JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:3098-3117

JOURNAL OF MATERIALS
RES o ECHNOLOGY
= n

A\

Journal of Materials Research and Technology

journal homepage: www.elsevier.com/locate/jmrt

Available online at www.sciencedirect.com

Original Article

Composite alkali-activated materials with waste b

tire rubber designed for additive manufacturing: an ‘

Check for

eco-sustainable and energy saving approach

Marco Valente ", Matteo Sambucci *°, Mehdi Chougan °,

Seyed Hamidreza Ghaffar

& Department of Chemical Engineering, Materials, Environment, Sapienza University of Rome, 00184, Rome, Italy
P INSTM Reference Laboratory for Engineering of Surface Treatments, UdR Rome, Sapienza University of Rome,

00184, Rome, Italy

¢ Department of Civil and Environmental Engineering, Brunel University, London, Uxbridge, Middlesex, UB 8 3PH,

United Kingdom

d Applied Science Research Center, Applied Science Private University, Jordan

ARTICLE INFO

ABSTRACT

Article history:

Received 26 January 2023
Accepted 29 March 2023
Available online 1 April 2023

Keywords:

Ground waste tire rubber
Alkali-activated materials
Extrusion-based concrete 3D
printing

Mechanical properties
Anisotropy

Thermo-acoustic insulation analysis

* Corresponding author.

There is an increasing trend in research projects and case studies to demonstrate the
potential of Additive Manufacturing (AM) with concrete, better known as 3D concrete
printing. Like ordinary construction, the latest upgrades on this topic are strongly focused
towards improving eco-sustainability in terms of low-carbon materials. Low-carbon
binders’ alternative to Portland cement and the utilisation of selected waste materials in
place to virgin aggregates has high potential in fulfilling the sustainable development goals.
In this paper, an experimental study was performed by incorporating ground waste tire
rubber aggregates of different size gradation (0—1 mm and 1-3 mm) and replacement
levels (50 v/v% and 100 v/v%) in a “greener” alkali-activated mix designed for 3D printing
applications. First, the experimental program involved the optimization of mix design
rheology and printing parameters to successfully integrate rubber aggregates into the
printable alkali-activated mixtures. Then, a comprehensive characterization, including
static mechanical testing, dynamic thermo-mechanical analysis, thermal conductivity
testing, and acoustic insulation measurements was conducted. Comparison with identical
Portland-based rubberized formulations designed for AM revealed better mechanical
isotropy, flexural strength, thermo-mechanical behaviour, heat insulation, and high-
frequency acoustic insulation for alkali-activated composites. The influence of rubber
aggregate size on the fresh and hardened state behaviour of the mixes was also studied
and discussed. Keeping the losses in mechanical strength restrained, the rubberized
composites designed in this study have demonstrated significant thermal and acoustic
insulation properties that are desired for energy-saving applications in buildings. The
research verified the practicability of using waste aggregates in low-carbon binders for
sustainable lightweight and thermo-acoustically effective applications, establishing an
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attractive starting point to address future research on material optimization for practical

purposes.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Digitalizing the fabrication processes in the construction in-
dustry is one of the pillars of the modern concept of Industry
4.0, which is recognized as a new technological era for
manufacturing that uses cyber-physical systems, robotics,
Internet of Things (IoT), Data and Services to connect produc-
tion technologies with smart production processes [1]. The
insertion of Industry 4.0 technologies helps construction in-
dustry to face the environmental challenges, identifying the
strategies and new opportunities to become more sustainable
[2].

In recent years, AM technology, better known as 3D print-
ing, has gained broad attention in many industrial sectors such
as tooling, automotive, aerospace, biomedical, food, digital art,
and architectural design because it provides faster, easier, and
less expensive solutions, as well as the ability to build a variety
of complicated configurations that must overlap many tradi-
tional production processes. The key advantages of 3D printing
are design freedom, design customization, waste reduction, the
capacity to build complex structures, and rapid prototyping [3].

Recently, AM is attracting a growing interest in construc-
tion industry as well, especially in the concrete technology.
The interest in exploiting 3D printing technologies in con-
struction industry is mainly the result of the expectation of
new freedom in terms of the design of shapes, elements, and
structures, enabling new aesthetic and functional features
(freeform construction). Architectural designers were often
forced to use multiple identical elements in a project to save
materials and reduce costs related the labor and the molds
fabrication. AM is expected to revolutionize this paradigm,
allowing designers to make each component unique without
incurring prohibitive costs. Other advantages of this auto-
mated process are also expected, such as the reduction in
construction time and expenses, greater worker safety, better
quality and reliability, the saving of materials and, conse-
quently, sustainability [4]. Within this context, the building
sector is responsible for up to 33% of all emissions, around 40%
of all material consumption, and 40% of all waste. Amid
continued growth of the building stock, therefore, the pursuit
for a greener and technologically advanced construction
sector is dominating which aims to promote a resource-
efficient and carbon-neutral built environment with accom-
panying socioeconomic benefits [5].

Extrusion-based concrete 3D printing (EC3DP) has been
extensively researched and implemented by several academic
teams and companies over the last twenty years [6,7]. A mo-
tion system (gantry or robotic arm) moves the extruder over
the print surface according to the coordinates given by the
control unit. Rheology and mix design of the printable com-
pound are crucial to achieving a high-quality printing process.

The material must be extrudable and able to maintain its
shape once deposited over the printing bed. The deposited
layers should not collapse under the load of subsequent layers
and a good inter-layer adhesion must be ensured for better
mechanical and durability performance of the printed struc-
ture [8]. Although the benefits in reducing cycle time, labor
cost, and enhancing the architectural freedom can be ach-
ieved while employing additive digital fabrication for con-
struction, the technology remains expensive and not
environmentally friendly in terms of materials. Generally, to
ensure adequate extrusion flow and print quality, the use of
coarse aggregates in printable mixtures is not recommended,
leading to a greater consumption of cement and finest mineral
fractions, which require higher energy-intensive grinding
processing than large ones [8,9]. Higher utilization of energy
and other natural resources in OPC and concrete production
causes a severe environmental burden, involving extensive
climate-altering emissions (mainly CO, and SO,) and adverse
pressures on soil and marine ecosystems due to the anthro-
pogenic extraction activities [10]. Therefore, research is
increasingly focused on the study and optimization of
“greener” 3D-printable cementitious systems that can be in-
tegrated with the AM. Latest trends of eco-friendly materials
for 3D printing concern [9,11,12].

1) The development of alternative low-carbon binders to OPC;
2) The development of printable mixtures containing under-
utilised and solid wastes as aggregates.

Alkali-activated materials (AAMs) are considered most
favourable candidates to replace traditional cement in E3DCP.
AAMs are obtained by alkaline activation of aluminosilicate
precursors, such as fly ash (FA), granulated blast furnace slag
(GBFS), silica fume (SF), rice husk ash (RHA), and metakaolin
(MK). Employing these industrial by-products as the major raw
material for E3DCP would be desirable because it would elim-
inate their pullulating disposal and landfilling [13]. Further-
more, it is well recognized that the synthesis process of AAMs
involves lower temperatures and energy needs than the
production-cycle of OPC, bringing significantly lower carbon
footprint. As supported by the life cycle assessment (LCA) study
conducted by Ouellet-Plamondon and Habert [14], such char-
acteristic is quite evident in one-part geopolymer mixtures
using a single alkali activator and water like activating agent.
However, a careful and well-tailored selection of the mix con-
stituents also makes it possible to obtain “two-part” mix type
with a reduced carbon footprint. A recent study conducted by
the authors, investigating the environmental and technological
impacts of waste material aggregates used in AAM and OPC
matrices, highlighted that both the implementation of geo-
polymer binders and the introduction of recycled aggregates in
partial substitution/total of virgin ones significantly lowered
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the global warming potential over the OPC-based composites.
In accordance with the LCA results, AAM-based binders
reduced the carbon footprint from 30% to 45% compared to
ordinary cementitious mixtures, depending on the level of
substitution between virgin and recycled aggregate [15]. In
addition to the environmental potential, the growing interest in
AAMs derives from their engineering performances [16]:
excellent mechanical strength, low permeability, high-
temperature resistance, and chemical inertness. Despite
these attractive characteristics, research is now addressing
some shortcomings (high cost of raw materials, long-term
durability behaviour, influence of curing regime on structural
properties) to ensure that AAM can effectively compete against
Portland cement-based construction materials [17]. Recent
literature on AAMs for E3DCP demonstrated valuable results
for the growing establishment of these binders in digital
manufacturing. Chen et al. [18] investigated the influence of
different GGBS/FA combinations on the mechanical anisotropy.
Over-high-dosage of FA was discovered to aggravate the me-
chanical properties, interlayer pore structure, and anisotropy
of printed samples due to the weak activation reactivity of FA
and the higher thixotropy of FA-incorporated mixtures.
Therefore, the reactivity of aluminosilicate precursors should
be carefully addressed. Yuan et al. [19] conducted a multi-
criteria study on extrusion-based 3D-printed alkali-activated
mortars to assess the influence of mix proportion parameters
(sand-to-binder ratio, FA/GGBS ratio, and silicate modulus of
activator) on extrudability, buildability, and interlayer strength.
According to the previous research by Chen et al. [18], therise in
the FA/GGBS mass ratio weakened the interlayer bond
strength. Larger silicate modulus and sand-to-binder ratio were
beneficial to the strength bond between printed filaments.
However, the investigated parameters had contrasting effects
on the rheology (and therefore printability) of the mixtures.
Loss in extrudability and buildability were accelerated by
increasing the sand-to-binder ratio, decreasing the FA/GGBS
ratio, or using a lower silicate content in the activator. Sikora
et al. [20] deepened the influence nano-and micro-sized addi-
tive (nanosilica, clay nanoparticles, graphene-based materials)
on the printing properties of AAMs. Nanosilica and nanoclay
additives can be added to improve the material's buildability as
well as its early age compressive, flexural and interlayer bond
strengths. Graphene-based materials were recognized as
promising strategy to enhance the fresh and hardened prop-
erties of the mixtures in terms of rheology, modulus of elas-
ticity, tensile strength, and fracture strain. Novel 3D-printed
AAM foams for thermal insulation applications were produced
and investigated by Alghamdi and Neithalath [21]. By imple-
menting a surfactant foaming agent in the printable mix design
without affecting the printability, the authors were able to
obtain a highly porous matrix (55—75% in air void fraction) with
thermal conductivities ranged between 0.15 and 0.25 W/m x K,
demonstrating effective heat resistivity for wall panel
applications.

