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ABSTRACT: Environmental sustainability has been the focus of recent construction trends. 
Adopting efficient construction technologies and minimizing the usage of raw materials are a few 
of many ways to achieve such sustainability. In the past few years, 3D printing of concrete has 
received considerable attention for its potential to be the next disruptive technology for 
construction industry. By eliminating and/or reducing the amount of in-situ construction, 
combined with the need for skilled personnel, 3D printing can help in achieving good quality 
control at construction site, which has long been an issue in traditional construction industry. 
Singapore is dependent on neighboring countries for raw construction materials. Using recycled 
materials as a substitute for aggregates not only minimizes the usage of raw materials, but also 
help in reducing the Singapore’s dependency on other countries in long-term. In this study, 
preliminary findings of a 3D printed cementitious material with recycled glass aggregates (RGA) 
were presented. For 3D printing two different binder systems were used – ternary blended Portland 
cement and flyash based geopolymer. 
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INTRODUCTION 
 
Singapore uses a lot of sand for its infrastructure development – land reclamation and construction 
(Tan et al. 2010). Limited by the abundance of natural resources, Singapore depends on the 
neighboring countries for sand and other raw materials, including construction materials such as 
cement and granite. However, change in trade policies often strain the supply and availability of 
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such materials from time to time. Malaysia imposed a ban on sand exports to Singapore as early as 
1997, Indonesia in 2007, both Cambodia and Vietnam in 2009 (Akbarnezhad 2010). As recent as 
July 2017, Cambodia placed a permanent ban on sand export to Singapore. These adversely affects 
the progress of ongoing infrastructure projects and result in huge financial losses.  
 
In addition to importing “new” sand as required by the ongoing projects, there is a lot of sand in 
Singapore that goes unused. This sand is dormant in the form of construction and demolition 
waste, generated from the regular update and overhauling of the current infrastructure 
(Akbarnezhad 2010). Various recycling techniques (Akbarnezhad 2010), efficient construction 
practices and sustainable reclamation methods have been developed and adopted to reduce the 
Singapore’s dependency on other countries for sand. This effectively reduces amount of sand 
needed and helps in achieving the environmental sustainability. 
 
In the last few years, 3D printing of concrete has received considerable attention for its potential to 
be the next disruptive technology for construction industry (Panda et al. 2017, Panda & Tan 2018). 
By eliminating and/or reducing the amount of in-situ construction, combined with the need for 
skilled personnel, 3D printing can help in achieving good quality control at construction site, 
which has long been an issue in traditional construction industry. In addition, use of recycled glass 
as a substitute for sand not only minimizes the usage of raw materials, but also helps in eliminating 
Singapore’s dependency on other countries in the long-term. 
 
In this study, preliminary findings of a 3D printed cementitious material using recycled glass 
aggregates (RGA) were presented. Two different binder systems, namely ternary blended Portland 
cement and flayash-based-geopolymer were used to for 3D printing. The ease of printing, 
compressive strength and flow properties of these two binder systems were compared. 
 
EXPERIEMNTAL SECTION 
 
Materials 
ASTM type I grade 42.5 ordinary Portland cement (OPC) procured locally, class F fly ash (FA) 
provided by Sembcorp EOSM (India) Pvt. Ltd., Elkem Microsilica® undensified 940U silica fume 
(SF) purchased from Elkem Pte. Ltd., Singapore, ground granulated blast-furnace slag (GGBS) 
purchased from EnGro Pvt. Ltd., Singapore, recycled glass aggregate (RGA) provided by 
EnviroSand Pty. Ltd., Australia and ordinary tap water were used in this study. RGA was available 
in five packages – Coarse, Medium, Fine, SuperFine and Moondust, whose particle size ranges 
were presented in Table 1. Coarse RGA was not used for 3D printing, due to technical limitation 
of the 3D printing equipment. In addition, potassium silicate (K-silicate) solution as an activator 
and highly purified attapulgite nano-clay to improve the thixotropic property were added to the 
geopolymer mix. 
 

Table 1.  Recycled glass gradations. 
RCA package Particle size range % used for 3D printing 

Coarse 1.7 – 3.35 mm 0 
Medium 1.0 – 1.7 mm 21.24 

Fine 0.5 – 1.0 mm 11.25 
SuperFine 0.15 – 0.71 mm 33.97 
Moondust 0.075 – 0.15 mm 33.54 
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Methods 
As mentioned above, two different cementitious mixes were used to demonstrate the usability of 
the recycled glass aggregates for 3D printing. One mix was based on ternary blended OPC (Mix 
C), while the other one is flyash-based-geopolymer (Mix G) – whose details are presented in Table 
1. For Mix C, binder : water : RG ratio of 1 : 0.46 : 1, FA/binder and SF/binder ratios of 0.2 and 
0.1, respectively, were used (binder = Portland cement + FA + SF). The geopolymer mix was 
based on the previous work conducted at NTU. 
 

