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Abstract

3D printing technologies of construction materials are gaining ground in the building industry. As well documented in
the literature, these advanced manufacturing methodologies aim to reduce work-related injuries and materials waste,
enhancing architectural flexibility which would enable more sophisticated designs for engineering and aesthetic
purposes. In this framework, the development of functional and eco-sustainable printable materials represents an
extremely attractive challenge for research, promoting digital fabrication to reach its maximum cost-effective and
technological potentials. The use of recycled tire rubber particles in 3D printable Portland-based compounds is an
exclusive contribution in this field. This line of research aims to integrate the well-known engineering performances of
rubber-cement materials with the advanced peculiarities of additive manufacturing methodologies. As an innovative
contribution, the authors propose here a detailed study on the possible relationship between rubber particle size and
technological properties of the 3D printable mix. Specifically, two groups of continuous size grading polymer aggregates
(0-1 mm rubber powder and 1-3 mm rubber granules as fine and coarse fractions, respectively) were analyzed in terms of
impact on rheology, print quality, microstructure, mechanical properties, and acoustic insulation performance.
Concerning the print quality, rubber aggregates altered the fluidity of the fresh mix, improving the adhesion between the
printed layers and therefore enhancing the mechanical isotropy in the post-hardening sample. A remarkable influence of
the rubber gradation on the compounds’ behaviour was found in hardened properties. By comparing the rubberized
compounds, the fine polymer fraction shows greater interfacial cohesion with the cement paste. However, more
significant mechanical strength loss was found due to a greater reduction in density and increased porosity degree. On
the other hand, mortars doped with larger rubber particles tend to have a higher unit weight, finest pore distribution,
minor mechanical strength drop, and higher ductility but worse interface binding with the matrix. Regarding the acoustic
insulation properties, a proper balance between rubber powder and granules in the mixes allows to obtain
comparable/superior performance compared to plain mortar but the effect of the aggregate size is strongly dependent on
the sound frequency range investigated. Future findings revolve around applicability studies of these formulations in civil
and architectural fields, benefiting from the design flexibility of 3D printing.
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1. Introduction

Digital manufacturing, such as 3D printing, is one of the most advanced fabrication methodologies in the field of
the construction industry, with prospects of revolutionizing the civil and architectural sectors. In the past few decades,
a rise in interest towards 3D printing techniques can be mainly attributed to several technological-environmental
benefits, listed below [1-4]:

® Targeted and optimized procurement of building materials;
* \Wastage reduction;
* Reduction of dangerous manual work and injuries on the construction site;

* Workforce reconversion: traditional labor will be replaced by highly skilled operators programming the printer
machines from safe office spaces;

® More architecture freedom: this technology permits design for structural optimization because of its ability to
create complex structures without additional labor and cost.

Currently, the extrusion-based printing process is the most explored additive manufacturing option in academia
and industry [1, 5]. Similarly to fused deposition modeling (FDM), a visco-plastic cementitious material is extruded
out of a deposition nozzle that prints the cement layers. The nozzle is mounted to a robotic motion system and its
shape and size are closely related to the characteristics of the desired structure and the size of the aggregates. A
pumping system allows the flow of printable material from the mixing unit to the extruder, where it is subsequently
released. Starting from a 3D CAD model, the final object is built layer-by-layer using the pre-defined coordinates and
the given printing parameters (deposition rate, infill, and layer thickness). Mixture’s rheology is a crucial aspect in
obtaining a high-quality printing process and a hardened material free of structural defects. Extrudability (the ability of
the material to be deposited regularly and without interruptions in the extrusion system), buildability (the ability of the
printed layers to hold the subsequent layers on top of them without collapsing phenomena), and inter-layer adhesion
(internal compaction of the material due to the correct cohesion between the printed layers) are considered key
indicators about the print quality. In this regard, the fluidity and stiffness of the compounds should be properly
balanced to meet the requirements described above [1, 5-6].