The utilization of solid waste materials as aggregates to
produce cementitious materials for AM can greatly promote
the technology to reach its maximum cost-effective and
ecological potentials. For both conventional and AM methods,
the investigation of eco-friendly mixtures that replace natural
aggregates with waste materials is important for addressing

the shortages of natural resources and serious deterioration of
the ecological environment induced by the improper treatment
and low recycling rates of solid waste products [12]. Recycled
fine concrete aggregates [22], waste glass [23], metallurgical by-
products [24], and scrap plastics [25] are some recent examples
of successful incorporation of waste aggregates into 3D-print-
able OPC matrices. Xiao et al. [22] found that combining recy-
cled fine concrete aggregates and polyethylene (PE)
reinforcement fibers in 3D printing mortar resulted in higher
compressive, flexural, tensile splitting strengths, and defor-
mation ability than the fiber-free mortar with virgin aggregates.
Waste glass aggregates were used by Cuevas et al. [23] to design
lightweight printable concrete with improved thermal insu-
lation properties and satisfactory mechanical performance in
compression and flexural. Polyethylene terephthalate (PET)
aggregates were investigated by Skibicki et al. [25] to produce
lightweight mix with suitable rheological properties for print-
ing, useable in most structural elements even under varying
thermal conditions (for addition of PET up to 10 v/v%).
End-of-life tires (ELTs) are considered one of the most
abundant and attractive scrap products from an economic
point of view. Annually, nearly one billion ELTs are generated
worldwide, and this waste flow is growing dynamically.
“Green” management of ELTs is an imperative for circular
economy and sustainable development [26]. Rubber-concrete,
where coarse and/or fine mineral aggregates are replaced by
ground waste tire rubber (GWTR) from shredding of worn
tires, was first introduced by Eldin and Senouci [27] in the early
90's with the purpose of finding an eco-sustainable way for the
recycling end-of-life tires (ELTs), mitigating the adverse envi-
ronmental and economic effects related to their accumulation
in landfill, burning, or thermal processing to obtain fuel. In
addition to enhancing the conservation of natural resources,
the use of GWTR in place of mineral aggregates was recog-
nized as a valuable route to confer concrete new technological
peculiarities, including lightweight, less self-weight, vibro-
acoustic damping, energy dissipation, toughness, ductility,
impact resistance, and thermal insulation [28—30]. Although,
deleterious effects on mechanical strength were verified,
rubberized concrete mixtures were proposed for several non-
structural applications in civil and non-civil engineering [85]:
a) building members with requirements of low density, me-
dium strength, and high toughness; b) vibrational damping in
retaining structures, pavements, bridge sidewalks, industrial
floors, and decks; c) thermal and acoustic insulating compo-
nents; d) hydraulic structures like as dam spillways and tun-
nels when considerable resistance to abrasion is required; and
e) in cold climatic regions where significant freeze-thaw
resistance is required. In recent years, research on the possi-
bility of incorporating GWTR into AAMs has intensified
[30—32]. The “philosophy” behind this practice is always
inherent to the sustainable development in construction:
combining the functionality (both ecological and technolog-
ical) of waste tire aggregates with the use of eco-friendlier
concrete matrices, would lead to an even more significant
advantage in terms of environmental impact. The additional
benefit of incorporating GWTR into AAMs is the effective
rubber-matrix compatibility. Comparative studies between
OPC and AAM-based rubberized composites [10,32] have
found agreement that the alkaline environment rich in
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Table 1 — Chemical compositions (oxides) in w/w% of FA, GBFS, and SF.

Source material CaO Si0, Al,O3 FeO K,O Na,O MgO SO3 TiO,
FA 3.47 52.18 24.16 3.75 1.47 1.29 3.21 1.14
GGBFS 45.29 33.06 10.34 0.71 0.31 6.61 2.39 0.67
SF 0.35 98.37 0.19 0.28 0.20 0.15 0.19 =

Sodium hydroxide (NaOH) of alkali-activated formulations as
well as the presence of precursors with high pozzolanic ac-
tivity (i.e., SF) improved the interfacial bonding of rubber ag-
gregates with the matrix. Then, better mechanical,
microstructural, and durability characteristics were revealed
in AAMs over OPC counterparts.

Based on above literature survey and findings, the topic of
replacing mineral aggregates with GWTR is not yet fully
investigated in E3DCP technology. Most of the available con-
tributions originate by the authors [8,33,34]. Results of the
previous studies revealed that GWTR in place of ordinary
mineral aggregates preserved suitable printability properties in
terms of extrudability and buildability, enhanced the inter-
layer adhesion and structural compaction of the printed sam-
ples by favourably changing the surface tension and fluidity of
the fresh mix, significantly reduced the mechanical anisotropy,
and increased the thermo-acoustic insulation capacity of the
material. Furthermore, no studies have been encountered in
the literature regarding the feasibility of developing 3D-print-
able AAMs incorporating waste aggregates (specifically, GWTR).
Therefore, the present study aims to fill this knowledge gap.

The proposed research work focuses on the development,
optimization, and characterization of novel rubberized alkali-
activated composites designed for extrusion-based 3D print-
ing. By fully replacing sand with GWTR, sorted in two gran-
ulometric fractions (0—1 mm rubber powder and 1-3 mm
rubber granules), the effects on extrudability and rheological
properties as well as on hardened characteristics including
directional compressive strength, flexural behaviour, and
mechanical anisotropy degree are reported and discussed.
Furthermore, the influence of rubber addition on thermo-
mechanical response, damping, heat resistivity, and sound
insulation of the printable composites is probed. For this
purpose, dynamic mechanical thermo-analysis (DMTA),
thermal conductivity (k) analysis, and acoustic insulation
testing were implemented in the experimental campaign,
respectively. Finally, the performances of rubberized alkali-
activated composites are compared with those obtained in
the OPC-based mixes investigated by the authors in previous
research studies, to evaluate the effectiveness of incorpo-
rating polymer aggregates in the two printable binders.

2. Material and methods
2.1. Raw materials

A ternary blend of aluminosilicate source materials was
employed to prepare AAMs. FA, supplied by Cemex (Cemex,
UK), was used following BS EN 450-1 [35]. GBFS was provided
by Hanson (Hanson, UK). Ultra-fine SF (grade 0.06—0.3 mm)
was obtained from SIKA (SIKA, Swiss). The chemical compo-
sition of each precursor, analyzed by a Supermini 200 X-ray

fluorescence spectrometer (Rigaku, Japan), is reported in Table
1.

The mineralogical characteristics of FA, GBFS, and SF were
investigated by powder X-ray diffraction (XRD), employing a D8
advanced Bruker AXS diffractometer (Bruker, Germany), with
Cu-Karadiation, wavelength of 1.542 A, and beam radiation set
to40kV and40 mA.Fig. 1 shows the experimental XRD patterns
processed using the software DIFFRACT.SUITE (Bruker, Ger-
many). The diffractogram of SF show the presence of Quartzite
and Calcite as major crystalline phases distributed along the
entire spectrum. FA has partly amorphous behaviour between
20 5° and 20 30° along with small crystalline phases of
Quartzite, Calcite, and Mullite. GBFS exhibits near-fully
amorphous behaviour without any relevant crystalline phases.

