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Abstract

3D printing technologies of construction materials are gaining ground in the building industry. As well documented in
the literaturethese advanced manufacturing methodologies aim to reducerglati&d injuries and materials waste,
enhancing architectural flexibility which would enable more sophisticated designs for engineering and aesthetic
purposes. In this framework, the developmeftfunctional and ecsustainable printable materials represents an
extremely attractive challenge for researgihhomoting digital fabrication to reach its maximum eeffective and
technological potentialsThe use of recycled tire rubber particles3B printable Portlandbased compoursdis an
exclusive contribution in thifeld. This line of research ainte integrate the welknown engineering performances
rubbercement materials with thadvancedpeculiarities of additive manufacturingethodol@ies As an innovative
contribution, the authors proposerea detailed study on the possible relationship betwebber particle sizeand
technological properties of tl&D printablemix. Specifically, two groups of continuous size grading polymer agges

(0-1 mmrubber powder anl-3 mm rubbegranules as fine and coarse fractions, respectively) werezadalyterms of

impact on rheology, print quality, microstructure mechanical propertiesand acoustic insulation performance.
Concerning the primguality, rubberaggregatealteredthe fluidity of thefresh mix improvingthe adhesiorbetween the

printed layersand therefore enhancing the mechanical isotropy iptis¢hardening samplé remarkable influence of

the rubbergradationon the compouth s ’ b e Wwas vound inrhardened properties. Bymparing the rubbéred
compounds the fine polymer fraction shows greater interfacial cohesion with the cement .pbHst@ever, more
significant mechanical strength loss was found due to a greater medirctiiensity and increased porosity degree. On

the other hand, mortaopedwith larger rubber particles tend to have a higher unit wefgrast pore distribution,

minor mechanical strengttirop, andhigherductility but worse interface binding withe matrix Regarding the acoustic
insulation properties, a proper balance between rubber powder and granules in the mixes allows to obtain
comparable/superigrerformance compared to plain mortar but the effect of the aggregate size is strongly dependent on
the sound frequency range investigataaturefindingsrevolve around applicability studies of thésemulatiors 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 indaiy/, 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 techrelogioaimental
benefits, listed below [4]:

® Targeted ad 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
machnes 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 extrusichased printing process is tineost explored additive manufacturing option in academia
and industry [15]. Similarly to fused deposition modeling (FDM), a vig@lastic cementitious material is extruded
out of a deposition nozzle that prints the cement layers. The nozzle is moumteditotic 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 isés|sebtly
released. Starting from a 3D CAD model, the final object is built faydayer using the prelefined coordinates and
the given printing parameters (deposition rate, i nfil
obtainhg a highquality 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 layergo hold the subsequent layers on top of them without collapsing phenomena), afalyartexdhesion
(internal compaction of the material due to the correct cohesion between the printed layers) are considered key
indicators about the print quality. In thiegard, the fluidity and stiffness of the compounds should be properly
balanced to meet the requirements described abo®ed]1,