To enhance the sustainability of 3D printing processes in the construction sector, an attractive challenge for
researchers concerns the development of “green” printable cementitious materials based on the use of industrial waste
as raw materials to replace traditional virgin aggregates [4, 7]. The present research aims to investigate the printability
requirements, the physical-mechanical properties, and the acoustic insulation behaviour of rubber-cement mortars
(RCMs) obtained by total replacement of sand with polymer aggregates deriving from end-of-life tires (ELTS). The
replacement of mineral materials by recycled rubber in the printable material creates a new avenue for ELTs and
reduces the demand for natural resources. As reported by Roychand et al. [8], 1 billion/year waste tires are
accumulated annually, of which >50% are illegally disposed or subjected to highly polluting treatments. This trend has
encouraged governments around the world to promote the recycling of ELTs through grinding treatments aimed at
obtaining new raw materials. According to European Tyre Recycling Association (ETRA) draft model [9], since 2016,
over 1.25 tons/year of tire-derived raw materials were used in various industry proposals, reducing reliance on
landfills at a low of 5%. Possible uses of ground rubber include molded products [10], rubberized asphalts with
improved acoustic and durability performances [11], and rubber-cement compounds for civil-architectural applications
[8]. The inclusion of elastomeric fillers in cementitious matrices may help produce low self-weight structures with
cost sustainability, improve the mechanical ductility, enhance the vibro-acoustic damping and the heat insulation
behaviour, and increase the chemical-physical durability in terms of porosity reduction, water absorption, and
carbonation inertia. However, mechanical strength reduction, due to the poor rubber-cement interface adhesion,
represents the weak point of this technology [12-14]. Although many studies on pre-cast concrete mixes modified with
recycled tire rubber were proposed, there are no attempts and research activities available on the application of these
polymer aggregates in the production of cementitious compounds for 3D printing methods. The objective is to
combine the technological functionalities conferred by rubber with the performance of additive manufacturing in
terms of design flexibility, structural optimization, and low pollution. Several efforts were already conducted by the
authors on this topic, involving preliminary printability and print quality studies to explore the potential of
incorporating recycled tire rubber particles into printable cementitious mixes [5, 7, 13], experimental characterization
on durability analysis [13], the effect of rubber-based modification on thermal insulation properties [7, 15], first
mechanical investigations and modelling [5, 7, 15, 16]. From the perspective of rational production of secondary raw
materials by the tire recycling companies, economic impact and material performance, the novel purpose of the
present study is to deepen in detail the influence of rubber particle size on the fresh and hardened properties of
printable mortars. The manufacturing cost and energy consumption of the tire grinding process vary greatly depending
on particle size gradation. These aspects must be carefully considered to encourage the sustainability of the entire
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production cycle, and therefore an evaluation of the interaction between rubber particle size and material performance
can provide valuable information for both manufacturers and researchers.

Specifically, in this work, the effect of rubber particle size on the rheological, microstructural, mechanical, and
acoustic properties of RCMs was investigated. 0-1 mm rubber powder (RP) and 1-3 mm rubber granules (RG) were
used as fine and coarse aggregates in the mixes, respectively. First, a detailed characterization of the polymer
aggregates is reported to investigate the influence of the gradation on the fresh properties of the mixes and the
physico-mechanical behaviour of RCMs. Then, the suitability of proposed compounds for 3D printing fabrication was
validated by printability tests, consisting of the manufacture of 6-layers slabs and subsequent assessment of specific
print quality requirements. Finally, to evaluate how the rubber-based modification affects the mortars’ features, a
series of experimental analysis, including, scanning electron microscopy (SEM), pore size analysis by optical
microscopy (OM), cube compressive strength, flexural test, and sound insertion loss (SIL) measurements were
conducted on specimens extracted from the printed slabs. Although some similarities with previous publications in the
literature, this manuscript presents a more exhaustive and rigorous description of the mechanisms underlying the
relationship between rubber characteristics (gradation, morphology, replacement level) and resulting material
behavior.

2. Materials and Methods

2.1. Tire Rubber Aggregates

The waste rubber particles, obtained by ambient mechanical grinding of ELTs, were sourced from European Tyre
Recycling Association (ETRA, Belgium) plants. Two different polymer aggregates were investigated in this work: RP
(Figure 1a) which was a fine fraction with grading close to the limestone sand used in this research, and RG (Figure
1b) as coarse fraction.

Figure 1. Rubber particles used in this work: (a) 0-1 mm RP; (b) 1-3 mm RG

Experimental sieving analysis (Figure 2 and Table 1), performed in accordance with DIN 66165 standard method
[17], revealed 0.425-1 mm range size for RP and 1.7-3 mm range size for RG.
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Figure 2. Grading curves of tire rubber aggregates
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Table 1. Sieving analysis results of tire rubber aggregates

0-1 mm rubber powder 1-3 mm rubber granules
Sieve size (mm) % passing Sieve size (mm) % passing
1 99.70 3 99.13
0.710 66.94 2 51.28
0.425 16.55 17 2247
0.125 0.28 1 1.35

The average specific gravity of rubber particles, measured by Micromeritics AccuPyc 1330 He-pycnometer, is 1.2
g/cm3. The morphology and surface texture of rubber particles were inspected by scanning electron microscopy (SEM)
analysis. Prior to the examination, rubber samples were fixed on a carbon adhesive tape and then made conductive by
graphitization treatment using a Leica EM SCDO005 vacuum sputter coater. Secondary-electron (SE) imaging (Figure
3) were collected using a Tescan Mira3 FEG-SEM.