Graded sand was sieved in compliance with BS EN 410-1
standard [36] to achieve two different size gradation:
0—0.5 mm and 0.5—1.0 mm. A binary solution of Sodium sili-
cate (Na,SiOs3) and Sodium hydroxide (NaOH) was used as an
alkaline activator for making AAMs. Na,SiO; solution, with
the SiO,/Na,0O mass ratio of 3.23, was supplied by Solvay
(Solvay, Portugal). A 10 M NaOH solution, provided by Fisher
Scientific (Fisher Scientific, Germany), was prepared by dis-
solving pellets with 98% purity in deionized water and cooled
before use. Then, the alkali solutions, with fixed mass ratio of
2:1 (NaOH:Na,SiOs), were mixed at 700 rpm for 5 min, using a
230V/50Hz magnetic stirrer (Fisher Scientific, UK).

Two different size gradation of GWTR, from ambient me-
chanical shredding of post-consumer car tires, were kindly
supplied by the European Tyre Recycling Association (ETRA,
Belgium) and used “as received” in volumetric replacement of
sand to produce the rubberized alkali-activated composites.
These two types of rubber fractions are named rubber powder
(RP) and rubber granules (RG) according to granulometry dis-
tribution. The nominal size gradations of RP (“fine” aggregate)

Q
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Fig. 1 — XRD patterns of FA, GBFS, and SF.
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and RG (“coarse” aggregate) are 0—1 mm and 1-3 mm,
respectively. The particle size distribution, conducted by
standard sieving analysis [37], is presented in Table 2.

The average density of GWTR, determined by an AccuPyc
1330 He-pycnometer (Micromeritics, USA), was 1.2 g/cm®.
Scanning electron microscopy (SEM) analysis, by a Mira3 FEG-
SEM (Tescan, Czech Republic) was undertaken to examine the
morphology of the rubber particles used in this study. The
results of this investigation indicate that surface texture of
GWTR varies as a function of its particle size. More irregular
profile and rougher surface of RP (Fig. 2a) than RG (Fig. 2b) is
due to the influence of number of grinding cycles on the
characteristics. Specifically, the jagged
texture in RP was caused by being shred repeatedly several
times until the desired finer size gradation is met [38].

The chemical element composition of GWTR (Table 3), by
using Energy-dispersive X-ray spectroscopy (Octane Elect EDS
system, Edax, USA), indicated the obvious presence of Carbon
(C) that derived from a) the organic nature of polymer, b) the
carbon-black additive presentin the tire compound, and c) the
carbon-coating treatment performed before the SEM analysis
to make the samples conductive. Secondary chemical ele-
ments, including Silicon (Si) and Zinc (Zn) were derived from
chemical fillers typically used in the tire compounds. Partic-
ularly, Zn came from Zinc stearate, which is employed as an
activator, antiadhesion agent, and lubricant in the vulcani-
zation reaction of tire rubber. Such compound is one of the
main contributors to the poor interfacial adhesion of GWTR
with cement matrix. It diffuses on the particle surface,
creating a hydrophobic coating that hinder the binding with
the hydrophilic cement paste [10].

Attenuated Total Reflection (ATR) Fourier Transform
Infrared (FT-IR) spectroscopy is used to investigate the
chemical structure of ELTs-derived rubber aggregates. The
spectrum was collected using a PerkinElmer Spectrum 3 FT-IR
spectrometer (PerkinElmer, USA). Four scans were averaged
within the wavenumber range of 4000—500 cm™~* considering a
resolution of 4 cm™*. The average FT-IR pattern (Fig. 3) showed
three characteristic absorbance regions: (1) the doublet near
3000 cm~* (2915 cm~* and 2846 cm™) is assigned to stretching
vibration of methylene groups present in polymeric chain [39];
(2) the peak at 1539 cm™* and 1396 cm™" correspond to the
antisymmetric and symmetric stretching vibrations of the
carboxyl group in Zinc stearate molecule [10], verifying the
EDX analysis; and (3) the absorbance region under 1000 cm™?
can be ascribed to several molecular vibrations of rubber
structure, including the bending vibration out-of-plane of

Table 2 — Sieve analysis results of GWTR aggregates.

microstructural

RP (0—1 mm) RG (1-3 mm)

Sieve % passingby  ASTM sieve % passing by
size weight size weight

1 mm 99.7 3 mm 99.13

0.71 mm 66.94 2 mm 51.28
0.425 mm 16.55 1.7 mm 22.47
0.125 mm 0.28 1mm 1.35

vinylene groups (~ 1000 cm™Y), the stretching vibration of
carbon-hydrogen (C—H) covalent bonds (~ 820 cm™?), and the
vibration of carbon-sulphur (C—S) bridges (~ 620 cm™?) [40,41].

2.2.  Mix designs

Starting from a “control” (CTR) alkali-activated formulation
designed and optimized by the authors in previous studies
[41,42], four rubberized composites were prepared by replac-
ing (in volume, % v/v) the sand with RP and RG in different
proportion ratios. The sample ID and aggregate proportions
for each mix design are as follows: 50RP-50S (50% v/v sand -
50% v/v RP), 100RP (0% v/v sand — 100% v/v RP), 50RP-50RG (0%
v/v sand — 50% v/v RP — 50% v/v RG), and 25RP-75RG (0% v/v
sand — 25% v/v RP — 75% v/v RG). All mix design parameters
were kept constant throughout the mix preparation except for
the aggregate constituents. The mix design compositions
(ratios of precursors and activators, activator-to-binder ratio,
amount of water) was not altered since, as previously
mentioned, the basic mix design satisfied suitable printability
and strength requirements in the context of 3D concrete
printing technology, including good extrudability, flow-ability,
buildability and improved compaction of printed parts and
mechanical isotropy. Also, the rationale behind the selection
of the input materials was related to environmental reasons.
Carbon-footprint analysis conducted in previous research
works [10,15] verified that the proposed CTR mixture was
adequately balanced to provide an environmental impact
(embodied-CO,) approximately 30% lower than the OPC
counterpart, leading an evident benefit in terms of eco-design.

The solid ingredients (aluminosilicate precursors and ag-
gregates) were mixed in a dry state for 5 min with a planetary
mixer (Kenwood, Germany) at 250 rpm. The alkali-activator
solution was then slowly added to the dry materials and the
resulting mix was then stirred for 3 min at 250 rpm, followed
by another 7 min at 450 rpm. The mixing continued until a
homogeneous fresh compound was obtained. The mixtures
were poured in the hopper of 3D printing for the printing
process. For comparison purpose, alkali-activated mixes were
also prepared to be cast to assess the mechanical performance
of the composites as function of fabrication method. In this
case, the fresh mixtures were placed in 40 x 40 x 160 mm
plastic moulds. Two-step curing process was conducted. First,
the moulds were treated in oven at 60 °C for 24 h. Then, after
demoulding the specimens were removed from the oven and
left in laboratory condition of 20 °C for 6 days. The mix design
formulations are detailed in Table 4.

2.3. Extrusion-based 3D print

A gantry-type 3D printer was used in this study to test the
printability of the rubberized mixtures and fabricate samples
for the experimental characterization. The apparatus con-
sisted of a metal frame and a stainless-steel hopper able to
move in the X, Y, and Z spatial directions, covering a
maximum print area of 1 x 1 x 1 m. An extrusion auger screw
inside the hopper was connected to a motor that was then
able to rotate and extrude the mix through a circular nozzle.
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(b)

Fig. 2 — SEM microstructural analysis of (a) RP and (b) RG.

Besides, the hopper was implemented with a scraper, which
aid the extrusion reliability, improving the flowability and
compactness of the fresh mix and preventing nozzle clogs. A
customized computer numerical control (CNC) gantry system
based on the open-source extrusion rails Open-Builds plat-
form (OOZNEST, UK) was employed as a positioning system.
The motion was driven by NEMA 23 Stepper motors (Steppers,
UK) equipped with TB6600 drivers. The drivers were controlled
using a RAMP board which is a common 3D printers controller
based on an Arduino Mega 2560 microcontroller (Arduino, UK).
Klipper open-source firmware was used to control the kine-
matics of printing system. An in-depth technical overview of
the 3D printer can be found in Ref. [41].

2.4. OPC-based 3D-printable composites for comparison

For the sake of comparison between the performance of
alkali-activated and ordinary cement matrices, experimental
results collected by the authors in previous research works on
3D-printable GWTR-cement composites were taken as a
reference [8,33,34]. OPC-based mixes are identical to AAMs
counterparts in terms of sand-GWTR replacement and RP:RG
proportion ratio. Differences between the two formulations
concerned the type of binder, the variability in water-to-
binder ratio, and the presence of fixed content of chemical
admixtures to satisfy adequate rheology and print quality.
The mixtures were printed with an extrusion-based printing
system, adopting the parameters presented in Table 5.

