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Abstract: Ordinary concrete is an indispensable construction material of modern society which is
used for everything from mundane road pavements to building structures. However, it is often
used for non-load-bearing applications (for instance, insulating lightweight building units) where
mechanical strength is not a priority. This leads to an avoidable depletion of natural aggregates which
could instead be replaced by alternative waste materials capable of conferring to the material the
desired performance while ensuring a “green” route for their disposal. Furthermore, the automation
of production processes via 3D printing can further assist in the achievement of a more advanced
and sustainable scenario in the construction sector. In this work, performance and environmental
analyses were conducted on a 3D-printable cementitious mix engineered with ground waste tire
rubber aggregates. The research proposed a comparative study between rubberized concrete mixes
obtained by 3D printing and traditional mold-casting methods to achieve a comprehensive analysis
in terms of the mix design and manufacturing process. To evaluate the environmental performance
(global warming potential and cumulative energy demand) of the investigated samples, Life Cycle
Assessment models were built by using the SimaPro software and the Ecoinvent database. The
Empathetic Added Sustainability Index, which includes mechanical strength, durability, thermo-
acoustic insulation, and environmental indicators, was defined to quantify the overall performance
of the samples in relation to their engineering properties and eco-footprint.

Keywords: ground waste tire rubber; 3D concrete printing; life cycle assessment; mechanical strength;
thermo-acoustic insulation efficiency; environmental footprint; empathetic added sustainability index

1. Introduction

3D concrete printing is a new and advanced manufacturing paradigm for the construc-
tion industry. While the technology is still more expensive than the traditional building
fabrication method, the additive manufacturing (AM) of concrete brings a lot of notable ad-
vantages and potentials [1]: (a) the ability to manufacture structures with minimal human
input (automation) and in relatively short times; (b) the unique capability to manufac-
ture complex designs and structures in a manner that is on-demand, on-site or off-site,
customized, and, especially, automated; (c) the possibility of exploiting the design of the
freedom of the additive fabrication to ensure an optimized material usage (therefore saving
raw materials and leading to environmental advantages) while conferring to the printed
structure multifunctionality in terms of mechanical properties, thermo-acoustic insulation,
and aesthetic features. With the growing attention to the sustainable development goals
identified by the United Nations in the Agenda 2030 [2], investigations on the environ-
mental impact and sustainability of digital manufacturing in construction have intensified.
Kaszynska et al. [3] stated that 3D concrete printing technology consumes almost exactly
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as much material as is needed to produce a given structure, which results in a significant
reduction in waste production and material consumption. Following an appropriate op-
timization of the printing process, the wastage reduction may be 60% greater than that
of the ordinary production methods. In addition, the automation of construction would
contribute to the reduction in the labor burden. According to Yang et al. [4], 3D concrete
printing would shorten the construction time by 50-70%, while the labor cost could be
lowered by about 50-80%.

3D-printable concretes require special characteristics to be properly used in additive
fabrication. These mixtures are designed based on four primary printing parameters,
namely, pumpability, extrudability, buildability, and inter-layer bond strength [5,6]. Pumpa-
bility is the ability of the material to be extruded without phase separation under the
application of pressure [5]. Extrudability refers to the material’s ability to be extruded
without discontinuity or deformation [6]. Buildability refers to the ability of the printed con-
crete layer to hold the layers above other layers without failure. Inter-layer bond strength
represents the adhesion force between the printed filaments affecting the hardened-state
properties of the concrete (mechanical strength and durability) [6]. Such properties are
governed by the rheological characteristics of the cementitious mix as well as the curing
conditions, the printing time gap, the layer geometry, and the environmental conditions
influencing the surface properties [5]. Due to such challenging printing requirements, large
amounts of binder (especially Portland cement) and fine natural aggregates are used in
printable concrete, promoting the well-known environmental criticalities already encoun-
tered in the production of traditional cementitious mixtures, i.e., greenhouse emissions,
energy consumption, and the depletion of natural resources [7]. In this sense, the latest
efforts on 3D concrete printing technology are focused on designing “greener” cementitious
mixtures, following two possible routes: (1) implementing low-carbon binders, including
alkali-activated cements (AACs) [8], sulfoaluminate cements (SACs) [9], and magnesium
potassium phosphate cements (MPPCs) [10], or (2) using recycled aggregates or selected
waste materials in place of ordinary natural aggregates, providing valuable opportunities
for a circular economy while improving the sustainability and functionality of 3D-printable
mixtures [5,11,12].