To enhance the sustainability of 3D printing processes in the construction sector, an attractive challenge for
researchere oncerns the devel opment of “green” printable cem
as raw materials to replace traditional virgin aggregates][4,he present research aims to investigate the printability
requirements, the physiealechanical properties, and the acoustic insulation behaviour of robbwmt mortars
(RCMs) obtained by total replacement of sand with polymer aggregates deriving freoftldadires (ELTS). The
replacement of mineral materials by recycled rubbehée dgrintable material creates a new avenue for ELTs and
reduces the demand for natural resources.réforted by Roychand et al. [8)], billion/year waste tires are
accumulated annually, of which68% are illegally disposed or subjected to highly polluthegtments. 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 tirglerived 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 permances [11], and rubbeement compounds for civdrchitectural applications
[8]. The inclusion of elastomeric fillers in cementitious matrices may help produce lowesglit structures with
cost sustainability, improve the mechanical ductility, emeathe vibreacoustic damping and the heat insulation
behaviour, and increase the chemighysical durability in terms of porosity reduction, water absorption, and
carbonation inertia. However, mechanical strength reduction, due to the poor-cabimtinterface adhesion,
represents the weak point of this technology 42 Although many studies on poast concrete mixes modified with
recycled tire rubber were proposed, there are no attempts and research activities available on the applica¢ion of thes
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, straaral optimization, and low pollutiorGeveralefforts were already conducted by the
authors on this topi¢ involving preliminary printabilityand print quality studiesto explore the potential of
incorporating recycled tire rubber particles into printable cementitious mix&s I3], experimental characterization
on durability analysis [13], the effect of rubHessed modification on thermal insulation properties13], first
mechanical investigations and modelling 75,15, 16]. From the perspective aétional production of secondary raw
materialsby the tire recycling companiegconomic impact andhaterial performance, the novel purpose of the
present study is to deepen 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.h€se aspects must barefully considered to encourage the sustainability of the entire
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production cycle, and therefore an evaluatidthe interaction betweembber particle sizand material performance
canprovidevaluableinformation 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. &im rubber powder (RP) and3lmm rubber granules (RG) were
used as fine and coarse aggtegain the mixes, respectively. Firs detailed characterization of the polymer
aggregates is reported to investigate the influence of the gradation dreghepropertiesof the mixes and the
physicemechanicabehaviourof RCMs. Thenthe suitabilityof proposeccompounds for 3D printing fabricatiomas
validatedby printability tests, consisting of the manufacture d&yers slabsind subsequerissessmerdf specific
print quality requirementsFinally, to evaluate how the rubbeased modificatiora f f ect s t he mort ar s
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
condwted on specimens extracted from the printed skaltisough some similarities with previogaiblicatiors in the
literature, this manuscript presents a more exhaustive and rigorous description of the mechanisms underlying the
relationship between rubbecharacteristics(gradation, morphologyyeplacement levgl and resulting material
behavior

2. Materials and Methods

2.1 Tire Rubber Aggregates

The waste rubber particles, obtained by ambient mechanical grindElgTsf 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(FigdrBG
1b) as coarse fraction.

e

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

Experimental sieving analysi§ifure 2 andrable 1), performed in accordance with DIN 66165 standard method
[17], revealed 0.428 mm range size for RP and 437nm 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 22.47
0.125 0.28 1 1.35

The average specific gravity of rubber particles, measured by Micromeritics AccuPyc 1-p3@rideneter, is 1.2
g/cn?. The morphology and surface texture of rubber particles were inspected by scanning electron microscopy (SEM)
analysis. Prior to thexamination, rubber samples were fixed on a carbon adhesive tape and then made conductive by
graphitization treatment using a Leica EM SCD005 vacuum sputter coater. Seeeledtngn (SE) imaging (Figure
3) were collected using a Tescan Mira3 FEEM.

S,

e . ¥ A
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

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

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

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
shreddingreatment. © obtaina greater finenesfegree more grinding cycles are requirgdsulting inmore irregular
shapingof therubberparticles [16].

2.2 RCM Mixtures Proportioning

The rubberized compounds were obtained from plain Porlands e d mor t ar (destomnat ed
volume replacement of the sand with the polymer aggregates. CTR mix is composed of Type | Portland cement (800
kg/n?), limestone sand of 0.4 mm maximum size (1100 Rg/and water (300 kg/fh

Three RCMs (designaR€@8O0as Z2IREBIBRBRP, weRP50evel oped by
rubber fractions in different proportions: RP100 refers to mix with 100% by volume of RP:RRPZD consists of
equal volume content of RP and RG, and RRZ%/5 provides RP and RG in 1:3 proportion ratio. Tlgéewamounts
were adjusted by trial printability tests aimed to evaluate the correct extrudability and buildability properties of the
fresh mixes. The water contents in the rubb@sed mortars (260, 250, and 230 kKgimRP100, RP5RG50, and
RP25RG75,espectively) are |l ower than CTR mix. According
cementitious compounds, the larger size and more regldgoreof rubber aggregates than sand imply a lower water
dosage to reach the same fresh matedalsistency [1318]. This also explains the decreasing trend in the water
content when RG contentasldel in the mixes.