S,

2 . ¥ .
SEM HV: 15.0 kV SEM MAG: 250 x ‘ ! MIRA3 TESCAN
View field: 2.77 mm Det: SE 500 pm
WD: 30.54 mm Sapienza - Rome University

(@) (b)
Figure 3. SEM micrographs of tire rubber particles: (a) RP; (b) RG

SEM HV: 15.0 kV SEM MAG: 500 x l L MIRA3 TESCAN
View field: 1.38 mm Det: SE 200 pm
'WD: 31.69 mm Sapienza - Rome University

From SEM analysis, it is possible to notice the different surface morphology of the aggregates: RP shows rough
and irregular texture, while in RG a smoother and more regular surface is detectable. This is attributable to the
shredding treatment. To obtain a greater fineness degree, more grinding cycles are required, resulting in more irregular
shaping of the rubber particles [16].

2.2. RCM Mixtures Proportioning

The rubberized compounds were obtained from plain Portland-based mortar (designated as “CTR”) by total
volume replacement of the sand with the polymer aggregates. CTR mix is composed of Type | Portland cement (800
kg/m3), limestone sand of 0.4 mm maximum size (1100 kg/m?), and water (300 kg/m?3).

Three RCMs (designated as “RP100”, “RP50-RG50”, and “RP25-RG75”) were developed by incorporating the
rubber fractions in different proportions: RP100 refers to mix with 100% by volume of RP, RP50-RG50 consists of
equal volume content of RP and RG, and RP25-RG75 provides RP and RG in 1:3 proportion ratio. The water amounts
were adjusted by trial printability tests aimed to evaluate the correct extrudability and buildability properties of the
fresh mixes. The water contents in the rubber-based mortars (260, 250, and 230 kg/m® in RP100, RP50-RG50, and
RP25R-G75, respectively) are lower than CTR mix. According to Lyse’s rule and the typical workability behaviour of
cementitious compounds, the larger size and more regular shape of rubber aggregates than sand imply a lower water
dosage to reach the same fresh material consistency [13, 18]. This also explains the decreasing trend in the water
content when RG content is added in the mixes.

Finally, all the investigated mixes had a fixed content of chemical admixtures (152 kg/m®) to ensure suitable
rheology for the printing process. The correct balance of additives is summarized in Table 2.
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Admixture Amount
Silica fume-based thixotropic additive 79 %
Polycarboxylate ether-based superplasticizer 2.6 %
Aliphatic-based water reducing agent 52 %
Calcium oxide-based expansive agents 13.2%

2.3. Specimens Manufacturing and Testing Methods

A custom-made printing system was used to produce the mortar samples for the materials characterization. The
apparatus involves a Comau Robotics 3-axis robotic arm (Figure 4a) equipped with a PVC circular nozzle (@ = 10
mm). The nozzle is connected to a pressure vessel (4 bar) containing the fresh mix, which is extruded with a constant
deposition speed of 33 mm/s. Moderate external vibration was applied to the vessel to ensure adequate compaction of
the cement compounds. Starting from a 3D CAD model, 6-layers slabs (230x160x55 mm) were printed for each mix.
Ultimaker Cura slicing software was used to generate the GCode file of the object and select the main process
parameters. After the printing, the slabs (Figure 4b) were cured for more than 28 days at ambient temperature and,
therefore were cut by a diamond circular saw to obtain four types of specimens for the laboratory tests.

(b)
Figure 4. (a) 3D printing system; and (b) rubber-cement slab after 28 days of curing

A flowchart of this research methodology is presented in Figure 5.
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Fubber aggregates characterization |
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Printabality test and print quality
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28-days ambient curing of printed samples
(6-layers slabs)
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Sawing and extraction of the specimens for experimental testing ‘

I
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48 mm x 42 mm x 22 mm . 40 mm = 40 mm > 220 mm 80 mm x 80 mm x 40 mm
blocks 40 mm-side cubes b blocks Small fragments (5 g)
Bl}_l]k den_mty and Compressive strength Four-point fl { test S | insertion loss test Smg electron
optical microscopy test MICTOSCOPY

Figure 5. Flowchart of the research methodology conducted in this work

2.3.1. Bulk Density Testing Method

Bulk density (p) measurements were conducted in accordance with BS 1881-114 standard method [19] on
48x42x22 mm blocks. After 48 hours of oven-dry treatment (110 °C), the weight and the geometric volume of the
samples were determined, then p was calculated as mass to volume ratio. For each mix, p-result is an average value of
four tested specimens.

