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One of the fields in the construction industry where 3D printing of cementitious composites can play a significant
role is associated with manufacturing of lightweight structures. Thanks to 3D printing, structural self-weight can
be reduced by topology optimization of printed elements. Moreover, further decrements of self-weight and im-
provement of thermal insulating properties can be achieved by the mixture design and introduction of materials
of low thermal conductivity. To date, limited knowledge on lightweight printable mixtures is available. The main
objective of this study is to develop 3D printed lightweight concrete (3DPLWC) mixture, with the intention of re-
placing natural aggregate with waste glass (WG) by 50 vol.-% and 100 vol.-%. Moreover, expanded thermoplas-
tic microspheres (ETM) were incorporated into the mixture. This led to a reduction in density of the mixtures as
well as the thermal conductivity by up to 40%. Comprehensive evaluation of material's fresh properties revealed
that the addition of ETM results in 3D printable material with lower yield shear stress and higher plastic viscosity
by 28% and 66%, respectively, compared to the mixes without ETM. Moreover, improvement of shape retention,
flowability, setting times, and early-hardened mixtures' properties was observed. The mechanical properties of
3DPLWC showed that the replacement of natural aggregate by 50 vol.-% WG led to enhanced flexural and com-
pressive strength of the composite, while full replacement resulted in retaining or slight reduction of the mechan-
ical properties.

1. Introduction that cement can be successfully replaced with a high content of lime-

stone filler without deteriorating the printing properties of the mix-

3D printing of concrete (3DPC) has gained particular momentum in
recent years with substantial development of the printing techniques,
mixtures designs as well as first practical large-scale applications. Addi-
tive manufacturing of concrete offers many advantages, including geo-
metrical freedom as well as formwork-less concreting [1]. Although
there are substantial developments in this field, there is still concern re-
lated to cost optimization of the 3DPC mixtures [2,3]. To ensure proper
printing parameters (mainly flowability and buildability), mixtures
dedicated for printing consist of the high volume of fine fractions and
admixtures which in turn results in the increment of the final cost of the
printed element. Therefore, various solutions are sought to meet this
challenge. This can be achieved both by replacing either the binder
with various supplementary cementitious materials (SCMs) or fillers as
well as replacing natural aggregates [2,4,5]. Skibicki et al. [6] showed
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tures, thus producing more sustainable mixtures. Similarly, Panda et al.
[7] introduced high-volume fly ash mixtures for 3D printing. Moreover,
to mitigate the problem with shortages of natural sand resources, vari-
ous approaches including production of mixtures with sea sand [8,9] or
copper tailings [10,11] were proposed. Zou et al. [12] replaced the nat-
ural river sand with recycled sand from construction and demolitions
waste (C&DW). However, it was found that incorporation of recycled
sand requires additional mixture modifications as recycled sand notice-
ably affects the workability of the fresh mixture [13]. A study by Xiao et
al. [14] showed that the replacement of sand with recycled sand by
25 wt.-% caused higher green strength of specimens compared to con-
trol with no apparent effects on mechanical performances of specimens.
Zou et al. [12] reported that it is possible to produce printable material
with 100% recycled sand; however, an acceptable extrudability and a
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suitable printability window for practical printing required the intro-
duction of retarding admixture of sodium gluconate.

Ting et al. [15] evaluated the possibility of incorporating recycled
(waste) glass aggregate for 3D concrete printing. Waste glass (WG) with
a grain size of up to 1.7 mm was incorporated into the mixture. The
mixture with recycled glass exhibited lower dynamic yield stress and
plastic viscosity than the control mixture with river sand. This indicates
that the mixture with recycled glass demonstrates a better flowability.
On the contrary, lower static yield stress for the mixture with WG was
reported, resulting in weaker buildability of the mixture during print-
ing. In addition, the authors reported substantially lower compressive,
flexural, and tensile strengths of mixtures with WG. However, it is
worth mentioning that waste glass has good potentials to be used for in-
sulating mortars and concretes. Studies [16,17] showed that cement
mortars produced with fine WG aggregate exhibited only one-third of
the thermal conductivity of mortars containing standard quartz aggre-
gate. Similarly, Chung et al. [18] demonstrated that WG aggregate with
a particle size up to 4 mm could be successfully used to produce light-
weight concretes with satisfactory mechanical and thermal properties.