Finally, all the investigated mixes had a fixedntentof chemical admixtures (152 kg#nto ensure suitable
rheology for the prinhg process. The correct balance of additives is summarized in Table 2.
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Table 2. Admixtures content in printable mortars

Admixture Amount

Silica fumebased thixotropic additive 79 %
Polycarboxylate ethdvased superplasticizer 26 %
Aliphatic-basedwater reducing agent 52%
Calcium oxidebased expansive agents 13.2%

2.3 SpecimensManufacturing and Testing Methods

A custommade printing system was used to produce the mortar samples for the materials characterization. The
apparatusnvolves a Comau Robotics-&xis robotic arm (Figurda) 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 extkuibration was applied to the vessel to ensure adequate compaction of
the cement compounds. Starting from a 3D CAD modéyé's slabs (230%¥60x55 mm) were printed for each mix.
Ultimaker Cura slicing software was used to generate the GCode file afbjeet and select the main process
parameters. After the printing, the slabs (Figdiog 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 systent and (b) rubber-cement slab after 28 days of curing

A flowchart of this research methodology is presented in Figure 5.

Fubber aggregates characterization |

|

Printabality test and print quality
investigation \

— Fresh mixes preparation ‘

28-days ambient curing of printed samples
(6-layers slabs)

|

Sawing and extraction of the specimens for experimental testing ‘

I

I

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
Bul k

density (p) me a s ur e me nwiths BSwW88t144 stadanddmethddedll oni n  a c c
48x42x22 mm blocks. After 48 hours of oweny treatment (110 °C), the weight and the geometric volume of the
samples were determined, then p was eaalltcar aseragedvalleof ma s s

four tested specimens.
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2.3.2 Mechanical Characterization

To evaluate t he ¢) ofppntee mostarsy 40 meitlercabasgnverk teqted in two different load
directions, namely lirection {(oaddirection perpendicular to printed filaments plane) andiréction (oaddirection
longitudinalto printed filaments plane)igure 6a illustrates the orientations of the compressive load with respect to
the layered structure of the printed elemehtechanical tests were performed in accordamdth ASTM
C109/C10M-20a RQ], using a ZwickRoell 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

Fourpoint flexural test was conducted following the ASTM C24Bstandard metho®[l] to measure the flexural
stren)gt ht Neo Young’s modul us ( Bfjnyestigated martdrse 44@xP26 mrg lseamso n a't
were tested by a ZwicRoell Z010 machine (10 kN capacity), using a support span of 180 rarfoatling rate of 1
mm/min. Contrary to compressive test, the specimens were tested by applying the bending load orthogonally to the
print plane (Zdirection). Three beams per mix were mechanically investigated under floadal

X-direction

(b)

Figure 6. Compressive test on rubbercement specimes: (a) atial orientation of the compressive loads(b)
Experimental configuration

2.3.3 AcousticInsulation 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 usingnaidcrephone impedance tube (Figure
7) in accordance to 1S@235 standard method4R The tube had an internal diameter of 16 cm, a length of 100 cm,
and mounted two %'’ condenser mi ¢ r o pith onnfer sound Ehsulation n g e r
measurements. A Behringer MPA30BT loudspeaker, at one etitk dfibe, generated a Log sweep acoustic signal
from 50 Hz to 4000 Hz. The loudspeaker was housed inside an acoustic box filled witkabsartzing polyurethane
foam to ensure the correct sound flow in the duct. A Focusrite Scarlett 2i4 audio inteafaosed 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 pducdf the
between the microphones. Experimental evaluation ofi®lex 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 (fiation 1):

Yol Yo @ Yo Q 1)
Where:

SIL (f)is the sound insertion loss as a function ofabeusticfrequency [dB]

