making new beverage packaging to form a bottle-to-bottle closed loop cycle. But in 41 

Hong Kong, the deposit-and-return cycle has disappeared as all the local beverage 42 

manufacturers have moved their bottling plants outside the territory. Thereby, the 43 

current way of managing the waste glass is normally disposal at landfills. To reduce the 44 

environmental impacts and promote sustainable management of waste glass, further 45 

investigations are necessary to explore practicable means to increase the recycling of 46 

the waste glass.  47 

 48 

1.2 Use of waste glass in concrete paving blocks 49 

Beverage glass container is an artificial product produced with sand, soda ash and 50 

limestone, and is also called soda-lime-silica glass. It is chemically inert and possesses 51 

high intrinsic strength, therefore it has potential to be used as a secondary raw material. 52 

Besides reuse it for glass manufacturing, the utilization of waste glass in construction 53 

products is one of the most attractive approaches because it is potential to recycle a 54 

large amount of glass [3]. A number of studies had been conducted to evaluate the 55 

potential use of waste glass as aggregates in cement mortars and concrete [4-8]. 56 

However, there are still some technical limitations when using waste glass as fine 57 

aggregates in concrete. For example, the replacement of natural fine aggregates by the 58 

glass cullet (GC) normally results in inferior mechanical performance [9-11]. 59 

Furthermore, severe segregation and bleeding would be found as fine aggregates were 60 

fully replaced by GC [12]. Therefore, more attention was paid to investigate the 61 

feasibility of using waste GC as fine aggregates for the production of dry-mixed 62 

concrete paving blocks.  63 

 64 

Poon and Lam [13] prepared an eco-friendly concrete block with 50% GC and 50% 65 

recycled aggregates. The result showed that the high water absorption of the concrete 66 

blocks resulting from the incorporation of recycled aggregates could be reduced by the 67 
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use of GC. In addition, improvement of abrasion resistance was found in the concrete 68 

blocks prepared with glass aggregates incorporation [14]. Ling and Poon [15] indicated 69 

that the use of discarded cathode ray tube glass as an alternate fine aggregate in the dry-70 

mixed concrete paving blocks was helpful to reduce the drying shrinkage and water 71 

absorption. But, the content of cathode ray tube glass for producing concrete blocks 72 

should be limited to about 25% glass due to the possible leaching of lead. The study of 73 

Lee et al. [16] showed that the inclusion of the very fine GC increased the compressive 74 

strength of concrete blocks due to the pozzolanic reaction of the very fine glass particles. 75 

In addition, the photocatalytic performance for removing air pollutants was improved 76 

when the GC was incorporated together with TiO2 in paving block owing to the high 77 

light transmitting characteristic of the GC [17]. However, in terms of using GC in 78 

cement-based materials, a major concern is the potential alkali-silica reaction (ASR) 79 

expansion due to the presence of glass particles. According to a recent work [18], the 80 

larger pores in the dry-mixed glass concrete could accommodate the ASR gel, which 81 

made it effective to mitigate the expansion of ASR gel than the conventional wet-mixed 82 

glass concrete. Moreover, the addition of supplementary cementitious materials (SCMs) 83 

like fly ash and metakaolin could further suppress the ASR in the glass-based concrete 84 

blocks [19]. 85 

 86 

More importantly, the dry-mixed method for the production of concrete paving blocks 87 

is cost-effective because of its short production cycle time. Based on these advantages, 88 

in Hong Kong, the dry-mixed paving blocks prepared with waste glass have been 89 

widely applied in various road maintenance contracts, public works and housing 90 

projects since 2010 [20]. The technology for production of dry-mixed concrete paving 91 

blocks in the local industry is demonstrated in Fig. 1.  92 

 93 
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 94 

At present, up to 25% of total aggregates (including coarse and fine aggregates) are 95 

replaced by waste GC (as part of the fine aggregates) for the production concrete paving 96 

blocks. Therefore, it is needed to investigate the feasibility of increased an amount of 97 

waste glass in the paving blocks. The aim of this study was to design an eco-friendly 98 

concrete paving block by maximizing the application of waste glass. The waste glass 99 

was not only employed as fine aggregates but also as a SCM (in the form of glass 100 

powder) for replacing cement. The study focused on entirely replacing the fine 101 

aggregates with waste GC, meanwhile, up to 20% of cement was replaced by waste 102 

glass powder (GP) to further improve the performance of the paving blocks. Physical 103 

properties (density, water absorption), mechanical property (compressive strength) and 104 

durability (ASR, drying shrinkage) of the developed paving blocks were determined.  105 

