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ABSTRACT ARTICLE HISTORY
Cementitious materials incorporating recycled crumb rubber have become a common sustainable Received 27 May 2024
resolution in diverse building environments to achieve various functions in terms of lightweight, Accepted 22 August 2024
ductility, as well as energy absorption. This study explored the 3D printed rubberised cementitious

composites (3DPRC) in two aspects: examining the effects of crumb rubber pretreatment Crumb rubber: 3D
conditions on compressive properties; conducting experimental and numerical analysis on the cementitious material
acoustic dissipation characteristics of 3DPRC. Fine crumb rubber granules (3-5 mm) replaced 10%, printing; compressive
20%, and 30% of river sand in the composites. Uniaxial compression tests indicated that the strength; sound absorption
compressive strength of 3DPRC decreased with the increase of crumb rubber content and and isolation
introduced anisotropic behaviour. Impedance tube tests were conducted to evaluate the sound

absorption and insulation capabilities of 3DPRC. An optimal Noise Reduction Coefficient (NRC) of

0.35 was achieved with 30% crumb rubber. The sound insulation properties depend strongly on

the mass density and porosity of the 3DPRC. Additionally, it is proved that the volume of built-in

air gap has positive effects on both sound absorption and insulation properties. The results from

Finite Element Method (FEM) numerical simulations correlated well with experimental data,

proving the efficiency of the simulation and validating the experimental results.
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from construction, industrial operations, and transpor-
tation, which has considerable implications for both
human health and the environment. A study conducted
by the National University of Singapore indicated that
the average outdoor sound level throughout the day
exceeds 69.4 decibels, approaching the World Health
Organisation’s (WHO) threshold of 70.0 dB per day [1]. Fur-
thermore, continuous low-frequency noise (<1000 Hz)
emanated by road traffic, the main source of urban
noise, is found to be more likely to increase the risk of car-
diovascular morbidity and mortality, as evidenced by prior
research [2, 3]. This impact can be ascribed to the difficul-
ties in attenuating low-frequency noise. Such noise exhi-
bits increased transmission capabilities compared to
noise with middle and high frequencies through barriers
and demonstrates reduced attenuation [4].

In recent years, numerous studies have explored the
development of recycled aggregates and their inte-
gration into concrete, including the research focusing
on their macroscopic mechanical and functional proper-
ties [5-7], and research on the microscopic character-
istics of fiber-reinforced recycled aggregate concrete
[8]. To address above mentioned challenge, the utilis-
ation of cementitious materials with natural aggregates
replaced by ground end-of-life tire particles emerges as
a possible approach, which not only facilitates the recy-
cling of waste rubber tires but also enhances sound insu-
lation properties due to the high vibroacoustic damping
characteristics of such materials. As exemplified by the
study conducted by Wang et al. [9], which examined
the acoustic performance across a frequency range
spanning from 0 Hz to 4000 Hz, cast concrete specimens
incorporating rubber particles at replacement rates
ranging from 10% to 30% exhibited a 33% to 460%
increase of sound absorption capabilities compared to
plain concrete. However, conventional cast concrete
exhibits limited acoustic absorption capabilities, with a
Noise Reduction Coefficient (NRC) typically ranging
from 0.03-0.19 [9-11], when compared to traditional
acoustic absorptive materials like sponges, acoustic
foam panels, and perforated metal panels. Additionally,
increasing the crumb rubber content is known to
adversely affect the mechanical properties of concrete,
as noted by Assggaf et al. [12]. This compromise in
mechanical strength for enhanced acoustic absorption
in rubberised concrete results in reduced eco-sustain-
ability efficiency. Moreover, achieving improved sound
insulation through complex geometric designs in con-
ventional cast concrete can produce additional costs.
These factors may limit the broader industrial appli-
cation of sound insulation rubberised cast concrete. Fur-
thermore, there have been limited reports on the
relationship between microstructure and the sound

absorption and insulation properties of 3D printed rub-
berised concrete. Therefore, to further enhance the
sound absorption capability of concrete panels, 3D
cementitious composites printing, as an innovative man-
ufacturing technique, is found to possess higher porosity
and distinct pore morphology, which is critical in enhan-
cing sound absorption performance.

Recently, the field of 3D cementitious composites
printing has advanced quickly, overcoming the limit-
ations associated with traditional concrete methods.
These advancements offer several benefits, such as
increased energy efficiency [13], cost savings, design
flexibility [14], and automated manufacturing [15], as
evidenced by research studies [16-19]. Furthermore, a
noteworthy aspect is a synergy between printable
cementitious materials mixed with recycled lightweight
aggregates (crumb rubber) and the numerically con-
trolled additive manufacturing technology. This
synergy enables the development of functional cemen-
titious structures with free-form designs characterised
by improved energy insulation attributes [20]. Apart
from the free-form design, it should be mentioned
that the unique characteristics of microscopic pores, a
key factor enhancing sound absorption performance
in cementitious materials, differ in 3D printed concrete
compared to cast concrete [21]. This discrepancy arises
from the layer-by-layer extrusion process employed in
3D printing, which lacks compaction [22]. Furthermore,
the relationship between the anisotropy properties of
3DPC and the orientation, and morphology of the
microscopic pores has been quantitatively investigated
based on experiments and simulation [23]. Investi-
gation of the relationship between the pore distri-
bution along the Z-direction and weak interlayer
strength of 3DPC was also conducted by Liu et al. [24]
However, there is limited research focusing on the
relationship between microscale pore characteristics
and the sound absorption mechanism of 3DPRC when
subjected to normal incident sound waves. Further-
more, there is a notable lack of research on the
impact of varying crumb rubber replacement ratios
on the sound absorption properties at low frequencies
in 3D printed cementitious composites.

To address the identified research gaps, this study
adopted pretreated crumb rubber granules to partially
substitute river sand to develop a 3D-printed rubberised
cementitious material. Compressive strength and stress—
strain  relationships that considered pretreatment
methods and rubber content of 3DPRC were evaluated
systematically. Meanwhile, Scanning Electron Microscopy
(SEM) was employed to further discuss the mechanisms of
mechanical properties of 3DPRC from a microstructural
viewpoint. Impedance tube tests were utilised to



examine the sound absorption and insulation character-
istics of 3DPRC, which were analyzed in relation to the
CR content and thickness of the built-in air cavity. To
further explain the mechanisms of the acoustic absorp-
tion of 3DPRC based on overall porosity and pore mor-
phology, X-ray pCT was conducted. Apart from this,
numerical simulations, utilising parameters of the
material properties and pore characteristics, were con-
ducted to validate and explain the sound absorption
behaviours of 3DPRC.

2. Research significance

To address the limited sound absorption performance of
conventional cast concrete and to explore the relation-
ship between microstructure and acoustic properties
of 3D printed rubberised concrete, this study will both
experimentally and numerically examine the effects of
crumb rubber content and built-in air gaps on the acous-
tic absorption and insulation performance of 3D printed
rubberised cementitious composites (3DPRC). Addition-
ally, the impact of pretreatment methods and crumb
rubber content on the mechanical properties of 3DPRC
will be assessed. The study aims to identify the optimal
crumb rubber replacement ratio, integrating findings
from acoustic and mechanical testing. The results are
intended to provide technical support for the application
of free-form designed 3D printed sound absorption con-
crete walls and other relevant engineering applications.

3. Acoustic theory

In this study, the investigation focuses on the noise-
attenuating properties of 3DPRC blocks containing
elongated pores. This section describes the experimen-
tal measurement of sound transmission loss (STL) and
sound absorption coefficient (SAC) using the transfer
function method under normal incidence conditions.