Ground tire rubber derived from end-of-life tires (ELTs), also recognized as ground
waste tire rubber (GWTR), demonstrated a huge potential for its use as an alternative
aggregate in non-structural cementitious mixes. GWTR can be used to produce lightweight
and ecological concretes for specific applications and tailorable properties if a proper se-
lection of the number and shape of tire particles is performed [13]. Thirty-year studies on
rubberized concrete technology highlighted that the replacement of ordinary aggregates
with GWTR leads to a reduction in the concrete’s brittleness, adding various engineering
benefits, such as a higher ductility and energy-dissipative performance, improved impact
strength, freeze/thaw protection, greater vibro-acoustic damping, and higher heat insula-
tion properties [13-15]. While dramatically sacrificing mechanical strength, the rubberized
concrete was found to be a good candidate for a wide range of low-strength applications,
including highway shock absorbers, sound barriers, Jersey barriers, sidewalk panels, non-
load-bearing walls, insulating facades, and precast roofs for “green” buildings [16]. A
further aspect motivating the use of recycled tire rubber as an alternative aggregate is
its considerable availability, which is capable of potentially supporting the need for the
mineral aggregate required in traditional cement mixtures. A report by the European Tire
and Rubber Manufacturers Association (ETRMA) estimated that around 30 Mt of ELTs
were generated globally in the last 4 years. In Europe, the ELT market recognizes material
recycling as the primary handling route for waste tire management (50%) [17].
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While the knowledge and peculiarities of “traditional” rubberized concrete mixes are
well known and consolidated among the scientific community, the latest efforts have fo-
cused on designing and optimizing these mixtures for AM processes. In recent works [18-20],
the authors integrated GWTR particles into printable cementitious mortars in the total
replacement of sand, demonstrating interesting effects on the fresh and hardened proper-
ties. Over the “plain” printable material (0% v/v rubber), an increase in fluidity without
affecting the water content [18,19], improved layer-by-layer adhesion [18,19], higher me-
chanical isotropy counteracting the influence of inter-filament defects on the strength
behavior [18,19], a reduction in pore size distribution [19], a superior acoustic insulation
performance [19,20], and a greater thermal resistance [20] were verified. Additionally,
the appropriate optimization of the mix design and printing characteristics led to “fully-
rubberized” materials with a mechanical strength performance that satisfies the require-
ments for RILEM class I lightweight structural concretes [20]. From these pioneering
studies, other researchers approached the implementation of rubberized concrete mixes
in digital fabrication. Ye et al. [21] developed and characterized a novel ultra-high ductile
concrete (UHDC) for 3D printing modified with crumb rubber in the partial replacement
of sand (40 v/v%) to attain a high ductility performance. Liu et al. [22] studied the effect
of cement-coated GWTR aggregates (15% w/w replacement of river sand) in 3D-printed
rubberized mortar investing by microstructural and mechanical analysis, along with the
influence of the coating quality on the interfacial bonding between the rubber and cement
matrix. Aslani et al. [23] incorporated waste crumb tire rubber aggregates in fiber-reinforced
cementitious composites manufactured through 3D concrete printing. The developed com-
posites satisfied the compressive strength requirements of 25 MPa for lightweight structural
applications.

Aim of the Work

Although the implementation of GWTR in 3D concrete printing would seem promising
in developing lightweight, energy-effective, and mechanically performing structures, the
current literature shows a scarcity of studies providing information about the quality and
eco-impact of the AM process when waste materials are employed as concrete aggregates.
Motivated by the modern environmental considerations regarding materials and produc-
tion processes, this work proposes a quantitative analysis via life cycle assessment (LCA) on
Portland-based mixtures designed for extrusion-based 3D printing process that incorporate
GWTR in the total replacement of the mineral aggregate. A comparative analysis was
performed with similar cementitious mixes obtained by a traditional mold-casting method
to carry out an environmental and performance assay including the influence of different
fabrication processes (mold-casting and 3D printing) and mix designs (cast and printed).
The Empathetic Added Sustainability Index (EASI), which takes into consideration design
engineering properties, durability, and sustainability issues of the developed materials and
processes, was proposed as a performance indicator in the comparison. Innovatively, the
present research explores, by a combined environmental-performance analysis, the viabil-
ity of integrating, in the construction industry, greener alternative materials and digital
manufacturing processes aimed at minimizing the ecological damage and promoting the
sustainable management of waste and efficient natural resource utilization.

2. Results and Discussion
2.1. Performance Characterization of Materials

The performance indicators of 3D-printed and mold-casted CTR and RuC samples are
listed in Table 1. The majority of values were taken from previous research works conducted
by the authors. Specifically, the literature sources for printed samples are Refs. [18-20]. For
mold-casted mixtures, the values of Rc, @, and SRI were collected by Refs. [24,25]. The
k-values, instead, were specially determined for this manuscript.
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Table 1. Performance indicators of 3D-printed and mold-casted samples.
Performance 3D Printing Mold-Casting
Indicator p-CTR p-RuC ¢-CTR c-RuC
R (MPa) 53.60 17.85 35.89 4.93
D (1) 0.189 0.217 0.214 0.228
k (W/m-K) 1.32 0.84 2.29 0.46
SRI (dB) 10.49 10.67 12.45 15.96

2.1.1. Mechanical Strength Indicator

The R, results revealed a clear difference in the mechanical performance between

3D-printed and casted mixtures. As expected, replacing sand with GWTR reduced the
mechanical strength of concrete. The 3D-printed samples exhibited the best compression
loading capacity compared to mold-casted counterparts. Possible explanations for this
evident divergence can be traced back to three factors:

Mix design. Printable mix designs are technologically advanced formulations and
well optimized for extrusion-based AM, which necessarily involves a certain content
of chemical admixtures and fillers (generally not required in traditional mixes for
casting) aimed at ensuring adequate rheology for 3D printing, reduced w/c ratios
(less than ordinary values for casting), and the enhanced strength and microstructural
development of concrete [26].

GWTR and cement contents. The special rheology of the printable mixtures would limit
the use of high contents of GWTR aggregates. Due to their hydrophobicity and poz-
zolanic inertia, a higher rubber content drastically reduces the workability of the fresh
concrete paste requiring a high dosage of mixing water [27], which is not suitable in
terms of fluidity requirements for the extrudability and buildability in AM processes.
By comparing the mix designs in Tables 1 and 2, it can be observed that, with the same
volume (1 m3), the rubber content incorporated in the 3D-printable rubberized formu-
lation is about 44% lower than that in the c-RuC mix. As can be expected, a low content
of GWTR would imply the preservation of a good mechanical performance. As also
confirmed by the literature on 3D concrete printing technology, a higher binder dosage
is used in printable cementitious mixtures compared to conventional concrete [28].
In addition to providing adequate printability properties, high cement amount over
aggregate content improves the load-bearing capacity of concrete. However, the per-
formance improvement led to clashes with the environmental criticality resulting from
the use of high rates of the binding material (Portland cement).

