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Abstract: This article evaluates the synthesis, characterization and 3D printing of hybrid cements
based on high (70%) contents of powders from concrete waste (CoW), ceramic waste (CeW) and red
clay brick waste (RCBW) from construction and demolition waste. For the synthesis of the hybrid
cements, 30% (by weight) of ordinary Portland cement (OPC) was added. Sodium sulphate (Na2SO4)
(4%) was used as a chemical activator. The effect of the liquid/solid ratio on the properties in the fresh
state of the mixes was studied by means of minislump, flowability index, and buildability tests. The
compressive strength was evaluated at 3, 7, 28 and 90 days of curing at room temperature (≈25 ◦C),
obtaining strengths of up to 30.7 MPa (CoW), 37.0 MPa (CeW) and 33.2 MPa (RCBW) with an L/S
ratio of 0.30. The results obtained allowed selecting the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes
as optimal for carrying out 3D printing tests on a laboratory scale, successfully printing elements
with good print quality, adequate buildability, and compressive strength (CoW 0.30 = 18.2 MPa,
CeW 0.33 = 27.7 MPa and RCBW 0.38 = 21.7 MPa) higher than the structural limit (≥17.5 MPa)
established for concrete by Colombian Regulations for Earthquake Resistant Construction (NSR-10).

Keywords: additive manufacturing; 3D printing; construction and demolition waste; sodium sulphate;
alkali-activated materials; geopolymers

1. Introduction

The worldwide 3D printing construction market was valued at USD 11 million in 2021
and expected to grow to USD 48 million in 2030, according to Grand View Research [1]. In
fact, the implementation of additive manufacturing technology in the construction sector
has brought into play a new market and given rise to multiple advantages for this industry
compared to conventional construction methods. Among such advantages are a higher
construction speed [2], reduced labour costs [3], greater energy efficiency [4], lower con-
sumption of materials [5], decreased waste generation and the possibility of producing
elements with complex geometries almost impossible to obtain using conventional meth-
ods [6]. As highlighted in [7], factors necessary to position 3D printing as a sustainable
construction method include using non-conventional cementitious materials [8], including
alkali-activated cements, geopolymers and hybrid cements [9–14].

Synthesis of these non-conventional cementitious materials is based on chemical
activation of a material rich in aluminosilicates (precursor) through the use of alkaline
activators (hydroxide type (ROH, R(OH)2), weak acid salts (R2CO3), strong acid salts
(Na2SO4, CaSO4·2H2O), and siliceous salts R2O(n)SiO2, where R is an alkaline ion of
the Na, K or Li type [15]. This process gives rise to materials with physical, mechanical
and durable properties similar or even superior to traditional cementitious materials
such as ordinary Portland cement (OPC) [16]. Another advantage of these types of non-
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conventional cementitious material is their potential to reduce the carbon footprint, making
it possible to call them environmentally friendly cements [17,18].

In particular, hybrid cements are able to use a small amount (≤30%) of OPC that pro-
motes a gain of strength at room temperature (≈25 ◦C) and that can be chemically activated
with smaller amounts (2–6% by weight) of Na2SO4 (sodium sulphate) [19]. Na2SO4 has
a lower economic and energy cost than traditional alkaline activators (NaOH (sodium
hydroxide) and Na2SiO3 (waterglass)) [20]. The chemical activation mechanism of these
hybrid cements (OPC ≤ 30%) via incorporation of Na2SO4 has been described by other
authors [21]. The role of the SO4

2− ion in these non-conventional binders consists of
(1) accelerating the hydration process of the alite (C3S) phase present in the clinker; (2) the
formation of ettringite from the reaction with the celite phase (C3A); and (3) the formation
of NaOH as a by-product of the reaction between Na2SO4 and Portlandite (Ca(OH)2) gen-
erated during the hydration of calcium silicates (C3S (alite) and C2S (belite)) present in the
clinker. An additional hypothesis derived from these reactions is that the Ca(OH)2 and
NaOH formed can alkaline-activate the reactive phase of the precursor (aluminosilicate)
and form (N,C)-A-S-H type hybrid gels [21].

Precursors that can be used for the synthesis of alkali-activated materials include a
wide range of pozzolanic additions (Supplementary Cementitious Materials (SCM)) of
natural or artificial origin, and industrial by-products with high aluminosilicate contents,
including natural pozzolans, fly ash, steel slag and thermally activated clays (metakaolin),
among others. Construction and demolition waste (CDW) is made up mostly of concrete
waste (CoW), ceramic waste (CeW) and red clay brick waste (RCBW). All of these are
aluminosilicate in nature, so they feature a certain degree of reactivity to equally be used as
precursors. In this regard, in previous studies [22,23], it was shown that the fine fractions
(powders) of CDW can be used through chemical activation processes in the synthesis of
alkali-activated materials, geopolymers and/or hybrid cements.