The approach for measuring acoustic transmission
loss, as specified in the ASTM E2611 standard [25],
assumes that the sound field in both the upstream and
downstream sections of the standing wave tube can
be accurately approximated by combinations of positive
- and negative-directed plane waves. As illustrated in
Figure 1a, two microphones were positioned in the
upstream section, and two additional ones are situated
in the downstream area. To ensure variation in loads
across the entire frequency spectrum, a reactive load,
symbolising a rigid termination, and an absorbing
load, symbolising a rigid end equipped with sponge
foam, were employed.

With the aid of transfer function method, the normal
incidence transmission loss (TL,) of the tested specimen

VIRTUAL AND PHYSICAL PROTOTYPING . 3

can be calculated as follows:
TL, = 20log, |t| (M

Where t represents transmission coefficient calculated
by transfer function method, where the derivation
process can be found in ASTM E2611 standard. The
sound-absorbing capability of the 3D printed specimen
is characterised by its SAC, which quantifies the pro-
portion of sound energy that is not reflected from the
surface to the incident sound intensity. The transfer
function method is applied to experimentally determine
the SAC, as illustrated in Figure 1b. In accordance with
ISO 10534-2 standard [26], one can calculate the
sound absorption coefficient (a) using the formula:

a=1-—|RY (2)

where R represents the sound reflection coefficient that
signifies the proportion of the reflected sound intensity
to the total incident sound intensity.

4. Materials and methods
4.1. Mixture design and pretreatment conditions

Table 1 provides information about the mixture design
for the 3D printable mortars, which consists of premix
cement, which was utilised in the literature conducted
by Liu et al. [18, 23], (PHOENIX Portland Composite-
LAFARGE, Buildmate PTE. LTD, Singapore), river sand
with particle size <2 mm, waste crumb rubber (CR) gran-
ules with the density of 1130 kg/m* and water absorp-
tion rate of 1.5% (Huabang Mineral Products Co., Ltd.
China), silica fume (Microsilica Grade 940, Elkem
company, Singapore) and water. Ten cases were investi-
gated in this study, including ‘Control (3D printed
cementitious composites without CR)’, ‘UN10 (3DPRC
with 10% untreated CR)’, ‘W10 (3DPRC with 10% water
treated CR)’, 'NA10 (3DPRC with 10% NaOH treated
CR)'. In this research, it is imperative to emphasise that
the water-to-binder ratio is held constant across all for-
mulated mixtures, maintaining a fixed value of 0.305.
River sand with weight fractions of 10%, 20%, and 30%
are replaced by CR granules with a density of 1100 kg/
m>. The method to evaluate the rheological properties
of the well-defined mix design was introduced in
section 1.1 of supplementary information and test proto-
col was illustrated in Figure S1. The particle size distri-
bution of the aggregates, comprising river sand and
crumb rubber particles, is depicted in Figure 2. It can
be found that the particle size distribution curves are
kept within reasonable boundary conditions according
to China standard GB/T 14684 [27]. The river sand
employed in this study is classified as fine sand with



4 X. WANG ET AL.

Microphones Load a
(a) (Rigid end)
Specimen
Speakers E E E E
T T T T
i A i C i
------ - ——————)
I I I I
T R I
Q-L—B--J_- <-h-D—-l--
| I I I
] I i I 1
i Sy 1 i 1‘_52_.1
| I z | |
i i Load b
X, X, X3 Xy (Soft end)
Microphones
(b)
Speakers e
T |l
A
=TT
T T e T e Specimen
B
== -
i i
1 1
1S ! 1 i d
] | |} )
1 ]
X, X

Figure 1. Schematics of transfer function methods (a) the measurement of STL; (b) the measurement of SAC; X; to X, corresponds to

positions of 1st to 4th microphone.

the modulus of fineness of 1.99, and the nominal particle
diameter is smaller than 4.75 mm. A similar analysis
method was also proposed in the studies conducted
by Wang et al. [28]. Given the grading differences
between river sand and crumb rubber, it is evident
that river sand encompasses a broader range of particle
sizes, which effectively fills voids and contributes to a
denser, more compact concrete structure. In contrast,
crumb rubber is characterised by a more uniform,
narrow grading that tends to increase voids within the
concrete. Consequently, substituting river sand with
crumb rubber in concrete formulations generally
results in decreased overall strength and increased
deformation, attributed to the higher damping

Table 1. Mass proportion (kg/m>) of the printable mortar for the
control and crumb rubber groups (Water/Binder = 0.305).

Premix River Sand  Crumb Rubber Silica
Mixture Cement (0-2 mm) (0.6-3 mm) Fume  Water
Control 1151.3 590 0 28.8 360
UN/W/ 11513 531 59 28.8 360
NA10
UN/W/ 11513 472 118 28.8 360
NA20
UN/W/ 11513 413 177 28.8 360
NA30

properties of crumb rubber. From Table 2, it is shown
that the characterised particle sizes (Do, Dso, and Dgo)
of the aggregates in this mixture, which underpin the
numerical analysis on the acoustic absorption perform-
ance of the specimens in Section 5. In this investigation,
the size range of employed CR falls within 0.60-2.36 mm,
which aligns with the specifications used in prior
research conducted by Liu et al. [29].

Regarding the surface modification of CR, this study
incorporates two distinct pretreatment methodologies:
water treatment and NaOH treatment. The workflow
for these two pretreatment methods is shown in
Figure 3. In the case of water treatment, rubber granules
were placed within a sieve and subjected to rinsing with
tap water until the absence of any residual black dust in
the drained water was observed. Following this washing
process, the granules were subjected to air drying before
mixing. In contrast, the NaOH treatment involves initially
washing the CR granules with tap water in a sieve tray.
Subsequently, the granules were immersed in a 10%
concentration NaOH solution for 0.5 hours. It is note-
worthy that the optimal pretreatment efficacy, as
explained in a prior investigation by Youssf et al. [30],
is attained when the soaking period is precisely 0.5
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Figure 2. Particle size distribution of aggregates (River sand and Crumb rubber).

hours. Following immersion, the granules are
thoroughly washed with tap water for 30 minutes to
eliminate any remaining NaOH solution, mitigating
potential adverse effects on concrete durability.

While immersed in the NaOH solution, a chemical
reaction occurs between NaOH and the hydrophobic
aromatic oil and zinc stearate present on the surface of
the crumb rubber, which results in the removal of such
non-polar substances. Consequently, the surface charac-
teristics of the rubber particles are noticeably altered.
Specifically, a cleaner and rougher surface can be
observed in comparison to rubber particles subjected
to water washing or untreated conditions, which also
leads to the formation of additional voids on the
rubber surface. It is evident from the comparative analy-
sis between Figure 4a (untreated rubber) and Figure 4b
(rubber treated with NaOH) that the latter exhibits a
more porous surface.

4.2. 3D cementitious composites printing
characteristics

A three-axis gantry printer featuring a circular nozzle, as
depicted in Figure 5, was employed for 3D cementitious
composites printing. The gantry printer boasts a
maximum printing volume of 1.2 mx1.2 mx1.0 m
(LxW xH). To facilitate material delivery, a 3-meter-

Table 2. Characteristics particle sizes (um) for river sand and
crumb rubber.
Characterised items

River sand (um) Crumb Rubber (um)

Dio 107 1258
Dso 365 1929
Doo 1123 2940

long delivery hose with an inner radius of 12.7 mm con-
nected the printing head to a rotor-stator pump, specifi-
cally the MAI-2 Pictor Pump. This setup delivers well-
mixed fresh cementitious mortar from the material con-
tainer through the hose to the nozzle head with a con-
stant volumetric flow rate of 1.2 L/min. The nozzle,
which maintained a consistent material output, moved
at a travel speed of 100 mm/s following a pre-designed
programme. This allowed for the accurate construction
of the intended structure.

