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This study investigates the alkali activation of waste glass powder (WGP) for developing 3D printable geopolymer
concrete. The rheological, mechanical, and fire-resistance of 3D printed concrete were evaluated to determine the
effect of WGP as a partial substitution for fly ash in geopolymers. Rheological results show that incorporation of
WGP reduces the rheological properties of printable mixes. For instance, the apparent viscosity of mixes containing
50% WGP was reduced by 48% at low shear rate (0.1s'), and 46% at high shear rate (100s™'). The corresponding
reductions in the dynamic yield stress and plastic viscosity were 35% and 55%, respectively, indicating improved
flowability and pumpability. However, compressive strength declined with increased WGP. The 28-day mold-cast
strength decreased from 51.4 MPa to 35.6 MPa at 50% WGP. In contrast, the elevated temperature properties are
enhanced with reduced strength loss for the WGP incorporated specimens, attributed to the sintering effect of WGP. .

Keywords: waste glass powder; rheological properties; digital construction; porosity; sustainability

1. Introduction

Glass products are one of the most important commodities
in the building and consumer products industry, and their
production rate is continuously increasing due to increas-
ing demand. As a result, the disposal of waste glass has
become a major threat to the environment. Although waste
glass can be recycled without losing its quality, large vol-
umes of glass waste are still disposed of in landfills [1].
For instance, Australia generated 1.54 Mt of glass waste in
the period of 2020-2021, with only 59% of glass waste
recycled, while the remaining amount is being stockpiled
and landfilled [2]. Globally, the European Union countries
are leading in waste glass recycling with a recycling rate
of 73%, however, other major consumers such as the US
and Singapore are recycling at a low rate [3]. One of the
major barriers to conventional glass recycling is the diffi-
culty in separating various glass sources from the waste
collection. The mixed glass sources contain different glass
types, which will have different melting temperatures, vis-
cosity after melting and other key properties required for
molding and extrusion. This makes it extremely difficult to
produce glass products of good quality. Therefore, alterna-
tive methods without remelting the glass are necessary to
increase the recycling rates.

In recent years, the recycling of waste glass as a sub-
stitution to building material has received significant
attention [1,4—6]. The glass waste has been converted into
different forms, such as glass fibers [7-9], waste glass

sand [10,11], etc. Similar to sand, glass also primarily con-
sists of silica, which makes it an ideal substitution for
sand (fine aggregate) in concrete. Past studies indicate that
the substitution of conventional aggregate with waste
glass could enhance the strength of concrete. This
enhancement is attributed to the robustness and surface
characteristics of glass aggregate, which offers a greater
surface area with the cement paste. As a result, the bond-
ing between the glass aggregate and cement paste is
increased, leading to an enhancement in the concrete’s
strength [12]. On the other hand, the high replacement
rates (above 60%) were observed to decrease the strength
of concrete due to the poor crushing strength of glass and
the higher water demand for concrete [4,13]. Despite the
benefits of enhanced strength properties, the waste glass
reacts with the alkalis present in the concrete matrix, caus-
ing the alkali-silica reaction (ASR) in concrete [14,15].
The ASR may affect the long-term performance of con-
crete due to the expansion of aggregates, causing cracking
in concrete. Therefore, the substitution of fine aggregates
with waste glass has durability issues and brings little eco-
nomic advantage. Some research work has investigated
ground waste glass powder as a supplementary cementi-
tious material (SCM) in concrete and observed that the
replacement of up to 20% of cement could enhance the
strength properties [16,17]. The waste glass contains
amorphous silica, which can undergo a pozzolanic
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reaction in the cementitious environment, thus improving
the strength properties [18].

The amorphous silica (SiO,) present in the waste glass
could possess potential benefits in geopolymer concrete
by undergoing a geopolymerization reaction in the pres-
ence of alkali activators. Geopolymer binder is identified
as a sustainable alternative for Portland cement in con-
crete, where it can reduce the environmental issues associ-
ated with carbon dioxide (CO,) emissions from cement
manufacturing [19-21]. Geopolymer binders can be for-
mulated using the silica and alumina rich waste byprod-
ucts such as fly ash, ground granulated blast furnace slag,
metakaolin [22], waste colemanite [23], agro-industrial
wastes [24], waste marble powder [25], etc. As per the
author’s best knowledge, only a few studies have investi-
gated the possibility of incorporating waste glass in the
geopolymer concrete as the precursor. For instance, Si
et al. [26] reported that the mechanical properties and the
microstructure characteristics were improved by introduc-
ing the glass powder at small dosages (5%—10% of the
precursors). In another study, it was found that the add-
ition of waste glass for up to 20% of the binder enhanced
the mechanical properties of geopolymer concrete by 7%
[27]. More recently, Jiang et al. [28] and Manikandan
et al. [29] studied the effect of waste glass in geopolymer
concrete and recommended it as a potential alternative to
replace the depleting precursor sources of fly ash and slag
in geopolymer concrete. Therefore, geopolymer concrete
containing waste glass as a precursor could promote the
recycling rate of glass for construction applications.

Despite the growing attention to recycling and sustain-
ability in construction materials, conventional construction
also operates at low efficiency with little or no adoption of
automation technologies. The construction sector is a
labor-intensive market involving large amounts of manual
handling, logistics and waste generation. More recently,
this sector has started to experience an unprecedented rate
of disruption, thanks to digital construction and construc-
tion automation methods. The combination of these two
technologies is expected to revolutionize the construction
industry by significantly reducing the manual labor-
intensive workforce and improving the efficiency of con-
struction processes. In particular, 3D concrete printing
(3DCP) has become an emerging digital construction
method with its inherent merits of a reduced labor force,
less resource consumption and waste generation, greater
design freedom and improved worker safety [30-32].
3DCP using extrusion-based technology allows the struc-
tures to be built as a layer-by-layer process using a digit-
ally controlled nozzle [33,34].