Six -layers slabs (230 x 160 x 55 mm) were produced both to
inspect the printability of the compounds and to extract
specimens for the hardened-state properties characterization
of the materials.

Table 3 — EDX chemical element composition of GWTR

aggregates.

Element Carbon Oxygen Zinc  Silicon Sulphur
©) ©) (Zn) () ©)

Atomic%  98.83 4.58 0.32 0.38 0.89

2.5. Experimental program

2.5.1. Fresh properties

Before printability analysis, the flow table test method (BS EN
12350-5 [43] standard) was used to evaluate the fresh-state
behavior of the alkali-activated mixes. The cone with a bot-
tom diameter of 100 mm was placed in the center of the table,
and the mix was then transferred into the mold in two parts,
using the wooden tamper to consolidate each layer ten times
in an even pattern. Once the sample was effectively placed in
the mold, the cone was slowly removed, and the hand crank
rotated 15 times over a period of 15 s. Following the 15 rota-
tions, the diameter of the sample was recorded using a caliper
after 0, 5, and 15 min. From this, the flow percentage (FP) of the
mixtures was calculated using the formula (Equation (1))
below:

Dayg — D

FP= (970) x 100 (1)
Do

where: Dgy, - average of the two perpendicular diameters

recorded for each sample after a certain time (mm), and Dy is

the bottom cone diameter (mm).

2.5.2. Printability tests and samples manufacturing

In an identical way to the printability assessment performed
for the OPC-based mixes, the print quality of the AAM com-
posites was determined in accordance with the criteria pro-
posed by Papachristoforou et al. [44]. Extrudability was
qualitatively evaluated monitoring the regular and
interruptions/blockage-free extrusion and deposition of the
material. Buildability was assessed by the number of layers of
the printed specimen that can be achieved without collapse or
significant shape deformation. At least five printed layers of
cementitious material without structural failure was estab-
lished as the condition to accept the mix as printable. Six-
layer slabs (230 x 160 x 55 m® were considered “target”
structures to verify the printing requirements. The nozzle
diameter remarkably affects the resolution of the printed
object as well as the extrudability of the cement paste during
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Fig. 3 — FT-IR spectrum of GWTR aggregates.

the process. The smaller diameter of the nozzle leads to finer
details of printed structure [41]. Conversely, larger nozzles
allow the ease of paste flow, minimizing undesired pressure
gradients at the nozzle area and promoting a continuous and
smooth extrusion process [45]. To investigate how the
rheology of alkali-activated composites behaves as a function
of the nozzle diameter, three different orifices were analysed:
10 mm, 15 mm, and 20 mm. Printability test were conducted at
25 mm/s printing speed, maintaining the other parameters
(print path and layer height) like to those selected for OPC
mixes. Once the nozzle size and mix rheology were optimized,
the slabs resulting from printability tests were cured following
the same procedure use for mold-cast samples (oven-treat-
ment at 60 °C for 24 h + 6 days under ambient temperature
curing). After that, specimens for materials’ characterization
were cut by diamond blade sawing.

2.5.3.  Unit weight

Following the standard method BS 1881-114 [46], the unit
weight of the samples was determined as the ratio between
the oven-dry mass of specimens (110 °C for 48 h), measured by
a Mettler Toledo analytical balance (Mettler Toledo Ltd., USA),
and their geometric volume, by means of a digital caliper
(0.05 mm sensitivity). For each formulation, four samples
(40 mm x 40 mm x 160 mm beams) were measured and the
average value of unit weight was reported.

2.5.4. Static mechanical testing
Static mechanical tests (Fig. 4), conformed to BS EN 196-1:2016
standard [47], were performed using a 150 kN universal testing
machine (Instron 5960, United Kingdom).

3D-printed and mold-casted beams (40 x 40 x 160 mm),
extracted from the slabs, were tested for their flexural
strength (three-point configuration). The loading speed and
span distance were 1 mm/min and 100 mm, respectively. The
values of flexural strength (of) are the average of values
recorded from three specimens in which the loading direction
was perpendicular to the printing path. Post-failure beams
were processed to obtain 40-mm side cubes for compressive
test (six specimens for each formulation). The test was con-
ducted at a loading rate of 1 mm/min 3D-printed cementitious
elements are prone to provide anisotropic mechanical
behaviour because of the dependency of performance upon
the loading direction with respect to the printing direction
[48]. In this experimentation the influence of the loading di-
rection on the mechanical behaviour was investigated.
Compressive strength (oc) was determined by testing the
printed specimen in two different orientations labeled as “Z”
(compression load perpendicular to the filament plane) and
“X” (compression load applied along the filament plane). For
each loading orientations three cubic specimens were tested,
and the average values of o¢-Z and oc-X were reported. Same
number of testing items was considered for mold-casted
samples. Then, the degree of mechanical anisotropy was
quantified using a parameter, named anisotropic degree (AD)
and defined by Xiao et al. [22], which can be calculated as the
percentage variations of the maximum and minimum oc in
the two loading directions (Equation (2)):

Maximum o, — Minimum o,

AD= — 100
Minimum o, x

(2)

2.5.5. Dynamic mechanical thermo-analysis (DMTA)

DMTA was performed to measure the dynamic mechanical
response of alkali-activated and cementitious composites to
an oscillatory strain as a function of temperature. The output
results of DMTA were inspected by considering three physical
properties: (1) the storage modulus (E') corresponding to the
material's elastic response and ability to store or fully recover
energy, (2) the loss modulus (E”) corresponding to the mate-
rial's plastic response and its ability to dissipate energy, and
(3) the damping ratio (tan 3), corresponding to the ratio E"/E’.
Specifically, damping is a crucial parameter of concrete

Table 4 — Mix proportions of AAM mixes.

Sample ID Precursor (% w/w) Aggregate (% v/v) Na,SiO3:NaOH (by mass) a/b ratio”
FA GBFS SF Sand® RP RG

CTR 60 25 15 100 0 0 2:1 0.4

50RP-50S 60 25 15 50 50 0 2:1 0.4

100RP 60 25 15 0 100 0 2:1 0.4

S0RP-50RG 60 25 15 0 50 50 2:1 0.4

25RP-75RG 60 25 15 0 25 75 2:1 0.4

2 Graded sand contains 60% w/w of 0—0.5 mm size fraction and 40% w/w of 0.5—1.0 mm size fraction.

b a/b ratio refers to activator-to-binder ratio.
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Table 5 — Printing process parameters adopted for OPC-
based mixes.

Nozzle Nozzle Layer Printing Print path
diameter shape height speed
10 mm Circular 10 mm 33 mm/s Linear path

materials for vibration control, noise reduction fatigue
endurance, and impact resistance in structures [49]. The aim
of the study was to investigate the effect of GWTR aggregates
on the dynamic and damping properties as well as the
thermo-mechanical behaviour of the two matrices. A lot of
studies revealed that the ceramic-like characteristic of alkali-
activated binders confer them excellent heat resistance
compared to OPCs [14]. Therefore, DMTA was also imple-
mented to obtain evidence about the structural integrity and
thermal stability of the investigated samples.

DMTA was conducted with a DMA 242E Artemis (Netzsch,
Germany) thermal analyzer, testing beam specimens
(60 x 10 x 4 mm) in three-point flexural mode (Fig. 5).
Regarding the test parameters, the experimental protocol
proposed by Damiani et al. [50], which similarly to the present
work investigated cement pastes incorporating waste tire
aggregates, was followed. Specimens were tested with a
temperature sweep ranging from 30 °C to 200 °C, heating rate
of 5 °C/min, constant frequency of 1 Hz, and strain amplitude
of 0.01 mm.

2.5.6. Thermal conductivity (k) analysis

The thermal insulation capacity of the samples was investi-
gated by k measurements conducted by a C-Therm TCi device
(C-Therm Technologies, Canada) in accordance with ASTM
D7984 [51] standard. Operating principle consisted in applying a
known current to the sensor's spiral heating element, providing
a constant one-dimensional heat flux to the sample. The
applied current results in a rise in temperature at the interface
between the sensor and the specimen, inducing a change in the
voltage drop of the sensor element. The rate of increase in the
sensor voltage was used to determine the thermal transport
properties of the test material, as the voltage is factory-
calibrated to temperature. Prior the analysis, prism

Fig. 5 — Test configuration for DMTA.

specimens (50 x 40 x 20 mm) were plane-cutted and faces were
polished to ensure flatness. Then, bi distilled water was applied
between the sample and the sensor to reduce the contact
resistance and accomplish with testing requirements. Tests
were repeated three times on each sample (four samples per
formulation) and average values of k were noted.