Figure 6(a) & (b) illustrate the geometric specifications
of the 3DPRC block, both in its design for printing and as
physically printed samples. 3D printed specimens are
rectangular blocks, featuring a cross-sectional dimension
of 140 mm x 140 mm (W x H) and incorporating distinct
built-in air cavity volumes. To assess the influence of the
air cavity within the structure on acoustic absorption
properties, three sets of samples with thicknesses of air
cavity were set at 0 , 20 , and 40 mm, respectively.
Three replicates of each group were prepared for the
reproducibility and accuracy of the experiments. Each
filament has a width of 20 mm, while each layer’s
height measures 10 mm. Furthermore, there is a con-
stant standoff distance of 10 mm between the nozzle
head and filament, which is equivalent to the layer
height. It should be noted that to simulate the practical
engineering conditions, the built-in air cavity was manu-
ally sealed at the top and bottom after printing process,
in preparation for the acoustics impedance tube tests.

4.3. Uniaxial compression tests

This study focuses on the examination of the compres-
sive properties of 3DPRC, with a specific emphasis on
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Figure 3. Workflow of the pretreatment process for crumb rubber granules before mixing.

assessing the impact of varying rubber content and
different pretreatment conditions. Figure 7a illustrates
3DPC samples prepared for uniaxial compressive tests
(UCTs), characterised by a cross-sectional dimension of
40 mm x 60 mm (W x H). This sample was 3D printed
by employing a square nozzle with dimensions of 40
mm X 40 mm and subsequently subjected to a 28-day
water curing process (under 23 °C). Then, cylindrical
specimens measuring 25 mm in diameter and 50 mm
in height were drilled from the X direction (printing

Untreated

direction) and Z direction (layer deposition direction).
For the UCTs, a 50kN Instron 5969 was employed as
the loading device with a set loading rate of 0.18 mm/
min. Compressive strain and axial displacement were
measured using one strain gauge and two linear variable
differential transformers (LVDTs). The detailed setup for
the UCTs is demonstrated in Figure 7. To guarantee
the accuracy of the measurement results, three
samples were tested for specimens in both directions.
To investigate the anisotropic compressive strengths

100pm
-

Figure 4. Micromorphology of crumb rubber granules: (a) Untreated rubber surface; (b) NaOH-treated rubber surface.
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Figure 5. Set up of the 3D cementitious composites printing system.

for 3D printed concrete base on the printing path, only
the loading in Z direction and Y direction are considered
in this study. Based on the study conducted by Wolfs
et al. [31], the loading directions X and Y can be con-
sidered equivalent and combined into one series.
Apart from this, other research studying the anisotropic
compressive strengths of 3D printed concrete in two
loading directions can be found in [29, 32-34]. There-
fore, it is appropriate to investigate the anisotropic com-
pressive properties of 3DPC only in X and Z directions.

4.4. Acoustic insulation investigation

In this research, the sound insulation characteristics of
3DPRC blocks, encompassing sound absorption coeffi-
cients and sound transmission loss, are assessed follow-
ing the ASTM E611-17 standard [25]. As illustrated in
Figure 8, an impedance tube with a square cross-
section was employed. Same instrument was reported
in the study conducted by Crivoi et al. [35]. This tube
features a loudspeaker positioned at one end, capable
of emitting white noise generated and amplified
through a Bruel & Kjaer (B&K) Type 2734-A power
amplifier. Four B&K Type 4494-A 1/4-inch microphones,
equipped with a LAN-XI Light 4-channel data acqui-
sition (DAQ) module (as seen in Figure 8), were
employed to measure the STL and SAC. A super clay

(Sykt. PPP Sdn. Bhd, Malaysia), known for its compact-
ing properties, was employed to fill and seal any gaps
between the uneven surface of the 3D printed cemen-
titious composites specimens and the tube wall, which
was crucial to prevent sound leakage during testing. A
comparable sealing approach was employed to prevent
undesired absorption, as demonstrated in the research
conducted by Gourlay, Etienne, et al. [36]. For the trans-
mission loss test, a tube with a length of 2.2 metres and
a cross-sectional side size of 0.145 metres was
employed. The distance between adjacent micro-
phones was 0.05 metres for microphones 2 and 3,
while the distance between microphone 2 and the
edge of the specimen was 0.22 metres. In the acoustic
absorption test, half of the tube was replaced by a short
tube with a length of 0.21 metres, and the length of the
tube was 1.31 metres.

4.5. Micro-structural analysis

Two characterisation experiments were conducted for
micro-structural analysis which are Scanning Electron
Microscopy (SEM) and X-ray micro-computed tomogra-
phy (UCT). In this study, 28-days-water-cured specimens
were cut and fractured into small pieces with flat sur-
faces and coated with platinum under 20 mA currents
for 120 s. After coating, the scanning of the specimens
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(@

80 mm

40 mm

Figure 6. (a) Schematics of test specimens; (b) 3D printed rubberised cementitious composites blocks (built-in air cavity sealed at the
top and bottom for the acoustic test).

was performed by FE-SEM device (JEOLJSM-6340F) and the interfacial gap between the rubber surface
under secondary electron mode with 10 kV accelerating and cement matrix are studied in this work.

voltage and 13 mm working distance. By utilising SEM Characteristics of pore structure, such as porosity,
scanning, the surface characteristics of rubber granules pore size distribution, and pore morphology, in

Drilling Direction
(a) (Z Axis) Z: Layer deposition

: Printing direction

™Y Lateral expansion

Drilling Direction
(X Axis)

(b) |
IT0N load coll

Figure 7. (a) 3D printed samples and (b) set up for the uniaxial compressive test.
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. Data Acquisition

Figure 8. Demonstration of acoustic properties measurement instruments: impedance tube and accessories.

cementitious materials are significant for studying its
acoustic and mechanical properties. Nondestructive
evaluation of the microstructure within the specimen
was conducted using Bruker's Skyscan 1173 pCT
scanner. In this investigation, cylindrical samples with a
diameter of 25 mm and a height of 50 mm, drilled
from the 3DPRC blocks, were prepared for uCT scan.
Subsequently, a total of 900 two-dimensional projection
images were acquired. The acquisition parameters
encompassed an exposure time of 1000 ms, X-ray
energy settings of 70 kV, and an anode current of 160
pA, all implemented with a voxel size resolution of 48
pum. Notably, an attenuating brass filter was judiciously
positioned in the path of the X-ray source to ameliorate
the inherent noise levels. After scanning, the 2D projec-
tion images were imported into the slicing software,
NRecon, and 1000 slices uniformly spaced in a consistent
manner were then generated. Following the phase, the
2D images were transmuted into a 3D voxel-based mor-
phometry model, facilitating the subsequent evaluation
of pore parameters. Finally, the volumes, porosity, orien-
tation characteristics, and 3D visualisation of the pores
can be obtained with the assistance of Avizo 3D soft-
ware, which supports the analysis of the acoustic
absorption mechanisms in 3DPRC.

5. Experimental results
5.1. Rheological properties

The results elaboration and discussion of the rheological
properties of 3DPRC materials are included in section 1.2
of supplementary information. The relationship between
rheological properties and rubber replacement ratio in
3DPRC is also illustrated in Figure S2 in the supplemen-
tary information.