According to Raza et al. [11], the use of alkali-activated materials in 3D printing
was introduced in 2016 by Xia and Sanjayan [14], and from that moment this research
topic quickly became an innovative trend for research groups around the world. The
application of CDW-based alkali-activated materials however in the field of 3D printing has
hardly been explored at all. As highlighted in [7], regardless of its nature, the cementitious
material suitable for 3D printing must have an adequate extrusion capacity (mouldable
and extrudable material), be fluid, be buildable, with an adequate setting time (open time),
have dimensional stability (low shrinkage), and achieve a certain level of mechanical
strength to be used in structural applications. In this context, Şahin et al. [24] studied
the rheological properties for 3D printing of geopolymers based on hollow brick (HB),
red clay brick (RCB), roof tile (RT) and glass (G), activated with combinations of sodium
hydroxide (NaOH), calcium hydroxide (Ca(OH)2) and sodium silicate (Na2SiO3). The
mix activated with 6.25 M NaOH and 10% Ca(OH)2 exhibited the best rheological and
mechanical properties and was selected for laboratory-scale 3D printing tests. Based on
that study [24] and using the same geopolymeric cement, Ilcan et al. [25] demonstrated
the possibility of incorporating a fine aggregate of recycled concrete (aggregate-to-binder
ratio of 0.38) in the production of low and high viscosity mortars, successfully applying
the aggregate in 3D printing without affecting the rheological and mechanical properties
of the mortar mixes. Demiral et al. [26] subsequently evaluated the effect of anisotropy
(dependence on the direction of 3D printing) on compressive strength in three directions
(perpendicular, parallel and lateral) and flexural strength in two directions (perpendicular
and lateral), in the geopolymeric mortars produced in the abovementioned study [25]. They
further evaluated the adhesion between layers through direct and indirect traction tests.
The authors conclude that interlayer adhesion influences the anisotropic behaviour of 3D
printed elements. They state however that 3D-printed specimens tested in the direction
perpendicular to the printing direction showed similar performance to mould-casted
specimens, indicating that interlayer adhesion had little influence in the perpendicular
loading direction.
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Despite the recent advances, the use of low economic, low energy cost alternative
activators such as sodium sulphate (Na2SO4) in the synthesis of hybrid cements based on
high CDW contents and their application in 3D printing has not yet been reported. This
article aims to synthesize and characterize hybrid cements based on high contents (70% by
weight) of concrete waste (CoW), ceramic waste (CeW), and red clay brick waste (RCBW),
derived from the fine fraction (powder) of construction and demolition waste (CDW), and
ordinary Portland cement (OPC) (30% by weight). Na2SO4 was used for the chemical
activation of the hybrid cements. The effect of the liquid/solid (L/S) ratio on the properties
of the fresh state (mini slump, flowability index, workability, and open time) and hardened
state (compressive strength) of the mixtures was evaluated, and the optimal ranges of these
properties were determined for their application in 3D printing. The optimal mixtures
were used in laboratory-scale printing tests, demonstrating their potential application in
additive manufacturing processes. These are the first reported results of 3D printing for
this type of hybrid cement based on CDW powders.

2. Materials and Methods
2.1. Raw Materials

Concrete waste (CoW), ceramic waste (CeW) and red clay brick waste (RCBW) from
construction and demolition activities (CDW) were used to produce the mixes. These
residues were finely ground using a ball mill. The particle size was estimated by laser
granulometry using a Mastersizer-2000 equipment (Malvern Panalytical, Madrid, Spain).
For the synthesis of hybrid cements, ordinary Portland cement (OPC) was used. An
Ultrapyc 3000 helium pycnometer (Anton Paar, Graz, Austria) was used to determine
the density of the raw materials. The chemical composition was determined by X-ray
fluorescence (XRF) using a MagiX-Pro PW-2440 spectrometer (Phillips, Eindhoven, The
Netherlands). Industrial grade sodium sulphate (Na2SO4) was used for chemical activation
of hybrid cements produced.

2.2. Production of Mixes and Characterization

A total of 10 mixes (hybrid cements) (Table 1) were designed based on a 70% precursor
content (CoW, CeW or RCBW) and the addition of 30% (by weight) of OPC. In order to
evaluate the effect of the liquid/solid (L/S) ratio on the fresh and hardened properties of
the mixes, this design variable was modified between 0.30–0.38. For the calculation of the
L/S ratio, liquids correspond to the mixing water and solids correspond to the sum of the
waste and the OPC (precursor). The Na2SO4 content was 4% by weight with respect to
the precursor (waste + OPC). The determination of this optimal content (4% by weight) of
chemical activator (Na2SO4) was based on a previous study [19].