Manufacturing method. As pointed out by several authors [29,30], rubberized concretes
made by mold-casting process could suffer from an inhomogeneous distribution of
polymer particles into the matrix. Due to their low unit weight and poor bonding with
the cement, there is a tendency for the tire aggregates to move upwards during the
vibration, promoting a greater concentration of rubber particles in the upper layer of
the molded samples. The non-uniformity in the hardened material is detrimental to
the mechanical properties. On the other hand, extrusion-based 3D printing production
allows for a more homogeneous dispersion and the alignment of the rubber aggregates
due to both the layer-by-layer deposition technology and the rheology of the material,
which is designed to ensure rapid mixture hardening after deposition and, conse-
quently, better stabilization of the GWTR inside the cement matrix. This enhanced
distribution of rubber aggregates would lead to a superior mechanical performance of
the printed specimens compared to that of the mold-cast ones [31]. In addition, the
better mechanical behavior of the printed mixes compared to that of the casted ones
can be traced by the contribution of the pumping system in the 3D printing process
to the material’s compaction. The application of high pressure during the extrusion
would ensure a greater densification of the 3D-printed parts compared to that of
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their molded counterpart [26], with a consequent improvement in the mechanical
performance and microstructural quality (fewer voids and less porosity).

Table 2. Mix proportions of printable formulations: p-CTR and p-RuC.

Mix Constituent Sample
p-CTR p-RuC
GWTR in total sand (% v/v) 0 100
Portland cement (kg/ m?) 800 800
Water (kg/m?3) 300 250
Water/cement ratio (w/c) 0.380 0.310
Sand (kg/m?3) 1100 0
GWTR (kg/m?3) 0 310
Silica fume (kg/m?3) 120 120
Polycarboxylate ether-based superplasticizer (kg/m3) 4 4
Calcium oxide-based expansive agents (kg/m?) 20 20

2.1.2. Durability Indicator

The @ results show that the permeable porosity slightly increases with the addition of
rubber regardless of the type of manufacturing process. GWTR worked as an air-entraining
agent which can enhance the porosity of concrete. Furthermore, the weak cohesion between
the rubber and cement matrix leads to interfacial gaps, promoting the material’s permeabil-
ity [32]. Based on such evidence, the better behavior of the rubberized mixtures obtained
by AM is mainly to be attributed to the lower content by weight of the GWTR incorporated.
The densification implemented by the extrusion process and the lower w/c ratios involved
in the 3D-printable mix designs are factors contributing to the lower porosity of the printed
samples. Figure 1 shows the cross-section of the p-CTR and p-RuC samples. It can be
verified that the printed parts exhibited a bulk-like microstructure where no inter-filament
voids and inter-layer defects were detected, indicating printing process parameters and
printable mix designs that are well optimized for AM. Avoiding the occurrence of stack-
ing voids is a desirable requirement in 3D concrete printing technology for increasing
the mechanical stability of printed structures and minimizing their vulnerability against
environmental deterioration effects [33].

Figure 1. Cross-section of the 3D-printed slabs: p-CTR (left) and p-RuC (right).
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2.1.3. Energy-Efficiency Indicators

Regardless of the production process (3D printing and mold-casting), the full replace-
ment of sand with GTWR enhanced the thermo-acoustic insulation properties of concrete
by means of a decrease in the k-value and an increase in the SRI. The use of tire rubber
aggregates has a broad prospect in “green” building for applications in which thermal
resistance and noise insulation are primary requirements (e.g., building partition walls) [34].
However, by comparing printed and mold-casted samples, different amounts of improve-
ments in thermo-acoustic insulations were observed. With respect to the p-CTR mix, the
rubberized sample (p-RuC) led to a decrease in the k-value of 36% and an increase in the SRI
of only 2%. Conversely, the mold-casted sample performed better in terms of thermal and
acoustic insulation properties, showing a decrease in the k-value of 79% and an increase in
the SRI of 28%. This result is not related to the type of manufacturing process but rather
to the mix compositions of the samples under investigation. A higher GWTR content per
unit volume incorporated in the mold-casted formulations, although drastically reducing
the mechanical strength of the material, significantly improved its insulation performance.
In this context, one can see the benefit of the design flexibility of 3D printing in building
complex concrete structures (which are challenging to create with conventional manufac-
turing methods) with functional geometries in terms of thermo-acoustic damping. For
instance, different cavity patterns in wall elements can be easily implemented by additive
fabrication to improve the thermal and noise insulation performance while reducing the
energy consumption within the life cycle of the concrete structure [35].

2.2. Life Cycle Assessment (LCA) Results
2.2.1. Global Warming Potential (GWP) Analysis

The graphs in Figure 2 compare the overall GWP values of 3D printing (Figure 2a) and
mold-casting (Figure 2b) processes with respect to the CTR mix, highlighting the eco-impact
contribution of mix design ingredients and the phases of the manufacturing processes.
The SimaPro networks of these processes are detailed in Appendix A (Figures A1 and A2,
respectively). For both processes, the most significant impact was due to the binding
material (Portland cement), contributing about 90% of the overall GWP. This result agrees
with those found in others research works [36,37]. The higher content of the cementitious
binder used in the p-CTR mix, in addition to the minor impact induced by the chemical
admixtures (0.7% of the overall carbon footprint), resulted in a higher GWP value compared
to that of the c-CTR mix. On the side of the manufacturing process, excluding the drill
mixing operation, which is considered similar for both mixtures, it was noticeable that
the production of plastic mold for concrete casting (47.91 kgCO,-eq) exceeded the 3D-
printing line (43.33 kgCO,-eq), which included the CAD design, pumping, and robotic arm
motion, in terms of environmental impact. This finding demonstrates that the adoption of
formworks or molds in a traditional manufacturing approach accounts for a considerable
rate of eco-impact and energy consumption in concrete processing. A comparative study
between extrusion-based 3D concrete printing construction and the precast technique
conducted by Weng et al. [38] ascertained that formwork-free manufacturing, provided
by AM, outperformed ordinary fabrication concerning the economic cost, sustainability,
and productivity. This was ascribed to the heavy expenses and environmental burdens
associated with the manufacturing of formworks used in the mold-casting approach. In our
research, the reduction in the GWP value was about 9.5% when the 3D-printing production
chain was considered in place of mold fabrication. Further benefits that AM can bring in
terms of customized design and optimized material usage must be addressed.
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Figure 2. GWP results: (a) p-CTR and (b) ¢-CTR.