Table 2.  Details of cementitious mixture. 
Material (in gm) Specific gravity (g/cc) Mix C Mix G 

Ordinary Portland cement (OPC) 3.15 4600 – 
Ground granulated blast furnace slag (GGBS) 2.8 – 2.95 – 720 

Flay ash (FA) 2.15 1314 4080 
Silica fume (SF) 2.2 – 2.3 657 400 

Water 1 3023 400 
Recycled 

glass 
aggregate 

(RGA) 

Medium  (21.24 %) 2.5 1396 1529 
Fine  (11.25 %) 2.5 739 810 
SuperFine (33.97 %) 2.5 2232 2246 
Moondust (33.54%) 2.5 2204 2415 
K-silicate – – 2160 

Clay – – 80 
 
As presented in Table 1, all the four RCA packages were of differ particle sizes and hence Fuller 
Thompson theory (typically used for sand gradation) was used to achieve uniform gradation. 
Uniform gradation helps in achieving maximum packing density and producing economical 
cementitious material. According to Fuller and Thompson, maximum density gradation for a given 
maximum aggregate size is (Fuller & Thompson 1907, Weng et al. 2018), 
 
P = (d/D)0.45         (1) 
 
where P, d, and D are percent finer than an aggregate size, aggregate size (mm) being considered 
and maximum aggregate size (mm), respectively. A 4-axis gantry with a nozzle control, along with 
a MAI Pictor pump was used for 3D printing. The pump was attached to the nozzle through a 3 m 
long hose with a diameter of 2.54 cm. Rheological properties of both mixes were explored via 
viscosity recovery test using Anton Par MCR 102 rotational rheometer, for both printable OPC 
based and geopolymer mixes. The input protocols consist of three stages (i) low (0.01 s–1 for 
60 sec) – high (300 s–1 for 30 sec) – low (0.01 s–1 for 60 sec) shear rates (Panda & Tan 2018). For 
the purpose of compressive strength, 30 mm samples were cut from the straight portion of the 3D 
printed material. In addition, 50 mm cubes were cast and cut into 30 mm cubes, to enable 
comparison with the 3D printed material. 
 
RESULTS AND DISCUSSION 
 
Figure 1 shows freshly printed material based on OPC mix. It was observed that the mix was a bit 
softer than we would have hoped for. We were able to print four layers without any problems. 
Printing of more layers lead to collapse, with no. of layers at which collapse occurred varied based 
on shape. 3D printing with geopolymer mix was found to be more satisfactory in comparison to 
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the OPC mix. We believe small particle size of the RCA (moondust) helped in the successful 
printing of the both mixes. Figure 2 shoes the slump of the both mixes, while figure 3 shows the 
hardened 3D printed samples, after 7 days. 
 

 
 

Figure 1.  Freshly printed material based on OPC mix. 
 

 

 
 

Figure 2.  Slump of geopolymer (top) and OPC (bottom) mix. 
 

Table 3.  7-day Compressive strength (in MPa) of the two mixes. 

Mix type 30 mm cube 30 mm 3D printed sample 
Mean (μ) Std. Dev (s) Mean (μ) Std. Dev (s) 

Mix G 13.3 0.4 18.1 1.3 
Mix C 24.6 1.5 23.1 1.4 
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Table 3 shows the compressive strength values for the both mixes, after 7 days. OPC binder 
showed higher compressive strength values for both cubes and 3D printed material. While the 
values cubes and 3D printed material compressive strength values are close for OPC mix, for 
geopolymer mix there was considerable difference across the two samples types (Panda et al. 
2017). 
 

 
 

Figure 3.  3D printed samples after 7 days, OPC mix (two) and geopolymer mix (bottom) 
 

 
 

Figure 1.  Rheological properties of the OPC and geopolymer mix. 
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From the recovery test results it was clear that OPC binder has better thixotropy recovery 
behaviour than geopolymer. This effect may be due to lack of colloidal interaction in geopolymer 
(Mahaut et al. 2008), and viscous nature of alkaline activator. Though both the material, during 
shearing, shows viscosity < 100 Pa.s, we did not observe any problem for extrusion. However, 
after extrusion due to lack quick recovery properties, geopolymer was slightly slumping after 
3 to 4 layers of deposition. In conclusion, we have successfully demonstrated the usability of 
recycled glass aggregates for 3D printing using two different binder mixes. Further testing is 
required to fully understand the behavior of 3D printer material using recycled glass aggregate. 
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