A b (f) is the sound pressure leyghdient between the microphones without the sample [dB]

A E(f) is the sound pressure level gradient between the microphones with the sample [dB]

For all four investigated mortar, SNalues in the rage 564000 Hz was plotted. The data were acquired an
processed by Room EQ Wizard software.
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acoustic box

sound-absorbing
termination

-

acoustic signal
tube covered with , processing interface
‘insulating sheath

Figure 7. Experimental setup for SIL measurements by twemicrophone impedance tube

2.3.4 Microstructural Analysis

Scanning electron microscopy (SEM) investigation was conducted to analyse the effect of partiote thize
rubbercement interface properties of the RCMs. Small fragments of investigated materials (about 5 g) were examined
with a Tescan Mira3 FEGSEM. The specimens were coated with graphite prior to the analysis using the same
procedure performed on tigeanular 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 measur ement shfarmuaton,anal y z

four crosssection images (16x magnification) were acquired by using Lucia Imaging software. The micrographs were
analyzed by ImageJ software to obtain the surface characteristics andpmansity (10Qu ril cm), of the specimens.
Consicering 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 compytedaccor ding to the f ol |l-D0W0 nign3PHi0Z @Omr, an g e

300 ppm.

3. Results andDiscussions
3.1 Print Quality Investigation

Mortars print guality was evaluated considering t
extrusionof the fresh mix éxtrudability) b) layerby-layer stacking capability without collapsbufldability); c)
printed filaments cohesioriner-layer adhesion)The 3D printablecompounds developed in this stusitisfiedthe
abovementioned requirementdowever, as can be seen in Figure, &ll the RCMs exhibied greater structural
compaction than CTR mix. As confirmed by previous studies43RB,an influence of adding polymer aggregates into
cementitious compounds is the improvement in fluidity. The tplaobic 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, grtharinbetfilament bond
in the RCM samples. As@nsequence of this evidentiee air-entrainingperformanceof rubberis inevitably crucial
aboutspecific physial-rheologicalproperties, including viscosity, pore structure, and unit weight [24]

Furthermore, the rubber particles are lesderabsorbent than the mineral aggregates, leading to a higher rate of
free water in the fresh mixeBuring the printing processurface moisture acts ascohesive layefor the printed
filaments, improving ta intermixing of the layers and interfacial adhesionthe context of extrusiehased digital
fabrication layerto-layeradhesion is a major factor affecting the integrity 8aprinted structure.

In Figure 8h it is possible to observe a more evidstmatificationin CTR sample compared to thebberized one
(in this example RP106amplg, where a more homogenous structaoeurs.The weakinterfacial bond, generally
def i ned a sindlicesptonbunged mathahical anisotrgisength lossand negatively affects the durability
performance of therinted 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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RP50-RG50

(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 SHnicrographs (Figur8) 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 RGcement (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 withhe cement and porousiterfacial Transition ZoneglTZs). Conversely, the presence of
structur al “jaggies” in RP, due to their irregular tey
relationship between rubber particle morphologyg adhesion properties with the cement pagteethe research of
Ghi zdaves et al. [2

Air bubbles content in cementitious materials results from several factors: accidental incorporation of air in the
fresh mix, incomplete compaction of the cement ggast excessive water dosage. When the material hardening
occurs, the air bubbles turn into mechanical weakness elements, causing structural defects and degradafidn points [

Macropor es and capillary porosity ( reteandmonyrs, suohvwemenhanical mer o
strength, elasticity, and permeabil8].

