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ARTICLE INFO ABSTRACT

Keywords: Surgical face mask usage has rapidly increased in the last two years due to the COVID-19 pandemic. This gen-

3D concrete printing erates vast amounts of plastic waste, causing significant risks to the ecosystem. Thus, this study assesses the

EOVID'li potential of using recycled fibre from face mask waste as fibre reinforcement in 3D concrete printing (3DCP)
ace masks

applications to improve printability while reducing landfill waste. The effect of recycled fibre from waste face
masks on the rheological characteristics of printable mixes and the mechanical performance of printed elements
was evaluated for different contents of shredded face masks (i.e., 1% and 2% by vol). The rheological properties
like static and dynamic yield strengths, apparent viscosity, and thixotropic behaviour, along with compressive
and flexural strength, were evaluated for 3D printed specimens and mechanical properties were compared to
their mould-cast counterparts. Further, the variation in the interlayer bond strength and porosity due to different
fibre dosages was also investigated. In addition, a comparative study on the fresh and hardened properties was
performed for the printable mixes with polypropylene (PP) fibres and face masks. The addition of face masks
significantly improved the rheological properties with good extrudability and buildability for all the dosages.
Compared to face masks, mixes with PP fibres showed poor extrudability with higher fibre dosages. The
compressive strength was increased by 41% for a 1% dosage of face masks when compared to the unreinforced
concrete. Furthermore, the flexural strength when tested along the weaker interface, showed an increase of 74%
and 82% for the addition of 1% and 2% face mask content. The interlayer bond strength of 1% face mask content
showed 21% improvement and was observed to have the highest surface moisture content. The mechanical
performance of face masks and PP fibres are observed to be comparable for 1% dosage. The mechanical prop-
erties of printed and mould-cast specimens were also observed to be similar.

Polypropylene fibres
Flexural strength
Rheology

Interlayer bond strength

and global warming [4]. Further, the population of face mask waste
generated per day is 6600 million, weighing 2640.79 tonnes [5].

1. Introduction

The need for plastic products has increased significantly in modern
society, which raises various environmental concerns. Higher use of
various plastic products leads to large plastic debris, and it has low
biodegradability, which will create various environmental pollution
when it is not properly disposed [1]. Due to the COVID-19 outbreak, an
increase in the usage of various single-use plastic products like face
masks, face shields and gloves was observed, whereas proper disposal of
these wastes is not effective and practical, which causes environmental
pollution [2]. Further, the global market for face masks was estimated to
exceed $22 billion in 2023 [3] due to COVID-19. This significant in-
crease in the manufacturing of face masks also impacts CO, emissions
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Currently, most of this waste is incinerated or disinfected on the same
collection day [6]. However, the collection and disposal of facemask
waste from the domestic and household sector are proved to be more
challenging. More awareness programs, providing separate collection
bins for face mask waste and a proper centralised disposal system are
some of the strategies suggested for the effective collection and uti-
lisation or disposal of face mask waste [2,3,6,7]. The face mask litter
also impact the ecosystem, causing entanglement and may lead to the
death of birds and animals. The face masks also get into the aquatic
environment and create plastic pollution. Plastic absorbs toxins that
poison aquatic creatures when ingested [8]. Hence, the potential ways to
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reuse face masks have become a major concern in reducing the envi-
ronmental impact. The method of integrating natural fibres in producing
face masks as a sustainable approach and incorporating mask waste in
construction materials are some feasible alternatives in waste manage-
ment [6].

The most widely used face masks are single-use surgical face masks.
Their use is not limited to the COVID-19 pandemic alone, as they are
regularly used in the medical field, pharmaceutical companies and the
chemical industry. The surgical face mask mainly contains poly-
propylene, and the addition of polypropylene fibres in concrete reduces
the shrinkage cracks and improves fire performance [9]. Koniorczyk
et al. [10] suggested a recycling process that heated the used face mask
at 190 °C with 130 bar, enabling complete inactivation of the virus and
conversion into homogeneous polypropylene strings. This indicates
there is a feasibility of using this polypropylene in concrete technology.
Further, Saberian et al. [11] investigated various properties of pavement
base or subbase when shredded face masks were added. Their study
found that the addition of various dosages of face masks with recycled
aggregates enhanced the strength, stiffness, ductility and flexibility of
the mixes. A recent study by Kilmartin-Lynch et al. [12] investigates the
potential of using face masks in concrete. The results showed an increase
in compressive strength and tensile strength for lower percentages of
face masks. Another study on using face masks in mortar showed an
improvement in mechanical performance and thermal resistance [13].
These previous studies indicate that there is a potential to utilise face
masks as a substituent for polypropylene fibres. Therefore, the use of
face masks as fibre reinforcement for 3D concrete printing applications
can be expected to enhance the mechanical properties of printed
structures.