5.2. Compressive properties

The UCTs provided insights into the 28-day compressive
strength and stress—strain relationships of 3DPRC with

varying CR content and pretreatment conditions, as illus-
trated in Figure 9. To investigate the effects of CR
content on the mechanical properties (strength and
deformation) of 3DPRC, Figure 9a presents typical com-
pressive stress—strain curves for 10% CR, 20% CR, and
30% CR (X and Z Direction) and the control group
(Control-X and Control-Z). These curves exhibit two dis-
tinct behavioural patterns. A trend for the stress to
increase linearly until reaching peaks and then fail can
be observed in specimens 10% CR, 20% CR and
Control. However, compared to Control group, the
addition of CR results in reduced deflection in the
elastic region and lower peak stress, indicating a more
brittle material behaviour in 3DPC and 3DPRC with
lower CR content. Nevertheless, the stress—strain curve
of 3DPRC becomes nonlinear with increased CR
content. Both 30% CR-X and 30% CR-Z demonstrate
yielding and generates plastic energy as cracks
develop after peak stress. In this case, the behaviour of
the stress—strain curve of 30% CR is similar to the behav-
iour of tough material. Hence, 3DPRC with higher CR
content exhibits increased toughness, as evidenced by
this altered stress-strain behaviour. It should be noted
that Figure 9a indicates the effect of CR content on the
stress—strain behaviour, instead of studying the pretreat-
ment effects. According to the study proposed by Najim
et al. [37], it can be found that different pretreatment
methods of the crumb rubber only affect the value of
peak value of the stress-strain curve, but have insignifi-
cant effects on the failure pattern and toughness of the
3DPRC. Therefore, only the NaOH treated group was pre-
sented and studied. Based on Figure 9b, it can be con-
cluded that the compressive strength of the 3DPRC in
both directions visibly decreases with increasing the
CR content. This outcome aligns with expectations, as
the incorporation of crumb rubber (CR) introduces
greater discontinuity in the cement paste. This is
caused by weak bonding at the interfacial transition
zone (ITZ) and reduced stiffness resulting from the
partial replacement of sand particles with CR granules.
The reduced stiffness of rubber granules compared to
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Figure 9. (a) Relationship between stress and strain for 3DPRC with different CR content; (b) compressive strengths of 3DPRC with

different CR content and pretreatment conditions.

the adjacent cement matrix and fine aggregate causes
these particles to function as soft inclusions. This differ-
ence in stiffness leads to stress concentration around the
rubber particles, consequently reducing the overall
mechanical performance of the composite. Based on
these experimental results, the impacts of crumb
rubber content on the compressive strength will be
quantitively analyzed in Section 6.3 and a model will
be proposed. Notably, considering the anisotropic com-
pressive properties of 3DPRC, the compressive strength
of the specimens loaded in X direction, such as
Control-X (61.1 +£7.3 MPa), UN10-X (28.6+ 1.7 MPa),
W10-X (32.6+1.1 MPa), NA10-X (32.7 £3.2 MPa), are
12.1%, 2.5%, 7.3%, 18.6% larger than those of specimens
loaded in Z direction, respectively. The variation in com-
pressive strength due to loading direction in 3DPRC is
influenced by the tri-axial spheroid-shaped air voids
within the interlayer region, which is stretched from
circle pores during the printing process [22], and stress
concentration along the pore boundaries, which
respond differently to the direction of applied load.
Stress concentration along the pore boundaries is
greater in specimens subjected to loading in the Z-direc-
tion compared to those loaded in the X-direction. This
increased stress concentration contributes to a
reduction in compressive strength in the Z-direction-
loaded specimens.

The impact of CR pretreatment on compressive
strength was also investigated. It was observed that
3DPRC samples with modified CR, subjected to various
pretreatment methods, exhibited varying degrees of
strength enhancement. Specifically, UN10 showed com-
pressive strengths 13.8% and 14.4% lower than those
with W10 and NA10, respectively. This pattern persisted
across other CR replacement levels, as evident in

comparisons of UN20, W20, NA20, and UN30, W30,
NA30. Finally, it can be summarised that 3DPRC contain-
ing CR treated by NaOH solution shows optimum com-
pressive strength compared to those treated by water
or without treatment. Furthermore, a detailed analysis
of the reasons from a microscopic view behind the
enhanced compressive performance of specimens
treated with NaOH is provided in Section 5.2.

5.3. SEM analysis

To further explain how pretreatment conditions affect
the compressive strength of 3DPRC at the microstruc-
tural level, SEM images of the interface between
treated/untreated CR particles and cement paste were
analyzed, as shown in Figure 10. The interface with
untreated CR, shown in Figure 10a, presemts a large
gap, indicating poor adhesion and consequently
weaker macro-level mechanical properties. This can be
attributed to the surface hydrophobicity, smooth
surface, and lack of chemical bonds between rubber
surface and cement paste. As for the 3DPRC with
water-treated CR (Figure 10c), a smaller gap is observed,
suggesting improved adhesion due to a cleaner rubber
surface. The water washing of the crumb rubber can
remove the rubber powder from the surface, which
can enhance the adhesion between the cement paste
and the rubber surface. Most notably, Figure 10d
shows that NaOH pretreatment significantly densifies
the interfacial microstructure. This is attributed to the
ability of NaOH to convert zinc stearate, a compound
contributing to the hydrophobic characteristics of the
rubber surface, into a soluble form of sodium stearate.
This transformation allows the sodium stearate to be
removed through water washing. The removal of
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Figure 10. SEM images of the interfacial region of 3DPRC with distinct rubber surface treated conditions: (a) untreated CR with 250
times magnification; (b) untreated CR with 2000 and 10000 times magnification; (c) water treated CR; (d) NaOH treated CR.

rubber powder and zinc stearate results in a rough and
porous surface, making it scraggy and consequently
enhancing the cohesion between rubber particles and
cement paste [30]. This microscopic analysis aids in ana-
lyzing how different pretreatment methods influence
the bonding strength between CR particles and
cement paste, thereby impacting the overall compres-
sive strength of 3DPRC.

5.4. Acoustic absorption characteristics

To assess the impacts of incorporating CR granules and
built-in cavities within the 3DPRC on the acoustic
absorption properties, experiments were conducted to
measure SAC at various CR content levels and cavity
thicknesses. The SAC curves, covering the frequency
range from 100 Hz to 1000 Hz, are depicted in Figure
11. The SAC peak values for 3DPRC with 10%, 20%,
and 30% CR content exhibited significant increases,
reaching 0.315, 0.524, and 0.733, respectively, compared
to the control group with a SAC value of 0.248, as illus-
trated in Figure 11 (a) Additionally, the NRC was com-
puted according to Eq. (3) for each group to provide a

comprehensive assessment of sound absorption capa-
bilities. The findings suggest that the introduction of
crumb rubber granules enhances the efficiency of
sound absorption characteristics.

NRC = (50 + as00 + a1000)/3 (3)

where assg, asgo, 1000 represent the SAC at the four one-
third octave bands centred at of 250, 500, and 1000 Hz,
respectively. Owing to the constraints imposed by the
size limitation of the impedance tube, SAC values
exceeding 1100 Hz are deemed unreliable due to the
limitation of the cross-section size of the tube and,
accordingly, have been excluded from the computation
of NRC.