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

1 Air bubblesporosity reductionFrom the optical micrographs (Figure 1@)is possible to qualitatively observe
an overallsurfaceporosity reduction in the rubberized compounds compared to Santple.The alteratiorin
rheolodcal behaviouwhen the rubber is incorporated into ttesmentmixture 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 promotke diffusion and the escape dfir bubblesfrom the paste,
preventingtheir retention in the hardeningaterial [30]. Besidegubber aggregates reduced water content in
the cementitious mixes, maintaining professh properties for printing (see Sectior2p. This effect is more
pronounced in R&éased 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 piesearch [2, 26]:

with the decrese in the wateto-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 RP2RG75 (c) samples
1 Pore size reductionThe influence of rubber ow/c ratio also plays key role on thgores dimension. fiis

evidence is well demonstrated by the grapFigure 11.Which highlights thepore size distribution evaluated
by imaging analysis.

Macroporosity analysis: pore size distribution

60
50 mCTR
& 40
— mRP100
(8]
$ 30
=
® 5 m RP50-RG50
LL
10 I I I I m RP25-RG75
< 1m0 p100200n p 200300Mm gy > 3 @O
Figure 11. Cumulative pore size distribution for CTR and rubberized mixes
The pores size of CTR sample (w/c ratio = 0.379)amogeneously distributsdn t he range from 1
more 300 pm, with negligible concentration of small %
observed in rubberized mixes. Theoportion of pores in RP10@v(c ratio = 0.25) and RP50RG50 (w/c ratio =
0.312) is mainly locatedin1062 00 pum range, indicating a |-pososity(@20Ddent
pm) . The | ower w/ ¢ r aRGV50mixfder ratio E &287),0highlightedthe preddtih@nt

contributionof finest porosity These results are consistent with tieraturefindings drawn from theelationship

between air pores structure and water content in cementitious medi&/¢@d$ dimension is @inly 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
Kondraiverdhan [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 pothe frictional losses arBigh and a considerable portion of the acoustic
waves that enter the pore systerdissipated. Remesar et a@4] studied the effect of pore size gradation on the
thermal insulation properties of lightweight concrete. At the same porosity degree, goadierown many more
reflecting/refracting surfaces of heat flux, preventing the radiative transfer into the material and improving its heat
insulation.
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Therheology andnicrostructural properties induced the rubberinclusionsare hypehetically explamtory of the
higherinter-layeradhesion revealed in the rublzed samplessompared t&CTR mix. The lowwaterevaporation rate
due to the reduced/c ratio and the preferential presence of fine porosiiy beconsideredh key factor regarding the
cohe$on between the extruded filamentsideed the maintenance of a certain degree of surfaoésture in the
printed filamentduring theadditive process allows a bettérterface bondingavoidingthe premature hardening of
the deposited materials amstiffnessmismatche that can creaténterfacial voids(as clearly observed in the CTR
sample).The relationship betweeinter-layer adhesiornof 3D printable cementitious materiadsd surface humidity
degreds well documenteth Weng et al. research [R5

3.3 PhysicatmechanicalCharacterization

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

Table 3. Physicatmechanical characterization: experimental results

Sample } (B®g/ m O (MPa) G, (MPa) U (MPa) E (GPa) 0 (%)

CTR 1927 63.1 441 4.21 5.56 0.05

RP100 1340 14.5 11.6 1.37 1.94 0.37
RP5GRG50 1624 18.9 16.8 2.11 1.89 0.40
RP25RG75 1468 15.7 111 1.58 1.82 0.55

The sandubber replacement reducpssalues Unit weight drop can be mainly attributéal the lower specific
gravity of the rubber particles than mineral gnéne contribution of ITZ voids, and the variation in the overall
porosity depending on wi/c rat[8, 16, 36]. The most relevant density reduction is observable in RP100 mix, where
thetotal incorporation of fine polymeric fraction implies a higher weight content of rubber in the material.

The bul k density tr edad dind®CMspwhichialsedependtorhthetwba& rubtesneneé r o
interface adhesion and the soft prdjgs of polymer fillersresulting in premature cracking in the surrounding cement
matrix. The resultsof this work are consistent with previous experimental studieslf,37, 38. However, two
noteworthy findings can be deduced from the compressigegitr results.