To date, many valuable research works were performed towards de-
veloping normal-weight cement-based and alkali-activated 3D printed
concrete mixtures, while limited efforts have been focused to produce
lightweight printable mixtures for thermal insulating applications. Mo-
hammad et al. [19] performed a study on the production of lightweight
printable mixtures with expanded perlite (up to 4 mm) used as sand re-
placement in 3DPC. Replacement of sand with perlite aggregates re-
sulted in the decrement of thermal conductivity of 3DPC by 62%. How-
ever, along with unit weight decrement the flexural and compressive
strength reduction was reported. Markin et al. [20] developed three dif-
ferent foamed concrete printable mixtures with oven-dry densities
ranging between 970 and 1307 kg/m? and compressive strength above
10 MPa. Rahul and Santhanam [21] evaluated the printability of con-
cretes containing 15, 30, and 45 vol.-% of natural sand substitutions
with coarse expanded clay aggregates (up to 4 mm). Extrudability tests
showed that lightweight aggregate could be incorporated into the mix-
ture up to 30 vol.-% of replacement. A higher volume of aggregates re-
sulted in liquid phase separation in the piston pump. Wang et al. [22]
evaluated the mechanical behaviors of 3D printed lightweight concrete
structures with hollow sections. Fine sand has been replaced up to
30 wt.-% with ceramsite sand to decrease the density of the elements.
Structures with different topologies were evaluated showing the
promising approach for using 3D printing technology for such a pur-
pose. Zhou et al. [23] suggested that the density of printable mixtures
can be successfully decreased by incorporating various lightweight
fillers (such as hollow glass microspheres or fly ash cenospheres). Much
smaller particle size than that of aggregate and mostly spherical shape
enables controlling rheological properties. Moreover, even a small
dosage can lead to a noticeable decrement of unit weight due to ex-
tremely low density. Therefore, based on the literature review, it can be
seen that knowledge related to the production of printable lightweight
mixtures is still not broad and most of the available studies are limited
to particular properties such as printability properties or mechanical
performance. Hence there is no comprehensive study dedicated to de-
veloping 3D printable lightweight cementitious composites.

The main objective of this work is to develop a 3D printed light-
weight concrete (3DPLWC) mixture, towards improving the thermal in-
sulating characteristics of 3DPLWC. Waste glass aggregates (WG) and
expanded thermoplastic microspheres (ETM) were incorporated into
the mixture. Comprehensive evaluations of rheological, thermal, and
mechanical properties of the composite were conducted. Key parame-
ters governing the material rheology, thermal and mechanical behav-
iour are assessed and discussed.

2. Materials and mixtuyg, dgsigBuilding Engineering 44 (2021) 102718
2.1. Materials

To produce specimens, a binder composed of CEM III 42.5 N (Ce-
mex, Germany) and limestone powder (Opterra, Germany) with spe-
cific gravities of 3.0 g/cm? and 2.7 g/cm?, respectively, were utilized in
all mixtures. As an aggregate, basalt crushed aggregate (Baden-
Wiirttemberg, Germany) with a specific gravity of 2.96 g/cm? was in-
corporated into the mixture. Brown soda-lime beverage glass obtained
from a local recycling company was used as a source of waste glass
(WG) aggregate. Crushed glass cullets with broad particle size distribu-
tion were washed, dried, milled and sieved to pass the sieve of 1 mm.
The specific gravity of the WG aggregate is 2.53 g/cm?®. Fig. 1 presents
the particle size distribution of dry materials obtained by laser diffrac-
tion particle size analyzer Mastersizer2000 (Malvern Panalytical Ltd.,
UK). Limestone filler was found to be finer than the cement particles
with D50 of 9.4 ym when compared to D50 of cement, which is
17.5 pm. Basalt aggregate showed a narrow grain distribution with D50
of 474 pm, while the distribution of glass particles was broader due to
the milling process required to prepare the aggregate. Scanning elec-
tron microscopy (SEM, Zeiss GeminiSEM500 NanoVP) study of aggre-
gate particles (Fig. 2) confirmed that WG preparation process results in
presence of large amount of flat, elongated and needle-shaped glass
particles (Fig. 2(b-d)).

Additionally, Sika PerFin 300 (Sika Deutschland GmbH, Germany)
defoaming admixture, a modified aqueous polyol solution with a den-
sity of 0.96 g/cm? was used. To suppress the shrinkage of mixtures, dis-
persed basalt fibres with an average length of 6 mm produced by the
Deutsche Basaltfaser GmbH (Germany) were used in the mixture. The
density of the fibres was 2.96 g/cm3.

To decrease the density of mixtures, pre-wetted expanded thermo-
plastic microspheres (ETM) Expancel 461 WE 20d 36 (Nouryon AB,
Sweden) with a true density of 36 + 4 kg/m? were used. This material
is an inert material, traditionally used as a lightweight filler and a blow-
ing agent [24,25]. Microspheres’ estimated particle size equal to D50 of
20-30 pm (data provided by the supplier). Size distribution was addi-
tionally confirmed by laser granulometry study (Fig. 1), while SEM
study confirmed the spherical morphology and narrow particle size dis-
tribution of spheres is presented in Fig. 2(e-f).

2.2. Mixture design

Table 1 presents the six 3D printable mixtures designed for the ex-
perimental program. Mixture compositions were developed through se-
ries of initial trials with the principle of fixed cement content. Mixes
GO, G50, and G100 are normal-weight mixtures, while mixes GO-ETM,
G50-ETM, and G100-ETM were designed to be light-weight mixtures
with the addition of 3 wt.-% (by mass of binder) of ETM. GO and GO-

100

—=— Cement

90 4|—— Limestone

80— ET™M

—— Basalt aggregate

70 | —— Waste glass aggregate
60
50

40

30

Cumulative passing [%]

20
104

0 Y T T
0.1 1 10 100 1000

Particle size [um]

2 Fig. 1. Particle size distribution of cement, limestone, expanded thermoplastic

microspheres, basalt and waste glass aggregates.