Replacing sand with GWTR remarkably changed the GWP scenario. Figure 3a,b show
the carbon footprint impact of the rubberized concrete mixes obtained by 3D printing
and mold-casting, respectively. SimaPro GWP networks are illustrated in Appendix A
(Figures A3 and A4, respectively) Recycling waste rubber as a concrete aggregate caused
environmental benefits for both processes. Negative values of GWP, related to the im-
plementation of GWTR in the mixes, indicated a credit for the environmental system
(environmental benefit) [39], as the recovered tire materials replaced the virgin aggregates
derived from a complete supply chain that is environmentally burdensome. As will be
elucidated later, the overall “negative” impact value of GWTR stems from the net sum
between the positive contribution of the waste tire grinding process and the negative
contribution of obtaining the synthetic rubber. This means that the recovered material has
more environmental benefits than the energy effort used for its processing (grinding). The
GWTR contribution significantly lowered the total GWP values of the two processes under
investigation proportionally to the number of rubber aggregates incorporated in the mix
designs. Interestingly, the GWTR content in the c-RuC sample reduced the GWP index to a
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negative value. This result follows the same conceptual implications discussed above and
finds agreement with the results of previous authors” work [40].

Total _244.2
Robotic arm I 10
Pumping I 33.32
CAD design 0.01
Drill mixing 7.91 Materialsl
Expansive agent 0.44 Il Process
Total
Superplasticizer 4.34 -
Silica fume 0.38
Water 0.08
GWTR -493.63
Cement 681.02
T T T T T T T T T T T T T T T
-400 0 400 800
GWP (kgCO,-eq)
(a)
Total - -266.53
Drill mixing 7.91
Mould 47.91
Materials
Bl Process [’
Water 0.1 B Total
T —
GWTR -875.79
Cement 553.34
T T T T T T T T T T T T T T T
-800 -400 0 400
GWP (kgCO,-eq)
(b)

Figure 3. GWP results: (a) p-RuC and (b) c-RuC.

2.2.2. Cumulative Energy Demand (CED) Analysis

The CED values for the CTR mix processed via 3D printing and mold-casting methods
are shown in Figure 4a,b, respectively. Figures A5 and A6 in the Appendix A section
display the relative LCA-CED networks of the two processes. Even in terms of energy
demand, it was observed that the predominant contribution is given by cement, covering a
total energetic requirement of 70% for the 3D-printed sample and 55% for the mold-casted
one. In contrast to the GWP scenario above, there are no significant differences in CED
between the two processes. Indeed, 3D printing appears slightly more advantageous in
terms of energy consumption, especially regarding the “process” side. Regarding the net
of drill mixing, the 3D printing line (CAD design + pumping + robotic arm) reduces the
energy burden by about 46% compared to the production of the plastic mold required in
the casting method. The result is supported again by Weng et al. [38], who proved that the
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manufacturing and adoption of formworks concerning the construction of precast units is
quite an energy-intensive process, leading to a 10-fold increment in energy consumption
with respect to the free-form manufacturing of 3D printing.

Robotic arm . 0.21

Pumping - 0.68

CAD design |0.0002
Drill mixing . 0.16 W viaterals
Expansive agent | 0.01 B Process |
Superplasticizer ] 0.1 - Jotal
Silica fume | 0.01
Water {0.002
sand | 0.08
Cement ‘2.94
o 12 3 4

CED (GJ)

@

Drill mixing I 0.16
Mould 1.67
[ ]Materials

Il Process
Water | 0.002 B Total
Sand J0.0B
Cement 2.39
L e e
0 1 2 3 4 5
CED (GJ)

(b)
Figure 4. CED results: (a) p-CTR and (b) c-CTR.

Using GWTR as an aggregate in place of sand also provided a significant benefit
in terms of energy savings. The CED charts for p-RuC and c-RuC mixes are reported in
Figure 5a,b, respectively. LCA-CED networks of the two processes are shown in Figures A7
and A8 (Appendix A section). Regardless of the manufacturing process, the waste rubber
addition lowered the total CED index to negative values. A negative value of this indicator
means that the sequence of processes implemented to manufacture GWTR requires much
less energy with respect to the energy requirements for the supply of the virgin resource
(sand), implying potential advantages resulting from the emissions saved in the production
of energy and primary raw materials that are displaced by those derived from waste [41].
The lowest (i.e., more energy-saving and benign) CED indicator was achieved by the c-RuC
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mixture (about twice as high as that of the 3D-printed mixture counterpart) as a result of
the greater content of recycled aggregate incorporated into the mix design.

Robotic arm I 0.21
Pumping Joes
CAD design 0.0002
Drill mixin 0.16
S [ ] Materials
Expansive agent Il Process 0.01
Superplasticizer —-T& 0.1
Silica fume 0.006
Water 0.002
GWTR -21.52
Cement - 2.94
" T T . T T T T T T T T —
-20 -10 0
CED (GJ)
(a)
TOtaI — _3395
Drill mixing 0.16
Mould [ |Materials I 1.67
Il Process .
B Total
Water 0.002
GWTR -38.18
Cement ]2.39
r- -~ - - 1 - - T - T T T T 1 T T T 7 7
-40 -30 -20 -10 0
CED (GJ)
(b)

Figure 5. CED results: (a) p-RuC and (b) c-RuC.