 106 

1.3 Research significance 107 

A significant amount of waste glass is generated in Hong Kong, which imposes 108 

tremendous environmental problems due to its non-combustible and non-putrescible 109 

nature. Even worse, the shortage of waste disposal sites in Hong Kong poses a challenge 110 

to deal with this kind of solid waste. This study was conducted to maximize the 111 

application of waste glass in the concrete paving blocks, which may help expand the 112 

recycling of local waste glass. Furthermore, recycling the waste glass as a secondary 113 

raw material like aggregates can also alleviate the demand for virgin resources since 114 

the local quarry sites for aggregates production are expected to be exhausted soon. In 115 

order to maximize the application of waste glass in the production of concrete paving 116 

blocks, this study proposed two strategies for enhancing the waste glass content, which 117 

were: (i) the use of GC from locally generated waste glass bottles as fine aggregates, 118 

Fig. 1 Technology for production of concrete paving blocks in local industry 
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and (ii) the use of waste glass powder ground from GC as partial cement replacement. 119 

The results of this study were expected to provide a guidance to recycle waste glass in 120 

the concrete paving blocks for footpaths and carriageways applications (i.e. 30 MPa 121 

and 45 MPa, respectively). Previously, several studies [21-23] have been conducted on 122 

the performance of cement mortar and concrete prepared with GC and GP 123 

simultaneously. But no investigation was done on using GC and GP simultaneously in 124 

the production of concrete paving blocks.  125 

 126 

2. Experimental design 127 

2.1 Materials  128 

The materials used to fabricate the concrete paving blocks were ASTM type I ordinary 129 

Portland cement (OPC, 52.5), natural coarse aggregates (CA, 5~10 mm), crushed fine 130 

aggregates (FA, 0~5 mm), waste glass cullet (GC, 0~5 mm) and waste glass powder 131 

(GP). The OPC was supplied by Green Island Cement in Hong Kong. The CA and FA 132 

were crushed granite sourced from a local aggregate supplier. The GC used in this study 133 

was provided by a local waste glass recycling facility which collected and crushed post-134 

consumer beverage bottles to produce the GC. The gradation curves of GC and FA are 135 

presented in Fig. 2(a). The GP was obtained after grinding the GC with a laboratory 136 

ball mill for 2 hours (as shown in Fig. 3). The ball mill used was a cylindrical barrel 137 

with internal diameter of 260 mm and length of 330 mm. The rotation speed of ball mill 138 

was 60 r/min and the mass ratio of steel balls to GC was set to 6:1. Fig. 2(b) shows the 139 

particle size distributions of OPC and GP, indicating that the mean diameter of GP (47.9 140 

μm) was larger than that of OPC (40.8 μm). The chemical compositions of OPC and 141 

GP were analyzed by X Ray Fluorescence and shown in Table 1. The densities of all 142 

the raw materials used in this study are listed in Table 2. It can be noted that the densities 143 

of GP and GC were lower than those of OPC and natural aggregates, respectively. 144 

 145 
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 146 

 147 

 148 

Table 1 Chemical compositions of cementitious materials 149 

Chemical composition, % OPC GP 

SiO2 19.78 73.50 

Al2O3 3.85 0.73 

Fe2O3 3.15 0.38 

CaO 65.21 10.45 

MgO 1.50 1.25 

Na2O - 12.74 

K2O 0.70 0.69 

SO4 5.49 - 

TiO2 0.27 0.09 

MnO 0.06 0.01 

Cr2O3 - 0.12 

   

Fig. 2 Particle sizes of fine aggregates and GP, gradation of GC and FA (a); and particle 

size distribution of GP (b) 

 

Fig. 3 Transition from glass cullet to glass powder 

(a) (b) 
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 150 

Table 2 Densities of cementitious materials and aggregates  151 

Density (g/cm3) OPC GP CA FA GC 

Value 3.03 2.37 2.59 2.59 2.48 

 152 

2.2 Proportion of mix 153 

In order to produce concrete paving blocks with a maximum content of waste glass, the 154 

recycled GC was used to replace 0%, 25%, 40%, 55% and 70% of the total amount of 155 

aggregates by weight. It should be noted that since the particle size of waste GC was 156 

less than 5 mm, it was only used to replace the fine aggregates. Furthermore, 20% of 157 

OPC was replaced by the GP to address the ASR problem to enhance the dosage of the 158 

waste glass in the blocks. The mixes were prepared with only sufficient amount of water 159 

to produce a cohesive mix but with no slump/workability, with the water-to-binder (w/b) 160 

ratios was 0.24~0.32. The aggregates-to-binder (a/b) ratio of the paving blocks 161 

mixtures were fixed at 4.0. The mix proportions of the paving blocks produced are listed 162 

in Table 3.  163 

 164 

Table 3Mix designs of concrete paving blocks containing waste glass (kg/m3) 165 

Mix 
OPC 

 

GP 

 

CA 

 

FA 

 