Furthermore, it is evident that the peaks in the SAC
curves exhibit a shift towards higher frequencies as the
proportion of CR content increases. Specifically, the fre-
quency associated with the peak in the SAC curves for
10% CR, 20% CR, and 30% CR shifted to 334, 431, and
483 Hz, respectively, compared to the control group
for the acoustic test (267 Hz). Additionally, the trend of
the SAC curves remains consistent for specimens with
different CR content, which aligns with the acoustic
absorption behaviour of porous and lightweight
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Figure 11. Measured SAC in 3D printed rubberised cementitious composites: effects of rubber content and cavity thickness.

cementitious materials [38]. Furthermore, the sound
absorption curve bandwidth, which is defined as the fre-
quency range that exceeds the absorption efficiency of
0.2, significantly increases as the CR content increases.
Specifically, the sound bandwidth for 10%CR, 20%CR,
and 30%CR exhibited significant increases, which are
151, 170 , and 294 Hz, respectively, compared to the
control group with a SAC value of 103 Hz. This

phenomenon signifies that an increase in the CR
content increases the frequency and frequency range
of sound waves which can be efficiently absorbed by
3DPRC.

Apart from the investigation of the impact of
materials on the sound absorption properties of 3DPC,
this study also initiates a preliminary exploration of the
structural impact on sound absorption performance by



introducing built-in cavities within 3DPRC blocks. As
depicted in Figure 11b to e, SAC was measured for
four different specimen groups, each characterised by
distinct air gap thicknesses. The 2D slicer images of
3DPRC containing 10%, 20%, and 30% crumb rubber
are displayed in the upper right corner of each figure.
These images help visualise the quantity, geometry,
and distribution of pores within the material. For the
control group without the CR, as the built-in cavity thick-
ness increases, a slight improvement in the peak value of
SAC can be observed in Figure 11b. A similar trend is
observed in the 10% CR, 20% CR, and 30% CR groups.
Notably, in the 10% CR group, the SAC experiences a
substantial increase, rising from 0.32-0.42 when the
cavity thickness increases from 0 to 20 mm, and
further to 0.54 as the thickness extends from 20 mm to
40 mm. Moreover, it is observed that the acoustic
absorption peak gradually shifts to lower frequency
ranges with increasing built-in cavity thickness. Particu-
larly, the SAC for specimens with a 40 mm cavity in
the 20% CR group reaches 0.87 at an exceptionally low
frequency of 175 Hz. This result verified the positive
influence of built-in cavities on the sound absorption
performance for sound energy at longer wavelengths
(lower frequencies).

5.5. Acoustic insulation behaviours of 3DPRC

In addition to examining the sound absorption proper-
ties of 3DPC, it is crucial to consider the effects of CR
replacement ratio and the thickness of built-in air gaps
on STL, which plays a significant role in sound insulation
assessment. STL is defined as the ratio of sound pressure
at the rear to the front surface of a porous specimen
when sound waves propagate through it. Measurements
were conducted utilising the two-load method, as
described in Section 3.

Figure 12 illustrates the experimental (STL) over a fre-
quency range of 50 Hz to 1100 Hz for 3DPRC with
varying rubber content and air cavity thickness. In
general, the polynomial fitted curves for STL across all
specimens exhibit a common trend of increasing
values at lower frequencies and declining near 1000
Hz, ranging from 2 dB to 25 dB. Notably, as observed
in Figure 12a, the average STL indices for composites
containing 10% CR, 20% CR, and 30% CR are 15.3 ,
18.4 , and 16.8 dB, respectively, which is higher than
that of plain mortar (11.4 dB). This significant improve-
ment can be attributed to the enhanced viscoelastic
properties of CR when compared to natural aggregates,
as explained by Zhao et al. [39]. However, it is worth
noting that the STL indices of 30% CR are observed to
be smaller than those of 20% CR, which deviates from
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the mechanisms discussed above. This phenomenon
can be explained by considering the increased porosity
and decreased mass density of 3DPC with higher CR
replacement ratios, allowing easier sound propagation
through air voids and thereby reducing STL [40]. There-
fore, it can be summarised that the sound insulation
properties of 3DPC at low frequencies depend on the
damping properties of the material, mass density, and
porosity. Incorporating CR at 10% and 20% primarily
boosts sound insulation properties through damping
effects, overshadowing air void content. However, at
higher rubber replacement levels, like 30%, air void
content assumes greater significance, leading to a
decrease in STL.

STL fitting curves for specimens featuring varying
thicknesses of built-in air gaps (CR_60 mm and CR_80
mm) are shown in Figure 12 (b-e). It is evident that, for
the control group, 20% CR, and 30% CR specimens, the
average STL of specimens with 40 mm built-in air gap
(CR_80 mm) increased by 68.9%, 25.8%, and 12.6%
respectively, compared to specimens without air gaps.
Additionally, it is worth highlighting that, for all speci-
mens featuring built-in air gaps, the fitted STL curves
demonstrate an upward and then downward trend
within 50-1100 Hz. The peaks of the curves for speci-
mens with 20 mm air gaps are concentrated within
900-1000 Hz, while for specimens with 40 mm air gaps,
the maxima shift to 700-800 Hz. Furthermore, at 1100
Hz, STL indices for 40 mm gap specimens are lower
than those without gaps, particularly in crumb rubber-
containing specimens.

It is well-established that increased sample thickness
enhances sound insulation properties due to the greater
mass per unit area. Koruk et al.’s study [41] found STL lin-
early increases with thickness across frequencies in
specimens of 10, 12.5, 15, and 20 mm. In our research,
varying thicknesses of specimens are achieved by intro-
ducing different thicknesses of air gaps within the 3D-
printed cementitious composites blocks. Furthermore,
based on the analysis of the experimental results, it
can be concluded that the thickness of the air gap
within the structure significantly enhances the sound
insulation performance of 3DPC, which is aligned with
trends observed in the research conducted by Zhou
et al. [42]. This enhancement can be attributed to the
air gap acting as an elastic layer, promoting sound
wave attenuation through multi-reflection in the mass-
air-mass structure. Furthermore, the incorporation of
built-in air gaps within the structure, facilitated
through the utilisation of 3D printing technology, not
only enhances sound insulation properties but also
saves material without compromising sound insulation
capabilities.
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Figure 12. Experimental-based sound transmission loss results with various rubber replacement ratios and distinct built-in air gap
thickness.



6. Discussions

6.1. Acoustic absorption mechanisms of 3DPRC
with the aid of u-CT

Based on the experimental result, further explanation of
the specific sound absorption mechanisms unique to 3D
printed cementitious composites compared to conven-
tional cast concrete is essential. In the impedance tube
test, a normal-incident acoustic plane wave partially
reflects off the surface of the 3DPC block, while the
remainder penetrates through the open pores of the
rigid frame porous structure. Partial energy of the pene-
trating acoustic wave is dissipated in the elongated
open pore, while the rest is emitted to the back of the
block. Figure 13 shows an elongated open pore mor-
phology in the 3DPC, resembling an interconnected
microscopic cavity. Each resonator, comprising a closed
spherical cavity with a hard interior and a narrow aper-
ture to the external environment, absorbs sound
waves with low frequency effectively. A comparable cor-
relation between the pores containing aperture-cavity
unit and Helmholtz resonator was also proposed by
Wang et al. [43]. Three sound absorption mechanisms
are engaged within the elongated open pore, as
depicted in Figure 13: (1) viscous effect, (2) thermal
effect, and (3) material damping effect [44]. The
viscous dissipation effect occurs as sound waves
induce vibrations and friction in air molecules at the
specimen’s surface and within the aperture-cavity struc-
ture. Resonance happens when the excitation frequency
matches the natural acoustic resonance frequency of
this structure, significantly enhancing sound absorption
at specific frequencies, as shown by peaks of the SAC
curves in Figure 11. Additionally, thermal-elastic
damping from isothermal heat transfer due to wave-
wall collisions dissipates the acoustical energy into
heat. Material damping, especially for rubber granules
with high damping ratios, further attenuates sound
wave energy by dispersing vibrations.