941



Civil Engineering Journal Vol. 7, No. 06, June, 2021

2.3.2. Mechanical Characterization

To evaluate the compressive strength (oc) of printed mortars, 40 mm-side cubes were tested in two different load
directions, namely Z-direction (load direction perpendicular to printed filaments plane) and X-direction (load direction
longitudinal to printed filaments plane). Figure 6a illustrates the orientations of the compressive load with respect to
the layered structure of the printed element. Mechanical tests were performed in accordance with ASTM
C109/C109M-20a [20], using a Zwick-Roell Z150 machine (150 kN capacity) at a loading rate 1 mm/min. For each
loading direction three samples were analysed. A detail of the test is shown in Figure 6b.

Four-point flexural test was conducted following the ASTM C348-20 standard method [21] to measure the flexural
strength (o1), the Young’s modulus (E), and the elongation at break (¢) of investigated mortars. 40x40%220 mm beams
were tested by a Zwick-Roell Z010 machine (10 kN capacity), using a support span of 180 mm at a loading rate of 1
mm/min. Contrary to compressive test, the specimens were tested by applying the bending load orthogonally to the
print plane (Z-direction). Three beams per mix were mechanically investigated under flexural load.

X-direction

(b)

Figure 6. Compressive test on rubber-cement specimens: (a) Spatial orientation of the compressive loads; (b)
Experimental configuration

2.3.3. Acoustic Insulation Analysis: Sound Insertion Loss Measurements

The influence of rubber aggregates on acoustic insulation properties of printable mortars was investigated by sound
insertion loss (SIL) analysis. The experimental test was performed by using a two-microphone impedance tube (Figure
7) in accordance to 1SO 7235 standard method [22]. The tube had an internal diameter of 16 ¢cm, a length of 100 cm,
and mounted two Y4’ condenser microphones (Behringer ECM800) at a distance of 40 cm for sound insulation
measurements. A Behringer MPA30BT loudspeaker, at one end of the tube, generated a Log sweep acoustic signal
from 50 Hz to 4000 Hz. The loudspeaker was housed inside an acoustic box filled with sound-absorbing polyurethane
foam to ensure the correct sound flow in the duct. A Focusrite Scarlett 2i4 audio interface was used for the processing
of audio signals during the experiment. The other end of the tube is sealed with an absorbent termination to minimize
unwanted acoustic reflections in the tube. 80 mm x 80 mm x 40 mm blocks were placed in the middle part of the duct
between the microphones. Experimental evaluation of SIL-index consists in measuring the sound pressure level
gradient between the two microphones with and without the specimen. SIL as a function of the acoustic frequency (f)
is calculated as follows (Equation 1):

SIL (f) = ALo(f) — AL(f) @
Where:

SIL (f) is the sound insertion loss as a function of the acoustic frequency [dB];

ALy (f) is the sound pressure level gradient between the microphones without the sample [dB];

ALs () is the sound pressure level gradient between the microphones with the sample [dB].

For all four investigated mortar, SIL-values in the range 50-4000 Hz was plotted. The data were acquired and
processed by Room EQ Wizard software.

942



Civil Engineering Journal Vol. 7, No. 06, June, 2021

acoustic box

sound-absorbing
termination

acoustic signal

‘t.ubeico.v_ered with , processing interface
‘insulating sheath

Figure 7. Experimental setup for SIL measurements by two-microphone impedance tube

2.3.4. Microstructural Analysis

Scanning electron microscopy (SEM) investigation was conducted to analyse the effect of particle size on the
rubber-cement interface properties of the RCMs. Small fragments of investigated materials (about 5 g) were examined
with a Tescan Mira3 FEG-SEM. The specimens were coated with graphite prior to the analysis using the same
procedure performed on the granular tire rubber samples (see Section 2.1).

A specific methodology and software were used to investigate the pore structure via digital image analysis. The
same test specimens used in p measurements were analyzed by a Leica MS5 stereomicroscope. For each formulation,
four cross-section images (16x magnification) were acquired by using Lucia Imaging software. The micrographs were
analyzed by ImageJ software to obtain the surface characteristics and macro-porosity (100um-1 cm), of the specimens.
Considering a representative number of voids, pore size distribution was evaluated by measuring the effective
diameter of each void, assuming it to be perfect circle. The corresponding cumulative frequency (based on the number
of air pores detected) was computed, according to the following size ranges: <100 pwm; 100-200 pm; 200-300 pwm; >
300 um.