K. Cuevas et al.

ring 44 (2021) 102718

Fig. 2. SEM micrographs of basalt aggregate (a), waste glass aggregate (b-d) and expanded microspheres (e—f).

Table 1
Mass-related mixing ratio.

Mix designation Binder Water Expanded microspheres Basalt aggregate Waste glass aggregate PerFin 350 [%]¢ Fibres [%]¢
GO 12 0.35 0 0.44 0 0.7 0.3
G50 1> 0.37 0 0.22 0.22 0.7 0.3
G100 1° 0.38 0 0 0.44 0.7 0.3
GO-ETM 12 0.37 0.03 0.44 0 0.7 0.3
G50-ETM 1° 0.38 0.03 0.22 0.22 0.7 0.3
G100-ETM 1> 0.39 0.03 0 0.44 0.7 0.3

a Cement:limestone ratio 1:0.52.
b Cement:limestone ratio 1:0.49.
¢ By weight of binder.

ETM are considered as control mixtures with 100 vol.-% of basalt ag-
gregate. In G50 and G50-ETM mixes, basalt aggregate was replaced
with waste glass by 50 vol.-%, while in G50 and G50-ETM mixes,
basalt aggregate was entirely replaced with WG (i.e. 100 vol.-%).

The water-to-binder ratio (w/b) ranged between 0.35 and 0.39 and
the aggregate-to-binder (a/b) was 0.44 in all samples. Replacement of
basalt aggregate with waste glass required a slight increment of water
and decrement of limestone from the binder phase due to higher fi-
nesses of waste glass, thus higher water absorption. Moreover, in the
case of ETM incorporation, a slight increment of water was also re-
quired to meet the consistency required for the mixture to be printed.
The consistency, similar to other studies [6,26,27], was determined us-
ing a flow-table method (conforming EN 1015-3) with a targeted flow
between 135 and 165 mm. The content of Perfin 350 admixture and fi-
bres was fixed to 0.7% and 0.3% by mass of binder, respectively.

2.3. Mixing and printing process

The mixing procedure of printable composites was performed using
a standard rotary mixer conforming to EN 196-1 [28]. Firstly dry com-
ponents were mixed for 1 min, and then water and admixtures were
added followed by a second mixing phase of 1 min at 140 rpm. The
third mixing phase consisted of high-speed mixing (285 rpm) for 1 min.
Afterwards, the mixture was left for 1 min to rest and mixed again for
1 min at high speed. Thereafter, the mixture was poured into
40 X 40 X 160 mm? prismatic mould to produce the casted samples.
After 24 h, the casted specimens were demolded and tested or im-
mersed in water up to 7 d, 14 d and 28 d, depending on the testing
date.

The printer used in this study is an XYZ-gantry system equipped

3 with an active pumping nozzle for composite displacement developed
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by TU Berlin. The different mixture compositions were all printed with
the following printer properties:

a nozzle diameter of 6 mm,

e a print path of 10 mm width and 2.5 mm height,

printing time of one prism 7 min (average volume flow of
600 cm3/s),

printing speed 0-40 mm/s (according to 0-1000 mm3/s),

pausing of composite displacement after every layer, restarting new
layer according to the print path shown in Fig. 3.

A set of prismatic specimens (40 X 40 x 160 mm?) were printed to
evaluate shape retention, mechanical and thermal properties. Fig. 3
represents a schematic four-layer repeatable printing path obtained
from a previously developed G-code. The printed object is also repre-
sented in this (Fig. 4). After printing, the samples were inserted in a
compartment containing a humidifier (T = 20 = 5 °C, 99% RH) to
cure the samples for 24 h to prevent shrinkage. After 24 h, the samples
were immersed in water to replicate the curing method for casted sam-
ples.

3. Testing procedures
3.1. Determination of fresh properties

To evaluate the fresh properties of developed mixtures following
tests were performed:

am— —— am— am——
M s am— M
£
: > = =
A
—/ \.J \/ —/
1 e .~/ ~—/ -
40 mm

Fig. 3. Schematic presentation of four-repeatable printing patterns for pris-
matic specimens.