The experimental findings demonstrate that 3DPRC
exhibits effective sound absorption performance, particu-
larly in low-frequency ranges, which aligns with prior
studies by Sambucci et al. [45] and Asdrubali et al. [46].
Table 3 indicates the NRC of both 3DPC and conventional
cast concrete, where the preferable sound attenuation
performance of 3DPC compared to cast concrete can be
observed. For instance, Wang et al. [9] discovered that a
30% replacement of CR yields the most favourable
sound attenuation properties (NRC=0.17). Similar
findings have been reported by Ling et al. [10] and Sukon-
tasukkul [11], where the optimal NRC for rubberised cast
concrete in these works are 0.12 and 0.19, respectively.
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Notably, it can be calculated that the optimal NRC of
3DPRC with 30% CR content in this study is 0.35. Addition-
ally, the primary frequency range (the frequency range
corresponds to the peak of SAC curves) for 3DPC is con-
centrated between 250 and 500 Hz. This finding aligns
with the primary frequency range, which is concentrated
in the low-frequency range, reported by Sambucci et al.
[45]. However, for cast concrete, the primary frequency
is centred at a higher domain around 1000 Hz, which is
not preferable in insulating the noise generated by trans-
portation. Herein it can be demonstrated that the acous-
tic absorption performance of rubberised 3DPC is better
when compared to conventional cast concrete in the
aspects of higher NRC value and lower primary frequency.

To further explain the enhanced sound absorption
performance of 3DPRC, it is significant to investigate
the microscopic characteristics of the pores generated
within the concrete due to different fabrication pro-
cesses compared to cast concrete. The overall porosity
of the cement matrix is observed to increase as the CR
content rises. This phenomenon, as demonstrated by
Mohammed et al. [40] is attributed to the entrapment
of air at the interfacial region between the cement
paste and rubber (aggregate) surface, contributing to
higher porosity. It is significant to note that cast concrete
utilises compaction to minimise air voids, whereas 3D
printing does not incorporate this step, leading to
more entrapped air when the same quantity of rubber
is applied. The 2D micro-CT image in Figure 14c and
the images of SEM in Figure 10 both depict the presence
of entrapped voids within the interfacial zone, facilitated
by the low hydraulic conductivity and smooth surface of
the rubber particles [30].

Furthermore, open pores significantly contribute to
sound energy absorption in concrete due to their con-
tinuous communication channel with the external
surface. Conversely, closed pores, isolated from neigh-
bouring pores, primarily affect macroscopic concrete
properties such as thermal conductivity, bulk density,
and mechanical strength, playing a lesser role in sound
absorption [44]. Therein, it can be concluded that
materials with a higher volume ratio of open pores
exhibit more effective sound energy absorption. The
ratio of open pore volume and the ratio of closed pore
to overall pore volume for both 3DPC and cast concrete
are shown in Table 4. It is evident that in all 3DPC groups,
the percentages of the open pore to total pore volume
are 50.9%, 68.8%, 56.6%, and 57.4%, respectively.
However, in cast concrete, the ratio of open pore
accounts for only 34.4%, which means the volume of
closed pore in the concrete matrix is larger and its
ability of energy attenuation is weak. Notably, this
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pore structure of a 3D-printed rubberised cementitious block, from macroscopic (left) to microscopic (right) levels.

finding aligns with the study conducted by Mukhame-
trakhimov et al. [47].

The experimental results concerning the SAC for
3DPRC necessitate a comparative analysis with other
sound-absorbing and traditional construction materials.
As detailed in Table 5, plain concrete walls exhibit
robust mechanical strength but are characterised by rela-
tively poor sound absorption performance, with an SAC
ranging from 0.03-0.1. In contrast, lightweight cast con-
cretes such as hemp concrete, cellular concrete, rub-
berised concrete, and foam glass concrete demonstrate
better sound absorption behaviours compared to plain
cast concrete.

Commercial sound-absorbing materials, including
acoustic foam, mineral wool, cork, and other fibrous
materials, exhibit notably higher sound absorption
efficiency compared to cementitious materials.
However, these commercial sound-absorbing materials
generally lack the load-bearing capacity that cementitious
materials provide. Remarkably, 3DPRC, achieving an
optimal NRC of 0.354, shows enhanced sound absorption

performance relative to traditional cast cementitious
materials and displays better mechanical behaviours
than commercial sound-absorbing materials. Conse-
quently, 3DPRC emerges as a multifunctional material,
making it highly suitable for applications that require
both sound absorption and structural integrity within
the construction industry. This dual functionality allows
3DPRC to offer a balanced solution, meeting both acous-
tic and structural requirements in building applications.
Kruger et al. [22] indicated that intralayer voids
within 3DPC exhibit elongated shapes along the print-
ing direction (X), attributed to the dragging effect of
the nozzle head during the printing process. In con-
trast to the isolated and spherical voids found in cast
concrete, as depicted in Figure 14a, the morphology
of elongated pores within 3DPC can be observed in
2D micro-CT images (Figure 14c) and the 3D recon-
struction model (Figure 14d). As mentioned, pores
within the cement matrix can be treated as Helmholtz
resonators when considering the sound attenuation
effect. Isolated spherical pores in cast concrete,

Table 3. Comparison of the optimal NRC and Primary Frequency Range of 3DPRC with cast rubberised concrete.

3D Printed rubberised
cementitious composites

(This study) Cast Concrete [9]  Cast Concrete [10]  Cast Concrete [11]  3DPC [45]
Group 20% CR 30% CR 30% CR 30% CR 20% CR 100% CR
Optimal Noise Reduction Coefficient (NRC) 0.22 0.36 0.17 0.12 0.19 0.44
Primary frequency range (Hz) 300-350 Hz 450-500 Hz 1000 Hz 500-1500 Hz 1000 Hz 500 Hz
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serving as discrete Helmholtz resonators, have a
limited impact on acoustic energy dissipation. Never-
theless, the interconnected, elongated pores in 3DPC,
treated as a chain of Helmholtz resonators, facilitate
sustained sound energy attenuation and thus
improve the acoustic absorption of 3DPC. Further-
more, the orientation of elongated pores in the X-Y
plane relative to the direction of incoming sound
waves significantly impacts the sound absorption
properties. As noted by Huang et al. [54], sound
waves that approach perpendicularly to the channel
orientation are partially reflected. In contrast, when
channels align parallel to the sound transmission
path, the waves transmit with minimal loss. However,
obliquely oriented channels increase the travel path
of the sound waves, causing multiple reflections and
increased air friction, which leads to greater energy dis-
sipation. This study employs these principles to analyze
the transmission of sound waves through the
elongated pores of 3DPRC.

Using 3D reconstruction technology and Avizo com-
mercial software, the orientation of each pore relative
to incoming sound waves has been quantitatively
assessed. Figure 15 illustrates the distribution of pore
orientations ranging from 0° to 90°, where 0° represents
pores oriented perpendicular to the sound incidence
direction and 90° represents pores parallel to the
sound’s approach. It is observed that the proportion of
oblique pores increases with the crumb rubber content
in the 3DPRC, except in the control group. A comparison
of the oblique pore proportions with the sound absorp-
tion performance of the 10% CR, 20% CR, and 30% CR
groups indicates a positive correlation between the
number of oblique pores and sound absorption proper-
ties. However, due to the limited number of experiments,
only a qualitative relationship between the ratio of
oblique pores and the sound absorption of 3DPRC has
been proposed. The high proportion of oblique pores
but the low sound absorption coefficient in the control
group is caused by the low total porosity. However, it
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Table 4. Pore characteristics and input data for simulation of 3D printed rubberised cementitious composites.