GC 

 Water 

 
a/b w/b 

Density (g/cm3) 3.03 2.37 2.59 2.59 2.48 

0GC 480  0 533  1387  0  153.6  4.0  0.32  

25GC 480  0 533  907  480  153.6  4.0  0.32  

40GC 480  0 533  619  768  134.4  4.0  0.28  

55GC 480  0 533  331  1056  124.8  4.0  0.26  

70GC 480  0 533  43  1344  115.2  4.0  0.24  

70GC+20GP 384 96 533 43 1344 115.5 4.0 0.24 

Note: The notations in the mix designations correspond to the percentages of waste GC/GP present in 166 

the aggregates/binder. For example, 25%GC means that 25% of the total amount of aggregates were 167 

replaced by GC (by weight), and the GC were only used to replace the fine aggregates due to their similar 168 

gradation and density. Based on practical experience in the industry, the maximum percentage of fine 169 

aggregates was 70% of the total aggregates in the blocks. Therefore, the levels of GC as aggregates 170 

replacement were based on such a level. GP was used as a supplementary cementitious material to 171 
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replace 20% of OPC by weight although the density of GP was lower than that of OPC. 172 

 173 

2.3 Preparation of paving blocks 174 

The recycled GC was blended with the corresponding amount of cement, CA, and FA 175 

in accordance with Tables 2 to prepare the paving blocks. Then, water was introduced 176 

to the dry mix of the cement-aggregates until a homogeneous mixture was formed. The 177 

amount of water needed for blocks making were adjusted according to the moisture 178 

content of the mixtures. It is worth to point out that the incorporation of waste GC 179 

slightly reduced the amount of water required to produce the same mix cohesiveness 180 

since the water absorption of GC was negligible. Based on the actual industrial 181 

production, the mixed material was fabricated in steel moulds (100 mm×200 mm×60 182 

mm). The freshly mixed mixture cast into the moulds in two separate layer and each 183 

layer was compacted by manual tamping in turn. Afterward, a maximum compressive 184 

force of 600 kN was applied for about 60 s to mechanically compact the mixture within 185 

the moulds. The fabricated blocks in the steel moulds were covered by a wet towel to 186 

reduce the initial moisture loss. The paving blocks were then demoulded after 24 h of 187 

casting. After demoulding, the mixes were cured in ambient temperature for 28 days to 188 

assess the various properties of the blocks.  189 

 190 

2.4 Properties of paving blocks 191 

The concrete paving blocks prepared were tested according to relevant standards 192 

(British Standards or American Society for Testing and Materials) with due reference 193 

to the relevant sections of the Hong Kong General Specifications for Civil Engineering 194 

Works, 2006 Edition. 195 

 196 

2.4.1 Density 197 

The density of paving blocks was determined using a water displacement method as per 198 

BS 1881 Part 114 for hardened concrete paving blocks [24]. After curing, the blocks 199 

were placed on a stirrup equipped in a balance, and fully immersed in water. The density 200 

was calculated using the following formula: 201 

ρ = Ma/(Ma-Mw) 202 

where: 203 

ρ means the bulk density of the blocks after immersion (in g/cm3); 204 

Ma stands for the mass of the saturated specimen in air (in g); 205 
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Mw represents the mass of the saturated specimen in water (in g). 206 

 207 

2.4.2 Water absorption 208 

The water absorption values were determined in accordance with AS/NZS 4456.14 [25]. 209 

After completing the above density testing, the specimens were immediately transferred 210 

to a ventilated drying oven at a constant temperature of 105 °C for 24 h. After removing 211 

each specimen from the oven, they were allowed to cool in dry air. The water absorption 212 

of each specimen could be obtained using the formula: 213 

A = [(Ma – Mo)/ Mo] × 100% 214 

where:  215 

A = water absorption of sample after immersion; 216 

Mo = mass of oven-dried sample in air (in g); 217 

Ma = mass of surface-dry sample in air after immersion (in g). 218 

 219 

2.4.3 Compressive strength 220 

The compressive strength of concrete blocks was determined using a compaction 221 

machine with a maximum capacity of 3000 kN. The testing method was in accordance 222 

with BS EN 12390-3:2009 [26]. The load was increased at a rate of 0.6 MPa/s until 223 

failure and the maximum force was recorded. For the rectangular blocks (100 mm×200 224 

mm×60 mm), prior to the loading test, the thickness of each block was measured for 225 

calculating the compressive strength. The calculation equation for compressive strength 226 

was based on the Hong Kong General Specification for Civil Engineering Works [27], 227 

the compressive strength value was an average of measurements of two specimens. 228 

C = 2.5F/ [A×(1.5+L/H)] 229 

Where: 230 

C is the compressive strength (MPa); 231 

F is the breaking load (N); 232 

A is the nominal gross plan area (mm2); 233 

L is the minimum size of the two plan dimension (mm); 234 

H is the thickness of the block (mm). 235 

 236 

2.4.4 Drying shrinkage 237 

The drying shrinkage of the block specimens was determined according to British 238 