* Flow table test measysgmanf KAREQERIRAY EN2b9D5r63/39] was

performed at 0, 5, 10, 15, 30, and 60 min, where time 0 corresponds

to the flowability 5 min after the addition of water to the mixture.
e Two different methods have been conducted to evaluate the setting
behaviour of the mixtures. The automatic penetrometer Toni
Technik ToniSET Force (Zwick Roell, Germany) conforming ASTM
C403 was employed to determine the penetration resistance of fresh
mixture over time. The yield stress obtained from the data collected
by the penetrometer was calculated using the proposed method by
Wiinsch [30]. The measurements stopped when the force reached
400 N at two speeds of 0.03 mm/min and 0.072 mm/min.
Additionally, a Vicat needle test conforming EN 196-3 [31], using
an automated Toni Technik ToniSET (Zwick Roell, Germany) was
performed to determine the initial and final setting times of the
fresh mixtures.
The rheology measurements were conducted by means of Viskomat
NT (Schleibinger, Germany). The rheology test protocol based on
Haist et al. [32] is presented in Fig. 5. The rheology testing protocol
consists of a pre-shearing stage, where the shear rate increases
rapidly from 15 s7! to 135 s~! for 1 min, followed by gradual
decrements of 15 s intervals until the shear rate reaches 15 s~
Several fitting models [33-35], including the Modified-Bingham
(MBM) and Herschel-Bulkley (HB) models, have been reported to
calculate the rheological parameters of the mixtures. However,
based on some of the authors' previous studies [36,37], due to the
non-Newtonian and pseudoplastic nature of the OPC-based
cementitious composites, as well as increasing the fitting accuracy,
the Modified-Bingham model was employed to extract the plastic
viscosity (np), and yield shear stress (t,) of each mixture (see Eq.
(1.

T=T10+Npy+ Cy2 (Eq. 1)

where 7t is the yield shear stress (Pa), ) is the apparent viscosity (Pa.s)
and vy is the shear rate (1/s).

e A mini-slump test, with cone dimensions of 19 mm top diameter,
38 mm bottom diameter and 57 mm height, was performed
according to the model proposed by Tan et al. [38]. Based on slump
data, the yield stress was calculated according to Ref. [38] with the
use of Eq. (2).

(225 % pgQ?)

il (Eq. 2)
128 % 22R5

Ty =

Fig. 4. Printing process of specimens (a) and (b) and flexural strength determination (c).
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Fig. 5. Test program of rheological measurement procedure.

where: 1 is the yield stress, ¢ is the density of the paste, g is the gravita-
tional acceleration, Q is the volume of the mini-slump cone and R the
mini-slump spread diameter.

e The shape stability or shape retention of each mixture was studied
by comparing the height (H;) of the first layer and the difference
between the height of the first and the last printed layer (Hgif). Based
on some of author's previous studies [35,39], samples were printed
until reaching approximately 40 mm in height (16 layers). The first
and the last deposited layer's height were measured by taking high-
quality footage of the printed sample's front view and importing
them to the ImageJ software for accurate analysis.

3.2. Thermal properties

Thermal conductivity, thermal diffusivity, and specific heat were
measured using a Hot Disk TPS 2200 with a 6.4 mm Kapton-insulated
sensor compatible with ISO 22007-2 [40]. Thermal properties were de-
termined on both casted and printed prisms with dimensions of
40 x 40 x 160 mm? after 28 d of curing. Prior to the measurement,
the samples were dried until constant mass. Each mix design was tested
on three groups of specimens, with the mean value taken into consider-
ation in each case.

3.3. Evaluation of mechanical properties

Compressive and flexural strength testing was performed on casted
and printed prisms at ages 1 d, 7 d, and 14 d with dimensions of
40 x 40 x 160 mm?® according to EN 196-1 [28]. A batch of three
prisms for each composition was initially tested for flexural strength in
the perpendicular direction to the specimens' printing path. A total of
six broken portions of prisms in flexural strength test were utilized for
compressive strength evaluations. Prior to testing, the surface of the
printed specimens was flattened with sandpaper to ensure proper test-
ing conditions.

4. Results and discussion
4.1. Fresh properties

4.1.1. Flowability

The flowability of a cementitious composite is of particular impor-
tance in qualifying a good printable mixture. This parameter was tested
using the flow table test according to the EN 1015-3 [29]. Fig. 6 pre-
sents the results of the flow table measurement. The spread-flow of each
mixture was recorded for up to 60 min after the mixing process. The re-
sults indicate that all the combinations' flowability meets the adequate

170 ;
=— G0
® G50
1651 4 = A G100
R o GO-ETM
1604 “ & — o G50-ETM
= A G100-ETM
E, 1551 N SN
> o [0 A A
= ul o} A
s 150 ° - g
S . - 8
i 1454
140 -
N\
1351 . . . . -
0 5 10 15 30 60
Time [min]

Fig. 6. Flowability of mixtures according to EN 1015-3.

range (i.e. between 135 and 165 mm) to retain their shape after the
printing process [3,26,27]. As can be seen, by increasing the WG re-
placement percentage, the initial and final flow of cementitious com-
posites gradually increased from 151 mm to 136 mm for GO (control
sample) to 153 mm and 138 mm for G50 and 165 mm and 153 mm for
G100. However, it should be taken into account that mixtures G50 and
G100 required slight mix modification, including limestone filler reduc-
tion and increment of the water content, to meet the flowability range.
Although it has been reported that WG particles have remarkably lower
water absorption capacity [15], the presence of flat elongated and nee-
dle-shaped glass particles increases the internal friction in the mix [18].
Moreover, compared to basalt aggregate, WG aggregate was finer due
to the milling process (Fig. 1), which led to an increase in the water ab-
sorption of the material.