The utilization of waste materials in 3DCP has gained
significant interest in recent decades due to the sustain-
ability merits and waste minimization in the construction
industry. Various waste material sources, including con-
struction and demolition waste [35,36], waste glass [37],
and ground waste tyres [38] were studied as a partial sub-
stitution for aggregates in 3DCP. A limited studies have
also investigated the utilization of waste materials as a
cement replacement in printable concrete [39—41]. For

example, Pasupathy et al. [42], Derya et al. [43], and Hau
et al. [44] used the waste brick powder, marble dust, and
recycled concrete powder respectively as a binder substi-
tution in printable concrete. They found that the binder
replacement with these waste materials has a significant
reduction in the carbon footprint of printable concrete.
These materials were also reported to enhance the rheo-
logical properties of printable concrete.

Although previous studies have explored waste glass
powder as a supplementary cementitious material in con-
ventional concrete and geopolymer systems, limited
research has investigated its use as a primary precursor
replacement in fly ash-slag-based geopolymer concrete
specifically designed for 3D concrete printing (3DCP).
This study addresses this gap by systematically evaluating
the fresh rheological properties critical for printability,
mechanical performance, and the post-fire behavior of 3D
printed geopolymer concrete with varying WGP contents.
By integrating waste glass into 3D printable geopolymer
mixes, this study provides novel contributions to sustain-
able materials development aligned with digital construc-
tion technologies, advancing both waste valorization and
additive manufacturing in construction.

Concerning that glass waste generation is steadily
increasing, and it has great potential to be used as a pre-
cursor in geopolymer concrete, this study focuses on uti-
lizing waste glass as a precursor in printable geopolymer
concrete. For this purpose, the waste glass powder at dif-
ferent dosages of 0%, 15%, 30%, and 50% of precursors
was incorporated into fly ash-slag-based geopolymer con-
crete and their fresh properties required for printable
mixes were assessed along with the hardened properties.
Besides, the geopolymer reaction rate with the waste glass
dosage was evaluated using Fourier Transform Infrared
Spectroscopy (FT-IR) analysis. Moreover, the published
research studies suggest that the waste glass powder
improves the performance of concrete when exposed to
elevated temperatures. This is due to the melting and sub-
sequent re-solidification of the waste glass powder within
the concrete matrix, which aids in preserving the matrix
integrity of the concrete [45]. Therefore, the elevated tem-
perature performance of 3D printed samples was eval-
uated by assessing the strength properties and comparing
them with the 3D printed samples without waste glass.
The outcome of this study informs the effect of WGP as a
substitution for the precursors in geopolymer 3DCP to
address the pressing challenges of sustainability and waste
management in the construction industry.

2. Methodology
2.1. Materials

The class F fly ash and ground granulated blast furnace
slag (hereafter called slag) used in this study were sup-
plied by Cement Australia and Independent Cement and
Lime Pty Ltd., Australia, respectively. Both fly ash and
slag comply with the Australian standard AS 3582.1 [46].
The waste glass powder (WGP) was supplied by Vortexis,
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Australia. The median diameter (D50) of WGP, as pro-
vided by the supplier, was 20.5 pm. Table 1 presents the
chemical composition of the fly ash and slag, and WGP,
which was derived from X-ray fluorescence spectrometry
(XRF) analysis. The alkali activator is sodium metasilicate
(Na,SiO3) anhydrous powder (SiO,/Na,O=1.0) pur-
chased from Redox Pty Ltd., Australia.

Two types of graded silica sand (S; and S;) with a
median diameter (D50) of 172 pm (S;) and 498 um (S,)
were used to develop the 3D printable geopolymer mixes,
respectively. Furthermore, a small dosage of sucrose pow-
der was used in the geopolymer as a retarder to increase
the open time of geopolymer concrete, as indicated
by [42].

2.2.  Characterization of waste glass powder

Table 1 shows that WGP mainly consists of three ele-
ments: SiO, (62.31%), Na,O (10.5%), and CaO (9.78%).
It should be noted that the glass is mainly comprised of
SiO,; however, the presence of Na,O and CaO oxides
could be due to the presence of soda lime-type glass in the
waste [47]. The crystalline phases in the WGP were inves-
tigated using X-ray diffraction (XRD) analysis, and the
test results are shown in Figure 1(a). It can be inferred
from the test results that while the majority of the WGP is
composed of quartz (SiO,), other components such as alb-
ite (NaAlSizOg), mullite (AlSi,O;3), and hematite
(Fe,O3) were also detected. Moreover, the XRD graph
exhibits a broad amorphous shoulder between the broad
bands of 20° and 40°, which is attributed to the glassy or
amorphous phase of the glass powder. The amorphous

content in the WGP was determined as 90.1%, which sug-
gests that the glass powder has high amorphous silica
content.

Figure 1(b) illustrates the FT-IR test results of WGP.
The FT-IR spectrum indicates the main broadband at
1010 cm™", representing the asymmetric stretching vibra-
tion of Si—O-T linkages (T = Si or Al). In addition, a
small intensity peak observed at the band of 770 cm™" cor-
responds to the symmetric stretching vibration of Si-O-T
linkages (T = Si or Al). Additionally, there is a small
peak detected at the wave number of 1430 cm™", which is
related to the stretching vibration mode of O-C-O (carbon-
ate component - CO5”") [48].