Standard (BS ISO, Part 8: 1920) method [28]. The blocks were fabricated in steel 239 

moulds with internal dimensions of 25 mm×25 mm×285 mm. The specimens were 240 
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demoulded after 24 h casting, then placed into the water tank for 7 days curing. The 241 

initial lengths of the block specimens were measured immediately after removing them 242 

from the curing tank. Then, the specimens were conveyed to a drying chamber at 25 °C 243 

and a relative humidity of 50% until further measurement at 1st, 4th, 7th, 14th, 21st and 244 

28th day.  245 

 246 

2.4.5 Alkali-silica reaction (ASR) 247 

In order to measure the ASR expansion for glass-based paving blocks, an accelerated 248 

block bar test was carried out in accordance with ASTM C1260 [29]. The specimens 249 

with dimensions of 25 mm×25 mm×285 mm were cast. After demoulding, the block 250 

specimens were transferred into 80 °C water tank for 24 h and the length was recorded 251 

as the zero reading using a length comparator. Then, the specimen bars were transferred 252 

and immersed in 1M NaOH solution at 80 °C. The expansion values of the specimens 253 

were measured at 1st, 4th, 7th, 14th, 21st and 28th day.  254 

 255 

2.4.6 Microstructure tests 256 

Scanning Electron Microscopy and coupled with Energy Dispersive X-Ray 257 

Spectroscopy (SEM-EDX) analyses (Tescan VEGA3) were conducted to evaluate the 258 

mechanism on the effect of GC and GP on the ASR expansion of the paving blocks. 259 

After the ASR test, the block samples were broken into pieces and the cement mortars 260 

except the coarse aggregates were collected for morphology observation. The prepared 261 

mortar pieces were first immersed into ethanol for two weeks to stop further reaction, 262 

followed by drying in a vacuum chamber at 60 °C for another two weeks to remove the 263 

residual ethanol. Before testing by SEM-EDX, the mortar pieces were coated by Au for 264 

conduction purpose. Both the SEM images and EDS were obtained in a vacuum 265 

condition with a voltage of 20 kV and a working distance of about 10 mm. The 266 

magnification of each image was selected based on the sizes of GC and GP. The detailed 267 

information on the setting of SEM equipment was showed in the bottom side of SEM 268 

images. Mercury Intrusion Porosimetry (MIP, Micromeritics AutoPore IV 9500 Series) 269 

was employed to understand the influence of GP incorporation on the pore structure of 270 

glass-based paving blocks and explore the underlying mechanism of GP in ASR 271 

suppression. The samples prepared for MIP test was the same as the SEM test. The pore 272 

sizes measured by this method ranged from 150 μm down to 7 nm. A maximum mercury 273 

intrusion pressure of 207 MPa was performed for determining the pore structure. 274 

 275 
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3. Experimental results 276 

3.1 Density and water absorption  277 

 278 

Fig. 4 presents the density and water absorption values of the glass-based paving blocks. 279 

It is observed that both the density and water absorption of the paving blocks decreased 280 

when the amount of GC was increased. This can be attributed to the soda-lime-silica 281 

glass aggregates having a lower specify gravity (see Table 2) as compared to the crushed 282 

aggregates. Similar results were reported by Ismail and AL-Hashmi [30], who found 283 

that the density of concrete incorporating GC as fine aggregates was lower than that of 284 

the control concrete without GC. Furthermore, the replacement of cement by GP could 285 

decrease the hardened density of the paving blocks. This can also be explained by the 286 

lower inherent density of glass as compared to that of cement [31] which was also 287 

shown in Table 2.  288 

 289 

As required by the Hong Kong specifications [27], the water absorption of the concrete 290 

paving blocks should be less than 6%. Apparently, the water absorption of the blocks 291 

incorporating GC did not exceed 6%, and the water absorption was significantly 292 

reduced when the GC content increased. This trend was due to the impermeable 293 

property of the GC [32]. The replacement of cement by GP further reduced the water 294 

absorption of the paving blocks. The reason for this behavior was attributed to the 295 

denser microstructure of the cement mortar in the mixture owing to the pozzolanic 296 

 

Fig. 4 Effect of GC and GP on the density and water absorption of 

paving blocks 
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reaction of GP (to be discussed in Section 4). This trend of reduction in the water 297 

absorption was also found by previous studies on cement mortar [33] and concrete [34] 298 

incorporating 20% GP. 299 

 300 

3.2 Compressive strength  301 

 302 

Fig. 5 shows the influence of different GC contents and GP incorporation on the 303 

compressive strength of the paving blocks. It can be noticed that the 28-day 304 

compressive strength kept relatively constant at above 50 MPa when the amount of GC 305 

was increased from 0% to 70%. In other words, the increasing content of GC had no 306 

adverse effects on the compressive strength when it is used in concrete paving blocks 307 

which is contrary to the decreasing trend found in normal concrete [9-11]. The 308 

difference may be explained by the different casting methods of the concrete mixtures. 309 