The results also show that the incorporation of ETM has a remark-
able impact on altering the flowability trend. Even though a high-
volume of ETM particles were incorporated into the GO-ETM, G50-ETM
and, G100-ETM mixes, there was only marginal modification of mixture
composition (minimal increment of water content) required when com-
pared to the corresponding GO, G50 and G100 mixes. The initial and fi-
nal flow of GO-ETM (i.e. 151 mm and 141 mm, respectively) and G50-
ETM (i.e. 164 mm and 148 mm, respectively) increased compared to
the values registered for the corresponding mixtures without ETV], i.e.
GO and G50, respectively. The result has to be associated with the fact
that the addition of fine ETM particles affects the packing density of the
mixtures. An increase in packing density results in a stiffer mix caused
by reducing the water demand and consequently causes an overall
higher flow when compared to samples without ETM particles. Another
hypothesis is that the extra water from the pre-wetted ETM could in-
crease the mixture's water content, resulting in an increased flowabil-
ity. Moreover, the inclusion of microspheres with a spherical shape re-
duces the cohesiveness of the paste. The presence of spherical shape
particles is expected to act as a lubricant, leading to an increased flowa-
bility [41-43]. Several other studies have also indicated that the pres-
ence of spherical particles leads to a reduction in frictional force be-
tween the mix's main components and act as a lubricant which results
in a higher flowability [44,45]. On the contrary, the initial and final
flowability of G100-ETM slightly decreased and reached 161 mm and
151 mm, which are lower than the values measured for G100 (i.e.
165 mm and 153 mm). One possible hypothesis for this effect is attrib-
uted to the agglomeration of ETM particles in this mixture. As indicated
by Liu et al. [46] high volume of ETM particles might exhibit tendency
to agglomeration, which could in turn affect slightly decrease the
flowability of this particular mixture. All designed mixtures exhibited
an appropriate flowability up to 60 min, and in all cases, loss of flowa-

5 Dbility did not exceed 9.2%.
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4.1.2. Initial and final setting time

The initial and final setting times of the cementitious composites are
presented in Fig. 7. The results indicate a noticeable delay in initial and
final setting times for all the mixtures incorporated with ETM (i.e. GO-
ETM, GO-ETM, and GO-ETM) compared to the corresponded combina-
tions without microspheres (i.e. GO, G50, and G100). This is attributed
to the non-reactive (inert) character of ETM particles which does not
exhibit any chemical affinity with binder phase [24,25]. The same rela-
tionship was also observed in the penetration resistance (PR) results
(Fig. 8), in which, after 4 h, the PR of the samples containing ETM parti-
cles was considerably lower than the values registered for the mixtures
without it. This proves that the aforementioned mixtures will reach fi-
nal setting slower. As previously mentioned (see section 4.1.1), a rela-
tively small amount of excess water entrapped in the pre-wetted ETM
spheres (i.e. increased w/c ratio) can also lengthen (i.e. increase both
initial and final setting times) the setting process of the mixtures con-
taining ETM [47].

For mixtures without ETM, it can be seen that (Fig. 7) by replace-
ment of basalt with WG particles, the setting times (i.e. initial and final
setting time) of the mixtures has reduced and reached 2.5 h and 4.1 h
for G50, and 3.1 and 4.3 h for G100 compared to the values registered
for GO (i.e. initial and final setting times of 3.5 and 5.3 h, respectively).
This observation can be attributed to the “filler effect” or “pozzolanic
reaction” induced by replacing basalt particles with finer WG particles.

--0-- Initial time °
--@-- Final time
) :
6 : '
=) : I !
05 ¢ : o ;
£ : ° o :
> 44 ° ! o
£ ) ! ]
B 34 | "
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2]
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') Q
¢ ¢ g & & &
& & &
©
Fig. 7. Initial and final setting of mixtures.
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Fig. 8. Penetration resistance between 15 min and 4 h obtained through a pen-
etrometer test.

The aforementioned phengmensg prafige.sxtta-pueleation ¢ises within
the cementitious composite paste leading to an acceleration in the ce-
ment hydration kinetics [48]. The results indicate the ascending trend
by increasing the replacement percentage as at 50 vol.-% replacement
of basalt (i.e. G50), the setting time was lower than G100 (i.e. 100 vol.-
% replacement). After the inclusion of ETM particles, the setting times
were first increased to 5 h and 8.3 h for G50-ETM (i.e. 50 vol.-% re-
placement), which is higher than the initial and final setting time of GO-
ETM (4.5 and 7.2 h, respectively). This can be attributed to a variation
in the mixture compositions. As discussed in the previous section, Mix
G50-ETM required a slight decrement of limestone filler content along
with slight water content increment (Table 1) to meet the flowability
requirements. This resulted in slightly lower contents of binding mater-
ial as well as higher amount of free water available in the mixture. Thus
the initial flow (Figure M1) of G50-ETM was 164 mm (the upper region
of flowability requirement) compared to the GO-ETM flow of 151 mm.
This resulted in elongation of the setting time of G50-ETM. Thereupon,
for G100-ETM (i.e. 100 vol.-% replacement), the initial and final setting
time decreased to 4.1 h and 6.1 h, respectively, due to higher content of
fine WG particles as well as similar binder content as in case of G50-
ETM.