3. Results and Discussions
3.1. Print Quality Investigation

Mortars’ print quality was evaluated considering three printability indicators: a) regular and uninterrupted
extrusion of the fresh mix (extrudability); b) layer-by-layer stacking capability without collapse (buildability); c)
printed filaments cohesion (inter-layer adhesion). The 3D-printable compounds developed in this study satisfied the
abovementioned requirements. However, as can be seen in Figure 8a, all the RCMs exhibited greater structural
compaction than CTR mix. As confirmed by previous studies [13, 23], an influence of adding polymer aggregates into
cementitious compounds is the improvement in fluidity. The hydrophobic groups in the macromolecular structure of
rubber could attract air in the cement paste and incorporate air bubbles during the mixing, by reducing the overall
surface tension of the fresh mix. This phenomenon made the paste flow more easily, enhancing the inter-filament bond
in the RCM samples. As a consequence of this evidence, the air-entraining performance of rubber is inevitably crucial
about specific physical-rheological properties, including viscosity, pore structure, and unit weight [24].

Furthermore, the rubber particles are less water-absorbent than the mineral aggregates, leading to a higher rate of
free water in the fresh mixes. During the printing process, surface moisture acts as a cohesive layer for the printed
filaments, improving the intermixing of the layers and interfacial adhesion. In the context of extrusion-based digital
fabrication, layer-to-layer adhesion is a major factor affecting the integrity of a 3D-printed structure.

In Figure 8b, it is possible to observe a more evident stratification in CTR sample compared to the rubberized one
(in this example RP100 sample), where a more homogenous structure occurs. The weak interfacial bond, generally
defined as “cold joint”, induces pronounced mechanical anisotropy, strength loss, and negatively affects the durability
performance of the printed element [25]. In this respect, modification with rubber has proved to be an efficient
strategy for improving the structural quality of the material.
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(@ (b)
Figure 8. Inter-filament adhesion evaluation (a) and layering (b) in CTR and rubberized samples
3.2. Microstructural Analysis

The interfacial binding efficiency between the rubber aggregates and surrounding cement matrix is shown in the
1kX magnification SEM SE-micrographs (Figure 9) reported below.

ITZ defect

Rubber granule

4y Cement paste

SEM HV: 15.0 kV SEM MAG: 1.00 kx [ SEM HV: 15.0 kV SEM MAG: 1.00 kx
View field: 692 ym Det: SE 200 ym View field: 692 ym Det: SE
WD: 27.99 mm Sapienza - Rome University WD: 23.00 mm

(@) (b)

Figure 9. RP-cement (a) and RG-cement (b) interfacial adhesion

As mentioned earlier, the mechanical grinding degree affects the surface morphology of tire rubber particles. As
shown in Figure 7b, the coarser polymer fraction has a smaller specific surface area than the finest one, resulting in a
weaker cohesion with the cement and porous Interfacial Transition Zones (ITZs). Conversely, the presence of
structural “jaggies” in RP, due to their irregular texture, is beneficial about the adhesion with the cement matrix. The
relationship between rubber particle morphology and adhesion properties with the cement paste agree the research of
Ghizdavet et al. [26].

Air bubbles content in cementitious materials results from several factors: accidental incorporation of air in the
fresh mix, incomplete compaction of the cement paste, or excessive water dosage. When the material hardening
occurs, the air bubbles turn into mechanical weakness elements, causing structural defects and degradation points [27].
Macro-pores and capillary porosity (<10 pm) govern numerous properties of concrete and mortars, such as mechanical
strength, elasticity, and permeability [28].

Optical microscopy analysis revealed interesting effects of rubber inclusion on the microstructural characteristics
of the cementitious compounds. The major findings are listed below:

e Air bubbles porosity reduction. From the optical micrographs (Figure 10), it is possible to qualitatively observe
an overall surface porosity reduction in the rubberized compounds compared to CTR sample. The alteration in
rheological behaviour when the rubber is incorporated into the cement mixture is the main reason for this trend.
First, as well pointed by Sun et al. [29], rubber modification reduces the viscosity and the flow resistance of the
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cement paste. Low plastic viscosity promotes the diffusion and the escape of air bubbles from the paste,
preventing their retention in the hardening material [30]. Besides, rubber aggregates reduced water content in
the cementitious mixes, maintaining proper fresh properties for printing (see Section 2.2). This effect is more
pronounced in RG-based mortars, where the concentration of air voids tends to gradually decrease. The
influence of water dosage on the material porosity is supported by several literature pieces of research [24, 26]:
with the decrease in the water-to-cement (w/c) ratio, the rate of free water that evaporates is lower, implying a
reduction in air voids rate.