As known, normal concrete is commonly cast by the wet-mixed method, which 310 

normally has a good workability to facilitate casting using normal means of compaction 311 

(e.g. vibrating table or poker vibrator). Using the wet-mixed method, the aggregate 312 

particles are wrapped relatively uniformly by the cement paste. Hence, the bonding 313 

between the aggregates and cement paste would be a principal factor in controlling the 314 

strength. For the case of normal concrete prepared with GC incorporation, the weak 315 

bonding between the cement paste and the GC due to the smooth surface of glass 316 

particles was mainly responsible for the reductions in strength. A pervious study [21] 317 

also verified the weak interfacial transition zone in the vicinity of the GC. Furthermore, 318 

it was also found that the higher porosity near the GC might cause a decrease in strength 319 

 

Fig. 5 Effect of GC and GP on compressive strength of paving blocks 
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because the non-absorbent nature of the glass resulted in localized bleeding of water 320 

around the GC.  321 

 322 

But in this study, the concrete paving blocks were produced by a dry-mixed casting 323 

method. The mixture was prepared with only a minimal amount of water with no 324 

workability and compacted via a specified compressive force into the moulds. 325 

Therefore, the packing of the concrete mixture associated with the gradation of 326 

aggregates might played a more important role in determining the strength. As showed 327 

in Fig. 2(a), the particle size of GC was finer than that of the replaced fine aggregates, 328 

making it easier to fill up the gaps between the coarse aggregate particles. Thus, the 329 

mixtures prepared with GC could be compacted to produce a denser matrix than those 330 

prepared with FA. This beneficial effect would counteract the adverse effect brought by 331 

the weak bonding between the GC and the cement paste. In addition, the lesser amount 332 

of water required for producing the block mixtures with the increase of GC content was 333 

also conducive to compensating the strength loss. Therefore, the better packing 334 

efficiency and low water to binder ratio may be the reasons why the compressive 335 

strength of paving blocks remained almost consistent when the GC percentage was 336 

increased up to the maximum content.  337 

 338 

More importantly, it is found that all the compressive strengths of the paving blocks 339 

could satisfy the minimum limit of the Hong Kong requirements (as shown in Fig. 5), 340 

irrespective of the GC content. The sufficient strength strongly supports the feasibility 341 

of using more glass for making the concrete paving blocks. Moreover, it is interesting 342 

to notice that the replacement of 20% cement by GP only led to a slight reduction in the 343 

compressive strength. For using GP in cement-based construction materials, extensive 344 

studies [35-37] had demonstrated its pozzolanic reactivity. The relatively low 345 

pozzolanic activity of GP at the early age [21] was the main reason for the slight 346 

reduction of strength. However, the compressive strength achieved could still exceed 347 

the requirements for practical applications.  348 

 349 

3.3 Drying shrinkage 350 

The effects of the maximum GC content and GP incorporation on the drying shrinkage 351 

of the paving blocks are presented in Fig. 6. Apparently, the blocks without the GC had 352 

high drying shrinkage values with above 1000 micro-strains. When the maximum 353 
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content of GC was used to fully replace the fine aggregates, the drying shrinkage 354 

decreased effectively and the ultimate value was half of that of blocks prepared without 355 

GC. The shrinkage of the blocks was largely caused by moisture loss from the hydrated 356 

cement materials upon exposure to the external drying conditions. A previous study [38] 357 

reported that a lower water to binder ratio led to a lower drying shrinkage value in the 358 

concrete. In this study, the negligible water absorption capacity of glass particles would 359 

result in less amount of evaporable water in the cementitious paste because a lower 360 

water to binder ratio was required in the mixture preparation. Therefore, the drying 361 

shrinkage of the paving blocks was reduced as the GC was introduced as fine aggregates. 362 

Similar reductions in the drying shrinkage were also reported for cement mortars [39] 363 

and normal concrete [40] incorporating GC. As recommended by the Australian 364 

Standard (AS1012.13 [41]), the drying shrinkage value of concrete should be less than 365 

1000 micro-strains. Therefore, the introduction of the maximum amount of GC as fine 366 

aggregates in this study could successfully render the shrinkage of the paving blocks 367 

within the permitted limit. 368 

 369 

 370 

The replacement of cement by GP further reduced the drying shrinkage of the blocks. 371 

Moreover, most of the shrinkage on the paving blocks took place before 7 days of 372 

drying. Therefore, the pozzolanic effect of the GP occurring at the late age was not the 373 

key factor in controlling the drying shrinkage. On the one hand, the dilution effect due 374 

to the addition of GP was beneficial to reduce the shrinkage as the replacement of 20% 375 

cement by GP reduced the amount of cement hydration, which mitigated the volume 376 

 