4.1.3. Rheological properties

It is well accepted that suitable mixtures for 3D printing process
should exhibit low yield stress and adequate flowability to facilitate the
mixture's extrusion through the nozzle. Moreover, at the same time, the
high viscosity is also required to guarantee the shape stability of the de-
posited layer immediately after printing [49]. Fig. 9 demonstrates the
shear stress versus shear rate flow curves of each mixture. After fitting
the Modified-Bingham model, yield stress and plastic viscosity of each
mixture have been extracted. As shown in Fig. 10, the inclusion of
spherical ETM particles is influential in changing the rheological behav-
iour of cementitious composites by decreasing the yield stress and re-
covering the plastic viscosity of the mixtures. Examining the mixtures'
yield stress reveals that the yield stress of 712 Pa, 614 Pa, and 737 Pa
was registered for GO, G50 and G100, respectively. However, after in-
corporating ETM particles, the yield shear stress was reduced to 585 Pa,
608 Pa, and 548 Pa for GO-ETM, G50-ETM and G100-ETM, respec-
tively. Accordingly, the plastic viscosity of the GO (i.e. 1.052 Pa s), G50
(i.e. 1.575 Pa s), and G100 (i.e. 1.672 Pa s) is remarkably increased to
1.750 Pa s, 1.975 Pa s, and 2.188 Pa s for GO-ETM, G50-ETM, and
G100-ETM, respectively. One possible hypothesis explaining the effects
on yield stress and plastic viscosity is attributed to the impact of parti-
cles' spherical shape, facilitating the transition of paste principle com-
ponents when subjected to shear [50,51]. Fig. 10 shows each mix evalu-
ated by the mini-slump test, where the same descending trend of mix-
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Fig. 10. Rheological parameters calculated through the rheology tests and
mini-slump test.

ture's yield stress after the inclusion of ETM particles is observed. The
lower yield stress of samples containing ETM could also be related to
the higher setting time of these mixtures, which is indicated in Figs. 7
and 8.

4.1.4. Shape retention

The shape retention test was performed on the 3D printed mixtures
to identify the shape stability of deposited layers that can be directly re-
lated to the rheological behaviour. This relation can be used to optimize
the shape stability, buildability, and overall print quality of the printed
specimen. Fig. 11 presents the sides of printed specimens while Fig. 12
shows the shape retention test results, where the first layer's height (H;)
and the difference between the height of the first and the last printed
layer (Hgif) for each mix are presented. The results indicated the direct
relation between H; and yield shear stress of mixtures. It was found that
similar to the yield stress reduction, which is due to the ETM incorpora-
tion, the H; of the mixtures also decreased. The Hg;; of mixtures, on the
other hand, showed an inverse relation with plastic viscosity. The re-
sults indicated that the Hg;r of GO (i.e. 0.133 mm), G50 (i.e. 0.117 mm),
and G100 (i.e 0.028 mm) was higher than their corresponding mixtures
with ETM, by 14%, 62% and 53% for GO-ETM, G50-ETM and G100-
ETM, respectively. The lower Hy;r values for mixtures containing ETM
comparing the corresponding mixtures without ETM suggest that the
ETM inclusion can positively affect the critical printing parameters (i.e.

i
er

£
E
=

low yield stress and adeqygtg:plaskiginsisrasibiandopprevs ihe final
buildability of the printed objects.

4.2. Hardened properties

4.2.1. Thermal properties

Experimental results of thermal conductivity (TC) and specific heat
of casted and printed specimens determined using a Hot Disk device are
presented in Fig. 13. Noticeable differences between the casted and
printed specimens can be distinguished. Printed specimens generally
exhibited lower thermal conductivity and specific heat values attrib-
uted to the cavities and imperfections in the printed prisms which re-
sulted in lower densities of specimens (Fig. 14) and higher deviation of
the results (Fig. 13). The gradual replacement of basalt aggregate with
WG aggregate resulted in a decrement in the thermal conductivity of
the composites. Specimens G50 and G100 exhibited 11% and 17% (re-
spectively) lower thermal conductivity than GO. Basalt aggregates are
known to possess relatively low thermal conductivity compared to
other commonly used aggregates e.g. siliceous aggregates [52]. It is
worth noting that the thermal conductivity of soda-lime glass is over
three times lower than that reported for a quartz aggregate [17]. How-
ever, the replacement of basalt with WG decreased the thermal conduc-
tivity of specimens by less than 20%.

The addition of ETM had a substantial contribution to the improve-
ment of insulating properties of composites. As it is widely agreed, the
density of the lightweight cement-based composites has a major effect
on the thermal conductivity of composites [53-55]. GO-ETM, G50-ETM,
and G100-ETM specimens exhibited 36%, 38%, and 40% lower thermal
conductivity, respectively, when compared to GO. Similarly, the spe-
cific heat value of composites were decreased as a result of basalt aggre-
gate replacement with WG by both 50 vol.-% and 100 vol-%. The sub-
stantial improvement of thermal properties of ETM-modified specimens
is attributed to the extremely low density of ETM particles
(36 + 4 kg/m3); thus remarkable decrement of specimen's density was
reported (Fig. 14). Therefore, in ETM-modified specimen, the effect of
WG aggregate incorporation was limited.