2.3. M-EASI Results

The M-EASI results are plotted in Figure 6. Compared to the c-CTR sample, taken
as a “reference” in the analysis (M-EASI = 1), as it was considered “conventional” in
terms of the mix design and production process, a significant increase in the M-EASI
value was noted for all the other investigated samples. In accordance with the achieved
results, the use of GWTR as an alternative concrete aggregate as well as the implementation
of AM technology would represent environmentally and technologically advantageous
approaches in construction, at least limited to the scope addressed in this work. The M-EASI
proposed in the present research aimed to quantify the eco-sustainability and engineering
properties of rubberized mixtures, favoring possible applications (non-structural) in which
tire rubber aggregates can bring added values including being lightweight, heat insulation,
and noise abatement. As claimed by Coffetti et al. [42], the M-EASI, by combining both
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the sustainability and engineering performance of concrete materials, would support
stakeholders in the construction sector in selecting more eco-friendly building materials,
improving the education of designers, researchers, and contractors to share the acquired
knowledge about the latest technologies in concrete and their good practice in processing.

6.824 Mould-casting
[ 3D printing
6 -
_ 4147
2 .-
u
=
2 -
1.000
0 T I
c-CTR c-RuC p-CTR p-RuC

Figure 6. M-EASI analysis results.

Some noteworthy conclusions can be drawn from the M-EASI data. The c-RuC sample
is the best among those investigated. Although this mixture was characterized by the
worst mechanical performance, it considerably gains in terms of thermo-acoustic insula-
tion capability and eco-functionality (reduced GWP and CED) resulting from the higher
amount of GWTR it incorporates. On the other hand, the printed counterpart (i.e., p-RuC
mix) provided higher mechanical strength and durability properties, which are potentially
scalable for practical applications in construction (lightweight structural concrete class) but
lower the M-EASI value. From the previously discussed LCA results, it was ascertained
that the main criticality of the 3D-printable mixtures concerns the higher content of the
binder (Portland cement) and the unviability of integrating high rates of recycled rubber
aggregates to meet suitable printability characteristics. Mathematically, there is an expo-
nential relationship between the proposed M-EASI and the environmental indicators (GWP
and CED), which then provide a more significant contribution to the overall performance
of the material. Although AM offers design flexibility benefits, resource saving, and greater
eco-friendliness on the “process” side than the mold-casting method, many efforts will be
needed on the “material” side to smooth out the M-EASI gap with the traditional mixtures.
In this sense, the implementation of alternative low-carbon binders (alkali-activated mate-
rials, geopolymers, limestone cements, earth-based materials) or the partial replacement
of cement by pozzolanic fillers (fly ash, nano-silica, calcined clay, rice ash husk) appear
to be promising strategies for obtaining more eco-sustainable concretes with adequate
rheological properties for printing [7].

3. Materials, Methodology, and Setup of the Study
3.1. Materials

First, the objective of the study was to evaluate the interplay and sensitivity of LCA
for two mix designs tailored for 3D printing and mold-casting manufacturing processes. In
each type of mix design (printed and mold-casted), the influence of GWTR as a total con-
crete aggregate will be investigated and compared with the ordinary mortar formulations
incorporating sand as an aggregate.
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3.1.1. 3D Printing

The 3D-printable concrete formulations, examined by LCA, were designed and exten-
sively characterized by the authors in previous research works [18-20]. Two types of mix
designs were examined:

e  Printable control mixture (p-CTR) incorporating fine mineral aggregates (sand) in the
mix design

e  Printable rubberized mixture (p-RuC) incorporating GWTR in two different particle
size gradations, i.e., 0-1 mm rubber powder (fine fraction) and 1-3 mm rubber granules
(coarse fraction), as a total replacement (100% v/v) of sand. The polymer aggregate
blend included an equal proportion of fine and coarse fractions (50% v/v-50% v/v).
This type of mix design was selected in the present investigation, as, from the results
of the studies above, it was the “best” in terms of mechanical performance.

Table 2 details the mix compositions of the printable formulations under examination.

In addition to the conventional ingredients commonly used in traditional cementitious
mixes, the printable mix designs featured a well-tailored blend of chemical admixtures,
including superplasticizers, expansive agents, and pozzolanic fillers (silica fume), to control
and improve the rheology, printability, and buildability of the fresh-state mixtures [43]. The
mix designs of printable mixtures were set because of an optimization experimentation
in which the fresh requirements of concrete samples (extrudability and buildability) were
assessed [18,19]. The optimum mix was considered the one with the lowest content of water
and a suitable proportion between GWTR and cement, achieving the “target” printability
properties.

3.1.2. Mold-Casting

For comparison purposes, LCA analysis was performed on control and rubberized
concrete samples obtained by the traditional mold-casting method, labeled as c-CTR and
c-RuC, respectively. The mold-casted mixes included the same type of binder (Portland
cement), mineral fraction (fine sand), and rubber aggregates used in designing the 3D-
printed mortars. However, as highlighted in Table 3, the mix constituent proportion is
significantly different. The mold-casted cementitious formulations were implemented by
the authors in previous research where lightweight rubber-concrete hollow bricks were
investigated [24].

Table 3. Mix proportions of mold-casted formulations: ¢-CTR and c-RuC.

Mix Constituent Sample
c-CTR c-RuC

GWTR in total sand (% v/v) 0 100
Portland cement (kg/ m?) 650 650
Water (kg/m?3) 275 295
Water/cement ratio (w/c) 0.42 0.45

Sand (kg/m3) 1100 0
GWTR (kg/m?) 0 550

With regard to the mix proportion of the mold-casted mixtures, it was started with
the preparation of the c-CTR mix, using a w/c of 0.42, which is technically considered as
the optimal value for ordinary concrete mix, ensuring the complete and proper hydration
of the cementitious system. By replacing the sand with GWTR, the water content was
slightly increased to make up for the loss of workability following the effect of the polymer
aggregate, ensuring suitable rheological conditions for casting. The w/c of the mold-
casted concrete mixes was higher than that of the printable mixtures due to the higher
dosage of the binder used in 3D printing processing. However, concerning the p-RuC
mix, the implementation of chemical admixtures resulted in the use of less water without
compromising the workability and printability of the mixture. Indeed, low water—cement
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ratios are desired requirements for obtaining the optimal buildability requirements of the
printing mixtures.