Table 1. Design of mixes and proportioning of raw materials.

Mix L/S Ratio
Proportion (g)

Waste OPC Na2SO4 Water

CoW 0.30 0.30 70 30 4 30
CoW 0.33 0.33 70 30 4 33
CoW 0.36 0.36 70 30 4 36
CeW 0.30 0.30 70 30 4 30
CeW 0.33 0.33 70 30 4 33
CeW 0.36 0.36 70 30 4 36
RCBW 0.30 0.30 70 30 4 30
RCBW 0.33 0.33 70 30 4 33
RCBW 0.36 0.36 70 30 4 36
RCBW 0.38 0.38 70 30 4 38
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The mixes were produced in a Hobart mixer with a mixing time of 5 min. Initially,
the waste (precursor) was dry homogenized with the addition of OPC. Subsequently, the
chemical activator, previously dissolved in the mixing water, was added to the mix.

In order to correlate the rheological behaviour of hybrid cements with their 3D printing
capacity, the mixes were characterized in the fresh state by adapting minislump, flow rate
and buildability tests. The minislump (Figure 1a) was determined as the settlement shown
by the mix due to its own weight after removing the conical mold according to ASTM C230
standard [27].
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Figure 1. Characterization tests in the fresh state of the mixes: (a) minislump, (b) flowability index
and (c) buildability of the mixes.

Flowability index (Figure 1b) was determined according to the procedure established
in ASTM C230 [27], taking into account the average diameter reached by the mix after
being subjected to 25 drops from the flow table. Buildability (Figure 1c) was determined
from the collapse caused by an 800 g weight placed on the mix immediately after carrying
out the minislump test. This weight (800 g) is equivalent to the fresh weight of the mix
used to fill the conical mould.

The setting time (initial and final) of the mixes was determined according to the
procedure described in the ASTM C191 standard (method B) [28] using a Vicat apparatus.
Additionally, the effect of setting time on ultrasonic pulse velocity was evaluated using
a Pundit PL-200 unit (Proceq, Schwerzenbach, Swiss) with P-type wave transducers of
54 kHz frequency, a pulse voltage of 200 V, and a sensor gain of 500×. For the measurement
of ultrasonic pulse velocity in the fresh state, an acrylic cubic mould with a side of 75 mm
and a wall thickness of 1.3 mm was used. Additionally, the effect of mixing time on the loss
of workability of the mixes was established through the minislump and flowability tests.
This evaluation was carried out up to a maximum mixing time of 90 min. Together, these
tests allowed us to study the open time of the mixes for 3D printing.
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The compressive strength of the hybrid cements was evaluated in an INSTRON 3369
(Instron, Norwood, MA, USA) universal testing machine with a 50 kN capacity, using a
testing speed of 1 mm/min. Conventionally moulded 20 mm cubes were tested to calculate
the average strength of the mixes at 3, 7, 28 and 90 days of curing at room temperature
(25 ◦C) (relative humidity (RH) ≈ 80%). Each value of strength corresponds to the average
of three test samples.

2.3. Additive Manufacturing (3D Printing) and Tests

The additive manufacturing process carried out is summarized in Figure 2, starting
with the computer-aided design (CAD) of a solid part exported in .STL format, followed by
the printing parameterization process through the free software Ultimaker Cura 5.0 and
generating a file in .gcode format. Finally, the execution of the printing process was carried
out using a Creality Ender-3 printer (Creality, Shenzhen, China), to which a Ceramic 3D
Printer Kit (Eazao) was adapted. The optimum printing speed was 7 mm/s. The nozzle
used corresponds to a circular geometry of 8 mm in diameter. The parameterization of the
3D printing process included a layer height of 6 mm, with the layer height/width ratio
being 0.75 (6 mm/8 mm). This optimum ratio (0.75) was determined following preliminary
printing tests.
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Figure 2. Graphic summary of the methodology followed for the additive manufacturing process
(3D printing).

To evaluate the printability of the mixes, hollow (without filling) cylindrical specimens
of 50.8 mm in diameter × 101.6 mm in height (17 layers) were printed (Figure 2). At the
end of the printing tests, the actual heights of the 3D specimens were verified with the help
of a metric rule to validate their buildability.

Solid beam-type specimens of 45 mm × 30 mm × 140 mm (width × height × length)
were printed to evaluate the mechanical strength (compressive and flexural) of the 3D
printed mixes. A total of 3 solid beams were produced for each mix. A concentric filling
pattern (from outside to inside) was used, considering 100% filling. The specimens were
removed from the impression base (plate) 24 h after their production and were subjected to
a curing process in a controlled environment (RH ≈ 80% and 25 ◦C) until the corresponding
test age.