Extrusion-based 3D concrete printing is a commonly used additive
manufacturing technique that deposits the concrete in a layer-by-layer
pattern through extrusion via a nozzle and forms solid elements
without the use of formwork [14]. Despite having the advantage of
performing freeform construction with 3D concrete printing, its wide-
spread application is hindered by developing good printable concrete
and providing reinforcement for structural application [15]. 3D-printed
concrete structures are strong in compression but weak in tension,
similar to conventional concrete. Also, the interfaces between subse-
quent layers and filaments form weaker zones when subjected to tensile
loading [16]. To enhance the performance of 3D printed structures
under tension and flexure, adding short fibres with varying lengths,
content and type was evaluated in different studies [17,18]. The addi-
tion of fibres was observed to improve the flexural behaviour of 3D
printed elements. Furthermore, using natural fibres as reinforcement in
3D concrete printing also improves the mechanical properties and pave
way for sustainable green construction [19].

The rheological properties of concrete mix play a vital role in 3D
concrete printing to achieve uniform extrusion and improved build-
ability (i.e., the printable materials are expected to have lower initial
yield strength for easy pumping and increasing over time at a higher rate
for increased buildability [20,21]). Unlike conventional concrete,
3D-printed concrete needs to focus more on the rheological properties,
hydration and fresh state strength [22]. In order to improve the pump-
ability, the application of vibrational energy around the extruder to
reduce the extrusion pressure and initial yield strength was investigated
as a feasible active rheology control method [23]. Also, the effect of
yield stress on buildability was evaluated both experimentally and
numerically extensively elsewhere (e.g., Ref. [24]). Furthermore, to
improve the printability and buildability of highly fluid ready mix
concrete, a secondary mixing method with the addition of a viscosity
modifying agent and recycled coarse aggregates as an onsite approach
was evaluated based on the rheological parameters [25].

Furthermore, 3D concrete printing is a free-form construction tech-
nique, and as a result, the printed elements are susceptible to high
shrinkage cracks [26,27]. This shrinkage crack can be reduced by adding
polypropylene fibres, which subsequently improve the mechanical
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performance of printed elements. Moelich et al. [26] studied various
mitigating measures for early-age shrinkage of 3D printed specimens
and demonstrated that the addition of short polypropylene fibres
effectively reduced the shrinkage cracks without affecting the printing
performance. Further, the effect on viscosity and dynamic yield strength
for suitable printing with low shrinkage with the addition of poly-
propylene fibres was evaluated by Tran et al. [28], and the study showed
adding polypropylene fibres considerably influences the rheological
properties and reduces the shrinkage cracks. Van Der Putten et al. [27]
developed 3D printable concrete by studying the effect of different
lengths and dosages of polypropylene fibres. A reduction in the work-
ability was observed with increasing fibre dosage, whereas the flexural
strength was improved, and the shrinkage was reduced. The influence of
fibre orientation on the flexural behaviour and shrinkage of 3D concrete
printed members with polypropylene fibres was evaluated by Ma et al.
[29] and the results showed that adding polypropylene fibres not only
improved flexural strength but also reduced shrinkage due to the better
orientation of fibres along the printing direction.

These previous research studies highlighted that adding poly-
propylene fibres to the 3D printed concrete help to improve its print-
ability, shrinkage and mechanical performance. This indicates the
potential to use the polypropylene generated as a recycled fibre from
face mask waste. Therefore, this study aims to assess the feasibility of
developing a sustainable fibre reinforced 3D printed concrete using
shredded face masks. To achieve this, the objectives of this research
were divided into two sections: (1) evaluate the rheological and early-
age mechanical properties of concrete mixes with varying fibre dos-
ages of shredded face masks (i.e., 1% and 2% by volume) and (2)
evaluate the compressive strength, flexural strength and interlayer bond
strength performance of 3D printed specimens with shredded face masks
fibre. To study the anisotropic behaviour of 3D printed elements due to
printing direction to the loading conditions, the pure compression and
three-point bending tests were performed on various specimens
considering three different directions of printing. Further, the apparent
porosity was evaluated to analyse the void percentage from the addition
of fibres and, the results were compared with printed and mould-cast
specimens with commercially available polypropylene fibres.