Characterised Porosity (ratio of Open pore/ Air Flow Resistivity Tortuosity Standard Deviation Noise Reduction Density

items Closed pore) (Pa - s/m?) (Eq. 8) (Eq. 7) of Pore size Coefficient (NRC) (Eq. 3) (kg/m3)

Control 2.78% (50.90%/49.10%) 228332 18.49 0.52 0.208 2032

10% CR 3.30% (68.80%/31.20%) 107697 15.65 0.79 0.213 1981

20% CR 4.95% (56.60%/43.40%) 52368 8.83 0.53 0.223 1934

30% CR 7.60% (57.40%/42.60%) 28423 7.08 0.67 0.354 1904
( )

Cast concrete 1.49% (34.40%/65.60%

proves the presence of elongated oblique pores in 3D
printed concrete, which offers better sound attenuation
effects for 3D printed concrete compared to cast con-
crete, where pores are predominantly spherical.

6.2. Simulation validation with experimental
measurements

To further verify the acoustic absorption properties of
3DPRC, emphasis was placed on the varying content of
CR and the thickness of the integrated cavities. A 3D
Finite Element Analysis (FEA) model was formulated
using the Pressure Acoustic Module within COMSOL
Multiphysics. The numerical model is built with two dis-
tinct domains: (1) the ambient sound pressure field,
which incorporates a port situated at the tube’s extre-
mity to introduce a normal-incidence sound wave; and
(2) the porous acoustic domain. This domain encom-
passes the porous concrete region, modelled using the
Attenborough poroacoustic framework, in tandem with
the air domain symbolising the built-in air gap. The
Attenborough model, an augmentation of the Zwikker-
Kosten model, is a semi-empirical approach with four
input parameters, utilised to determine the acoustic
impedance of porous material. The equivalent density
and bulk modulus of the porous materials are defined as:

=& i = 4)
&p 1 2 J1 (s’\/p-r —i
s'/—iJo(s'v/Pri/=i)
YPa !

K=

P
P )2 11(5'\/5«/—,')r
Y P/ i o (s /P )
Cpp
k

=— (5)

Table 5. The sound absorption coefficient of construction
materials and commercial sound absorbing materials.

Type of Materials Noise Reduction Coefficient ~ Reference
Plain concrete wall 0.03-0.1 [48]
Light weight concrete 0.12-0.3 [49]
3D printed rubberised concrete 0.354

Acoustic foam 0.4-0.8 [50]
Mineral wool 0.36-0.75 [51]
Fibrous material 0.2-0.75 [52]
Cork 0.2-0.4 [53]

where P, denotes the ambient pressure, ps represents
the fluid density, y is the ratio of specific heat, Pr is the
Prandtl number, Cp is the heat capacity at constant
pressure, and k is the coefficient of thermal conduction.
Jo and J; are Bessel functions of the first kind. The vari-
able s’is anisotropy factor is derived from other material

para meters:
Bwp; 7o
s = b [SOPT 6)
Spr

where w denotes the angular frequency. The four par-
ameters required to input are the porosity &p, the tortu-
osity T«, flow resistivity Ry, and the fitting parameter b.
The fitting parameter b is related to the anisotropy of
the pores and tabulated for certain well-defined pore
cross-sections.

Among the four input parameters, the porosity of the
specimen is derived from the micro-CT analysis, with
specific values for each group delineated in Table 4.
Given the experimentally determined porosity, tortuos-
ity, which pertains to the pore orientation in relation
to the direction of sound wave propagation, is com-
puted in accordance with Equation 7 as proposed by
Horoshenkov et al. [55].

1— Ep

Too=1+ (7)

28p

Furthermore, the flow resistivity shown in Table 4 is
defined as the real part of the ratio between the pressure
drop and the flow velocity through a layer of material of
unit thickness, which can be calculated from Eq. (8) pro-
posed by Horoshenkov et al. [55].

_400(1 — &p)*(1 + &)1t

R = 8
f opD? (8)

In this equation, u signifies the dynamic viscosity of air,
while D denotes the characteristic dimension of aggre-
gate particles. Notably, to ensure prediction precision,
the effective particle size-integrating value of Dy, from
both crumb rubber and sand are utilised as D in the
equation. Table 4 lists the specific values of the tortuos-
ity and resistivity for all groups. Incorporate with the
material properties such as density and Young's
modulus of 3DPC, the four parameters would be
inputted for the numerical analysis of sound absorption
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analyzed by commercial software Avizo.

performance. The pressure reflection coefficient can
then be calculated by determining the ratio of Py
and P;,., where the scattered pressure (P,.,) and the inci-
dent pressure (P;,.) are obtained from the pressure pro-
duced and received at the port. Therein, the sound
absorption coefficient (a) in the aspect of frequency up
to 1000 Hz is defined as follows.

a=1-—|R? 9)

As for the boundary conditions, sound hard boundaries
are applied on lateral boundaries as well as at the tube’s
terminus, reflecting the practical scenario. The port
boundary condition, serving as the excitation source, is
implemented at the end of the tube to initiate normal
incident sound waves. A finer tetrahedral mesh,
ranging from a minimum mesh element size of 5.2
mm to a maximum of 71.5 mm, is employed for this
investigation.

Based on the acoustic and non-acoustic parameters
of the 3DPRC, the numerically simulated SAC spectrums
are illustrated in Figure 16a and compared with exper-
imental results in Figure 16b. Discrepancies between
peak values and their corresponding SAC frequencies
from experimental and simulated data are quantified.
For the control group, 10% CR, 20% CR, and 30% CR,
the deviations are 21.77%, 2.86%, 0.10%, and 0.04%,
respectively, suggesting commendable concordance
between experimental and simulated SAC values. It
can be noted that the higher the crumb rubber
content, the better the fit of the numerical simulation
results to the experimental ones. Furthermore, a
highly analogous trend in SAC curves from both simu-
lation and experimental results is discernible in the 100-
1000 Hz spectrum. In the simulations examining air
cavity thickness effects, specimens incorporated with

20 and 40 mm air cavity gaps were modelled using
an air model from COMSOL's material library. The calcu-
lated SAC spectra for specimens are depicted in Figure
16c¢ to f. These illustrations validate a consistent shift in
the SAC spectra towards lower frequencies as air cavity
thickness increases, analogous to experimental spectra
observations. Additionally, visualisations of the sound
pressure level (SPL) at the resonance frequency are
combined with the SAC spectra, indicating concen-
trated sound pressure at the specimen domain, which
indicates effective absorption at certain frequencies.
This analysis corroborates the numerical predictions
based on the Attenborough model regarding the
influence of material and structural changes on the
specimen’s absorption efficiency. Additionally, this
investigation provides insights into SPL distribution
during the evaluation of 3DPRC blocks, enhancing the
understanding of how structural design influences
acoustic performance.