3.2. Manufacturing Processes

To include in the LCA study the influence of manufacturing processes in terms of
carbon footprint and embodied energy, in this section, 3D printing and mold-casting
workflows, implemented to process the investigated control (p-CTR and ¢-CTR), and
rubberized (p-RuC and c-RuC) mixes were compared. Energy requirements and emissions
were evaluated considering the processing stages for each manufacturing method leading
to 1 m3 of the concrete product (functional unit).

3.2.1. 3D Printing

An extrusion-based 3D printing system was designed and utilized to print the p-CTR
and p-RuC mixtures. The extrusion system involved a three-axis robotic arm (Comau,
Turin, Italy) equipped with a PVC circular hose (J = 10 mm) acting as an extrusion nozzle.
The hose was connected to a cylindrical Aluminum tank (mixing unit), which was able
to contain 3 L of the fresh mix. The tank was connected to a four-bar compressor which
pressurized the mixing unit, pushing the concrete mix towards the extrusion hose by a
Nylon piston. In addition, the mixing unit was placed on the vibrating plate to preserve the
adequate workability of the mix during the whole printing process. The controls relating
to robotic arm motion (printing path) and the setting of the printing parameters (printing
speed, infill, layer thickness) were monitored by a control software unit based on Cura
software (Ultimaker, Utrecht, the Netherlands). A schematic of the 3D printing system [44]
is illustrated in Figure 7:

b

Figure 7. Schematic of the printing system: (a) compressor, (b) mixing unit, (c) vibrating plate,
(d) software control unit, (e) robotic arm + extrusion hose, (f) printing platform (reprinted with
permission from [44]).

Before printing, the preparation of the fresh mix involved three steps: (a) the hand
mixing of dry constituents for 45 s, (b) the addition of water, and (c) the mixing of fresh
paste for 12 min by an electronic driller. Then, the fresh concrete was manually added
to the mixing unit. Starting from the 3D-CAD file of the object to be printed, the Cura
software enabled the kinematics of the robotic arm, extruding the printable mix by a
layer-by-layer deposition until the completion of the final structure. One 3D-printing cycle
involved the manufacturing of a six-layer slab (225 mm x 150 mm x 60 mm) following an
optimized print speed of 33 mm/s. This geometry was a reasonable choice for assessing the
printability requirements of the concrete mixture (extrudability and buildability) following
well-established criteria in 3DCP technology [18,19], as well as for having a printed sample
of adequate dimensions to extract specimens for the physical-mechanical characterization
of the hard-state material. Some stages of the printing process are displayed in Figure 8.
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Figure 8. Phases of the 3D-printing manufacturing process: (a) robotic arm operation, (b) layer-by-
layer deposition of the cementitious mix, (c) hard-state printed slab, and (d) internal structure of the
p-RuC sample.

It is worth considering that the slab production did not require the use of molds or
formworks, enhancing the free-form fabrication characteristic of the 3DCP approach [45].
After 28 days of ambient curing (20 °C), the slabs were cut with a diamond saw to extract
specimens intended for the material’s characterization.

3.2.2. Mold-Casting

Mold-casting manufacturing, implemented for c-CTR and c-RuC mixes, turned out
to be less sophisticated than digital additive fabrication. The process flow is illustrated
in Figure 9. As for the 3D-printing process, the fresh mix preparation involved the hand
mixing of dry constituents for 45 s (Figure 9a) and the drill mixing of the fresh paste
(12 min) after the addition of water (Figure 9b). Then, the cementitious paste was cast in a
polypropylene (PP) mold with dimensions comparable with those of the 3D-printed slab,
and it was subjected to vibrating cycles on a vibrating plate (Figure 9c) to expel the air
bubbles embedded during the mixing and casting phases. The curing was conducted in
ambient conditions at 20 °C for 28 days (Figure 9d). Then, the hardened slab was de-molded
(Figure 9e), and, by diamond saw cutting, specimens for the material’s characterization
were produced (Figure 9f).

Figure 9. Phases of the mold-casting manufacturing process: (a) dry constituents mixing, (b) drill mix-
ing of the fresh paste, (c) pouring in the polypropylene mold and vibrating cycles, (d) curing, (e) de-
molding of the hard-state slab, and (f) cutting of the specimens for the material’s characterization.

Although the fresh mix preparation, the vibrating stages, and the curing can be
considered equivalent to the 3D printing process, mold-casting required the use of a mold
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for the manufacturing of the final concrete product (slab). This will inevitably be considered
in the assessment of the global energy and environmental impact of the process.

3.3. Performance Characterization of Materials

To evaluate the influence of the mix designs and manufacturing processes on the engi-
neering properties of rubberized concrete samples (and their respective CTR counterparts),
a comprehensive physical-mechanical characterization was conducted. Specifically, four
types of performance indicators were experimentally assessed and included in the EASI
computation to consider the engineering performances of the designed cementitious mixes
as well as their environmental impact. The performance indicators are listed below:

e  Mechanical strength indicator. Compressive strength (R.) is recognized as the major
indicator of concrete quality. It provides a performance index useful for classifying
concrete in agreement with its mechanical strength class and therefore the application
field [46]. The ASTM C109/C109M-20a test method [47] was used to examine the
R. differences between printed and mold-casted concrete samples. In the case of
3D-printed samples, where the compressive strength performance was determined as
a function of the printing direction for anisotropy reasons [18,19], an average value of
R. obtained in the two directions will be considered to have a unique value for the
comparison with the casted samples.

e  Durability indicator. The permeable porosity (P) was selected as a durability indi-
cator of the investigated mixes, reflecting the resistance of the concrete against the
permeation of deteriorating chemical-physical agents [48]. Experimentally, ® was
assessed by the vacuum saturation method, following the ASTM C1202 standard
method [49].

e  Energy-efficiency indicators. Th energy efficiency of buildings is one of the basic
requirements of current architectural engineering. To minimize energy consump-
tion and improve occupant comfort, thermal and acoustic insulation are considered
key requirements for the construction materials selected in the building design [50].
Lightweight rubber-concrete mixes may be good candidates for thermal insulation
and noise reduction applications due to the low heat conductivity and enhanced
damping properties provided by the tire rubber aggregates [51]. In this work, thermal
conductivity (k) and the sound reduction index (SRI) were used as energy-efficiency
indicators to evaluate the thermo-acoustic performance of CTR and RuC samples,
respectively. The ASTM D7984 test method [52] was employed to analyze the k-values
of the specimens. SRI was determined by impedance tube measurements, following
the experimental procedure described in Refs. [19,25].