2.3. Sample preparation and 3DCP process

Table 2 shows the mix details of the materials used to pre-
pare the 3D printable geopolymer concrete. The WGP is
incorporated at three different dosages of 15%, 30%, and
50% of precursors to assess the effect of different WGP
dosages on the printability properties of geopolymer con-
crete. These dosages were chosen as part of a preliminary
optimization strategy to assess the impact of increasing
WGP content on geopolymer properties. The 15%, 30%,
and 50% replacements allow for comparative analysis to
determine the most effective and sustainable utilization
level of WGP. The control mix, without the WGP content,
was also prepared to serve as the benchmark for the study.
The preparation process of geopolymer mixes is as fol-
lows. Initially, the dry components of the mix, including
slag, fly ash, WGP, two types of sand, Na,SiOs, and the
retarder, were added in a Hobart mixer, and the mixing

Table 1. XRF Test results of raw materials.
SIOZ A1203 CaO Fe203 K20 MgO NaQO P205 SO3 TIOZ MnO LOIa
(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Slag 33.5 12.53 41.83 0.29 0.42 5.96 0.2 0.006 4.02 0.68 0.27 0.24
Fly ash 53.73 26.33 5.9 8.45 0.732 1.14 0.26 0.42 0.277 1.52 0.13 1.18
WGP 62.31 3.93 9.78 4.64 0.465 1.61 10.5 0.12 0.357 0.19 0.1 4.58
*LOI means loss of ignition.
Q- Quartz
(a) Q A-Albite (b)
M-Mullite
H-Hematite
Si-O-T

Diffraction angle (degrees)

(T=Si/Al)

Si-O-T (T=Si/Al)

T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Figure 1. (a) XRD and (b) FTIR test results of WGP.
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Table 2. Mix composition of materials.

Sand

Mix ID Slag Fly ash WGP Sy’ Sy’ Activator Water Retarder
50S/50F 0.5 0.5 - 1.0 0.1 0.4 0.01
50S/35F/15G 0.5 0.35 0.15 1.0 0.1 0.4 0.01
50S/20F/30G 0.5 0.2 0.3 1.0 0.1 0.42 0.01
50S/0F/50G 0.5 - 0.5 1.0 0.1 0.42 0.01

E ]

~

2=
Al @

Figure 2. Gantry type 3D printer used for printing purposes.

was conducted for 3 min to ensure the uniform blending
of dry materials. After that, 85% of the required water
content was slowly added to the dry components, and the
mixing was continued for 10 min. Then, the remaining
water content of the total required water was added to the
mixture, and the mixing was conducted for another 5 min.
The reason for adding the water as two separate phases is
to avoid the workability loss of the mix during the dissol-
ution and to allow enough time to dissolve the metasili-
cate, as reported previously [42].

The 3DCP process was conducted using a three-axis
gantry-type 3D printer, as shown in Figure 2. The printer
has a maximum working space of 1800mm (L) x
1600 mm (W) x 1800 mm (H). As shown in Figure 2, an
auger extruder was attached to the three-axis rail system,
and the navigation of the extruder movement was con-
trolled by a customized computer program in the printer
software interface. The extruder has an open inlet at the
top for the feeder, and it has a circular outlet with a diam-
eter of 30 mm at the bottom for the print. For this study,
the samples were printed layer by layer at a speed of
10 mm/s, and the dimensions of each layer are 30 mm (W)
x 300mm (L) x 20mm (H). After completing the print-
ing, the freshly printed samples were covered with plastic
film to prevent moisture evaporation from the printed
samples. After 24 h, the samples were removed from the
platform and placed in a sealed container at the ambient
temperature until the test date. Moreover, the fresh geo-
polymer mixes were also cast in a 25 x 25 x 25mm’
cubical mold, and the curing process was the same as the
printed specimens to compare the properties of the printed
samples with the mold-cast specimens.

3. Experimental program

3.1. Reaction rates of geopolymerization with waste
glass powder

The geopolymerization reaction rate and the nano struc-
tural formation of mixes with varying WGP dosage were
evaluated by Fourier Transform Infrared Spectroscopy
(FTIR) analysis. To conduct the FTIR, a Nicolet " FTIR
Spectrometer was employed. During the test, the transmit-
tance spectra were collected in the range of 600cm™" to
4000 cm™" with a scan rate of 32 scans per sample at a
resolution of 4 cm™'. The reading was collected after
Omin, 30 min, 1, h, 2h, 1day, and 28 days to assess the
geopolymerization reaction rates with time. For this test,
geopolymer mixes were prepared without sand to elimin-
ate the peaks detected for sand during the measurements.

3.2. Flowability of fresh printable concrete

The flowability of the fresh mix was measured using a
flow table test, as per ASTM C1437. A standard flow
cone with an internal diameter of 100 mm at the bottom
and 70mm at the top with a height of 60mm, was
employed to conduct the flowability test. During the
measurement, the fresh mix was filled into the flow cone
as two layers, and then the cone was lifted. Consequently,
the spread diameter was measured in two perpendicular
directions, and the average flow diameter was determined.
Following this, the flow table was dropped 25 times, and
the final spread diameter was measured in two perpen-
dicular directions, and the average flow diameter was
determined.
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3.3. Effect of waste glass powder on rheological
Dproperties

The rheological properties of fresh printable mixes are
crucial to ensure the mixes have good pumpability and
extrudability properties. For this purpose, a Viskomat XL
rheometer with a six-blade vane probe setup was
employed to measure the rheological properties. The
dimensions of the vane probe are 34.5 mm in radius and
69mm in height. The following rheological properties
were assessed for the mixes.

3.3.1. Viscosity recovery and dynamic behavior of
fresh mixes

Thixotropy refers to the ability to recover to the original
viscosity after being subjected to a shearing process [49].
Shear-thinning materials such as concrete exhibit a
decrease in apparent viscosity when subjected to a transi-
tion from low to high shear rates. Thus, it is critical to
ensure that the concrete mix can recover its viscosity fol-
lowing high-shear mixing and return to its initial state at a
low-shearing rate. During the 3D concrete printing pro-
cess, there is an initial low shearing rate during pumping,
followed by a high shearing stage during extrusion, which
is succeeded by a low shearing rate during placement. It is
important to ensure that the fresh concrete recovers its vis-
cosity when transitioning from extrusion to placement (ie
high shear to low shear), and a viscosity recovery test is
generally carried out to assess this criterion. Figure 3
shows the protocol used to evaluate the viscosity recovery
of the fresh mixes. Here, the apparent viscosity of the
fresh mixes was determined at three stages. In the first
stage, the mix was sheared at the low rate of 0.01s™" for
60 s to represent the pumping process before feeding into
the extruder. In the second stage, the mix is sheared at the
maximum rate of 13 s~ for 30's to represent the extrusion
process of concrete. In the third stage, the low shearing
rate (0.01s™") was continued again to resemble the place-
ment of concrete following the extrusion process. The
recovered viscosity at this stage determines the ability of
the material to re-flocculate after shearing, which

16
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Figure 3. Rheological testing protocols for viscosity recovery
measurements (reproduced from [42]).

subsequently reveals the shape retention ability of printed
layers.