2. Materials and mix preparation
2.1. Concrete

The binder for the printable concrete mix used in this study consists
of Ordinary Portland cement (OPC) agreeing to AS 3972 [30] and silica
fume agreeing to AS 3582.3 [31]. Three different sieve-graded silica
sands, categorised as fine sand, medium sand, and coarse sand, with
mean particle sizes of 224 pm, 460 pm, and 879 pm, respectively, were
used as aggregates. Sieve analysis was carried out to obtain the particle
size distribution of sands as per ASTM C136 [32], while laser ultrasonic
technique was used for OPC and silica fume. Fig. 1 shows the particle
size distribution of all dry materials.

Further, a polycarboxylate ether (PCE) based superplasticiser (SP)
(MasterGlenium SKY 8379) in liquid form was used to adjust the
workability of the mix. To delay the cement hydration and ensure a
sufficient open time for the mix, a retarder (MasterSet RT 122) was used.
Both the admixtures conform to AS 1478.1 [33] standards.

2.2. Short fibres

Surgical face masks (FM) and commercially available polypropylene
(PP) fibres were used in this study for performance comparison. Due to
the safety regulations of our laboratory, waste face masks were not
permitted to be used. Further, Koniorczyk et al. [10] study highlighted
no significant changes in the chemical moieties of recycled and used
masks. Thus, to assess the feasibility of using FM in the 3DCP, this study
used clean surgical face masks. The clean surgical face masks that were


astm:C136

P. Rajeey et al.

100 .
........ OPC S ;
90 - |- - - = Silica fume i by
s Coarse Sand H gy
t\i 80 4{— — -Medium Sand : " TR
Ed —-— Fine Sand [
Z 70 : MR
4 : i
g B 1 |
g P!
g i 1 i
g 50 ! Ly
& : ! [ l
g A Y
E R
: / Y|
g 30 ; i
s : 7 .
o} E 1o /
20 i D /
/ 4 1
10 e Ly
...... e / ,J
0 | . Bl
1E-5 1E-4 0.001 0.01 0.1 1 10

Particle size (mm)

Fig. 1. Particle size distribution for graded sands.

cut into a length of 6 mm and a width of 1 mm were used (Fig. 2b). The
metallic nose strip and the elastic ear loops of FM were removed. Face
masks are comprised of three layers, a non-woven fabric on top and
bottom, with a meltdown PP in the middle [6]. The details of the surgical
face mask adopted in this study are given in Fig. 2a. The short PP fibres
used in this study are commercially available and have a length of 6 mm.
The properties of FM and PP fibres are given in Table 1. A uni-axial
tensile test as per ASTM D5035-11 [34] was performed on the cut face
mask to determine its tensile strength and modulus of elasticity. Three
samples of FM which were cut into strips 1 mm wide and 150 mm long,
were tested in a uni-axial tensile test under a constant displacement rate
of 0.5 mm/min. The samples were gripped at both ends of the testing
machine with an aluminium plate. The test setup used in this study and
the stress-strain behaviour of the FM fibre is given in Fig. 3.

2.3. Mix preparation

The mix proportion adopted for all the different mixes used in the
study is illustrated in Table 2. All the dry materials (including the fibres)
were weighed and added to a planetary mixer. The fibres were added as
volume fractions. The dry materials were mixed slowly for about 2 min
for homogeneous dispersion of the fibres and the materials. Then, half of
the water was mixed with SP and retarder and was added slowly to the

Table 1
Properties of face mask and PP fibres.
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Elastic modulus

Type  Length Diameter/ Tensile strength (N/
(mm) width (mm)  mm?) (MPa)
FM 6 1 29.5 + 3.0 (i.e., 265.3 + 20.0 (i.e.,
coefficient of coefficient of
variation = 10.2%) variation = 7.5%)
PP* 6 0.018 557 4158