3.4. Modified Empathetic Added Sustainability Index (M-EASI)

The technological aspects described above make it possible to compare the four types
of cement considered in this work: ¢-CTR, c-RuC, p-CTR, and p-RuC. The approach used
for this analysis is holistic, that is, the performance of the materials, their durability, and
the environmental impact relating to the respective production processes were considered
simultaneously. These properties are elegantly related to each other in the M-EASI indicator
proposed by Coffetti et al. [42], whose mathematical form is shown below (Equation (1)):

3-e- ][] Performance-: [ Durability

M — EASI = eGER | cGWP | oNRMC @

where Gross Energy Requirement (GER), Global Warming Potential (GWP), and Natural
Raw Materials Consumption (NRMC) are considered indicators of environmental impact.
All parameters are normalized to a reference cement, which, in this case, is the c-CTR
(M-EASI = 1); therefore, M-EASI values greater than 1 correspond to greater sustainability
with respect to the reference taken.

In this work, the performances in terms of R., SRI, and thermal resistance, defined as
the inverse of k, were considered. The durability indicator was defined as the inverse of @,
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which expresses the cement’s resistance to permeation and, therefore, the possibility of its
deterioration over time. The environmental parameters were obtained quantitatively with
the Life Cycle Assessment (LCA) methodology in accordance with the UNI EN ISO 14040
standard [53], which, by the most recent methods, provides the possibility of calculating,
for each product and process, the GWP value (expressed in kg CO;-eq) with the IPCC
2021 GWP100 method and the value of the Cumulative Energy Demand (CED) with
the homonymous method, which represents the gross energy contribution necessary for
the entire production process. The indicator that expresses the use of natural resources,
corresponding to the NRMC, was not calculated. As shown in Figure 10, the total CED
value is determined by energy contributions that already consider the renewable and
non-renewable resources involved in the examined processes.

Renewable, water (

Renewable, wind, solar, geothe

Renewable, biomass

Non-renewable, biomass

|| Polypropylene mould
Non-renewable, nuclear [ ] Concrete mixing

Water
GWTR treatment

Non renewable, fossil OPC
m

T T T T T T I T T T T T T T T T T T T T !
-100 -50 0 50 100
%

Figure 10. Graph of the CED contributions referred to in the production process of the c-RuC mix. The
histograms refer to the contributions of non-renewable (fossil, nuclear, and biomass) and renewable
(biomass, wind, solar, geothermal, and water) energy resources.

The calculations of the environmental indicator values were carried out using the
SimaPro software (PRé Sustainability, Utrecht, The Netherlands), which includes the Ecoin-
vent 3.9 database, containing the processes and methods necessary for the analysis. For
this analysis, the M-EASI indicator has therefore been adapted as follows (Equation (2)):

M Easi = 2Rk SRUG 2)
eCED | cGWP

where the coefficient has been reduced from 3 to 2 due to the absence of an exponential
contribution to the denominator. In the M-EASI proposed here, the performance indicators
take into account, in addition to the mechanical strength property, the thermo-insulating
peculiarities (heat resistivity and SRI) of materials, considering the potential of the rub-
berized mixtures for civil and architectural applications where heat and noise insulation
efficiencies are primarily required.

3.4.1. Goals and Scope of the LCA

The goal of the analysis carried out on the four types of concrete samples described
is the comparison in terms of sustainability. A cradle-to-gate approach was used for
the evaluation of the environmental parameters, i.e., the steps of the production process
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of the materials were considered, starting from the procurement of raw materials, their
transformation into the constituent components of the cement mixture, and the processes for
their assembly and implementation. Since this was a comparison, the vibration processes
of the fresh mixture and the curing, which are equivalent for all four types of cement
considered, were neglected. In the case of the two mold-casted cementitious mixes, the
processes considered are: (1) the mixing by a drill mixer and (2) the implementation of
a PP mold usable for a single casting operation. In the case of 3D printing, following
the mixing of the components, the CAD design process through software was considered
using a desktop computer with a liquid crystal display (LCD). After this, the pumping
operation for the extrusion of the mixture and the use of an automated robotic arm that
deals with the deposition of the extruded material according to the geometric specifications
defined in the design phase were considered. The functional unit to which the comparison
refers is 1 m? of the final product. The analysis was carried out by the LCA methodology,
neglecting the temporal variable and regarding processes that, on average, describe the
current technological level in Europe. In the case of the two mixtures in which GWTR was
used to replace sand as an aggregate, a cut-off type allocation was considered, whereby the
environmental impacts of recycling a given material are attributed to the purchaser of waste
that processes it. However, this life-cycle phase is also attributed to the environmental
advantages derived from the recovery of semi-finished material, which can be reinserted
into a new life cycle as an input material from the techno-sphere.