The beams were flexural tested (3 points) after 7 days and the compressive strength
was determined at 7 and 28 days with the halves of the flexural test beams (Figure 3),
according to the procedure described in the UNE-EN 1015 standard [29]. The direction
of application of the flexural and compressive loads was perpendicular to the direction
of printing (Figure 3). Additionally, the density, absorption and porosity at 28 days were
determined according to the ASTM C642 standard [30] from beams of the same type.
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The ultrasonic pulse velocity was determinate at 28 days on solid 3D-printed cylinders
50.8 mm in diameter and 50.8 mm in height according to the procedure established in
ASTM C597 [31]. These results were compared with that obtained in specimens made using
the conventional casting process (mould-casted). A Pundit 200 instrument was used with
P-wave transducers of 54 kHz frequency, a pulse voltage of 100 V and a sensor gain of 1×.
Before the measurements, a calibration of the wave transmission time was carried out with
the calibration pattern of the equipment. The specimens were tested in a dry condition
(ambiently dried). The measurements were made on the lower and upper faces of the
specimens (direction perpendicular to the printing direction) (Figure 3). The ultrasonic
pulse velocity reported for each mix corresponds to the average of three measurements.

The macroscopic observation of the interface zone between layers was carried out
through the inspection of a cross section of the 3D printing specimens in a stereomicroscope.
The microstructural analysis was performed on this same area by means of scanning
electron microscopy (SEM), using a JEOL JSM-6490LV microscope (Jeol, Tokio, Japan) with
an accelerating voltage of 20 kV. An Oxford Instruments Link-Isis X-ray spectrometer was
coupled to the microscope (EDS).

3. Results and Discussion
3.1. Materials Characterization

The results of the chemical composition demonstrate the aluminosilicate nature (SiO2
+ Al2O3) of the CoW, CeW and RCBW, representing 44.4, 75.4 and 77.4% of their total
composition, respectively (Table 2).

The densities of the CoW, CeW and RCBW were 2.68, 2.71 and 2.75 g/cm3, respectively.
The OPC meanwhile reported a density of 3.00 g/cm3. The average particle size of the
CoW, CeW and RCBW was 24.6, 25.8 and 23.6 µm, respectively (Figure 4). The average
particle size of the OPC was 22.5 µm.
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Table 2. Chemical composition of raw materials (XRF).

Material SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O Others LOI 1

CoW 36.1 8.3 28.7 6.8 1.9 0.6 0.6 1.1 15.9
CeW 59.3 16.1 9.8 5.5 0.8 0.5 1.6 2.3 4.1

RCBW 59.0 18.4 5.4 7.8 2.4 1.1 1.5 1.5 2.9
OPC 19.4 4.1 55.7 4.7 1.7 0.3 0.3 4.6 9.2

1 Loss on ignition (LOI)
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3.2. Fresh Properties
3.2.1. Minislump, Flow Rate and Buildability

The effect of the L/S ratio on the properties in the fresh state of the CoW, CeW and
RCBW mixes, included in Table 1, can be seen in Figure 5 (minislump), Figure 6 (flowability
index) and Figure 7 (buildability). In general, it is observed that the higher the L/S ratio,
the higher the workability (minislump and flowability) of the mixes and as a consequence
the lower the buildability, a behaviour that has been reported elsewhere [32]. According
to Tay et al. [33], a high water content reduces the internal frictions between the cement
particles and resulting in greater flowability. Additionally, it is evident that waste type
exerts some control over the rheology of the mixes, suggesting that optimization of each
mix design must consider the properties in the fresh state that the type of waste fosters
and the effects of these on the 3D printing process. In this regard, the CoW mixes tend to
be the most flowability (lowest water demand), followed by the CeW mixes and then the
RCBW mixes; the latter demand a higher L/S ratio (0.38) to achieve the level of workability
required by the 3D printing process.

In the case of the minislump (Figure 5) and flowability (Figure 6), the CeW 0.30 and
RCBW 0.30 and 0.33 mixes have a very dry consistency and fall below the optimal printing
region. In relation to the above, the mixes must have an acceptable extrusion capacity,
which is affected by a very dry consistency. In contrast, the CoW 0.36 mix had a very fluid
consistency that places it above the optimal printing area. Regarding buildability (Figure 7),
the very fluid mixes reported a low shape retention capacity (buildability < 80%), which
affects the ability to support the weight of the subsequent layers without collapsing and
this behaviour is not adequate for the 3D printing process. In contrast, the very dry mixes
presented a high buildability (close to 100%), but at the same time a low extrusion capacity
(equally unsuitable for 3D printing). In conclusion, it was necessary to find a balance
between flowability and buildability in selecting the optimal mixes. Considering this,
only the mixes with minislump between 10–20 mm, flowability index between 2.0–2.4 and
buildability greater than 80% could be used in the 3D printing process. These correspond
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to mixes CoW 0.30; CeW 0.33 and RCBW 0.38. The results of the printing tests of these
mixes are included in Section 3.4.1.
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3.2.2. Open Time