# Provided by the supplier [35].

mixer and continued mixing at a slow speed (i.e., 70 rpm) for 5 min. The
remaining water was added slowly while mixing at the same speed and
continuing mixing for 3 min. Finally, the mixing was continued for five
more minutes at high speed (i.e., 190 rpm). Further, the control mix was
formulated to achieve the required rheology by optimising the SP and
retarder ratio for printing. In addition, the fibre dosage adopted in this
study was based on printability and strength requirements. Higher fibre
dosages result in difficulty during extrusion, whereas lower dosages
result in a lack of strength improvement. Furthermore, as suggested by
previous researchers [19,36-38], 1% and 2% fibre content can be used
to assess the strength and printability performance of 3D-printed

concrete.
3. Experimental program

3.1. Specimen preparation

The gantry-type 3D printer having a working space of 1.8 m length,
1.6 m width and 1.8 m height used in this study is shown in Fig. 4a.
Fig. 4b shows the auger type extruder placed on the actuator of the
printer. The X, Y and Z directional movement of the printer was moni-
tored using a customised computer program. A feeder was attached to
the extruder for adding the concrete mix to the extruder. A 30 mm
diameter removable nozzle was connected at the extruder outlet. The
printing speed was adopted as 30 mm/s, and the auger rotation speed
was adjusted from 0.6 rad/s to 0.8 rad/s to maintain uniform extrusion
of the printed filaments.

Two sets of solid slabs having a dimension of 360 mm x 400 mm
were printed as shown in Fig. 5 for each mix in which one slab consisted
of four layers, and the other had five layers. Each layer consists of
multiple adjacent filaments and has a layer thickness of 10 mm each.
Adjusting the extrusion rate by regulating the rotation speed of the auger
resulted in uniformly printed filaments. The printed slab showing the
printing path is shown in Fig. 5. These printed slabs were saw-cut to the

required dimensions of prisms and cubes for testing the hardened

Fig. 2. Surgical face masks: (a) Three layers in a surgical face mask [6]; (b) shredded FM.
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Table 2
Mix proportion.
Mix ID OPC Silica fume Fine sand Medium sand Coarse sand Water SP* (%) Retarder” (%) Fibres” (%)
CM-0FM-0PP 0.8 0.2 0.5 0.5 0.5 0.28 0.4 0.35 0
CM-1FM-0PP 0.8 0.2 0.5 0.5 0.5 0.28 0.4 0.35 1
CM-2FM-0PP 0.8 0.2 0.5 0.5 0.5 0.28 0.4 0.35 2
CM-0FM-1PP 0.8 0.2 0.5 0.5 0.5 0.28 0.4 0.35 1
CM-0FM-2PP 0.8 0.2 0.5 0.5 0.5 0.28 0.4 0.35 2

Note: Mix ID represents the following, CM, FM, and PP stand for control mix, face mask and polypropylene fibre respectively. The mix CM-1FM-OPP represents a

control mix with a 1% volume fraction of face mask and no polypropylene fibres.
@ Superplasticizers and retarders are % by weight of the binders.
b Fibre content is shown as the volume fraction.
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Fig. 4. 3D printing system: (a) 3D printer; and (b) Auger type extruder [36].

properties. Similarly, the prisms and cubes were prepared for the five
mixes by mould-cast method to compare with the printed specimen. The
mix was poured slowly into the mould and was vibrated approximately
for 2 min using a vibration table for good compaction. Both the printed
and mould-cast specimens were covered for 24 h to avoid moisture loss
and then were cured in the water, maintaining the temperature at 23 +
0.5 °C until the test period was reached.

3.1.1. Fresh properties

The workability of printable mixes was measured from the average of
the two perpendicular spread diameters using the flow table test as per
ASTM (1437 [39]. The spread diameters were measured before and
after 25 drops of the flow table. For measuring the rheological properties

of the mixes, a rotational rheometer (Viskomat XL) was used as shown in
Fig. 6. A six-blade vane having 69 mm height and 34.5 mm radius was
immersed into the rheometer vessel (diameter 135 mm and height 170
mm) filled with fresh concrete. To measure the torque, only the vessel is
rotated as per the applied shearing protocol while the vane remains still.
The extended Reiner-Riwlin equation was adopted to obtain the shear
stress, shear rate and viscosity from the torque and rpm [40]. A steel
cage was used to avoid the slippage of concrete from the inner face of the
vessel. Further, a visual inspection was carried out to prevent errors in
plug flow and fibre migration while using a rotational rheometer and
confirmed that no plug cavities and fibre migration were observed.
Furthermore, three measurements were conducted for each mix, and an
average of the results are reported to avoid anomalies in the data due to
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Fig. 5. 3D printed slab specimens: (a) Top view; and (b) Front view.

non-homogeneity. For all the mix proportions, the same batch of the
concrete mix prepared for the printing process was used for accessing
the rheological parameters using the rotational rheometer.