2.5.7. Acoustic insulation analysis

Acoustic insulation properties were tested by impedance tube
measurements following a test method implemented by the
authors in previous works [33,52]. The acoustic experimental
setup is displayed in Fig. 6. By placing the sample in the middle
of the measurement system and subjecting it to an acoustic
signal of specific frequency, the sound attenuation ability of
the material was measured like the difference (D) between the
incident sound pressure level and the transmitted sound
pressure level by means two microphones positioned before
and after the specimen. D-values were recorded in two fre-
quency bands: low-medium frequency range (63 Hz, 125 Hz,
250 Hz, 500 Hz) and high frequency range (1000 Hz, 2000 Hz,

Fig. 4 — Static mechanical test configuration: flexural test (left) and compressive test (right).
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microphones

-

signal processing interface,

Fig. 6 — Test setup for acoustic insulation analysis.

3000 Hz, 4000Hz). Then, the sound reduction index (SRI) was
computed by averaging the D-values in the two frequency
bands under examination. SRI is a single number quantity (in
dB) which characterize the peculiarity of materials or building
elements in restricting the passage of sound through them,
determining the effectiveness as noise insulators.

3. Results and discussion
3.1. Fresh properties

Fig. 7 shows the flowability of the alkali-activated mixes using
the flow table test. The sand-GWTR replacement led to a sig-
nificant decrease in flow properties. These results confirm the
findings verified by other research works. Rubber aggregates
form an interlocking structure resisting the normal flow of
concrete under its own weight [27]. The reduction of the
slump flow was also attributed to the clear difference in the
shape and texture of rubber particles compared to the shape
and texture of the replaced sand. The rubber particles are
poorly shaped with rough surfaces compared to the relative
smoothed surface of natural sand particles. This leads to slow
relative movement of rubber particles in the matrix compared
with the relative movement of sand particles, which results in
an incompatible mix having reduced workability [53].

60
50 4
g 40 - CIR BRa0S 100RP-0.4
IS —&— 50RP-50S
= —4A— 100RP
< 30 4
g —¥— 50RP-50RG
é —&— 25RP-75RG
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Fig. 7 — Flow table test results.

Furthermore, the increase in air content, due to the nonpolar
nature of the rubber particles and their tendency to entrap air
in their rough surface texture, increase the mixture viscosity
and reduce the flowability [54]. Among the rubberized mixes,
the lowest and highest flowability was achieved by 100RP and
25RP-75RG with an initial flowability values of 2% and 16%,
respectively. This result revealed that the presence of coarse
polymer aggregates (RG) would lead to a gain in flowability.
The surface of rubber particles held air which entered the
fresh paste. Fine rubber (RP) has higher specific surface;
therefore, finer GWTR tends to entrap more air than the large-
sized polymer particles. Lower rate of incorporated air means
a less stiff and more fluid mixture [55].

3.2. Printability tests

Rheological measurements enabled the mix design optimi-
zation in accordance with the printability requirements
considered in the experimental program and the printing
system used in this work. 25RP-75RG sample was the only
mixture that met the printability requirements suitable for the
process. Regarding the other rubberized formulations, it was
necessary to add extra water to obtain an extrudable mix. In
addition, attempts were made to print using different nozzle
diameters (10 mm, 15 mm, and 20 mm). Diameters of 10 mm
and 15 mm were not suitable for printing. Indeed, preliminary
tests revealed that using small sized nozzle required very high
shear force to extrude the material due to the great viscosity of
alkali-activated mix. This condition led to mix phase segre-
gation during printing and a poor material's extrudability
(Fig. 8a). Furthermore, as verified by flowability tests, GWTR
addition increased the setting time of the fresh mixture. Using
the smallest nozzle, this setting phenomenon occurred,
blocking the material's deposition (Fig. 8b).

The influence of GWTR incorporation on the rheological
properties of the alkali-activated binder is quite different than
that revealed by the authors in the 3D-printable Portland
mixes, where an improved fluidity was detected following the
addition of the polymer aggregate [33,56]. In this case, when
sand was replaced by GWTR, the local free water around the
rubber particles was increased due to their lower water ab-
sorption and hydrophobicity, making the printable mix
adequately fluid for printing. Conversely, the action of NaOH-
based activator in the alkali-activated formulations would
enhance the affinity of rubber aggregates with the binder
promoting the hydration of the matrix around the rubber
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Fig. 8 — Printing issues during preliminary printing test using 10-mm diameter nozzle: (a) poor extrudability and (b) nozzle

blockage.

particles and making them less able to ensure an adequate
amount of free water in the mix. This effect was demonstrated
by Youssf et al. [57], who observed worsening in workability of
rubber-concrete mix after pre-treatment of crumb rubber ag-
gregates in alkali solution. Moreover, it is worth noting that
the different rheological behavior of rubberized Portland and
alkali-activated composites is also to be attributed to the
different amount of water used in their production. The
rheological behavior of AAMs is assisted by the water pro-
duced in the polycondensation process of the aluminosilicate
network. Then the liquid amount used is decidedly lower than
OPC-based mixes, leading to increased viscosity and conse-
quently decreased workability of the fresh mixture.

Six-layer rectangular slabs, for each AAM formulations,
were successfully printed with 20 mm-diameter circular
nozzle. An overview of the printing process is illustrated in
Fig. 9.

3.3. Unit weight

By using lightweight rubber aggregates in place of mineral
ones caused a unit weight reduction both in alkali-activated
and Portland-based samples (Fig. 10). All the rubberized mix-
tures designed and investigated in this work provided unit
weight values of less than 1800 kg/m? satisfying the classifi-
cation as “lightweight concretes”. For their low density, good
thermal and acoustic insulation, and reduced self-weight,
lightweight concretes have become a focus of interest in a
wide range of building applications due to their engineering
versatility [58].

The comparison between casted and printed AAM speci-
mens highlighted no remarkable difference in terms of den-
sity. The unit weight of 3D-printed CTR and 25RP-75RG
samples (2286 kg/m? and 1601 kg/m?, respectively) was prone
to increase slightly compared with mold-casted counterpart
(2148 kg/m3 and 1568 kg/m®). This was because the printing
methodology could induce densification and compaction of
the material due to the application of high pressure during the
extrusion [42]. It should be noted that this effect occurred in
the alkali-activated formulations where no additional water

was added to adjust the rheology for printing. The 3D-printed
rubberized composites incorporating additional water
showed lower densities than the casted samples. In this case,
the extra-water added to achieve adequate fluidity for extru-
sion would have no role in the alkali-activation reaction.
Evaporating during the curing phase, the excess water would
release voids inside the material thus affecting its unit weight.
This evidence is well supported by Aliabdo et al. [59], who also
verified that excess water would tend to dilute the alkali
activator and thus slowed down the dissolution and reaction
of the aluminosilicate precursors, hindering the proper
microstructural and strength development of the binder.

The comparison between 3D-printed AAM and OPC mixes
can be comprehensively interpreted considering the unit
weight reduction rate for the same type of sand-GWTR
replacement. With respect CTR-OPC mix (1927 kg/m?), den-
sity drops of 14.8%, 30.5%, 15.7%, and 23.8% were detected in
SORP-50S, 100RP, 50RP-50RG, and 25RP-75RG samples,
respectively. Although the alkali-activated CTR mix was
denser than the OPC counterpart, the incorporation of waste
rubber resulted in stronger density reduction rates: —23.9% in
SORP-50S, —41.7% in 100RP, —35.5% in 50RP-50RG, and —29.9%
in 25RP-75RG. This evidence was already explored by the au-
thors in a previous research work [10], attributing the higher
density decrement in rubberized alkali-activated composites
to the contribution of GWTR in altering the chemistry (in
terms of Si/Al ratio) and microstructural characteristics of the
material.

3.4.  Static mechanical testing

3.4.1. Three-point flexural test
The flexural performances of 3D-printed and mold-casted al-
kali-activated composites are shown in Fig. 11, where of re-
sults of OPC-based mixes are also provided as a comparison.
Regardless of the type of binder (AAM and OPC) and
manufacturing process (3D printing and mold-casting), the
replacement of the mineral aggregate with GWTR results in a
deterioration of the strength properties, depending on sand-
rubber replacement level and size gradation of the polymer
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Fig. 9 — 3D printing of rubberized alkali-activated composites (100RP mix is reported in the photographs).

aggregates embedded in the matrix. Primary causes for the
decrease in the overall mechanical strength of rubberized
materials are the hydrophobic nature of rubber causing weak
and porous interfacial transition zones and its lower elastic
modulus inducing high stress concentration and crack prop-
agation inside the surrounding matrix [8,10,30,31]. It is evident
that rubberized cementitious materials are not intended for
load-bearing applications. The interest is directed towards
their use in lightweight and resilient structures with improved
thermo-acoustic efficiency. In this regard, following the ASTM
C330 standard [60], the minimum strength requirement for
structural lightweight concrete class is 2 MPa. As can be seen
from the plot in Fig. 11, all AAM-based samples (both mold-
casted and 3D-printed) met or are very close to this perfor-
mance indicator. With regard the OPC-based samples mixes,
the recommended requirement was just fully satisfied by
50RP-50S and 50RP-50RG mixes. Therefore, a careful optimi-
zation of the mix design and process should be address for the
purposes of scaling the material for practical applications.
The comparison between printed and casted AAM-based
specimens revealed no significant differences, indicating
that the rheology of the mixtures as well as the process pa-
rameters were properly optimized for printing. Then, flexural
behavior would results scarcely affected by the structural
defects typically induced by additive fabrication (inter-fila-
ment voids or poor layer-by-layer adhesion). The discrepancy
rate between op-values of casted and 3D printed alkali-
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Unit weight (kg/ms)
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CTR 50RP-50S 100RP  50RP-50RG 25RP-75RG