Figure 10. Microstructural analysis by optical microscopy: CTR (a), RP100 (b), and RP25-RG75 (c) samples

o Pore size reduction. The influence of rubber on wic ratio also plays a key role on the pores dimension. This
evidence is well demonstrated by the graph in Figure 11. Which highlights the pore size distribution evaluated
by imaging analysis.

Macroporosity analysis: pore size distribution
60
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I | I I I ® RP50-RG50
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Figure 11. Cumulative pore size distribution for CTR and rubberized mixes

The pores size of CTR sample (w/c ratio = 0.375) is homogeneously distributed in the range from 100 pm up to
more 300 pm, with negligible concentration of small voids (< 100 um). On the other hand, opposite trend can be
observed in rubberized mixes. The proportion of pores in RP100 (w/c ratio = 0.325) and RP50-RG50 (w/c ratio =
0.312) is mainly located in 100 — 200 um range, indicating a less evident contribution of coarse macro-porosity (> 200
um). The lower w/c ratio formulation, i.e. RP25-RG75 mix (w/c ratio = 0.287), highlighted the predominant
contribution of finest porosity. These results are consistent with the literature findings drawn from the relationship
between air pores structure and water content in cementitious media [31]. Voids dimension is mainly controlled by
water amount: higher w/c ratio results in large pores in the cement matrix. Several studies demonstrated the
functionality of finest air bubble porosity on cement materials’ engineering performances. As ascertained by Das and
Kondraivendhan [32], smaller size pores enhance the durability of concrete in terms of permeability and hydraulic
diffusivity inertia. Neithalath et al. [3] revealed strong influence of air void dimensions on the acoustic properties of
enhanced porosity concrete. The reduction in pore size increases the maximum acoustic absorption, as for a
propagation medium with small sized pores the frictional losses are high and a considerable portion of the acoustic
waves that enter the pore system is dissipated. Remesar et al. [34] studied the effect of pore size gradation on the
thermal insulation properties of lightweight concrete. At the same porosity degree, smaller pores own many more
reflecting/refracting surfaces of heat flux, preventing the radiative transfer into the material and improving its heat
insulation.
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The rheology and microstructural properties induced by the rubber inclusions are hypothetically explanatory of the
higher inter-layer adhesion revealed in the rubberized samples compared to CTR mix. The low water evaporation rate,
due to the reduced w/c ratio and the preferential presence of fine porosity, can be considered a key factor regarding the
cohesion between the extruded filaments. Indeed, the maintenance of a certain degree of surface moisture in the
printed filaments during the additive process allows a better interface bonding, avoiding the premature hardening of
the deposited materials and stiffness mismatches that can create interfacial voids (as clearly observed in the CTR
sample). The relationship between inter-layer adhesion of 3D printable cementitious materials and surface humidity
degree is well documented in Weng et al. research [35].

3.3. Physical-mechanical Characterization

Table 3 reports the results of the experimental programme based on bulk density and mechanical tests.

Table 3. Physical-mechanical characterization: experimental results

Sample p (kg/m®) 6 (MPa) 6c; (MPa) or (MPa) E (GPa) £ (%)
CTR 1927 63.1 441 4.21 5.56 0.05
RP100 1340 145 11.6 1.37 1.94 0.37
RP50-RG50 1624 18.9 16.8 211 1.89 0.40
RP25-RG75 1468 15.7 11.1 1.58 1.82 0.55

The sand-rubber replacement reduces p-values. Unit weight drop can be mainly attributed to the lower specific
gravity of the rubber particles than mineral ones, the contribution of ITZ voids, and the variation in the overall
porosity depending on w/c ratio [5, 16, 36]. The most relevant density reduction is observable in RP100 mix, where
the total incorporation of fine polymeric fraction implies a higher weight content of rubber in the material.