The dynamic yield stress and plastic viscosity were
determined by using a flow curve test using the protocol
provided in Figure 4. As shown in Figure 4(a), the shear
rate was increased from 0 to 80 RPM over 100 s, followed
by an immediate decrease from 80 to 0 RPM over the next
100s. Fresh concrete usually exhibits non-Newtonian
behavior and therefore, the Bingham model can be used to
determine the dynamic yield stress and plastic viscosity.
The dynamic yield stress is determined by fitting the curve
to a Bingham model and corresponds to the point where
the line intersects the vertical axis. Plastic viscosity, on
the other hand, represents the internal friction between the
solid and liquid phases in concrete when the gel-like struc-
ture within the fluid is in a state of dynamic balance
between destruction and restoration. It is determined by
the slope of the fitted line in the Bingham model. The data
in this study were fitted using the following Bingham
model.

T=To+ Wy (1)

where 7 is the shear stress, 7 is the yield stress, | is the
plastic viscosity, and 7 is the shear rate.

3.3.2.  Evolution of static yield stress with time

The productivity of 3DCP is largely governed by the
buildability of printable concrete, which is referred to as
the ability to print layer-by-layer without the excessive
deformation or collapse of the layers. Buildability is one
of the critical performance indicators in 3DCP, and it is
important to assess the effect of WGP-incorporated geo-
polymers on the buildability performance. This is gener-
ally assessed by measuring the static yield stress
development of concrete with time. In this study, a slow
penetrometer was employed to assess the yield stress
development of the fresh concrete mixes with time.
Figure 5 illustrates the experimental setup for the pene-
trometer test used in this study. A 20 mm diameter pene-
trating needle with a 30mm height conical head is
attached to the load cell, which is installed in a
Mechanical Testing Systems (MTS) machine. The accur-
acy of the load measurement is 0.1 N. The fresh concrete
was prepared and filled into a cup, and the penetration of
the needle through the fresh mix was conducted at the rate
of 30 mm/h. Based on the penetration resistance measure-
ments, the yield strength values were determined by using
the following equation [50]:

F
Ty = ———
0 RV R? + h?
where F is the penetration resistance (in N), and R and h
denote the radius and height in mm of the needle cone
respectively.

2

3.4. Apparent volume of permeable voids (AVPYV)
and bulk density assessment

The bulk density and AVPV of 3D-printed concrete were
determined as per ASTM C642. For this test,
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Figure 4. Rheological testing protocols for dynamic yield stress and plastic viscosity measurement.

Figure 5. Experimental setup for static yield strength

measurement.

30 x 30 x 30mm> samples were extracted from the 3D-
printed filaments. Initially, the samples were subjected to
oven-drying at 105 °C for 24 h, and the oven-dried weight
of the samples (D in g) were recorded. The samples were
then immersed in water for 24 h and then submerged in
boiling water for 6 h. The weight measurement after satur-
ation and boiling was measured (B in g). The suspended
weight of the samples was then measured and recorded as
S (in g). The precision of the balance used for these meas-
urements is 0.01 g. Using the obtained weight measure-
ments, the bulk density (BD) in kg/m3 and the AVPV (%)
values were calculated as follows.

BD =

A3)

D
S % 1000

“4)

B-D
0, — 0,
APVP (%) = S ¥ 100%

3.5. Compressive strength properties of concrete

The compressive strength of 3D-printed concrete was
evaluated by measuring the strength properties in three
different directions: longitudinal, lateral, and perpendicu-
lar. Figure 6 provides a schematic diagram of the com-
pressive strength test specimens in the three testing
directions to evaluate the anisotropic behavior of the
printed samples. Cube specimens with the dimensions of

30 x 30 x 30 mm® were extracted from the printed fila-
ments and subjected to compressive strength testing using
a Universal Mechanical Testing System (MTS) at 7 days
and 28 days after printing. The MTS had a maximum
load capacity of 300 kN and a precision of 0.01 kN. Three
designated samples were tested in each direction, and the
average and standard deviation of the results were
reported. In addition, the compressive strength of the
mold-cast specimens was also determined to assess the
effect of printing compared to the conventional casting
method. For this purpose, cubic mold cast specimens
with dimensions of 25 x 25 x 25mm? was tested after 7
and 28 days of the cast period. The testing method is the
same as the one used for the 3D-printed samples
described above.

3.6. Elevated temperature performance of 3D
printed samples

To assess the heat resistance of 3D-printed geopolymer
concrete incorporating WGP at elevated temperatures, the
printed samples were subjected to two distinct tempera-
tures: 400 °C and 600 °C. An electric muffle furnace with
a maximum working temperature of 1100°C was
employed for this purpose. After exposing the samples to
elevated temperatures for a duration of 1h, the samples
were allowed to cool down before conducting compressive
strength tests. The compressive strength measurements
were determined using the procedure mentioned in Section
3.5. Here, the compressive strength only in the perpendicu-
lar direction of the printed samples was assessed.

3.7. Micro-morphology analysis

The micro-morphology analysis of the 3D printed samples
was conducted using a scanning electron microscope
(SEM, ZEISS Supra 40 VP). The 10 mm slice specimens
were derived from the 3D printed specimens. Prior to the
test, all the samples were coated with a 15 nm gold coating
using a K975X vacuum coating system and the SEM
images were then captured using an accelerated voltage of
5kV and a working distance (WD) of 13—18 mm.
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Figure 6. Schematic diagram of three different printing directions for the compressive strength test.