Open time is defined as the time interval in which the mix is able to be printed before
its properties in the fresh state are altered [34]. 3D printing actually requires a sufficient
setting time to maintain the consistency of the mix during the extrusion, pumping and
deposition process, and thus avoid possible blockages in the pipe and/or nozzle of the
printer. However, at the same time a mix with adequate buildability is required; a property
that is promoted with short setting times that ensure the necessary strength for the lower
layers to support the weight of the upper layers. The open time adjustment must also
take into account that a very short setting time could affect adhesion between layers and
therefore the mechanical strength of the printed element [2]. Given the above, the effect of
L/S ratio on the setting time of the mixes is presented in Figure 8.
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In general, it can be seen that the higher the L/S ratio, the longer the setting time of the
mixes. It is also possible to identify that waste type influences initial and final setting times
of the mixes. The shortest times are registered for RCBW mixes, followed by CeW mixes
and CoW mixes, with the longest times. The RCBW 0.30, 0.33, 0.36 and 0.38 mixes recorded
initial setting times of 80, 170, 200 and 250 min, respectively. The CeW 0.30, 0.33 and 0.36
mixes had initial setting times of 160, 200 and 270 min, respectively, while the CoW 0.30,
0.33 and 0.36 mixes reported respective initial setting times of 180, 270 and 310 min.

Ultrasonic pulse velocity monitoring, according to Uppalapati et al. [35], is sensitive to
hydrate formation and microstructural changes associated with the setting—hardening—of
cementitious materials. Figure 9 relates the ultrasonic pulse velocity of the CoW 0.30,
CeW 0.33 and RCBW 0.36 mixes during their setting process. It should be recalled that
these mixes were selected as optimal during the evaluation of their properties in the fresh
state (Section 3.2.1) and featured initial setting times of 180 min (CoW 0.30), 200 min
(CeW 0.33), and 250 min (RCBW 0.38). In Figure 9 a direct correlation is seen between
the hardening process of the mixes and the ultrasonic pulse velocity reported, steadily
increasing as the mix gradually sets. The ultrasonic pulse velocity for the RCBW 0.38, CeW
0.33 and CoW 0.30 mixes in the initial setting time (needle penetration = 25 mm) were
≈1365, ≈1340 and ≈1510 m/s, respectively. These values coincide with those reported
elsewhere [35] for alkali-activated materials during the initial setting time (1450–1550 m/s).
Values above 1650–1750 m/s meanwhile are normally associated with the final setting time
of cementitious materials.
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Furthermore, it can be seen in Figure 9 that the ultrasonic pulse velocity curves have the
greatest slope (acceleration) during the first minutes (10–40 min). This demonstrates that,
before the initial setting, the mixes underwent important changes in their microstructure
and properties in the fresh state (flowability), even though with the Vicat needle there were
no changes in depth of needle penetration (≈40 mm) in that same time interval (10–40 min).
This finding allows to conclude that the conventional setting time test (apart from Vicat)
is not the most appropriate method to study the open time of mixes for 3D printing and
that it is necessary to use other techniques, such as ultrasonic pulse, for more detailed
monitoring of reaction kinetics and changes in the fresh state. In this regard, the changes
in the velocity of the ultrasonic pulse during the first minutes can be associated with the
stages of dissolution (Step I), flocculation (Step II), gelation (Step III) and polycondensation
(Step IV) [36]. These stages occur during the hydration process of hybrid cements as
consequence of the chemical activation [21].

As mentioned in [7], the open time is usually less than the initial setting time (needle
penetration = 25 mm); its experimental evaluation, via tests of loss of flowability as a
function of time, is important. Extending the mixing time during 3D printing tests extends
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the open time of the mixes, while maintaining the mixes static following the completion of
the initial mixing process reduces their useful life. The effect of mixing time (up to 90 min)
on the minislump and flowability index of the mixes is thus presented in Figures 10 and 11,
respectively.

Sustainability 2023, 15, x FOR PEER REVIEW 12 of 23 
 

 

 
Figure 10. Effect of mixing time on the minislump of the mixes: (a) CoW, (b) CeW and (c) RCBW. Figure 10. Effect of mixing time on the minislump of the mixes: (a) CoW, (b) CeW and (c) RCBW.



Sustainability 2023, 15, 9900 12 of 21Sustainability 2023, 15, x FOR PEER REVIEW 13 of 23 
 

 

 
Figure 11. Effect of mixing time on the flowability index of the mixes: (a) CoW, (b) CeW and (c) 
RCBW. 