Fig. 10 — Unit weight test results. (Note that * indicates
formulations where extra-water was added).

activated samples varied from 0.8% in CTR mix (op-
casted = 8.92 MPa, op-printed = 8.98 MPa) to 67.6% in 25RP-
75RG (op-casted = 1.76 MPa, og-printed = 2.95 MPa). Such range
was sharply lower than common results found in the relevant
literature on E3DCP technology. Indeed, by reviewing experi-
mental data from inherent research papers, Hou et al. [61]
found that the difference in flexural strength between casted
and printed samples involved ranges from 54.5% to 157.1%.
Among the fully rubberized AAM formulations, highest
strength performance was detected for 25RP-75RG mix. In line
with the unit weight results discussed above, not adding
extra-water to the fresh mix would mitigate the development
of porosity in the material, ensuring better microstructural
and strength characteristics.

3D-printable alkali-activated composites performed better
in terms of mechanical resistance with respect to OPC-based
samples. As already demonstrated by the authors in a previ-
ous work comparing mold-cast rubberized OPC and AAM
composites [10], the higher interfacial affinity experienced by
rubber aggregates with the alkali-activated binder is the main
reason for the improved mechanical behavior under bending.
By correlating the mechanical performance with the size
gradation of GWTR aggregate, it can be seen how the addition
of coarse RG had an improved effect on the flexural behavior
compared to sample incorporating only fine rubber (100RP).
The elongated and fiber-like shape of RG particles would
induce better capacity to arrest local cracks and hinder

10

|:| AAM - casted
- AAM - printed
- OPC - printed

| | T

CTR 50RP-50S 100RP 50RP-50RG 25RP-75RG

Flexural strength, oy (MPa)

Fig. 11 — Flexural strength (o}) test results. (Note that *
indicates formulations where extra-water was added).
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Fig. 12 — Compressive strength (c() test results: (a) Z-loading and (b) X-loading. Note that “*’ indicates formulations where

extra-water was added.

fracture propagation effectively before the crack passes
through them. Although, the finer fraction exhibits greater
specific surface area than the coarse rubber, and ideally it
should ensure more contact surfaces with the surrounding
matrix and therefore greater interfacial bonding, the crack
arresting effect would be less efficient due to its particle-
shaped characteristics (low aspect ratio). This finding was
argued by Liu et al. [62] investigating the influence of glass
particles gradation on flexural strength of 3D-printed concrete
samples loaded perpendicularly to the printing direction (“Z”).
Considering the mixtures with 100 v/v% of GWTR, highest op-
values were detected in 25RP-75RG sample for AAM binder
(2.95 MPa) and 50RP-50RG for OPC binder (2.11 MPa). This
would mean that due to the improved compatibility of rubber
with the alkali-activated matrix, high content of RG is ad-
missible in AAM-based. Conversely, by analyzing the OPC-
based samples, the RG concentration should be carefully
dosed. There is a decrease in of for the mix with higher dosage
of RG (25RP-75RG), which is attributable to the interfacial de-
fects triggered by coarse rubber aggregates that would pre-
dominate over their mechanical functionality.

3.4.2. Compressive test

In line with flexural test results, an expected loss in o¢ using
GWTR instead of mineral aggregates can be observed (Fig. 12).
The mean results of o¢ revealed that among the rubberized
composites only two OPC-based formulations, specifically
50RP-50S and 50RP-50RG, satisfied the strength requirement
of 17 MPa recommended by ASTM C330 standard [60] for
structural lightweight concrete class.

Then, following the addition of GWTR, the compressive
behaviour would seem to undergo a more detrimental
degradation than flexural strength GWTR would perform its
maximum function of inducing tough behaviour in concrete
under bending load. Indeed, the behaviour of rubberized ma-
terials is governed by the crack-bridging force provided by the
rubber inclusions (especially large-sized aggregates), which is
related to their bending strain capacity across cracks [63]. On

the other hand, the mechanical characteristics in

compression are less efficient. In this case, the strength
closely depends on the microstructural quality and load-
bearing capacity of the matrix. Specifically, because of the
weak interfacial bonding with the matrix, rubber aggregates
are prone to failure at lower applied loads. Overall, alkali-
activated composites exhibit lower compressive perfor-
mance than OPC counterparts. This evidence confirms the
results of a previous work [10], where it was shown that the
presence of GWTR in place of sand, in addition to mechani-
cally deteriorating the material by acting as a weaker aggre-
gate, shifts the Si/Al elemental ratio out of the optimal range
hindering the proper strength and microstructural develop-
ment of the matrix. This finding was identified by the authors
as a crucial point on which to address future research, which
is to tailor the AAM mix designs over rubber aggregates while
improving the strength characteristics of the matrix and
preserving suitable printing properties.

Mechanical anisotropy was recognized as one of the most
concerning issues for E3DCP. Because of the inherent nature
of the extrusion-based deposition process, printed structures
tend to be influenced by the dependence of mechanical
strength on the printing direction. The rheology of the print-
able mixture as well as the quality of the additive
manufacturing process are crucial to ensure optimal
compaction between the deposited filaments, avoiding the
formation of weak interlayers that can be impeding in terms
of structural and durability properties [18]. The influence of
GWTR aggregates on the print quality of the two binders can
be assess by AD results displayed in Fig. 13. Based on the re-
sults from previous works [8,33], replacing the sand with
rubber induced a reduction in the mechanical anisotropy,
resulting from an improvement effect on the fresh mixtures
fluidity and therefore inter-filament adhesion. Opposite trend
occurred for AAM-based composites. In this case, slight in-
crease in AD-values can be detected, justifying the different
effect that GWTR induced on the rheological properties of the
two matrices. However, comparing the two binders, the
structural print quality of the alkali-activated formulations
was better than that of the OPC formulations. All AAM mixes
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Fig. 13 — Anisotropic degree (AD) analysis of 3D-printed
AAM and OPC-based composites.

exhibited markedly lower AD-values than OPC-based coun-
terparts, demonstrating the setting of a well-designed AM
process to integrate GWTR into printable alkali-activated
materials. Regarding this result, the use of nozzles with
different dimensions for the extrusion of the AAM (20 mm
diameter) and OPC mixtures (10 mm diameter) must be
considered. A larger-sized nozzle implemented for the alkali-
activated composites resulted in wider printed filaments and
greater contact surface between the deposited layers, mini-
mizing the effect of the interlayer interfaces on the strength
performance [64]. The literature survey conducted by Hou
et al. [61] highlighted that the mechanical anisotropy in
compression for the E3DCP technology typically ranged from
67% to 115%. The results for OPC mixes are consistent with
this interval (from 105% for CTR sample to 38% for 100RP
sample). For AAM samples, significantly lower values were
found (from 20% for 25RP-75RG sample to 3% for CTR sample),
verifying the higher print quality achieved while incorpo-
rating waste aggregates in the mixes.
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3.5. Dynamic mechanical thermo-analysis (DMTA)

With DMTA, for each binder, the following samples were
investigated: CTR, 100RP, and 25RP-75RG, to evaluate both the
dynamic thermo-mechanical behaviour of the two matrices
with and without the addition of the rubber aggregates and
the influence of the particle size gradation on the damping
properties. Fig. 14a compared E’ as a function of temperature
of alkali-activated and ordinary cement CTR samples (0 v/v %
of GWTR). AAM binder was shown to be more thermo-
mechanically performing and stable over OPC sample in the
covered thermal range. For both matrices, with increasing
temperatures there was a decrease in the dynamic modulus of
the samples but following to markedly different trends. OPC
sample showed a severe drop in dynamic stiffness around
120 °C. Within this thermal region, several heat-induced
microstructural degradation events occur in OPC, including
damage from loss of chemically bonded water (~ 120 °C),
decomposition of gypsum and ettringite (110—170 °C), and
dehydration of calcium silicate hydrate (C—S—H) gel (~ 180 °C)
[65]. Better dynamic mechanical behaviour was detected in
CTR-AAM sample. Excellent thermal resistance was demon-
strated by alkali-activated binders due to the stable network
structure of abundant oxides and the presence of mineral
phases that are hard to decompose at elevated temperatures.
Except for the shrinkage due to the free water evaporation, the
first significant degradation mechanisms occur at tempera-
tures between 400 and 600 °C corresponding to the dehydra-
tion of calcium aluminate silicate hydrate (C-A-S-H) gel, the
main binding phase in AAM [66]. Besides, the ceramic-like
nature of the alkali-activated matrix would induce sintering
and densification as the temperature rises, with consequent
improvement in terms of thermo-mechanical response [67].
From Fig. 14b, a systematic reduction in E' was observed in the
rubberized composites mainly resulting from the lower
modulus of elasticity of rubber aggregates than sand. The
thermo-mechanical stability of the alkali-activated matrix
promoted greater dynamic stiffness of the AAM-based com-
posites compared to the OPC-based ones. By investigating the
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Fig. 14 — Storage modulus (E’) test results: comparison between (a) CTR samples and (b) rubberized composites.
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Fig. 15 — Damping ratio (tan ) test results: (a) AAM samples and (b) OPC samples.