Sensor SRR

Six-blade
vane probe‘m_

3.1.2. Apparent viscosity

The variation in the pumpability of the concrete due to the addition
of fibres was evaluated based on the changes in the viscosity of the mix.
During the pumping process, a thin lubricating layer around the inner
surface of the pipe is formed for easy propagation of the concrete [41].
Hence, in the calculation of viscosity, the effect of the lubricating layer
needs to be included. However, separating this layer and evaluating the
viscosity can be very difficult. Thus in this study, the rheological pa-
rameters of the concrete are considered as a whole in evaluating the

Rheometer pumpability of the mix [42]. The flow curve was used to evaluate the
vessel apparent viscosity and dynamic yield strength of the mixes. Fig. 7a
shows the shearing behaviour adopted to determine the flow curve for
all the mixes. Further, the mixes were pre-sheared before beginning the
shearing protocol to avoid any differences during the transfer period.
The maximum shearing rate of 6.45 s is achieved in the step of 0.8065

Steel cage

571 and then reduced to zero. The shear rate increase in each step was
retained for 30 s to reach a constant state, and thus the total flow curve is
for about 7.5 min. The average value of the shear stress calculated
corresponding to the last 5 s of each step was used as the shear stress to
that shear rate. The apparent viscosity and dynamic yield strength of the
fresh concrete were calculated from the downward section of the flow
curve [43]. The flow behaviour of the concrete mix can be characterised
by viscosity and dynamic yield strength, thus giving an insight into the
pumpability.

Fig. 6. Rheometer with six-blade vane and steel cage.
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Fig. 7. Shearing protocol for: (a) Flow curve; (b) viscosity recovery behaviour.
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3.1.3. Viscosity recovery after extrusion

A decrease in the viscosity of the concrete mix under shearing and
recovery similar to the initial viscosity when shearing stops, is referred
to as thixotropy [44]. The thixotropic behaviour of the printable mixes
was understood by adopting a three-stage shearing protocol as shown in
Fig. 7b. Initially, the fresh mix will be at rest before feeding and is
represented by a 0.01 s™! shear rate in the shearing protocol. Further,
during the 3D printing process, the fresh concrete mix is sheared by the
auger while getting extruded, which reduces the viscosity. However, the
actual shearing condition of the concrete during extrusion is affected
due to various factors like distance between the vane and cylinder, the
effect of nozzle walls and non-uniform shearing by the screw-type auger
[42]. Hence a high shearing rate of 13 s~} (which is the upper limit of
Viskomat XL) was applied in the second stage to assume complete
shearing of the mix. Finally, after deposition, the shearing is removed
represented by the low shear rate of 0.01 s™! in the third stage. The
deposited concrete mix should recover to its initial state so the layers can
retain their shape. High viscosity at this stage represents good shape
retention ability of the mix, which is good for printing.

3.1.4. Elastic behaviour under fresh state

The elastic behaviour of the concrete mixes was investigated by
performing a stress ramp test in the rheometer. A constant stress rate
from 0 to 9000 Pa was applied to the mix for 37 min to measure the
resultant strain. The applied shear ramp rate was similar to the real-time
printing condition [20]. The mix is in an elastic state until failure, which
is represented by the drop in the applied stress [45]. The shear ramp rate
is determined from the following Equation (1).

pXgxh

@
t

Shear ramp rate =
where p is the density of concrete, g is the gravitational constant, h is the
height of the printed structure, and t is the time to complete printing.