Fig. 6 Effect of GC and GP on the drying shrinkage of paving blocks 
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contraction of the hydration products due to chemical reactions [6]. Furthermore, the 377 

beneficial effect of reduction in shrinkage may be related to the irregular shapes and 378 

high aspect ratios of the glass particles [21], which might act as micro-fibers in 379 

restricting the shrinkage of the cement mortar in the paving blocks.  380 

 381 

3.4 ASR expansion 382 

 383 

As expected, the high content of GC in the paving blocks would cause excessive 384 

expansion when subjected to the accelerated test due to the alkali-silica reaction (ASR) 385 

expansion (as shown in Fig. 7). Although the ASR expansion within 14 days was below 386 

permissible limit, the severe expansion at later ages is still a concern. Indeed, the 387 

expansion of 70G specimen increased rapidly after immersion in the alkali solution for 388 

14 days. This is because the process of silica dissolution from glass was slow under the 389 

attack of hydroxyl ions at the early age. After 14 days, the reaction between the alkali 390 

and the silica developed intensely in the glass aggregates and the accumulated swelling 391 

pressure due to the ASR gel incurred excessive expansion (to be discussed in Section 392 

3.5). Apparently, deteriorated ASR cracks were observed on the surface of the block 393 

specimen when 70% of total aggregates was replaced by GC. This is attributed to the 394 

increased volume of ASR gel in the region of reaction sites resulted in expansive stress, 395 

 

 

 

 

Fig. 7 Effect of GC and GP on the ASR expansion of paving blocks 
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which had exceeded the tensile strength of the cement paste [42]. 396 

 397 

By contrast, no ASR crack was observed in the control mixture (0GC) prepared without 398 

GC and the 70GC+20GP specimen in which GC and GP were used simultaneously. The 399 

results show that the use of GP as a replacement of cement was very effective in 400 

reducing and eliminating the potential ASR risk triggered by GC when 20% GP were 401 

cooperatively used with the maximum content of GC in the paving blocks. This 402 

encouraging result was consistent with previous findings [6, 43] that using 20% GP in 403 

the binder could successfully inhibit the ASR when cement mortars was prepared with 404 

100% GC as aggregates. The reason for such high effectiveness might be due to the 405 

favorable composition of GP and its fine particle size. The explanation will be further 406 

elaborated in the following section. It can be concluded that the combined use of GC 407 

and GP can effectively eliminate the potential risk of ASR in the concrete paving blocks 408 

and further contribute to the durability and sustainability of the blocks. 409 

 410 

3.5 Microstructure analysis 411 

In order to better understand the underlying deterioration mechanism of the ASR 412 

expansion due to the GC incorporation and the beneficial roles of the GP in mitigating 413 

the ASR of the GC, SEM equipped with EDX studies were conducted. Fig. 8 presents 414 

the morphology and elemental compositions for the block specimens after the ASR test 415 

for 28 days. In the cases of the paving blocks prepared without GC, there were micro-416 

cracks present within the aggregate particles (as seen in Fig. 8(a)). These cracks were 417 

likely associated with the dry-mixed fabrication process [18]. Also, cracks were found 418 

in the vicinity of the fine aggregates (see Fig. 8(b)) due to the poor bonding with the 419 

cement paste. However, it is obviously noticed that no expansive ASR gel was found 420 

within the cracks both in the interior and the surface of the aggregates. This means that 421 

little ASR risk was associated with the use of crushed granite as fine aggregates. In 422 

addition, the result correlated well with the low ASR expansion of the paving blocks 423 

prepared without GC. 424 

 425 

 426 
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 427 

Fig. 8(c) shows the microstructure of the block specimen prepared with 70% GC after 428 

28 days of immersion in 80°C NaOH solution. It can be clearly observed that larger 429 

cracks were formed in the interior of the GC. Generally, ASR is considered to form on 430 

the surface of the reactive siliceous aggregates, which is dissolved by hydroxyl ion and 431 

the dissolved silicate react with the alkaline ions to form ASR gel [44]. However, in the 432 

  

  

  

Fig. 8 Morphology observation of ASR expansion in paving blocks, 0GC (a, b); 

70GC (c, d); 70GC+20GP (e, f) 
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case of the dry-mixed paving blocks, internal micro-cracks were likely to be generated 433 

initially within the glass aggregates due to the high pressure compaction procedure. The 434 

original micro-cracks inside the interior of the large glass particles provided a favorable 435 

condition for the formation of ASR gel because the dissolved silica and sodium ions 436 

present in the small space of the micro-cracks could hardly diffuse away [42, 45], 437 

leading to very high concentrations of silica and sodium and a low concentration of 438 

calcium in the cracks. Hence, the ASR gel was formed and accumulated within the GC.  439 

 440 

To validate this assumption, EDX was used to analyze the ASR gel on the surface of 441 

the GC. Fig. 8(d) and Table 3 illustrate the elemental compositions of zones 1~5 of Fig 442 