influence of GWTR size in AAM samples, it was noted that the
presence of RG (25RP-75RG sample) induced superior me-
chanical stiffness for most of the investigated thermal range
compared to the sample with only fine rubber (100RP sample).
The difference in unit weight is the primary reason for the
divergence in the dynamic behaviour of the two formulations.
In Fig. 10, it was verified that the decrease in density was more
prominent in 100RP mix, that is when the average aggregate
size is lower. At the same sand-GWTR replacement level, the
overall amount of rubber in 100RP mix was higher than thatin
25RP-75RG because of the greater packing density of the fine
GWTR. Therefore, in line with the decline in mechanical
strength, a higher concentration of rubber per unit of volume
embedded in the material would induce a more noticeable
decrease in dynamic stiffness. Further aspect that can be
considered in explaining the different thermo-mechanical
behaviour of the two samples was the addition of extra-
water considered in the 100RP mix to achieve rheology suit-
able for printing. Fig. 14b showed that between 40 and 80 °C,
100RP sample experienced a clear decrease in E’' presumably
due to the structural losses induced by the evaporation of the
excessive water. In line with this, Sayahi et al. [68] found a
clear relationship between water-cement (w/c) ratio and
plastic shrinkage phenomena in concrete systems: high
dosage in mixing water would increase the cracking risk due
to the rapid and excessive evaporation of the unbonded water
which is not involved in the material's hydration. According to
Gupta et al. [69], increasing water content would promote the
formation of a more porous microstructure worsening the
static and dynamic performance of the composite. Based on
authors' previous works [8,10,33], while the rough and jagged
micromorphology of RP particles assisted their mechanical
gripping with the OPC paste, RG aggregates was more prone to
develop interface defects due to their lower specific surface
area. Hence an inadequate load transfer between rubber
particles and matrix, induced by the widespread presence of
ITZ defects could be the main cause of the poor dynamic
modulus performance found in 25RP-75RG sample.

The results of tan 3 in Fig. 15 provide a comprehensive view
on the dampening properties of the investigated composites.
The use of waste tire rubber to improve the damping perfor-
mance of cementitious matrices was extensively explored by
researchers [69—71]. Thanks to the energy dissipative char-
acteristics of rubber related to its viscoelastic nature, rubber-
ized cement-matrix materials highlight a marked
improvement in damping ability over ordinary concretes. A
summary of studies presented in Chi et al’s review [71]
revealed that by adding GWTR as part of the aggregate into
unreinforced concrete allowed an increase in damping ca-
pacity up to 430% depending on rubber particle size and sub-
stitution level with the mineral fraction. In this work, the
damping properties appeared to be strongly affected by the
type of binder. Complementarily to E’' results, the lower dy-
namic stiffness detected in OPC-based samples than AAM
ones implied superior damping capacity. As determined by
Najim and Hall [72] the damping capacity strictly refers to the
material's strength: damping is greater for low-strength con-
crete materials than high strength such that damping has a
positive correlation with the material's ductility rather than its
stiffness. Considering the bending load experimental config-
uration of DMTA, this finding agrees with the best flexural
strength properties of AAM composites over OPC-based
samples discussed in Section 3.4.1. It is worth noting that
the alkali-activated composites engineered with GWTR did
not lead to any improvement in tan 3 with respect to CTR
sample (Fig. 15a). On the other hand, the influence of rubber
aggregates in OPC matrix was to significantly improve the
damping capacity of composites (Fig. 15b). Major remark
regarding the discrepancy in damping capacity is the different
interfacial adhesion experienced by rubber into the two
binders. A prior microstructural analysis reported in Ref. [10]
revealed that there is a stronger bond interaction between
rubber and the alkali-activated matrix than that investigated
in OPC composites. Poor interfacial bonding found in OPC
samples, while unsatisfactory for the mechanical stiffness
and strength, could result in very high mechanical damping
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[72]. A weak inter-locking between rubber and the cement
matrix would make easier activating interfacial slip under the
cyclic load. Assisting the vibration of the polymeric particles
would therefore trigger energy dissipative mechanisms both
related to the aggregates' viscoelasticity and to the frictional
sliding at the GWTR-matrix interface [71,73]. In good agree-
ment with literature [71], finer rubber (RP) provided a greater
incidence on increased damping than coarser polymeric
fraction (RG) in both binders.

3.6.  Thermal conductivity (k) analysis

The thermal insulating properties of AAM and OPC compos-
ites were evaluated in terms of k (Fig. 16). First, the analysis
revealed clear difference in heat conductivity between the
CTR samples: alkali-activated concrete showed higher k-value
than plain Portland mix. Wongsa et al. [74] claimed that the
thermal properties depend on types of source materials,
including aggregates and precursors, and density/porosity of
hardened concrete. The primary factor affecting thermal
performance is the intrinsic heat conductivity of the binders.
The effective k-value of C—S—H gel, the dominant phase in
hydrate cement system, was estimated to be 0.98 W/m x K
[75]. On the other hand, the k-value for aluminosilicate gel
range from 1.0 to 1.2 W/m x K, depending on Si/Al ratio [76].
Furthermore, the presence of high quantity of metal cation
species in alkali-activated network (such as Al, Na, K) and the
higher unit weight detected by the experimentation would
explain the greater k in CTR-AAM sample than OPC
counterpart.

The addition of GWTR in place of sand enhanced the
thermo-insulating capacity as a function of scrap rubber
content. The k of virgin mineral aggregates is around 3.5 W/m
x K. Replacing the content of these aggregates with recycled
rubber with lower k (~ 0.1 W/m x K) yields a predictable
reduction in heat conductivity of the composites [77].
Although the AAM matrix is characterized by higher thermal
resistivity than OPC one, incorporating GWTR involved much
more marked drops in k-value, at the same sand-GWTR
replacement level. In OPC-based composites, with respect
CTR sample (k = 1.32 W/m x K), k-value was reduced by 41%,
67%, 36%, and 39% in 50RP-50S, 100RP, SORP-50RG, and 25RP-
75RG mixes, respectively. The reduction rates for AAM-based

25 B aam
I orc

Thermal conductivity, k (W/mK)

CTR 50RP-50S 100RP  50RP-50RG 25RP-75RG

Fig. 16 — Thermal conductivity (k) test results.

composites were 54%, 81%, 79%, and 74% in 50RP-50S, 100RP,
SO0RP-50RG, and 25RP-75RG mixes respectively, considering
the k-value of CTR mix is 2.23 W/m x K.

A possible hypothesis that would explain this trend is the
active influence that rubber aggregates established during the
synthesis and microstructural development of alkali-
activated composites. As clearly investigated in Ref. [10],
rubber aggregates indirectly consume part of the NaOH acti-
vator undergoing chemical surface modification. Although,
this assists the GWTR-matrix compatibility by reducing the
surface hydrophobicity of the polymer particles, incomplete
activation and dissolution of the aluminosilicate precursors
(especially FA) occurs due to alkaline activator deficiency. In
addition to revealing the intimate interfacial adhesion be-
tween GWTR and alkali-activated matrix, SEM inspection
(Fig. 17) elucidates the presence of some unreacted FA, in the
form of hollow glassy microspheres (cenospheres) that
remained embedded in the binder acting as highly insulating
fillers by virtue of their very low thermal conductivity
(k = 0.08—0.1 W/m x K) [78].

According to the technical indications given by Newman
and Choo [79], rubberized composites (both AAM and OPC) can
be classified as lightweight insulating cement-based materials
(oven-dry density range of approximately 300 to a maximum
of 2000 kg/m? and k-value of 0.2—1.0 W/m x K), aligning with
the requirements of current European regulation on thermal
protection, indoor comfort, and energy consumption in
building [80]. Specifically, the fully rubberized alkali-activated
composites (100RP, S50RP-50RG, and 25RP-75RG) widely fall
within the range of foamed concretes (0.25—0.75 W/m x K),
which represents the “core” technology for thermal insulating
applications in construction [81].