4. Results and discussion

4.1. Reaction rates of geopolymerization with waste
glass

Figure 7(a—d) illustrates the FT-IR test results of mixes
with the age of concrete to assess the reaction rate with
the WGP content in the mixes. It can be observed from
the graphs that the main band related to the Si—O and Al—
O bonds from the geopolymerization process is observed
in the range of 915-940 cm™" for all the types of mixtures
[51]. With the increasing age of concrete, the wavenumber
of this peak shifts toward the right, indicating the high
degree of polymerization due to SiO, cross-linking [52].
For instance, the main peaks for the 50S/35F/15G mix
design formed at the wavenumber of 916cm™" at 0 min,
which has shifted to 939 cm™" after one day. Figure 7(e)
depicts the FTIR spectra of geopolymer mixes after
28 days of age. The results demonstrated that the main
band of geopolymerization reaction (Si-O and Al-O
bonds) is further shifted toward the right due to the high
amount of silica participation as geopolymerization gel,
due to a higher degree of polymerization with the time of
curing [52].

According to Figure 7(e), The control type 50S/50F
mix displayed the main peak at the wavenumber of
965cm™", which represents the asymmetric stretching
vibrations of Si—O and Al-O bonds, showing the main
geopolymerization reaction product [53]. On the other
hand, major peaks identified for 50S/35F/15G, 50S/20F/
30G, and 50S/0F/50G were at the wave numbers of
958cm™", 948cm™ and 929cm™', respectively. This
indicates that the increasing dosage of WGP leads to the
shift of peaks associated with the Si-O and Al-O bonds
toward the left. This was also observed in the initial stage
as well (Figure 7(a—d)). The shift of the major band to low
wavenumbers is attributed to the increasing Si/Al ratio
with the replacement of WGP [54]. This is primarily due
to the increased SiO, and reduced Al,O; with the WGP
content.

Moreover, there are two additional minor peaks
observed in all mixes at the wavenumber of 690 cm™"' and
873 cm™', which are related to the symmetric stretching

vibration of Si—O and Si—O-Si, and O—C-O bonds within
the CO5>~ groups, respectively [55]. In addition, the pres-
ence of prominent peaks around 3446cm™' and
1652 em™' indicates the occurrence of asymmetric
stretching and bending vibrations, respectively, in the O—
H group of the bound water within the products [19].
These peaks signify that the free water present in the
matrix undergoes a gradual transformation into bound
water through the hydration reaction. Besides, the peak
observed at approximately 1440 cm™" corresponds to the
asymmetric stretching mode of O—C—-O bonds within the
CO5>~ groups formed by the reaction of alkali metal
hydroxides with atmospheric CO, or the presence of
CO5%" in the raw WGP, which has been identified from
FT-IR spectra of WGP. These peaks were also recognized
in all types of mixes.

4.2. Flow and setting time measurements of
fresh mix

Figure 8 illustrates the impact of varying levels of
WGP substitution on the slump and slump flow meas-
urements of 3D printable geopolymer concrete mixes.
The slump values of all the mixes, regardless of the
WGP content, are approximately 100 mm, indicating
that these mixes are zero-slump in nature. This is
required for the shape retention ability of 3D-printed
concrete. On the other hand, the slump flow value
slightly increases with the WGP dosage. Compared to
the control mix, the flow diameter of the 50S/0F/50G
mixture increased by 10%. It should be noted that the
slump-flow results of fresh concrete mixes are related
to the dynamic yield stress and pumpability in 3D con-
crete printing [56]. As observed in the following sec-
tion, the dynamic yield stress and plastic viscosity are
reduced with the increasing WGP in the mix, which
can be associated with the slump flow measurements.
Thixotropy is a fluid behavior characterized by revers-
ible changes in viscosity caused by flocculation at rest
and deflocculation after shearing [57]. In this study, the
slump measurements of all the mixtures were the same,
regardless of the WGP content in the mix. However,
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Figure 7. FTIR analysis of different geopolymer mixes with varying WGP content; (a) 50S/50F; (b) 50S/35F/15G; (c) 50S/20F/

30G; and (d) 50S/0F/50G.

the flow measurements increased with the WGP after
being subjected to drops in the flow table. This indi-
cates that the thixotropy of concrete is increased with
the WGP content in the printable mix, and this was also

confirmed with the viscosity recovery measurements as
described in the next section.

Based on the slump flow measurements, the printabil-
ity of 3D printing can be determined. Tay et al. [56]
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Figure 8. Flow measurements of 3D printable mixes with
varying WGP contents.

Table 3. Setting time measurements of 3D printable mixes
with varying WGP contents.

Initial setting Final setting

Mix type time (min) time (min)
50S/50F 55 70
50S/35F/15G 62 75
50S/20F/30G 70 84
50S/0F/50G 77 92

observed that the slump flow values between 150 mm and
190 mm give a smooth surface and high buildability. The
slump flow values of the current study are in this range
and can be considered as the printable region for all types
of mixtures. However, to understand the rheological prop-
erties with the addition of WGP in the mixes, a detailed
rheological properties analysis was conducted as provided
in the following section.

The initial and final setting times of 3D concrete
printable mixes with WGP content were also determined
using a Vicat apparatus and the results are provided in
Table 3. As can be seen in Table 3, the initial and final
setting times are increased with the WGP content. The
initial and final setting times of the control mix were
55min and 70 min, respectively. The corresponding set-
ting time values observed for the 50S/0F/50G type mix
were 77 min and 92 min, respectively. An increase in the
setting time with WGP content is attributed to the slow
dissolution and the reduced reaction rates of WGP com-
pared to fly ash particles [58]. As evident from the static
yield stress measurements provided below, the final static
yield stress values decrease with the addition of WGP in
the mix, indicating the slow reactivity of the geopolymer
concrete with WGP.