4.2.2. Flexural strength

Results of flexural and compressive strengths of casted and printed
specimens after 1 d, 7 d, 14 d and 28 d of curing are presented in Fig.
15 and Fig. 16, respectively. In general, the data show that the printed
samples' flexural strength slightly increases or stays comparable in most
of the samples at all curing ages. Similar observation were found in
other studies with specimens tested in perpendicular direction to the
printing path [56,57]. There are two potential reasons that can explain

Fig. 11. Side view of the printed GO (a), G50 (b), G100 (c), GO-ETM (d), G50-ETM (e) and G100-ETM (f).
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Fig. 12. Shape retention of the mixtures.

such results. Firstly, it could be attributed to minimal inconsistency
with the printed specimens' dimensions, thus larger cross-section,
which can slightly affect the measured values [58]. Secondly, as re-
ported by Le at al [56]. due to printing process, there is a better com-

paction and local reductipp,f yatamRiRdet.satiodnbotom Aayers. In

this part of specimen the maximum tensile stress occurs, thus printed
specimens exhibit higher flexural strength. Moreover, after 28 days of
curing the discrepancy between the results of flexural strength of casted
and printed specimens has decreased. This confirms faster hydration
process of printed specimens as a result of exposed layers’ surface dur-
ing printing process and first hours of curing. Replacement of basalt ag-
gregate with WG did not affect the flexural strength of casted specimens
up to 28 d of curing. In case of printed specimens, a trend can be visible,
indicating that mixtures containing 50 vol.-% of WG (G50 and G50-
ETM) exhibit higher flexural strength values in all tested ages. This can
be attributed to the orientation of elongated and angular glass particles
(Fig. 2) along the printing paths, which occurs during the extrusion
through the nozzle. Since force has been subjected in the perpendicular
direction to the printing path, the fine oriented WG particles, intro-
duced as a partial replacement of coarser basalt aggregate, improved
the microstructure of the composite. In contrary, sole presence of WG in
the composite (G100 and G100-ETM) resulted in comparable strength
values to that of corresponding control mixes (GO and GO-ETM). Recent
study of Arunothayan et al. [57] confirmed that the printing process in-
fluences the fiber orientation, thus printed specimens exhibited greater
alignment in the printing direction than the casted specimens.

The addition of ETM particles to the mixtures resulted in significant
reduction of flexural strength. After one day of curing, printed GO-ETM,
G50-ETM, and G100-ETM exhibited 55%, 51%, and 48% lower flexural
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strength than corresponding GO, G50, and G100 specimens, respec-
tively. Along with the curing time, the discrepancy between flexural
strength of specimens has been reduced. Hence after 14 days of curing,
printed samples containing ETM (i.e. GO-ETM, G50-ETM and G100-
ETM), exhibited approximately 47%, 40%, and 38% lower flexural
strength than corresponding GO, G50, and G100 specimens, respec-
tively. The results indicate that the flexural strength of samples without
ETM drastically increased in the first seven days of curing and the im-
provement was gradual up to 28 days. While, for the samples modified
with ETM, the mixtures experienced a gradual increase from 1 day to
28 days of curing. This has to be associated with the ability of ETM
spheres to decelerate the hydration kinetics of the mixtures [25].

4.2.3. Compressive strength

Compressive strength results of casted and printed specimens show
a higher discrepancy with printed specimens exhibiting lower strength
values. After one day of curing, both groups of tested mixtures (i.e. with
and without ETM) exhibited comparable compressive strength values in
corresponding groups. After 7 d and 14 d of curing, noticeable differ-
ences between specimens can be distinguished. Printed G50 specimens
showed improved compressive strength by 22% and 17%, respectively,
compared to GO. In contrary, compressive strength of printed G100 de-
clined by 8% and 15%, respectively when compared to GO. After 28
days of curing similar trend has been observed. Thus printed specimens
exhibited lower strengths than casted. Lower compressive strength val-
ues of printed specimens can be attributed to small imperfections
(voids) in the prisms produced with the unidirectional printing pattern.

As reported by Ma et al. [59] and Pham et al. [60] such printing pattern
can result in certain anisotropy of the mechanical strength of specimens
and have an adverse effect on the specimens’ strength.