3.7. Acoustic insulation analysis

The use of recycled tire rubber aggregates is one of the most
investigated strategies to engineer, in a more eco-sustainable
way, concrete in terms of acoustic insulation and noise
abatement, which nowadays represent fundamental creden-
tials in civil, urban, and residential planning [82,83]. The
dissipative capacity of rubber against vibro-acoustic events
allow to achieve better noise insulation performance in the
cementitious media.

The acoustic insulating characteristics of AAM and OPC
composites, quantified through SRI analysis (Fig. 18), showing
different trends depending on the frequency range investi-
gated. Unlike OPC-based formulations, the modification of the
alkali-activated matrix with GWTR resulted in a strong
improvement of the insulation properties at low-medium
frequencies (Fig. 18a). With respect to CTR-AAM mix
(SRI = 2.73 dB), a maximum increment of about 4 dB (+150%)
was found in 50RP-50RG-AAM sample. In OPC-based samples,
rubber aggregates in place of sand induced a less noticeable
increase in SRI. From CTR-OPC mix (SRI = 6.51 dB) a maximum
SRI-increase of about 10% was detected in 50RP-50RG-OPC
sample. From these results it is evident GWTR confers
acoustic improvements in the low-medium frequency range,
resulting from an additional vibro-acoustic damping mecha-
nism that rubber aggregates add to the two binders. To
corroborate this assumption, an investigation conducted by
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Fig. 17 — Interfacial analysis and un-reacted FA detection (yellow arrows) in rubberized alkali-activated composites by SEM.

Kumar and Lee [84] on various traditional materials used for
noise reduction purposes clearly highlighted that rubber per-
forms its maximum sound attenuating function in the
acoustic range between 250 Hz and 750 Hz, which agrees with
the low-medium frequency band examined in this work. As
demonstrated in previous works, the presence of large-sizes
rubber particles (RG) enhanced the acoustic insulation per-
formance because of the greater impediment to sound wave
propagation provided by coarse polymer aggregate over fine
rubber fraction [33,85]. Hence, the use of rubber in both OPC
and alkali-activated materials would provide an attractive
solution for the attenuation of low-frequency noise, which is
widely recognized as hard to mitigate by traditional walls and
other structures causing significant physiological annoyance
and distress [86].

Overall, OPC-based composites performed better in the
low-medium frequency range, while AAM mixes were more
acoustically effective at high frequencies (Fig. 18b). The cur-
rent literature lacks similar comparative studies from which
extrapolating information to explain this trend. The only
relevant contribution was provided by Gandoman and Kokabi
[87], which studied the sound barrier properties of waste
rubber-based geopolymer concrete in comparison with the
performance of ordinary concrete. They found that rubberized

geopolymer composites exhibited better sound insulating
behavior compared to Portland mix due to nano-porosity
found in geopolymer's microstructure. Because of their
nanoscale pores, through which the sound waves cannot
pass, the sound barrier property was increased. However, the
authors referred to an average value over a wide frequency
band (100-6300 Hz) without discriminating the acoustic
behavior at specific acoustic ranges. Two possible in-
terpretations can be provided to explain the divergence of
insulating performances between OPC and AAM composites
as a function of frequency range.

1) Poor interfacial bonding between rubber and OPC matrix
could facilitate the vibratory modes of the polymer in-
clusions promoting the dissipating mechanisms and noise
damping characteristics of the concrete at low-medium
frequencies where the contribution of GWTR seems to
govern the acoustic behavior. Similar remark was reported
by Zhang and Poon [88]. However, the low-frequency
acoustic insulation analysis of the examined samples will
require further investigations and precautions. Indeed, the
impedance tube method can lose accuracy especially at
low frequencies since the lower cut-off frequency of the
measurement system is governed by the tube diameter.

Sound reduction index, SRI (dB)

50RP-50RG 25RP-75RG

Low-medium frequency range

CTR 50RP-50S 100RP

(@)

Sound reduction index, SRI (dB)

CTR 50RP-50S 100RP 50RP-50RG 25RP-75RG
High frequency range
(b)

Fig. 18 — Sound reduction index (SRI) test results: (a) low-medium frequency range and (b) high frequency range.
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The acoustic duct developed for the present research was
designed with a diameter of 160 mm to accommodate
samples with representative dimensions. In these oper-
ating conditions, the cut-off frequency is 150 Hz. Therefore,
for the 63 and 125 Hz frequency bands, reverberation/
reflection phenomena could occur in the tube which would
negatively alter the quality of the experimental results. The
verification of the results using more robust measurement
systems (e.g., acoustic chambers) is proposed as the next
step of the research.

Unit weight is one of the main characteristics determining
the ability of an acoustic material to resist the transmission
of sound. The primary physical property controlling the
sound insulation is the mass per unit area of the element,
in agreement with the well-know “mass law”. At high fre-
quency (generally >500 Hz), the insulation efficiency de-
pends on the mass law: the denser the material, the better
it insulates [89]. Comparing the two binders, except for
S50RP-50RG mix, there is a good correlation in accordance
with the “mass law” between unit weights (see Fig. 10) and
high-frequency SRI values. In the high-frequency acoustic
spectrum the dissipative functionality of rubber aggregates
competes with the attenuation mechanisms dictated by
the “mass law”, therefore the effect of GWTR addition on
the acoustic insulation improvement is less evident.

»

4, Conclusions

This research aimed to design and investigated novel 3D-
printable alkali-activated composites engineered with GWTR
in partial (50 v/v %) and total (100% v/v) replacement of min-
eral aggregates (river sand). Two kind of rubber particles (fine
RP and coarse RG) were used in different proportion ratios to
assess the influence of aggregates size on the rheological
behaviour and physical, mechanical (static and dynamic), and
thermo-acoustic insulation characteristics of the mixes. A
comprehensive comparison with 3D-printable rubberized
OPC-based composites was also conducted to critically eval-
uate the impact of rubber addition on the properties of the two
printable binders. Based on the results achieved from this
study, the following conclusions can be drawn.

1. The addition of GWTRin place of sand drastically reduced the
flowability of the fresh-state alkali-activated mixes. Howev-
er, with an appropriate proportion of the two granulometric
fractions of GWTR, it was possible to sufficiently counteract
the loss of fluidity, obtaining a printable mixture.

2. All the AAM formulations were successfully printed using
large-sized nozzle (20 mm diameter) to compensate for the
high intrinsic viscosity of the alkali-activated binder.
Smaller nozzle orifices (10 mm and 15 mm diameters)
caused nozzle's obstruction and extrudability issues.

3. For AAM mixes, proper optimization of the mixes rheology
and printing process parameters were achieved. Results of
unit weight and mechanical testing revealed levels of
discrepancy between mold-cast and 3D-printed samples as
well as mechanical anisotropy degrees significantly lower
than common values reported in the literature.

4. AAM mixes behaved better in flexural than OPC compos-
ites because of the greater compatibility of GWTR with the
alkali-activated binder. Amongst the fully rubberized
composites, highest performance was found in RP25-RG75
mix, both for the improved crack-arresting capacity of
coarse rubber aggregates and for lower water content, so
preserving better microstructural and strength character-
istics. The developed alkali-activated formulations satis-
fied the minimum ASTM flexural strength requirement
(2 MPa) for structural lightweight concrete.

5. The compressive strength of OPC mixes prevailed over the
AAM composites. However, the test revealed higher print
quality, in terms of AD, of AAM composites with respect
OPC counterparts.

6. DMTA highlighted better dynamic-mechanical perfor-
mance and heat stability of alkali-activated samples
compared to OPC composites, demonstrating the well-
known thermo-mechanical resistance of AAM. Good
interfacial adhesion between rubber and alkali-activated
matrix would inhibit the energy dissipative action
induced by the polymer aggregate, explaining the reduced
damping capacity (tan 3) of AAM mixtures compared to
OPC samples.

7. Thermal insulating performances of both OPC and AAM
composites were remarkably improved with the use of
GWTR as aggregates. The k-value detected were aligned
with the typical values for cementitious materials
commonly intended for heat insulating and energy effi-
ciency applications in building, such as foamed or light-
weight insulating concretes. At the same sand-GWTR
replacement level, alkali-activated composites provided
lower heat conductivity than OPC mixes.

8. Incorporating rubber aggregate into AAM improved low-
frequency sound insulation properties. At high fre-
quencies, the denser AAM provided better noise insulation
performance than OPC samples.

The use of GWTR aggregates was proved to be a viable way
to further enhance the eco-functionality of AAM for light-
weight applications using additive manufacturing. Improving
the compression strength performance is one of the primary
challenges to be faced. However, it has been shown that in
terms of print quality and mechanical anisotropy, AAM mixes
represent a more effective solution than OPCs in the field of
AM processes.

Future investigations needs be done to broaden the mate-
rials’ characterization, including durability assessment, fre-
quency sweep for DMTA, microstructural inspection,
implementation of the acoustic chamber method for valida-
tion of noise insulation characteristics, and printing pattern
design with the aim of extrapolating useful information for
optimization of material and process.
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