4.3. Rheological behaviors of 3D printable concrete
with WGP

4.3.1. Viscosity recovery

Figure 9 illustrates the apparent viscosity recovery results
of the various 3D printable mixtures as measured by the
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Figure 9. Viscosity recovery measurements of 3D printable
mixes with varying WGP contents.

rheological protocol provided in Section 3.3.1. The proto-
col measures the viscosity at three stages of low, high, and
again low shearing rates. As can be seen in Figure 9, at
the initial stage of low shear rates, high apparent viscosity
was observed for all mixes, and the viscosity values
decreased at the high shear rates in stage 2. After that, the
viscosity values increased again to reach the initial viscos-
ity values at the low shearing rate, indicating the shear-
thinning behavior of concrete. Here, all the mixes,
irrespective of the WGP content, showed good recovery
rates. The recovery rate observed for the 50S/50F, 50S/
35F/15G, 50S/20F/30G, and 50S/0F/50G were 90%,
89%, 93%, and 90%, respectively. However, it is interest-
ing to note that the apparent viscosity values are decreas-
ing with the increasing WGP in the mixes at both low and
higher shearing rates. Apparent viscosity is typically used
to represent the internal friction between particles in the
mix [59]. The decreasing trend of the apparent viscosity
with the increasing WGP content indicates reduced fric-
tion between particles, which could be due to the smooth
and glassy surface of the WGP powder [29]. However,
further investigation is necessary to validate this
observation.

Furthermore, the measured viscosity values in this
study, ranging from approximately 10 to 100 Pa-s at low
shear rates and 10,000 to 100,000 Pa-s at high shear rates,
are consistent with those reported in prior studies on 3D-
printable alkali-activated systems [60]. These values fall
within the rheological thresholds identified as optimal for
extrusion-based additive manufacturing, supporting both
pumpability and buildability without excessive deform-
ation or blockage [60].

Furthermore, the FTIR findings support the rheo-
logical behavior observed in this study. The lower reactiv-
ity of WGP, evidenced by the delayed and lower
wavenumber of Si—O and Al-O peaks, corresponds to a
slower formation of geopolymer gel and reduced struc-
tural build-up. This demonstrates as lower static yield
stress values and higher flowability in fresh-state rhe-
ology. The weaker interparticle bonding inferred from
FTIR spectra aligns with the reduced internal friction and
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Figure 10. Yield strength development of 3D printable mixes with varying WGP contents.
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mins, whereas the corresponding yield strength values for
50S/35F/15G, 50S/20F/30G, and 50S/0F/50G were 34,
21, and 15kPa, respectively. However, as shown in
Figure 10(b), at 8 min, the static yield stress of 50S/50F,
50S/35F/15G, 50S/20F/30G, and 50S/0F/50G were 0.54,
1.02, 1.18, and 1.4kPa, respectively. The reduced SYS
development rates with the increasing WGP dosage are
due to the reduced dissolution and reaction rates of WGP
as reported in Section 4.1. This decrease in static yield
stress after 15 mins indicates that the freshly printed layers
may have a reduced capacity to support subsequent layers,
potentially affecting buildability and shape stability during
printing. Moreover, the static yield stress values observed
in this study are slightly lower than those reported in pre-
vious studies [60,61], which may be attributed to differen-
ces in precursor fineness, activator concentration, and
particle packing density. To enhance static yield stress and
structural buildability, future mix optimization could con-
sider using finer WGP particles, or introducing
thixotropy-enhancing additives such as nano clay or rhe-
ology modifiers.

4.3.3.  Dynamic yield stress and plastic viscosity
measurements

Concrete materials should exhibit a low dynamic yield
stress and plastic viscosity when subjected to pumping
and extrusion, and they should demonstrate a high static
yield stress and the ability to recover viscosity once shear
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Figure 11. Dynamic yield stress and plastic viscosity of 3D
printable mixes with varying WGP content.

forces are no longer applied after deposition [62]. The
dynamic yield stress and the plastic viscosity of the geo-
polymer mix are determined from flow curves, as shown
in Figure 11. As can be seen from Figure 11, the dynamic
yield stress and the plastic viscosity values are decreased
with the WGP content in the mix. For instance, the control
mix showed the dynamic yield stress and plastic viscosity
of 424 Pa and 3.56 Pa s, whereas the corresponding results
of the 50S/0F/50G type mixes were 277.2 and 1.62 Pa s.
This indicates that the addition of WGP in geopolymer
3D printing enhances the pumpability and flowability of
the mix, which is beneficial for printing.

However, this improved flowability and pumpability
with higher WGP content can contribute to increased por-
osity in the printed material, which correlates with the
observed decrease in compressive strength and mechan-
ical integrity. The higher porosity may result from weaker
particle interactions and reduced geopolymerization due
to the smooth surface and lower reactivity of WGP.
Therefore, an optimization is required to balance printabil-
ity benefits with mechanical performance to ensure both
buildability and structural reliability.

The reduction in dynamic yield stress and plastic vis-
cosity with increasing WGP content observed in this study
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is consistent with trends reported in previous research. For
instance, Sheng et al. [63] reported that dynamic yield
stress decreased from approximately 241.94Pa at 10%
WGP to 178.52 Pa at 40% WGP. In their study, the plastic
viscosity varied from 6.05 Pa.s to 6.03 Pa.s for 10% WGP
and 40% WGP in geopolymer mix. In the present study,
dynamic yield stress values ranged from 424 Pa (control
mix) to 277.2Pa (50% WGP), while plastic viscosity
ranged from 3.56 Pa-s to 1.62 Pa-s. Despite differences in
absolute values due to variations in geopolymer precur-
sors, mix compositions, and measurement protocols, the
overall trend remains comparable. These findings collect-
ively indicate that increasing WGP content reduces the
interparticle cohesion and internal resistance to flow,
enhancing the pumpability and extrudability of 3D print-
able geopolymer mixtures.