It was generally observed that after 10−30 min of mixing, the mixes suffered a notable 
loss of workability (minislump and flowability) and therefore of their 3D printing 
capacity, results that agree with those reported by Ilcan et al. [25], Zhang et al. [37] and 
those of commercial products such as Sikacrete-751 3D, Sikacrete-752 3D and Sikacrete-
7100 3D [38]. In conclusion, based on the results obtained in this study, it was established 
that the open times of the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes were 30, 20 and 10 
min, respectively. 

Figure 11. Effect of mixing time on the flowability index of the mixes: (a) CoW, (b) CeW and
(c) RCBW.

It was generally observed that after 10–30 min of mixing, the mixes suffered a notable
loss of workability (minislump and flowability) and therefore of their 3D printing capacity,
results that agree with those reported by Ilcan et al. [25], Zhang et al. [37] and those of
commercial products such as Sikacrete-751 3D, Sikacrete-752 3D and Sikacrete-7100 3D [38].
In conclusion, based on the results obtained in this study, it was established that the open
times of the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes were 30, 20 and 10 min, respectively.
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3.3. Compressive Strength of the Mixes

The evolution of the compressive strength of the CoW, CeW and RCBW mixes is
presented in Figure 12. In general, it is observed that the highest mechanical strengths are
promoted at lower L/S ratios. Indeed, the maximum compressive strengths (90 days) of
the CoW, CeW and RCBW mixes were obtained with an L/S ratio of 0.30 and achieved
values of 30.7, 37.0 and 33.2 MPa, respectively.
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It is evident meanwhile that waste type influences the mechanical performance of the
mixes, and this may be related to the degree of chemical reactivity of each material. It should
be noted that, in this study, the effect of particle size was controlled and a very similar
average size and granulometric distribution was ensured for the three wastes (Figure 4).
In this regard, controlling the particle size is considered fundamental for comparative
purposes, since this property has a strong influence on the degree of reactivity of the
precursor. Clarifying the above, the best mechanical performances for the same L/S ratio
were produced by the CeW, followed by the RCBW and lastly the CoW. These mechanical
results agree with those reported in other studies [22,23] using residues of the same nature
(CDW) and alkaline activation processes.

Regarding the mechanical behaviour of the three mixes previously selected as optimal
for the 3D printing process, their compressive strengths were 24.9 MPa (CoW 0.30), 26.4 MPa
(CeW 0.33) and 19.5 MPa (RCBW 0.38) at 28 days of curing and 30.7 MPa (CoW 0.30),
31.8 MPa (CeW 0.33) and 23.5 MPa (RCBW 0.38) at 90 days of curing. In the case of the CeW
and RCBW mixes, the optimal L/S ratios in the fresh state (0.33 and 0.38) do not coincide
with the L/S ratio that promotes the best mechanical performance (0.30). This conflict has
been described by other authors [2], recognizing that, in some cases, the need to obtain a
fluid mix for 3D printing demands a high mixing water content (high L/S ratio) and this
affects the compressive strength of the mixes. This was the case for the RCBW 0.38 mix,
which reported the lowest mechanical performance among the mixes optimized for the 3D
printing process.

3.4. 3D Printing Tests
3.4.1. Printability and Buildability

In order to validate the application potential of the mixes previously defined as optimal
(CoW 0.30; CeW 0.33; RCBW 0.38), the extrusion and 3D printing capacity at laboratory
scale was evaluated according to the parameters described in the methodology (Section 2.3).
Figure 13 shows the results of this 3D printing test, which correspond to the printing of
hollow (without filling) cylinders of 50.8 mm in diameter × 101.6 mm in height (equivalent
to 17 layers of 6 mm thickness). As can be seen, in general, all three mixes were found to
have an adequate extrusion and 3D printing capacity, obtaining homogeneous portions
and a good surface finish, without the presence of defects, discontinuities (breaks) and/or
macro-pores that may compromise the aspect or appearance of the printed element. Some
small defects can be seen on the surface of the specimens corresponding to CoW, however
these do not compromise the final properties of the element.

Additionally, the buildability of the three mixes was verified by measuring the actual
height of the 3D printed cylinders. The results show a high level of buildability (close to
97–99%), in accordance with the characterization in the fresh state previously reported
(Figure 7). This result is considered important, since a high degree of fresh deformation
(low buildability) can affect the final height of the element compared to the initial model.
This difference would lead to an adjustment of the height of the element through the
computerized design (CAD) of the part and the parameterization (G-code) necessary to
execute the 3D printing process, altering the number of layers.