8(c). Fig. 8(d) shows similar elemental distributions in zones 1 and 5 with a relatively 443 

low sodium content. The high silica concentrations as indicated in Table 3 confirm that 444 

the zones 1 and 5 were the glass particles. In contrast, it can be seen in Fig. 8(d) that 445 

the zones 2, 3 and 4 contained much higher sodium contents. These results are verified 446 

in Table 3, which shows that the sodium concentrations in zones 2, 3 and 4 were more 447 

than twice of those in zones 1 and 5. Meanwhile, the amounts of calcium in zones 2, 3 448 

and 4 were less than half than in zones 1 and 5 (GC). Therefore, it is highly likely that 449 

these alkali-calcium-silicate products in the interior of GC with extremely high Na/Si 450 

and Na/Ca ratios (see Table 4) were the expansive ASR gel, which led to excessive 451 

expansion by adsorption of water.   452 

 453 

Table 4 Compositions of zones 1, 2, 3, 4 and 5 by EDX 454 

Atomic% Zone 1 Zone 2 Zone 3 Zone 4 Zone 5 

Ca 8 3 3 3 6 

Si 43 17 17 17 35 

Na 7 17 17 16 8 

Ca/Si 0.19 0.18 0.18 0.18 0.17 

Na/Si 0.16 1.00 1.00 0.94 0.23 

Na/Ca 0.88 5.67 5.67 5.33 1.33 

 455 

Another interesting result obtained was the low Ca/Si ratios (＜0.2) in zones 2, 3 and 4 456 

(ASR gel). As reported in previous studies [46, 47], ASR gel with Ca/Si ratios higher 457 

than 0.5 might have a high stiffness which did not expand as the composition and 458 

properties of ASR gel is close to those of normal C-S-H. On the contrary, the lower 459 

Ca/Si ratios of the ASR gel formed inside the GC could increase the potential expansion 460 

due to its lower stiffness. Subsequently, cracks would propagate from the GC [18] and 461 
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extend to the surrounding cement paste matrix causing more cracking once the swelling 462 

stress exceeded the tensile strength of cement paste. 463 

 464 

For the paving block prepared with GC and GP (Fig. 8(e, f)), it can be noticed that no 465 

observable ASR-induced cracks were found within and on the surface glass particles. 466 

This indicates that the addition of fine glass particles (i.e. GP) could effectively 467 

suppress the ASR expansion caused by the coarse glass particles (i.e. GC). The 468 

observation also supports the beneficial effect of GP as shown in Fig. 7. The possible 469 

explanations could be due to the composition and particle size effects of GP. As reported 470 

by Shehata and Thomas [48], the efficacy of fly ash in controlling ASR expansion 471 

increased as its silica content increased. Based on this mechanism, the addition of GP 472 

with a high silica content would play the same role in reducing ASR expansion. In 473 

addition, the alkali hydroxide would preferentially react with the small GP particles 474 

(large specific surface area) to form mature alkali silicate, which could further combine 475 

with calcium ions to form solid calcium alkali silicate, thus avoiding the formation of 476 

reaction rims around the reactive glass aggregate [49]. This explanation was supported 477 

by the study of Kamali and Ghahremaninezhad [50], which indicated that the 478 

dissolution of large-sized glass was significantly reduced in alkaline solution (1 N 479 

NaOH solution at 80°C) with GP addition. The reduced concentration of hydroxyl ions 480 

available near the coarse glass aggregates due to the prior reaction with the fine glass 481 

particles may be responsible for the reduction in the rate of silica dissolution from GC. 482 

Therefore, the incorporation of GP with finer particle size was effective in reducing 483 

ASR of the glass aggregates. 484 

The Fig. 9 shows the characteristics of pore structure in the maximum GC incorporating 485 

paving blocks with and without 20% GP. The refinement of pore size due to the 486 

introduction of GP can be observed. The dense microstructure induced by the GP could 487 

be a reason for the reduced water absorption. Moreover, the number of finer pores was 488 

increased as the cement was replaced by the GP. This beneficial effect was mainly 489 

attributed to the formation of additional hydration products by the pozzolanic reaction 490 

between the GP and the calcium hydroxide. A previous study [21] also found that many 491 

fibrillar hydrates were formed in the cement-glass powder matrix due to the high 492 

amorphous silica content in the GP. These fibrillar shaped hydration products were 493 

conducive to filling the large pores and strengthening the matrix. 494 
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 495 

 496 

 497 

4. Discussion 498 

The experimental results showed that the use of aggregates with a low water absorption 499 

(i.e. GC) as fine aggregates significantly reduced the water absorption of the concrete 500 

paving blocks. This indicates that the water absorption of the aggregates itself also 501 

played an important role in affecting the water absorption of the produced concrete 502 

products. Poon and Lam [13] found that the water absorption value of the concrete 503 

mixes was closely associated with the corresponding water absorption of the aggregates 504 

used. Therefore, the result of this study provides guidance to design concrete or paving 505 

blocks with specific water absorption through the selection of aggregate types. 506 