4.4. Hardened properties of WGP incorporated 3D
printed concrete

4.4.1.

Figure 12(a,b) illustrates the compressive strength of
mold-cast and 3D printed samples at 7 days and 28 days,
respectively. The compressive strength of WGP-
incorporated concrete reduces with the increasing WGP
dosage. Considering the mold cast specimens as an
example, the compressive strength of the 50S/50F was
51.4MPa at 28 days, whereas the strength properties of
50S/35F/15G, 50S/20F/30G, and 50S/0F/50G were
reduced by 7.5%, 20.8%, and 30.7%, respectively. This
indicates that the replacement of fly ash with WGP
reduces the strength properties of geopolymer concrete.
Similar behavior was also observed in the 3D-printed
samples as well. For instance, the control 3D printed spe-
cimen showed the compressive strength of 41.5MPa,
32.4, and 45.1 MPa for perpendicular, lateral, and longitu-
dinal directions, respectively. However, the compressive
strength in corresponding directions was reduced to 29.3,
21.4, and 31.1 MPa, respectively, for 50% WGP replace-
ment level. The reduction of compressive strength in these
directions was determined as 29%, 34%, and 31%,
respectively. The reduction of the compressive strength
with the substitution of WGP can be related to the vari-
ation in the Si/Al ratio in the geopolymer mix due to the
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high SiO, content in WGP [27]. As a result, a high WGP-
containing mix resulted in low-crosslinked aluminosilicate
materials, leading to reduced compressive strength proper-
ties [58]. Although a reduction in compressive strength is
observed with increasing WGP replacement, this effect
could potentially be reduced by increasing the fineness of
WGP to enhance its reactivity and packing density, or by
incorporating suitable chemical admixtures. Future work
is recommended to explore these options to improve the
strength performance of geopolymer systems incorporat-
ing WGP. Moreover, the reduction in compressive
strength with increasing WGP content is also consistent
with the FTIR observations discussed in Section 4.1. The
leftward shift (toward lower wavenumber) of the main Si—
O-T (T=Si or Al) bands in FTIR spectra with higher
WGP dosage indicates an increased Si/Al ratio and a less
cross-linked aluminosilicate network. This is an indication
of lower gel compactness and weaker structural integrity,
which correlates with the observed decline in compressive
strength at higher WGP contents. Therefore, the FTIR
analysis confirms that the reduced polymerization degree
associated with high-WGP systems adversely impacts
mechanical performance.

In addition, WGP could possibly alter the porosity/air
voids variation in the matrix, which would affect the
strength properties. To assess the porosity/air voids vari-
ation, the porosity analysis was conducted, and the results
are provided in the following section.

The anisotropic behavior was observed for the com-
pressive strength of printed specimens. The printed speci-
mens displayed the highest compressive strength in the
longitudinal direction, followed by the perpendicular dir-
ection, and the lowest strength values were observed for
the lateral loading directions. This is primarily because the
extrusion process aligns the material filaments along the
printing direction, resulting in enhanced particle packing,
compaction, and material continuity, which together
increase strength in this direction. In contrast, the low
strength in lateral directions is attributed to the presence
of a weak interlayer [64]. Interfaces between printed
layers represent potential weak zones due to limited chem-
ical bonding and incomplete geopolymerization across the
layer boundaries. Additionally, delays between layer
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Figure 12. Compressive strength values with varying WGP contents at antistrophic directions: (a) 7 days and (b) 28 days.
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depositions can cause surface drying and reducing adhe-
sion. Mechanical interlocking at interfaces may also be
insufficient, especially if printing parameters are not opti-
mized, leading to increased interfacial voids and micro-
cracks. These defects at the layer interfaces reduce the
efficiency of load transfer perpendicular to the printing
direction, causing reduced strength in the lateral
directions.

Furthermore, the compressive strength of mold-cast
specimens is higher than the printed specimens in all
tested directions. As stated by past researchers [33,65,66],
this is likely due to the presence of inherent voids formed
during the printing process as a result of circular nozzles.

4.4.2. The apparent volume of permeable voids
(AVPYV) and bulk density

The apparent volume of permeable voids (AVPV) of
mold cast and 3D printed samples is reported in
Figure 13. The 3D printed samples showed higher AVPV
than the mold cast specimens, regardless of the WGP
content in the mixture. This behavior is attributed to the
layer-by-layer fabrication process in 3DCP, compared to
monolithic casting in mold-cast concrete. The layer-wise
fabrication induces interlayer porosity in addition to the
intralayer porosity in concrete. Furthermore, 3D printed
specimens would not be subjected to compaction, whereas
the cast specimens are mechanically vibrated during the
casting process. These two factors cause the increased
porosity in 3D printed specimens. Similar observations
were also reported in past research studies [66—68].

The porosity variation between different types of mix-
tures indicated that the AVPV values are increased with
the WGP content. The measured AVPV of 3D printed
control mix was 13.2%, whereas the AVPV values of
50S/35F/15G, 50S/20F/30G, and 50S/0F/50G were
14.1%, 15.4%, and 17.9%, respectively. A similar obser-
vation has been reported by other researchers for the glass
powder incorporated geopolymer concrete [69]. Figure 14
compares the surface morphology of the 3D printed fila-
ment for the 50S/50F and 50S/0F/50G types. It is evident
that large voids are present in the 50S/0F/50G type con-
crete surface.
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Figure 13. Bulk density and AVPV variation with WGP con-
tent; 3D printed and mold casting specimens.

The bulk density measurements of both 3D-printed
and mold-cast concrete specimens are also provided in
Figure 13. Regardless of the fabrication method (ie mold-
cast or 3D-printed concrete), the density is reduced with
increasing WGP in the mixes. The variation of the density
with the WGP could be due to the increased porosity of
WGP-incorporated specimens reducing the bulk density.
In addition, the lower specific gravity of the WGP may
also lead to the reduced density of the produced concrete.