3.4.2. Physical-Mechanical Behaviour

Table 3 presents the density, absorption and porosity results for the 3D printed spec-
imens corresponding to the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes. As can be seen,
the L/S ratio has a significant influence on the physical properties. The higher the L/S
ratio, the higher the absorption and the porosity and therefore the lower the density of the
3D specimens obtained. The RCBW 0.38 mix reported the lowest apparent density value
(1.92 g/cm3), followed by CeW 0.33 (1.96 g/cm3) and finally CoW 0.30 (1.97 g/cm3) with
the highest reported apparent density.
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Table 3. Density, absorption and porosity of the 3D printed specimens (ASTM C642) [30].

Mix Absorption
(%)

Bulk Density, Dry
(g/cm3)

Apparent Density
(g/cm3)

Permeable Pore Volume
(%)

CoW 0.30 26.9 1.55 1.97 42.4
CeW 0.33 28.5 1.52 1.96 43.9

RCBW 0.38 32.6 1.44 1.92 47.6
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Regarding the mechanical characterization of the 3D printed specimens, Table 4
presents the results of flexural (7 days) and compressive strength (7 and 28 days). In this
regard, the highest compressive strength was reported by the CeW 0.33 mix, achieving a
value of 27.7 MPa at 28 days. The RCBW 0.38 and CoW 0.30 mixes meanwhile attained
values of 21.7 MPa and 18.2 MPa at 28 days, respectively. It should be noted that these
values are above the structural limit (17.5 MPa) established for concrete mixes according to
the Colombian Regulations for Earthquake Resistant Construction (NSR-10).

Table 4. Flexural and compressive strength of the 3D printed specimens.

Mix

Flexural Strength
(MPa)

Compressive Strength
(MPa)

7 Days 7 Days 28 Days

CoW 0.30 4.9 11.5 18.2
CeW 0.33 4.6 12.7 27.7

RCBW 0.38 4.4 10.5 21.7

Meanwhile, the results of compressive strength of the 3D specimens coincide with
the previously reported mechanical performance at the paste level (CeW > RCBW > CoW).
It should be noted that, in the present study, the effect of the direction of the test on the
compressive strength of the 3D printed specimens was not evaluated. However, some
authors [26,39] show that in the direction of test used (perpendicular to the printing
direction) the highest strength values are obtained.

Regarding the flexural strength (7 days) of the 3D printed specimens, it is evident that
the reported values fluctuated between 4.4 and 4.9 MPa, these values being equivalent to
36.2–42.6% of the reported compressive strength of the 7 days of curing with these same
mixes. In conventional concrete, this equivalence (flexural/compressive) is lower and nor-
mally ranges between 10–20% of the compressive strength. According to Kaliyavaradhan
et al. [34], the perpendicular test direction, which corresponds to the one used in this study
(Figure 4), promotes the best results for determining the flexural strength of 3D printed
elements. In this regard, Demiral et al. [26] highlight that the flexural strength of 3D-printed
specimens tested in the perpendicular direction may be even higher than that reported for
conventional (mould-casted) specimens.

In relation to the above and to compare the quality of the 3D printed specimens versus
conventional mould-casted specimens, an ultrasonic pulse test was performed 28 days after
curing according to the procedure described in the methodology (Section 2.3).

The results are presented in Table 5, where it is highlighted that the 3D printed speci-
mens achieve an ultrasonic pulse velocity (CoW = 98.9%; CeW = 98.7%; RCBW = 98.2%)
very similar to that of conventional specimens. Indeed, the ultrasonic pulse velocity of the
3D printed specimens corresponding to the CoW 0.30, CeW 0.33 and RCBW 0.38 mixes was
3114, 3313 and 3238 m/s, respectively. In comparison, the conventional specimens reported
values of 3149 m/s (CoW), 3356 m/s (CeW) and 3297 m/s (RCBW).

Table 5. Results of the ultrasonic pulse test of the 3D printed and conventional (mold-casted)
specimens.

Mix Cylinder Ultrasonic Pulse Velocity
(m/s)

CoW 0.30
3D printed 3114 ± 12

Mould-casted 3149 ± 11

CeW 0.33
3D printed 3313 ± 10

Mould-casted 3356 ± 23

RCBW 0.38
3D printed 3238 ± 12

Mould-casted 3297 ± 13



Sustainability 2023, 15, 9900 17 of 21

According to the literature, the ultrasonic pulse velocity of concrete samples ranges
from 3000 m/s (low quality concrete) to 5000 m/s (high quality concrete). In this regard,
the speed of the ultrasonic pulse is directly related to the density of the material and to the
mechanical properties. The quality shown by the 3D printed elements thus coincides with
the physical-mechanical.

3.4.3. Microstructural Analysis

Additionally, the macroscopic (stereomicroscope) and microstructural (SEM) observa-
tion of the 3D printed specimens is presented in Figures 14–16 for the case of the CoW 0.30,
CeW 0.33 and RCBW 0.38 mixes, respectively.