3.4.2. Life Cycle Inventory

To define the life cycle inventory, the most representative processes included in the
Ecoinvent 9.3 database were used, containing aggregated and averaged data with a Eu-
ropean geographical allocation. The components of the cementitious mixes (Portland
cement, tap water, sand, silica fume, polycarboxylate ether-based superplasticizer, and
calcium oxide-based expansive agents) are represented by a process already included in the
database. For GWTR, an ad hoc process was built, which involves the use of an amount of
electrical energy for grinding equal to 6.8 MJ/kg [54] and the generation of 1 kg of synthetic
rubber as an avoided product. The latest is defined as a “recovery” in terms of material
balance and, correspondingly, also as an environmental benefit guaranteed by the negative
sign of the mass value and the environmental impact indicators. Figure 11 illustrates the
LCA network referred to in the production of 1 kg of GWTR, extrapolated by SimaPro
software.

1kg
RUBBER - Rubber

(waste treatment) RER |

Recycling of tyre rubber

-1,59 kg CO2-eq

6,8 MJ -1kg
Electricity, medium Synthetic rubber {RER}|
voltage {IT}| market for | production | Cut-off, S
Cut-off, S
0,748 kg CO2-eq -2,34 kg CO2-eq

Figure 11. SimaPro network of the recycling process of 1 kg of waste tire rubber. The contribution in
terms of GWP is expressed at the bottom of each sub-process.

The stages of the assembly and implementation of the components required the
modeling of the processes included in the analysis. For the mixing process, the use of an
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electric drill with a nominal power equal to 1200 W (Pp), which takes 10 min (ty) for a
mixture volume of 10 L, was considered. Then, the energy required for the drill-mixing
operation (Ey) is (Equation (3)):

which, scaled to the reference flow of 1 m3 of the mixture, is equivalent to 20 kWh. The
mold-casting operation was modeled considering the production of a 31.5 g PP mold
in which 2024 cm3 of a cementitious compound was poured, referred proportionally to
the production of 1 m® of concrete. The CAD design process was represented by using,
for 10 min, an office desktop with an LCD screen. This process is included in SimaPro’s
Ecoinvent 9.3 database.

The modeling of the AM processes related to the extrusion of the mixture and the use
of the robotic arm requires knowledge of the usage time of the two respective machines (the
compressor and robotic arm). Considering the dimensions of the 3D-printed slab (225 mm
x 150 mm x 60 mm), a printing speed of 33 mm/s, and a nozzle diameter equal to 10 mm,
the printing time (tp) is equal to (Equation (4)):

15:6:225

Tl 613.6 s = 10.2 min 4)

tp
The robotic arm prints 15 filaments of 225 mm for 6 layers, neglecting the changes in
direction.
The calculation for the pumping system energy requirement (Ep) to extrude a slab
sample using a compressor with a nominal power (Pp) of 1 kW is (Equation (5)):

Ep = Pp-tp = 170.45 Wh (5)

corresponding to 84.2 kWh per m3 of the extruded mixture.

Similarly, to model the robotic arm processing, it was considered that, for horizontal
trajectories, ignoring the changes in direction, the nominal power supplied by the motor
is 300 W (Pra) [55]. For a single sample, the energy expended by the robotic arm (Ery) is
(Equation (6)):

Era = Pra-tp =51.1 Wh (6)

which, referring to 1 m3, is 25.3 kWh.

In all the processes described above, an energy supply in the form of low- and medium-
voltage electricity supplied by the Italian electricity grid was considered. Table 4 shows
the inventory of processes created in SimaPro and modeled according to the hypotheses
previously described.

Table 4. Inventory of the processes defined in this work and not present in the SimaPro database.

Process Reference Flow
GWITR processing 1kg
Synthetic rubber (avoided product) —1kg
Electricity 6.8 MJ
Concrete drill mixing 10L
Electricity 200 Wh
Molding 2024 cm?®
PP granulate (material) 3l5¢g
Mold production by blow-molding (process) 3l5g
Extrusion (pumping) 2024 cm3
Electricity 170.45 Wh
Extrusion (robotic arm) 2024 cm3

Electricity 51.1 Wh
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4. Conclusions

The utilization of GWTR as aggregates in printable materials for 3D concrete printing
demonstrates attractive potential in designing lightweight, eco-sustainable, and thermo-
acoustic effective concrete structures. This approach takes the benefit of both the character-
istics of the rubberized concrete as well as the technological and environmental peculiarities
of additive manufacturing processing. The present research addressed the engineering
performance and environmental impact tradeoff between rubber-concrete mixtures via 3D
printing and using the conventional mold-casting method. In addition to the materials’
performance, including mechanical strength, porosity, and thermo-acoustic insulation, the
related eco-sustainability indicators (GWP and CED) were assessed by LCA methodology,
considering the impact of both the mix design and the manufacturing process. The results
revealed that, regardless of the type of manufacturing technology, replacing sand with
GWTR significantly lowered the overall environmental impact because of the avoided
energy/emissions related to the supply chain for virgin aggregates. From the “process”
standpoint, 3D printing turned out to be more energy-effective than the mold-casting
method. Additive fabrication would seem to be the most viable channel for achieving
rubberized concretes with adequate structural performances, as demonstrated by the best
properties in terms of mechanical strength and resistance to permeability. On the “material”
side, the use of a larger quantity of the cement binder makes the printable mixtures more
impactful in terms of carbon footprint. As also demonstrated by the M-EASI indicator, con-
sidering both the environmental and engineering performance of the samples, the way to
reduce the eco-footprint gap of the printable mixtures is to focus the research efforts on the
binding material. Future investigations will be projected to a combined assessment of envi-
ronmental impact and performance considering greener cementitious matrices compared
to traditional Portland ones. Preliminary studies conducted by authors on alkali-activated
cements incorporating waste rubber [56] have shown interesting results, which are worthy
of further research.
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Figure A1. SimaPro GWP network for p-CTR mix processing.
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Figure A2. SimaPro GWP network for c-CTR mix processing.
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Figure A4. SimaPro GWP network for c-RuC mix processing.
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Figure A5. SimaPro CED network for p-CTR mix processing.
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