3.1.5. Yield strength measurement over time

The buildability of the mix is another important factor that has a
significant role in the performance of 3D concrete printing. Hence, it is
important to analyse the variation in the buildability of the mixes with
the addition of fibres with different types and contents. To characterise
the buildability of the mix, rheological properties are measured as a
quantitative evaluation method. Generally, the fresh concrete mix is
assumed to fail either due to material failure or stability failure [46].
Material failure of the fresh concrete is due to the plastic yielding,
whereas stability failure which corresponds to buckling failure mainly
resembles the stiffness of the concrete [47]. To avoid material failure,
the concrete mix should always have sufficiently higher static yield
strength than the gravity-induced stresses from the subsequent layers.
Thus, the static yield strength development over time was measured in
this study to investigate the material failure. Measurement of static yield
strength development of the mixes can be performed with a rheometer.
However, a significant difference was observed in the yield strength
results for a single batch mix approach and a multiple batch mix
approach, where the single batch mix underestimates the yield strength
[42]. Furthermore, the multiple batch mix approach is a time consuming
process, hence the penetrometer test was adopted in this study to
determine the yield strength development over time. In this method, a
needle is attached to the load cell and is steered at a slow speed into the
fresh concrete and the resistance given by the concrete during pene-
tration was measured [48]. Fig. 8 shows the schematic and experimental
setup for the penetrometer test used in this study. The static yield
strength of the concrete is measured based on Equation (2) [49].

F

To T T 2
TRVR? + h? @

where F is the resisted force in N and R and h represents the radius and
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Fig. 8. Penetrometer test setup: (a) schematic diagram; and (b) experi-
ment setup.

height in mm of the needle cone respectively. A total of three tests were
conducted for each mix, and the loading rate was kept very slow at
0.166 mm/min and the test was conducted for 30 min for each mix.

3.2. Hardened properties

The printed solid slabs with five layers were saw-cut into 50 x 50 x
50 mm cubes and cured till testing until 7 and 28 days under
compression. To study the anisotropic behaviour of the printed speci-
mens, a total of nine cubes (Fig. 9a) were tested for each mix (3 cubes for
each direction) for both 7 and 28 days. A constant loading rate of 0.33
N/mm?/s was applied during the pure compression test. Similarly, six
mould-cast cubes of 50 x 50 x 50 mm for each mix were tested under
compression at 7 and 28 days. The printed slabs with four layers were
saw-cut into 40 x 40 x 160 mm prisms to evaluate the flexural strength
under three-point bending after curing at 7 and 28 days. To evaluate the
effect of printing direction on flexural strength, three prisms were tested
for each direction for all the mixes (Fig. 9b). The flexural testing of
prisms was conducted under a constant displacement rate of 0.5 mm/
min. To compare the mould-cast flexural strength, six 40 x 40 x 160 mm
prisms were cast and tested in bending at 7 and 28 days.

3.2.1. Interlayer bond strength

To understand the strength between the printed layers, a total of 12
specimens having dimensions 40 x 40 x 40 mm were saw-cut from the
4-layer printed solid slab for each mix. To evaluate the pull-out load
between the layers at failure, each sample was tested under a uni-axial
tensile test under a constant displacement rate of 0.5 mm/min at 7
and 28 days. A small notch of 5 mm in depth is created at the location of
the interlayer (i.e., between the second and third layer) to create the
failure at the interlayer plane [43,48,50]. The notch having 5 mm depth
in a triangular shape was prepared manually using a saw-cutting ma-
chine on both sides of the specimen and care was taken to avoid
damaging the sample during preparation. Metallic brackets clamp the
samples to the testing machine on the top and bottom (Fig. 10). The
interlayer bond strength is calculated as the pull-out load divided by the
contact area.

The interlayer bond strength depends on the surface moisture con-
tent of the printed filaments [50]. Hence, the surface moisture content of
printed filaments for different mixes was calculated using the cut-to-size
paper method suggested in previous studies for printed specimens [50,
51]. A paper of 250 mm long and 20 mm wide was placed on the top
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Z direction

X direction

Fig. 9. Schematic representation of saw cut specimens and different printing directions: (a) compression test specimens; and (b) flexural test specimens.
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Fig. 10. Interlayer bond strength test setup.

surface of the printed filament having a dimension of 250 mm x 30 mm
x 10 mm to absorb the moisture. The initial weight of the paper was
measured and after placing the paper for 20 s on the printed surface,
they were removed carefully, and the weight gain was calculated. Three
samples were used for each mix and the average weight gain was
measured. The experiment was conducted in a controlled environment
of 25 °C and 50% relative humidity.

