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ABSTRACT: Post-consumer glass existing in co-mingled waste to be used for landfill poses a 
serious environmental issue due to its non-biodegradable nature. Therefore, glass materials are 
often extracted and recycled for other applications. The building and construction (B&C) field 
present an attractive application for recycled glass as replacement of fine aggregates in 
cementitious materials, the second most consumed material in the world after water. With the 
growth in interest towards 3D printing for the B&C field in recent years, much research has been 
conducted with respect to 3D cementitious material printing (3DCMP). 3DCMP has gained its 
stand in the B&C field as it does not require any formwork and human intervention and permits 
designing for structural optimization. Hence, with the accompanying advantages of both 3DCMP 
and the need for recycling glass waste, this study aims to replace the fine aggregates of the 
cementitious material by the processed recycled glass to be used for 3D printing. This paper 
studies the gradation of the recycled glass aggregates in the 3D printable cementitious material. 
Three different gradations were designed using the different particle size of recycled glass 
materials supplied and investigated using the same binder mix design. For each gradation, the 
fresh and hardened properties were investigated. Printing investigations were also conducted on 
the studied recycled glass gradations. 
 
KEYWORDS: Building and Construction; Additive Manufacturing; 3D Cementitious Material 
Printing, Recycled Glass 
 
INTRODUCTION 
 
Post-consumer glass waste is often present in co-mingled waste to be used for landfill. However, 
glass being a non-biodegradable material is not suitable for landfill, resulting in severe 
environmental effects (Adaway & Wang, 2015). Moreover, the scarcity of landfill encourages the 
recycling of glass to reduce the waste contents. Hence, glass being 100% recyclable without 
changing its chemical properties, is often extracted from these wastes and recycled for other 
purposes (Liang, Zhu, & Byars, 2007) (Adaway & Wang, 2015). An application of the recycled 
glass would be processing it to be used as the fine aggregates replacement in concrete, which is 
widely used in the building and construction field. The building and construction field present an 
attractive application for recycled glass as concrete is the second most consumed material in the 
world after water.  
 
Three-Dimensional (3D) printing (or additive manufacturing) is a process of creating objects from 
a computer-aided-design (CAD) model through a layer-by-layer material addition process (Chua & 
Leong, 2014). Such technology has attracted attention from various industries in recent years 
including the building and construction industry. This is mainly because the process does not 
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require the use of formwork and human intervention and allows designs for structural 
optimization(Bos, Wolfs, Ahmed, & Salet, 2016; Chua & Leong, 2014). With the drastically 
increasing number of publications relevant to 3D printing for building and construction, it is 
evident that the growth in interest towards the research in such field is significant (Tay et al., 
2017).  
 
Hence, this study aims to replace the fine aggregates in the cementitious materials used for 3D 
printing with recycled glass aggregates and examine the effects of the gradation of recycled glass 
aggregates on the fresh and hardened properties of the materials. The gradation of aggregates has a 
significant effect on the workability and hardened properties of concrete(Quiroga & Fowler, 
2003). For 3D printing, the cementitious material will be pumped through a hose into the nozzle 
where  it will be extruded into the desired shape and form (Paul, Tay, Panda, & Tan, 2018). The 
rheological properties are also affected by the gradation of the aggregates in cementitious materials 
(Weng, Li, Tan, & Qian, 2018). Hence, the determination of rheological properties of the fresh 
materials is vital for understanding the behavior of the material during the delivering process. 
Printing investigation will also be conducted on each materials and the compressive strength of the 
printed specimen will be evaluated. 
 