The bulk density trend is in line with the lower o and of in RCMs, which also depend on the weak rubber-cement
interface adhesion and the soft properties of polymer fillers, resulting in premature cracking in the surrounding cement
matrix. The results of this work are consistent with previous experimental studies [5, 16, 37, 38]. However, two
noteworthy findings can be deduced from the compressive strength results.

e Although the sand-rubber replacement level was similar in all the rubberized formulations, by varying the
proportion of fine and coarse polymer fraction it is possible to modulate the mechanical strength properties. By
reducing the wi/c ratio increases the strength of the cement matrix around the rubber particles. This explains the
lower mean compressive and flexural strength loss in RP50-RG50 (-50% for o, -70% for ocx, and -62% for o)
and RP25-RG75 (-63% for ot, -75% for ocx, and -75% for o¢;) compared to RP100 (-68% for o, -77% for o,
and -74% for o). Furthermore, the contribution of the particle size was considered. In general, the strain
capacity is significantly enhanced when rubber particles are added and attributed to the ability of polymer
inclusion to reduce stress concentration and delay the coalescence and propagation of micro-cracks [39]. The
coarser rubber fraction appears to act more efficiently in terms of crack-arresting properties, resulting in better
mechanical behaviour. By comparing the “hybrid” rubber-cement formulations, the divergences in mechanical
strength are mainly attributable to the rubber-cement interface properties. As previously discussed, RG involve
weaker adhesions with the cement paste (ITZ defects), deleteriously affecting the structural integrity of the
sample. This explains the lower strength levels in RP25-RG75 mix compared to RP50-RG50.

e By comparing X and Z-directions mechanical strengths (denoted as ocx and o, respectively), it is possible to
notice a greater convergence in the experimental values of rubberized compounds than CTR one. The rubber-
based functionalization reduces the typical mechanical anisotropy of the 3D printed samples, as a result of the
great structural compaction and inter-layer adhesion discussed in 3.1 section. The percentage deviation between
the o-values in Z-direction and X-direction was 43% for CTR and 25%, 12.5%, and 41% for RP100, RP50-
RG50, and RP25-RG75, respectively. Reducing the post-hardening directional behaviour of 3D-printable
cementitious materials is one of the most felt challenges in the field of AM technologies. In terms of design
optimization for civil and architectural applications, enhancing mechanical isotropy has positive implications
regarding the possibility of exploiting the full potential of digital fabrication. The observed divergences in o-
values measured in different loading directions can be attributable to two aspects: a) the orientation between
applied stress and printed filaments; b) the direction-dependent compaction of the extruded material. From
Table 3, ocx demonstrates the best performance under compression, presumably due to the favorable orientation
of the filaments for the applied pressure, which allows them to act as a series of columns with high compressive
resistance, minimizing the mechanical stress at the weak inter-filament interfaces. A further reflection concerns
the non-homogeneous densification that can be detected in a printed structure. The pressure exerted during the
extrusion process through the pumping system is higher in the longitudinal direction (extrusion direction) than
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the other orientations, maximizing the compaction of the material. Conversely, in the perpendicular direction
(z-direction) the compaction is mainly related to the self-weight of the mortar. Similar remarks can be found in
[40, 41].

To appreciate the effect of tire rubber aggregates on the elasto-mechanical properties of the printable mortars, the
flexural stress-strain diagram is presented in Figure 12, considering the most representative specimens of each
formulation. The addition of tire rubber aggregates significantly changes the deformation capacity of the mortars. In
RCMs occurs an average E-value decrease of 95% compared to the neat sample, due to the lower elastic modulus of
rubber than sand. For the same rubber-sand replacement levels, there are no significant variations of E with the tire
particle size. The reduced modulus improves the deflection properties, prevents the brittle failure of the material, and
leads to potential improvement in vibro-acoustic damping [42-43]. The effect of particle size is well evident on the ¢-
properties. The higher the RG content, the higher the material ductility. Reda Taha et al. [44] explained this behaviour
by the ability of rubber inclusions to absorb part of the energy the matrix is subjected to, and therefore the rubber-
cement material can absorb more mechanical energy before fracturing compared to the neat matrix. Polymer
inclusions acted as obstacles to crack initiation and propagation that could have had a preferential path through the
mineral aggregates. Therefore, during propagation, cracks must overcome the rubber-cement bond, circumnavigating
the polymer particle. This prolongs the propagation path, postposing the failure process in the material [45]. In this
context, the coarse fraction has a much more efficient effect on crack resistance than the fine one, since the larger
particle size implies a longer propagation path for cracks inside the matrix, enhancing the material deformability and,
as previously mentioned, the mechanical strength.

—CTR ——RP100 RP50-RG50 ——RP25-RG75

Flexural Load (MPa)

1 \

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Strain (%)

j —‘

Figure 12. Load-strain diagram resulting from four-point flexural test

3.4. SIL Analysis

Figure 13 shows the SIL vs. f experimental spectra, recorded in low-middle-frequency (Figure 11a) and high-
frequency (Figure 11b) bands.