Moreover, as porosity plays a critical role in the ther-
mal stability of concrete, the increased AVPV values in
WGP-rich mixes may initially suggest reduced fire resist-
ance; however, the sintering behavior of WGP appears to
offset this effect, as discussed in the following section.

4.5. Compressive strength of 3D printing concrete
under elevated temperature

The compressive strengths of the 3D-printed concrete
specimens with varying WGP dosage when exposed to
elevated temperatures are given in Figure 15(a). The com-
pressive strength loss percentages based on 28-day
strength values are also calculated and provided in Figure
15(b). According to Figure 15(a), the compressive
strength is reduced from 34.8 MPa to 25.1 MPa for the
50S/50FA mix when the exposure temperature is
increased from 400 °C to 600 °C, whereas the correspond-
ing reductions for 50S/0F/50G are from 24.1 MPa to
20.5MPa. The control specimen showed the highest
strength drop when the exposure temperature was
increased to 600 °C. However, the rate of strength reduc-
tion reduces with the increasing WGP dosage, indicating
that the WGP in geopolymer concrete had an excellent
high-temperature resistance.

In addition to strength degradation, visual observa-
tions revealed notable physical changes in the specimens
exposed to 600 °C. These include surface cracking, slight
discoloration, and minor edge spalling in all specimens.

The above comparison suggests that the incorporation
of WGP in geopolymer concrete enhances the structural
integrity of concrete under fire. This can be attributed to
the sintering process of glass powder associated with the
melting and re-solidification of the WGP within the
matrix. The sintering process allows transitioning from a
‘glass’ state to a ‘rubber’ state upon exposure to tempera-
tures exceeding 600 °C [70]. This fire-resistant behavior
makes WGP-based 3D printable concrete highly suitable
for applications requiring both rapid fabrication and ther-
mal stability, such as bushfire-resistant housing, fire shel-
ters, and protective enclosures  for critical
infrastructure [70].

4.6. Microstructural analysis of 3D-printed concrete

The SEM analysis was carried out on geopolymer speci-
mens containing WGP to visually examine the micromor-
phology characterization. Figure 16 illustrates the SEM
images of 3D printed samples after 28 days of age. The
visual observation of Figure 16(a) evident many spherical
shaped particles in the control mix, which suggests the
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Figure 15. Compressive strength of 3D printed sample exposed in high temperature; (a) 400 °C and (b) 600 °C.

presence of unreacted fly ash particles. Similarly, Figure multiple microcracks are visible in the 50S/0F/50G mix,
16(b—d) shows the particles with irregular shapes, sharp which has the highest amount of waste glass in the mix.
edges, and smooth surfaces, which are unreacted WGP This behavior can be related to the compressive strength
particles. The comparison of surface morphology between properties, where higher strength was observed for the
different samples also indicates an increase in voids and control mix and the strength properties were reduced with

pores with the increasing WGP in the mix. In addition, the WGP content in the mix. This could be due to the
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inadequate mechanical interlocking between the unreacted
smooth glass particles and the gel matrix; thus, the densifi-
cation of the matrix was reduced, leading to inferior mech-
anical properties [29,51]. Moreover, the ratio between Si
and Al in the gel phases also significantly impacts the
properties of geopolymers by altering the geopolymeriza-
tion network [71]. As the Si/Al ratio increases with WGP,
it leads to the creation of a low-crosslinked aluminosili-
cate network in the geopolymer matrix, which leads to a
reduction in strength properties [58]. To get a more
detailed understanding of the chemical composition and
elemental distribution within the geopolymer matrix,
future work is recommended to include Energy Dispersive
Spectroscopy (EDS) analysis, which would enable quanti-
fication of elemental ratios such as Si and Al and facilitate
a better correlation between microstructure and mechan-
ical performance.

5. Conclusions

This study investigated the alkali activation of waste glass
powder (WGP) in fly ash-slag-based geopolymer concrete
for 3D concrete printing applications. WGP was used as
the precursor in the geopolymer mixes and the effect of
the WGP content on the fresh rheological, hardened prop-
erties and post-fire performance was assessed. Based on
the experimental analysis, the following conclusions can
be drawn.

e The WGP substitution for fly ash and slag pre-
cursors has a major impact on the geopolymeri-
zation rates as observed from the FTIR study.
This is also reflected in the rheological properties
of fresh printable concrete. The increase in WGP
content reduces the apparent viscosity at both
high and low shearing rates and increases the
flowability of the mixes. On the other hand, the
static yield strength decreases.

e The compressive strength of mold-cast and 3D-
printed geopolymer concrete with high WGP
content decreased in all three directions due to an
increase in the Si/Al ratio in the mix. The max-
imum reduction in compressive strength was
determined for 50% WGP replacement level as
29%, 34%, and 31% for perpendicular, lateral,
and longitudinal directions, respectively.
Nevertheless, the average compressive strength
in all directions was above 20 MPa.

e The AVPV increased with an increase in WGP
content in the geopolymer mix. The increased
APVP can be correlated to the compressive
strength loss of the specimens with the increasing
WGP replacement levels.

e SEM images indicated that the homogeneity of
the microstructure decreased with the increase in
WGP content in the 3D printable mix, and this
was attributed to the reduced reaction rates of
WGP compared to other precursors. The high
WGP content resulted in increased microcracks,

pores, and voids due to the high porosity and low
strength properties.

Therefore, these findings demonstrate the potential of
WGP as a viable precursor for 3D printable geopolymer
concrete, especially considering its beneficial effect on
fresh concrete properties and fire resistance. However, to
fully understand its practical application, further research
is required to evaluate the long-term durability of WGP-
based geopolymer concrete in real field conditions and to
assess scalability and process optimization challenges for
industrial-scale 3D printing.
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