METHODOLOGY 
 
Materials 
In this study, the effect of different gradations of recycled glass materials as aggregates in 
materials used for 3D Cementitious Materials Printing (3DCMP) is being investigated. The 
recycled glass materials are supplied by Enviro Sand Pty Ltd in 3 different grading; namely 
medium, fine and superfine. Three different cementitious materials with different gradation of 
recycled glass aggregates are determined by using different proportions of each grading. Each 
gradation is mix with the same binder mix design. The material mix design composition is shown 
in Table 1. The particle size distribution of each grading supplied is studied using a laser 
diffraction particle size analyzer (Mastersizer 2000) and shown in Figure 1(a). The proportion of 
each grading of each gradation design; G1, G2 and G3 are also tabulated in Table 2. The resultant 
gradation of G1, G2 and G3 are presented in Figure 1(b).  
 
Table 1. Material mix design composition 

Cement to 
binder ratio 

Fly ash to 
binder ratio 

Silica fume to 
binder ratio 

Sand to 
binder ratio 

Water to 
binder ratio 

0.7 0.2 0.1 1.0 0.46 
 
Table 2. Proportion of each grading in gradations G1, G2 and G3 

 Gradation 1 (G1) Gradation 2 (G2) Gradation 3 (G3) 
Medium 50% 25% 25% 

Fine 25% 50% 25% 
Superfine 25% 25% 50% 
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Figure 3. Printing path used in the experiment 

 
Compression Test 
The 7-day compressive strength of the materials with each of the 3 gradations was tested using the 
compression tester. This was done by cutting the printed samples into cubes with dimensions of 30 
mm on each side using a diamond cutter. For consistency, the specimens to be used for 
compressive testing were taken from the bottom layers of each printed samples. For each of the 
gradations, 3 specimens were tested for its compressive strength and the average value was 
computed. 
 
RESULTS AND DISCUSSION 
 
Fresh State Properties 
Both the slump and flow spread diameter measured in the experiments yields lower values for the 
cementitious material with gradation G3 as compared to those with gradation G1 and G2. This 
shows that cementitious materials with a larger proportion of fine aggregates have better shape 
retention properties as compared to those with a larger proportion of coarse aggregates. The 
average values of the slump and flow spread diameter are tabulated in Table 4. 
 
Table 4. Average values for slump and flow test 

 G1 G2 G3 
Slump (mm) 11.3 10.3 8.3 

Flow Spread Diameter (mm) 220 205 200 
 
Figure 4 shows the resultant flow curve of the 3 materials G1, G2 and G3. Static yield stress is 
defined by the maximum shear stress required by the material to flow from its static state while 
dynamic yield stress is defined as the minimum shear stress to maintain the flow (Paul et al., 
2018). The peak of the curve at the first interval represents the static field yield stress while the 
gradient of the third interval represents the dynamic yield stress. The thixotropy of the materials is 
also represented by the area within the curve which can be estimated by finding the difference 
between the shear stress values in interval 1 and 3 on each point and summing them up. 
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Hardened State Properties 
From the 7-day compression test, the compressive strength of the printed specimens was 
measured. G3 displayed the highest compressive strength of 22 MPa among the 3 samples while 
both G1 and G2 yielded similar compressive strength of 19 MPa. These results show that the 
increase in amount of fine aggregates in the mix design has a positive effect on the compressive 
strength of the material. The larger proportion of coarser aggregates might have increased the void 
contents in the hardened concrete and consequently, reducing the compressive strength. 
 
CONCLUSION 
 
The aggregates in the cementitious materials used for 3D printing was replaced with recycled glass 
and the effects of the gradation on the fresh and hardened properties of the materials were 
examined. Three cementitious materials with different gradations of aggregates G1, G2 and G3 
were used in this study. The rheological as well as slump and flow test were conducted on the 
fresh state. Printing investigation was conducted, and the 7-day compressive strength was tested 
for the hardened specimen. 
 
Results from the experiments have concluded that larger proportion of finer aggregates in the 
cementitious material produces better shape retention properties. Higher static yield stress and 
more thixotropic property were observed from the material with more fine aggregates as well. For 
the hardened specimen, the compressive strength was shown to increase with larger proportion of 
finer recycled glass aggregates in the mix. Such observations can be attributed to the increase in 
surface area of contact between the recycled glass aggregates and binder system.  
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