Generally, for best acoustic insulation performance, a barrier material should meet specific requirements: smooth
and high mass per unit area, non-porous structure, and a certain stiffness to enhance the reflection of noise wave,
effectively encapsulate the incident sound, and minimize vibratory phenomena, respectively [46]. Following the
characteristics listed above, it would be intuitive to deduce that the plain mortar can provide better sound-insulating
behaviour than rubberized compounds. Although the modification with lightweight rubber aggregates reduces the unit
weight and stiffness of the material, optimal acoustic properties are preserved. According to sound transmission
theory, when the material damping is increased due to the addition of elastomeric elements, the vibro-acoustic
insulation is also enhanced [47]. Besides that, additional advantages related to the versatility of lightweight
cementitious materials are added: structural dead-weight reduction, thermal and fire resistance, high flexibility in
fabrication and handling [48]. Globally, better attenuation performances are recorded in the high-frequency range (>
500 Hz), where the low penetrating power of the acoustic waves promotes the reflection effect of the material. Indeed,
a maximum SIL-value of 21 dB was reached for the high-frequency region, while 13 dB peak-value occurred at low-
middle frequency.
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Figure 13. SIL spectrum in low-middle frequency (a) and high-frequency (b) ranges

In relation to the rubber particle size, the coarse polymer aggregates (RG), having greater inertia than fine ones,
tend to dissipate higher acoustic energy rates when subjected to vibration, promoting the insulating behaviour of the
material. This may explain the best acoustic performance of the RP50-RG50 in the low-middle-frequency region.
However, the positive effect of RG is less in the RP25-RG75 mix, where worse acoustic properties are observed. An
explanation for this evidence can be found in the porous interface between cement and RG. The increase of the
percentage RG increments the presence of interfacial voids, which represent weak points for sound attenuation [49].
Above 2000 Hz, RP100 exhibits slightly superior insulation properties compared to other samples, probably due to the
functional matching between microstructural homogeneity, related to RP-cement cohesion, and acoustic shielding
properties.

4. Conclusions

In this research work, the microstructural, mechanical, and acoustic properties of 3D printable cement mortars
modified with tire rubber aggregates deriving from ELTs were investigated. The grain size of rubber particles is a key
factor in modulating the physical-mechanical behavior of the material. By considering the same sand-rubber
replacement level, fine polymer fractions (RP) are preferred to obtain better adhesion with the cement matrix and
greater bulk density reduction, which is related to better performance in terms of lightweight and high-frequency
acoustic insulation. Conversely, coarse rubber aggregates (RG) provide a positive effect considering the lower
decrease in mechanical strength, good increase in ductility, and notable sound attenuation properties at low-middle
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frequency. However, their content must be correctly balanced to avoid self-defeating effects, due to the poor cohesion
with the cement paste. Concerning the microstructure, an overall reduction in porosity and refinement in pore size
distribution were detected in the rubberized compounds than CTR mix, implying valuable potential properties in terms
of durability and thermo-acoustic performances. Regardless of the particle size, the rubber modification improves the
print quality of the mixes over the plain mortar in terms of inter-layer adhesion, promoting the mechanical isotropy of
the hardened material. This effect is a direct consequence of the change in rheology that rubber induces in the
cementitious mixes: increasing in fresh material fluidity and appropriate conditions of surface humidity between the
printed filaments. The information derived from this investigation can be potentially useful to tire recycling industry in
the optimized production of rubber particles used like recycled aggregates in cementitious mixes.

Future implementations of this research will be focused on two topics:

e Improvement of rubber-cement adhesion properties to enhance the mechanical strength of the rubberized
compounds. In this framework, several chemical-physical pre-treatments of rubber waste were proposed to
increase the compatibilization between rubber aggregates and the cement paste [50]. It will be necessary to
consider numerous aspects such as sustainability of the approach, efficiency, and compatibility with additive
manufacturing technology.

o Investigate the potential technological applications of 3D printable rubber-cement mixes. The results of the
experimentation conducted by the authors suggest non-structural civil and architectural applications where
strength is not a priority but greater lightweight, deformability, durability and thermo-acoustic insulation
properties are required. Pre-cast members including insulating bricks in masonry, noise-reducing pavements, or
acoustic barriers are possible applicability ways, where the digital fabrication could bring technological benefits
in terms of design freedom (production of complex functional shapes, aesthetics, and components assembly)
and selective use of materials in the manufacturing.
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