Moreover, it is encouraging to find that the replacement of cement by 20% GP can 507 

further result in the reduction of the water absorption of the paving blocks. Based on 508 

the pore structure analysis, the reduced large pores and increased number of small pores 509 

due to the introduction of GP  may contribute to the reduced water absorption.  510 

 511 

 512 

It is noteworthy that the drying shrinkage value of the paving blocks prepared with the 513 

maximum content of GC used in this study was far below the limit of 1000 micro-514 

strains as recommended by the Australian Standard (AS1012.13) for concrete. On the 515 

 

Fig. 9 Effect of GP incorporation on the pore structure of paving blocks 

prepared with 70% GC as aggregates 
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basis of using the maximum amount of GC as fine aggregates, a further decrease in the 516 

drying shrinkage was found by partially replacing cement by GP. Due to most of the 517 

recorded shrinkage occurred in the early age, the physical characteristics (including 518 

irregular shape, higher aspect ratio and negligible water absorption) of the glass 519 

particles were thought to be responsible for this beneficial effect. Therefore, in terms of 520 

shrinkage performance, using the glass materials as fine aggregates and a binder would 521 

be able to reduce the shrinkage. More significantly, the experimental results showed 522 

that the compressive strength of the paving blocks did not decrease as the GC content 523 

was gradually increased to the maximum content. Moreover, the further use of 20% GP 524 

to replace cement did not affect the mechanical strength. Overall, the percentage of the 525 

glass materials that can be used in the concrete paving blocks can reach 60% of its total 526 

mass.  527 

 528 

The major concern on using a large amount of glass materials in concrete products is 529 

the potential structure damage caused by the deleterious ASR expansion. As shown in 530 

the accelerated ASR test, the 14-day expansion of the paving block prepared with the 531 

maximum GC proportion as fine aggregates did not exceed the standard limit (0.1%). 532 

This was ascribed to the porous structure of the dry-mixed paving blocks, which could 533 

accommodate the volume increase caused by the formation of ASR gel [18]. However, 534 

due to the original micro cracks formed in the GC during the fabrication process, the 535 

paving blocks with GC still exhibited high ASR expansion because the ASR gel with 536 

high Na/Si and Na/Ca ratios preferentially formed in the original cracks. This was found 537 

to be potentially deleterious at the later age when only GC was used to replace nearly 538 

100% of the fine aggregates. In order to prevent the ASR expansion, 20% of cement 539 

was further replaced by GP. Although soda-lime-silica GP also contains a high alkali 540 

content, the use of milled GP as cement replacement in the concrete paving blocks could 541 

greatly suppress the ASR induced by the GC. The beneficial effects of the GP were 542 

mainly attributed to its high silica content and its fine particle size.  543 

  544 

5. Conclusions 545 

The increasing amount of waste glass that needs to be disposal of at landfills has 546 

brought renewed interest in maximizing the application of waste glass in concrete 547 

products. This study demonstrated the use of glass powder (GP) as a supplementary 548 

cementitious material would be able to increase the waste glass cullet (GC) content in 549 
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the concrete paving blocks. Based on the experimental results, the following 550 

conclusions can be drawn: 551 

· Both the density and water absorption were significantly reduced with the increase 552 

of GC content in the concrete paving blocks. In addition, the water absorption values 553 

of the paving blocks incorporating the maximum amount of GC (70%) were much 554 

below the specified requirement of 6%. Further replacing 20% of the cement by GP 555 

could lead to greater reductions in the density and the water absorption.   556 

· The incorporation of the maximum GC content in the concrete paving blocks could 557 

produce acceptable drying shrinkage values below 1000 micro-strains, as required by 558 

the Australian Standard AS1012.13. The replacement of cement by GP further reduced 559 

the drying shrinkage due to the cement dilution effect and the micro-fiber effect of the 560 

irregular shape and high aspect ratios of the glass particles.  561 

· Increasing the replacement level of fine aggregates by GC did not have a significant 562 

negative effect on the compressive strength of the paving blocks. The paving blocks 563 

containing nearly 100% GC as fine aggregates and 20% GP as binder could still satisfy 564 

the Hong Kong specifications of the applications for footpaths and carriageways. 565 

· Incorporating 20% GP with particle sizes less than 50 μm in the paving blocks could 566 

successfully suppress the ASR expansion caused by the use of a high GC content. The 567 

high Si content and the fine particle size of GP might play important roles in preventing 568 

the formation of ASR gel.    569 

· Considering the improvements of physical, mechanical and durability performance, 570 

the production of this eco-friendly concrete block with GC and GP seems to be a 571 

promising alternate outlet for the recycling of waste glass. 572 
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