For the acoustic absorption behaviours of 3DPRC with
distinct built-in air cavity, the experimental and simu-
lation results align with research findings by Mvubu M
et al. [56], Sanchis E et al. [57] as well as Tang et al.
[58]. The increment of the SAC can be attributed to
the sound wave interference effect, while the shift of res-
onance frequency can then be attributed to the Helm-
holtz effect. The enhancement of the SAC peak value
arises because when the dimensions of the air gap
align with odd multiples of a quarter wavelength, a
phase difference of 180° occurs between the incident
and reflected waves, leading to destructive interference
of sound waves and subsequent sound wave dissipation.
Regarding the shift of SAC curves to lower frequency
ranges, it can be explained by considering the macro-
scopic Helmholtz resonator formed by open pores and
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penetrating pores as channels and the air gap as the
cavity. The frequency of acoustic resonance within the
Helmholtz resonator can be calculated from the
expression 10, where V, represents the volume of the

cavity, and L, and S, denote the length and width of
the channel respectively. Therefore, with the increase
of the volume of cavity (V) in the Helmholtz resonator,
the resonance frequency (f) of acoustic wave within
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Mirjalili et al. [59] demonstrated that increasing wall
thickness enhances the SAC across all frequencies, pri-
marily by increasing the distance over which sound
energy dissipates. Apart from this, previous studies
[57, 58] adopted air gaps at the back of specimens to
achieve better sound absorption performance. Never-
theless, in this study it was found that the utilisation
of 3D-printed sound insulation blocks with built-in air
cavities achieves similar improvements in SAC,
thereby conserving material resources. This approach
offers a more convenient manufacturing process and
holds promise for broader engineering applications,
enabling the realisation of complex geometric and
lattice structures. The development and validation of
the effects of air-gap structures on sound absorption
behaviours established a solid foundation for future
research.

6.3. Optimal CR content determination analysis

Based on the data obtained from uniaxial compressive
tests (UCTs) and acoustic impedance tube tests, a
regression analysis was conducted to establish the
relationship between crumb rubber content and both
relative compressive strength coefficient and peak
sound absorption coefficient. As shown in Figure 17,
there is a noticeable negative trend in compressive
strength as the crumb rubber content increases within
the 3DPRC Conversely, a positive trend is observed for
the sound absorption coefficient (SAC) as crumb
rubber content increases. It is significant to highlight
that normalisation of the true compressive strength
was carried out to facilitate accurate computation of

the linear model and to determine the optimal crumb
rubber content. For clarity and enhanced analysis, the
true compressive strength values were specifically
marked in the figure.

The compressive strength model for 3DPRC with
varying crumb rubber content is represented by Eqg.
(11), while the model for the sound absorption coeffi-
cient is captured in Eq. (12). Utilising these models, the
optimal crumb rubber replacement ratio was calculated
as 17.63% by determining the intersection point of the
two linear equations. Given considerations for exper-
imental accuracy and practical engineering applications,
the optimal crumb rubber content for 3DPRC is rec-
ommended to be between 15% and 20%, where the cor-
responding range of compressive strength is 24MPa-34
MPa and range of SAC is 0.455-0.524. Within this
range, the material maintains sufficient mechanical
properties for use as a structural wall and exhibits con-
siderable acoustic absorption capabilities suitable for
sound-absorptive applications. Additionally, 3DPRC
with 15%—20% CR content has also demonstrated
effective sound insulation properties, as depicted in
Figure 12a. The proposed equations relating compres-
sive strength and sound absorption coefficient to CR
content are as follows:

o= —2.23Mcz + 0.892 R* = 86.4% (11)

a = 1.664Mcg + 0.2054 R?> = 95.8% (12)

where o is the relative compressive strength coefficient,
a is the sound absorption coefficient and M is the CR
replacement fraction.

It can be found that the coefficient of determination
R? of the proposed models are 86.4% and 95.8%,
respectively. For compressive model, more experimental
data are required to obtain a better regression to predict
the relationship more accurately between the compres-
sive strength and CR content.
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Table 6. Mixing proportion and price of the 3DPRC materials in
this study.

Material

Material price (US
compositions Control  10% CR 20% CR 30% CR $/ton)

Kproporrion coefficient P material
Cement 1 1 1 1 92
Fly ash 1 1 1 1 92
Silica fume 0.025 0.025 0.025 0.025 8
Sand 0.51 0.46 0.408 0.356 295
Crumb rubber 0 0.051 0.102 0.154 242
Water/Cement 0.305 0.305 0.305 0.305 -

Ratio

Total cost to 132.41 13140 13027  129.19

produce 1 Ton
3DPRC

6.4. Economic assessment of the 3DPRC material

The economic efficiency is evaluated by comparing the
cost of cementitious materials between different
3DPRC groups with distinct crumb rubber replacement
ratios. The price of the material and proportion coeffi-
cient (K proportion coefficient) Of 3DPRC in this study are
listed in Table 6. This economic analysis method on
the 3DPRC material was also utilised in the research con-
ducted by Liu et al. [60].

The price of the raw materials in Table 6 are obtained
from the supplier which is aligned with the commercial
price in the Singapore market. The cost (USS) per ton of
raw materials for 3DPRC can be calculated by using Eq.
(13).

Z (P materials X K proportional-coeffcient)
Pformula = (13)
Z K proportional-coeffcient

The data presented in Table 6 illustrates a decreasing
trend in the total cost of producing one ton of 3DPRC
as the crumb rubber replacement ratio increases. There-
fore, substituting natural aggregate with waste crumb
rubber not only reduces the cost of raw materials but
also facilitates the conversion of this potentially hazar-
dous waste into a functional construction material.
This approach emphasises the economic and environ-
mental benefits of integrating recycled materials into
building processes.

7. Conclusion

This research elaborately designed and prepared a series
of 3D-printed rubberised cementitious composites
(3DPRC) with outstanding acoustic absorption and insu-
lation performance. By conducting uniaxial compression
test (UCT), SEM test, uCT test, and impedance tube test,
the compressive strength, interfacial region area, pore
parameters, Sound Absorption Coefficient (SAC), and
Sound Transmission Loss (STL) were determined.

Additionally, the mechanisms and efficiency of sound
absorption of 3DPRC correlated to microstructural prop-
erties compared to those of cast concrete were dis-
cussed in this study. Specific findings are shown as
follows.

1) Overall, the compressive strength decreases with the
increase of crumb rubber content. The pretreatment
condition shows noteworthy impact on the compres-
sive strength of 3DPRC. NaOH pretreatment method
is more effective when compared with the water
treatment method. Furthermore, the toughness of
the 3DPRC is proved to increase with the increase
of CR content. The alterations of the interfacial gap
between the pretreated rubber surface and cement
matrix, observed under SEM images, further explain
the mechanical properties of the 3DPRC.

2) The overall Noise Reduction Coefficient (NRC) display
arising trend as the CR content increases. An increas-
ing trend of the frequency associated with the peak
in SAC curves was observed. Additionally, the built-
in air cavity plays a significant role in enhancing the
peak value of the SAC and decreasing the resonance
frequency to a lower range.

3) Numerical simulations demonstrate a commendable
concordance between experimental and simulated
SAC values, which are related to various material
properties and structures. Three mechanisms of
acoustic absorption in the microscopic pore structure
of 3DPRC were proposed with the aid of the Helm-
holtz resonator principle and p-CT results.

4) CR content as well as the thickness of the built-in air
cavity have positive contributions to the sound insu-
lation properties of 3DPRC. Nevertheless, it is found
that the sound insulation of 3DPRC with 30% CR is
insignificant, which can be attributed to the fact
that high porosity dominates the impact of STL for
3DPRC.

This study examined the mechanical and acoustic
properties of 3D-printed rubberised cementitious com-
posites (3DPRC). The experimental findings suggest
that 3DPRC with a range of 15%—20% crumb rubber
content represents the optimal group, balancing
effective sound absorption and insulation with substan-
tial mechanical properties. While 3DPRC with 30%
crumb rubber content exhibits superior sound absorp-
tion characteristics, its significantly lower compressive
strength relative to the control group restricts its use
in structural components. With the identified optimal
material composition for 3DPRC, future research will
explore the impact of topologically optimised geome-
tries on sound insulation and absorption. The



integration of 3D concrete printing with topology
optimisation holds promise for enhancing the practical
applications of 3D printed rubberised concrete struc-
tures in engineering.
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