1 Although the sandubber replacement level was similar in all the rubberized formulations, by varying the
proportionof fine and coarse polymer fraction it is possible to modulate the mechanical strength prd@erties.
reducing thew/c ratio increases thetrengthof the cement matriaroundthe rubber particles his explainsthe
lower meancompressive and flexuratrengthioss inRP50RG50(-50% f @ 470%0 f e.,rand®2% f e)r o
and RP2ERG75 (6 3 % §, 1B %o tand-78 f @)rcompared to RP1036 8 % f, 17 %0 £,0r o©
and-7 4 % f)o Furthermore, the contribution of the particle sizas considered. In generathe strain
capacity is significantly enhanced when rubber particles are afdkbattributed tahe ability of polymer
inclusionto reduce stress concentratiand delay the coalescence and propagation of nicacks[39]. The
coarser rubber fraction appears to act more efficiently in terms df-eraesting properties, resulting in better
mechanical bieaviour. Bycomparingt h bybriti’ rubbercementformulations, the divergences in mechanical
strength are mainly attributable to the rubbement interface properties. As previously discussed, RG involve
weaker adhesions with the cement pd$t& defects) deleteriously affecting the structurialtegrity of the
sample. This explains the lowstrengthlevels in RR5-RG75 mixcompared tdRP53RG50.

i Bycomparing XandZli r ecti ons mechani ccadn ds tespectivgly), his pogsidleeta ot e d
notice a greater convergence in the experimental values of rubberized compounds than CTR one. Fhe rubber
based functionalization reduces the typical mechanical anisotropy of the 3D printed samples, as a result of the
great structural compdoh and inteflayer adhesion discussed in 3.1 section. The percentage deviation between
t h evalues inZ-direction andX-direction was 43% for CTR and 25%, 12.5%, and 41% for RP100, -RP50
RG50, and RP2RG75, respectivelyReducing the posgtardening diretional behavior of 3D-printable
cementitiousmaterials is one of the most felt challenges in the fieldNftechnologiesIn terms of design
optimization for civil and architectural applicationsihancing mechanical isotropy has positive implications
regarding the possibility of exploiting the full potential diyital fabricatonThe obser ved -di verg
values measured in different loading directions can be attributable to twosas)e¢be orientation between
applied stress and printed filantenb) the directiordependent compaction of the extruded material. From
T a b | e deBnonstrates the best performance under compression, presumablytdifavorableorientation
of the filamentdor the applied pressure, which allows them to act sevi@s of columns with high compressive
resistanceminimizing themechanicaktress at the weakter-filamentinterfaces. A further reflection concerns
the non-homogeneousdensification that can baetectedn a printedstructure The pressure exerted rihig the
extrusion procesthroughthe pumping system is higher in the longitudinal direc{extrusion directiopthan
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the other orientations, maximizing the compaction of the material. Conversely, in the perpendicular direction
(Z-direction) the compaitin is mainly related to the selfeight of the mortar. Similar remarks can be found in
[40, 41].

To appreciate the effect tife rubber aggregates on the elastechanical properties dfie printable mortars, the
flexural stressstrain diagram is presented Kigure 12, considering the most representatisgecimensof each
formulation. The addition of tire rubber aggregatggnificantly changes the deformation capacity of the mortars. In
RCMs occurs an averageM&lue decrease of 95% compared to the neat sample, due to the lower elastic modulus of
rubber than sand. For the same rukdserd replacement levels, there are no significant variations of E with the tire
particle size. The reduced aaus improves the deflection properties, presém brittle failure of the material, and
leads topotential improvement imibro-acoustic dampingdP-43] . The effect of particle si
properties. The higher the RG content, thghkr the material ductility. Reda Taha et 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 beforariingcicompared to the neat matriRolymer
inclusions acted as obstacles to crack initiation meghagation thatould have had a preferential path through the
mineral aggregates.h€refore, during propagationtacksmust overcome the rubbeement bondgircumnavigating
the polymer particle. This prolongs the propagation path, postposindaihege process in the materif5]. 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 pfathcracks inside the matrixenhancing 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 B shows theSIL vs. f experimental spectraecorded in lowmiddle-frequency (Figure 11a) and high
frequency (Figure 11b) bands.