The replacement of basalt aggregate with 50 vol.-% of WG seems to
be the most effective for improving mechanical properties of printable
composite, while full aggregate replacement resulted in strength reduc-
tions. This can be attributed to the inclusion of finer WG particles which
has improved the packing ability of coarser crushed basalt aggregate.
As discussed briefly in previous sections, the finesses and geometrical
characteristics of WG exhibit filling ability, increasing the internal fric-
tion and interlocking mechanism resulting in improved mechanical per-
formance of the composites [61-63]. However, there is still no agree-
ment in literature to what extent incorporation of WG is beneficial for
improving the mechanical performance of composites. Several studies
related to conventional cement-based composites have reported deteri-
oration of flexural and compressive strengths when normal-weight ag-
gregate is replaced with WG [64-67], while other works reported either
beneficial or negligible effects of WG on mechanical behaviour of com-
posites [18,62,68-70]. Similarly, Ting et al. [15] reported significantly
lower mechanical performance of 3D printed concrete when fine river
sand was replaced with WG (< 1.7 mm). There are two main factors re-
sponsible for such discrepancy in the literature. Firstly, the particle size
of crushed aggregate plays a vital role in mechanical enhancement. In
general, it is well accepted that coarser glass particles are more prone to
cracking and exhibiting lower mechanical resistance [71,72]. Second
aspect is related to the reference aggregate, which is used for compari-
son purposes. Since aggregates usually occupy between 60% and 80%
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of volume of cementitious composites, their mechanical performance
plays a crucial role in the overall mortar and concrete characteristics
[73,74]. Therefore, the nature of aggregate, its geometrical characteris-
tics, as well as gradation, are of high importance. For instance, siliceous
and carbonaceous aggregates possess lower mechanical properties
than, crushed basalt aggregate, which is considered high-quality aggre-
gate due to its high density and high mechanical strength [74,75].
Therefore, our study showed that WG is a suitable solution compared to
basalt aggregate, especially when used as partial replacement (i.e. up to
50 vol.-%).

The incorporation of ETM resulted in a substantial reduction in com-
pressive strength of specimens. This can be attributed to the significant
density reduction because of ETM presence. The density of lightweight
concrete (<2000 kg/m?® [76]) is a major factor affecting the compres-
sive strength [77,78], thus with the reduction of density, the compres-
sive strength is also reduced. After one day, printed GO-ETM, G50-ETM,
and G100-ETM exhibited 68%, 48%, and 70%, respectively, lower com-
pressive strength than corresponding specimens without ETM. Similar
trend was observed for samples after 14 days, in which compressive
strength values remained lower by 68%, 60%, and 56% compared to
that of corresponding specimens. An additional reason for the compres-
sive strength reduction, could be the mitigation of hydration process
due to the inert nature of ETM particles, which was also reflected in the
retardation of mixtures setting times (see section 4.1.2). This was re-
flected in the slower strength gain in ETM-modified specimens com-
pared to corresponding mixtures without ETM. Comparable strength
losses were reported by other researchers [24,25,79] for conventionally
cast cement-based composites modified with lightweight fillers. In the
case of ETM-modified specimens both WG replacement dosages showed
positive effects on the compressive strength of 3DPLWC. Printed G50-
ETM and G100-ETM exhibited higher compressive strength by 42% and
17%, respectively after 14 days of curing, while after 28 d printed G50-
ETM and G100-ETM exhibited 22% and 15% higher than GO-ETM.

5. Conclusions
This study was aimed to develop a 3D printed lightweight concrete

(3DPLWC) with incorporated waste glass aggregates. The following
conclusions can be put forward:

Waste glass (WG) as well as expanded thermoplastic microspheres
(ETM) can be successfully used to produce 3DPLWC, however,
minor mixture composition modifications are required to replace
conventional (basalt aggregate) with WG up to 100 vol.-% to satisfy
the flowability requirements of 3D printing process.

Incorporation of fine WG aggregate results in shortening of the
initial and final setting times of printable composites. Addition of
ETM, due its inert nature, results in retardation of mixtures setting
times. Nevertheless, delay in setting time of 3DPLWC was partially
compensated by incorporation of higher amount of WG.

e The inclusion of ETM can lead to improved final buildability of the
printed objects by modifying the rheological behaviour of mixtures.
For ETM-modified mixtures (i.e. GO-ETM, G50-ETM, and G100-
ETM), the yield stress was reduced by 18%, 1%, and 26%,
respectively. Moreover, the plastic viscosity was increased by 66%,
25%, and 31%, respectively, compared to the fresh mixture without
ETM (i.e. GO, G50, and G100, respectively).

After incorporating ETM spheres, G50-ETM shows the most
preferable shape retention as it retains its first layers height, while
difference between the height of its first and last printed layer (Hgif)
decreased by 62% compared to the corresponding sample without
ETM (i.e. G50).

Replacement of basalt aggregate with WG aggregate by 50 vol-%
and 100 vol.-% resulted in reduction of composites' thermal

conductivity by 11% and 17%, respectively. While, addition of ETM 10

to mixtures significanily-radpsediromprsites density whieh led to

remarkable improvement of thermal insulation properties. 3SDPLWC
mixtures containing WG aggregate (50 vol.-% and 100 vol.-%) and
ETM exhibited, respectively, 38% and 40% lower thermal
conductivity when compared to control mix GO.

Replacement of basalt aggregate with WG aggregate by 50 vol-%
(G50) improved the flexural and compressive strength of composite,
while mixtures containing 100 vol.-% (G100) experienced a decline
in the compressive strength of printed composite. In contrary for
both G50-ETM and G100-ETM, an improvement of mechanical
properties was observed.
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