It is worth mentioning again that the specimens were printed with a fill percentage of
100%, obtaining a solid structure in which it is almost imperceptible to distinguish between
one layer and another by visual inspection of the cross section of the specimens. Only at
the edges of the specimen is it possible to distinguish the area of interface between layers
and the superficial silhouette of each layer. The quality of the filling of the 3D specimens
and their level of densification agrees with the results obtained using the ultrasonic pulse
test (Table 5) and their similarity with the results reported by the conventional specimens
(mould-casted).

A magnification (50×) of the area of interface between layers allowed to corroborate
the perfect adhesion between the layers and the obtaining of a solid and homogeneous
structure in the CoW and CeW mixes, consistent with the physicomechanical performance
of these specimens. In the case of the RCBW 0.38 mix, some cracks were identified in the
area of interface between layers (directed) and inside the layers (non-directed), which may
be associated with shrinkage and drying shrinkage phenomena promoted by the high
L/S ratio (0.38) that this mix required for its 3D printing, and which in turn could have
affected the mechanical performance of the 3D specimens (interlayer adhesion). According
to Nodehi et al. [40], shrinkage is one of the main causes of the concentration of tensile and
shear stresses in the area of interface between layers, and therefore of the generation of
fissures and cracks in this area.
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4. Conclusions

The addition of 30% OPC and 4% Na2SO4 as chemical activator allowed the synthesis
of hybrid cements based on 70% concrete waste (CoW), ceramic waste (CeW) and red
clay brick waste (RCBW) with compressive strengths (25 ◦C, 90 days) up to 30.7, 37.0 and
33.2 MPa, respectively. Additionally, it was possible to demonstrate that the variation of the
L/S ratio (0.30–0.38) affects the mechanical strength of hybrid cements, it being necessary
to find a balance in relation to the properties in the fresh state necessary for its application
in a 3D printing process.

The L/S ratio controls the properties in the fresh state (minislump, flowability index
and buildability) of the mixes for 3D printing. A high L/S ratio promoted greater flowability
and at the same time affected the buildability of the mixes. Very dry mixes meanwhile do
not favour extrusion and 3D printing processes.

The type of waste influenced the rheological behavior of the mixes, being most fluid
in the case of CoW, followed by CeW and finally RCBW. The RCBW demanded the greatest
L/S ratio (0.38) among the waste studied to achieve the necessary flowability in 3D printing.
The optimal L/S ratios for the CoW and CeW meanwhile were 0.30 and 0.33, respectively.

The results showed that the CoW, CeW and RCBW mixes that were found to have a
minislump between 10–20 mm, flowability index between 2.0–2.4 and buildability greater
than 80% were suitable for use in 3D printing processes.

The evaluation of the loss of workability (minislump and flowability) as a function of
mixing time allowed us to determine that the open time of the CoW 0.30, CeW 0.33 and
RCBW 0.38 mixes was 30, 20 and 10 min, respectively. These results were below the initial
setting time reported for these same mixes (180–250 min). Moreover, the analysis of the
ultrasonic pulse velocity during the fresh state made it possible to show that the mixes
present microstructural changes before the initial setting time, which is consistent with
the loss of workability (minislump and flowability) reported during the first minutes of
reaction (≤30 min).

The CoW 0.30, CeW 0.33 and RCBW 0.38 mixes presented an adequate extrusion and
3D printing capacity, allowing to obtain portions with a good surface finish, without the
presence of defects, discontinuities and/or pores. Meanwhile, the 3D printed cylinders
(17 layers) made it possible to establish the high level of buildability of the mixes (close to
97–99%), managing to corroborate the results obtained by the mixes in the fresh state tests.

The 3D printed specimens (100% infill) achieved adequate physical-mechanical per-
formance, with compressive strengths of 18.2 MPa (CoW 0.30), 27.7 MPa (CeW 0.33) and
21.7 MPa (RCBW 0.38) after 28 days of curing (25 ◦C), values that exceed the structural
limit (≥17.5 MPa) established by the Colombian Regulations for Earthquake Resistant
Construction (NSR-10) for concrete mixes.

The print quality of the mixes was confirmed using an ultrasonic pulse test (28 days).
The CoW 0.30, CeW 0.33 and RCBW 0.38 mixes reported speed values of 3114, 3313 and
3238 m/s, respectively, results very similar to those obtained using conventional specimens
(mold-casted). Microscopic observation (SEM) meanwhile revealed a dense interface and
good quality interlayer adhesion for the case of the CoW 0.30 and CeW 0.33 mixes. In
contrast, for the RCBW 0.38 mix, the presence of fissures and cracks in the interface between
layers was identified to be a result of contraction and shrinkage phenomena due to drying,
possibly promoted by the high L/S ratio of this mix (0.38). This finding suggests the
possibility of studying (in future research) the control of this phenomenon through the
incorporation of microfibers and particles.
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