Generally, for best acoustic insulation performance, a barrier material should meet specific requirements: smooth
and hgh mass per unit area, nporous structure, and a certain stiffness to enhance the reflection of noise wave,
effectively encapsulate the incident sound, and minimize vibratory phenomena, respectively [46]. Fdihewing
characteristics listed above, ibuld be intuitive to deduc¢hat theplain mortar canprovide bettersoundinsulating
behaviar than rubberizedompound. Although the modificatiomvith lightweight rubber aggregatesduces the unit
weight and stiffness of the material, optimal acoustioperties are preservedccording to sound transmission
theory, when the material damping is increased due to the addition of elastomeric elemewitsiotheoustic
insulation is also enhanced4f]. Besides that, additional advantages related to the versatility of lightweight
cementitious materials are added: structural degight reduction, thermal and fire resistance, high flexibility in
fabrication and handlinf48]. Globally, ketter attenuatioperformances are recorded in the higgguency range (>
500 Hz), where the low penetrating power of the acoustic waves promotes the reflection effect of the material. Indeed,
a maximumSIL-value of21 dB was reached for the highequency region, whil&3 dB peakvalueoccurred at low
middlefrequency.
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Figure 13. SIL spectrum in low-middle frequency (a) and highfrequency (b) ranges

In relation to the rubber particle size, the coarse polymer aggregates (RG), having greater inditia traes,
tend to dissipate higher acoustic energy rates when subjected to vibration, promoting the insulating heftthaeour
material This may explain the best acoustic performance of the fR&HD in the lowmiddle-frequency region.
However, the potive effect of RG is less in the RREES75 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 infalfaoids, which represent weak points for sound attenuatiep [
Above 2000 Hz, RP100 exhibits slightly superior insulation properties compared to other samples, probably due to the
functional matching between microstructural homogeneity, related toeRnt cohesion, andcoustic 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 hysicatmechanical behavior of the material. By considering the same-rehbdr
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 bettefopmance in terms of lightweight and hifitequency
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 attemopédrep at lowmiddle
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frequency. However, their content must be correctly balanced to avoidedetiting effects, due to the poor cohesion
with the cement paste. Concerning the&rostructure, an overall reductiom porosity and refinemerih pore sie
distributionweredetectedn the rubberized compounds than CTR mimplying valuable potential properties in terms

of durability and therm@cousticperformancesRegardless of the particle size, the rubber modification improves the
print quality of tle mixes over the plain mortar in terms of idyer adhesion, promoting the mechanical isotropy of
the hardened materialhis effect is a direct consequence of the change in rheology that rubber induces in the
cemenitious mixes increa#ng in fresh matrial fluidity and appropriate conditions of surface humidity between the
printed filamentsThe information derived from thigvestigation can be potentially useful to tire recycling industry in

the optimized production of rubber particles used like cltlyaggregates in cementitious mixes.

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

1 Improvement of rubbecement adhesion properties to enhance the mechanical strength of the rubberized
compounds. In this framework, several cheshphysical pretreatments of rubber waste were proposed to
increase the compatibilization between rubber aggregates and the cement pasterBd)e necessary to
consider numerous aspects such as sustainability of the appedffiaibney, and comptbility with additive
manufacturing technology.

1 Investigate the potential technological applications of 3D printable rudgyeent mixesThe results of the
experimentation conducted by the authors suggeststrantural civil and architecturalpplicatios where
strength is not a priority bugreaterlightweight, deformability,durability and thermaeacousticinsulation
properties are required. Pcast members including insulating bricks in masonry, Aagecing pavements, or
acoustic barriers are pokk applicability ways, where the digital fabricatiomuld bring technological benefits
in terms of design freedonproduction ofcomplex functional shapes, aesthetimsd componentassembly)
andselectiveuse of material the manufacturing
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