3.2.2. Volume of permeable voids

The mechanical performance of the concrete mixes depended on the
voids present and was evaluated by determining the void percentage
using ASTM C642 [52] of all the mixes for both mould-cast and 3D
printed specimens. Three specimens having dimensions of 40 x 40 x 40
mm were cut from the flexural samples and tested for measuring void
percentage after 28 days. The dry weight (W;) was measured after
oven-drying the specimens at 105 °C for one day. The specimens were
allowed to cool down to ambient temperature before measuring the
weight. Later on, the specimens were immersed in water for one day to
measure the saturated surface dry weight (Wy). Further, the specimens
were immersed in boiling water for 5 h to measure the boiled surface dry
weight (W3). Finally, for measuring the apparent mass (W4) the speci-
mens were suspended in water. All the weights were measured in grams.
The percentage volume of permeable voids (V) was determined using
Equation (3).

W; — W,

v=—1"1x100% 3
W3_W4>< 4 3)

4. Results and discussion
4.1. Workability of concrete mixes

Fig. 11 shows the spread diameter for different mixes before and
after drops of the flow table test. The diameter before the drop was
similar to the cone bottom diameter (100 mm). Hence, the mixes showed
low slump; thus, measuring flow diameter at different time intervals is
difficult. An increase in the spread diameter from the initial can be
observed after 25 drops of the flow table but still within the range of
123-148 mm, which was suitable for a printable mix [21,53]. Further-
more, it was observed that the workability of the mixes was reduced by
adding fibres, thus resulting in higher pumping pressure. Compared to
FM fibres, the mixes having PP fibres showed slightly lower workability
for the same fibre content. This could be attributed to more clogging of
the PP fibres due to low diameter compared to FM fibres.
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Fig. 11. Spread diameters before and after 25 drops of the flow table.
4.2. Apparent viscosity

Fig. 12 shows the plot of shear stress vs shear rate for all the mixes
fitted to the modified Bingham model. The control mix showed no sig-
nificant increase in shear stress with an increase in shear rate. However,
mixes with fibres showed increased shear stress with shear rate, and the
effect was significant for 2% fibre content. This indicates that adding
fibres will increase the viscosity of the mixes, which results in creating
stiffer mixes that need higher torque to be applied for shearing and thus
results in higher shear stress with an increase in shear rate [54]. The
increase in shear stress with shear rate indicates the behaviour to be
shear-thickening, which is common for cementitious mortars and con-
crete [55]. Compared to FM fibres, adding PP fibres tend to increase the
viscosity and makes the mix stiffer and thus has higher shear stress than
adding FM fibres in the mix. This can be attributed to the more flexible
nature of FM fibres compared to that of PP fibres. This further reduces
the overall friction between the particles resulting in lower shear stress
[56].

The apparent viscosity and dynamic yield strength at different shear
rates for all the mixes are shown in Figs. 13 and 14, respectively. The
apparent viscosity reduces significantly as the shear rate increases,
irrespective of the mixes (Fig. 13). The addition of fibres increases the
apparent viscosity, which can be due to the adhesive nature of the fibre
and matrix interface [57]. For lower shear rates, both FM fibre and PP
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Fig. 12. Flow curves of all the mixes (curve fitted to modified Bingham model).
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Fig. 14. Dynamic yield strength (error bar indicates mean + one stan-
dard deviation).

fibre mixes had higher apparent viscosity than the control mix. In the
case of CM-1FM-OPP (i.e., mix with 1% FM) and CM-0FM-1PP (i.e., mix
with 1% PP) mixes, as the shear rate increases, the apparent viscosity is
reduced to ~ 102 Pa s which was close to the control mix. The lower
viscosity at higher shearing can be attributed to improving the pump-
ability. The pumpability can also be characterised based on the dynamic
yield strength value and the yield strength value should be less than
1300 Pa for a smooth pumping of the mix [42]. Fig. 14 shows that the
yield strength increased when the fibre contents of both FM and PP
increased. Compared to CM-2FM-0PP (i.e., mix with 2% FM), the con-
crete mix CM-OFM-2PP (i.e., mix with 2% PP) showed higher dynamic
yield strength, which induces constraints in the pumping.

4.3. Thixotropy and elastic behaviour of fresh mix

Based on analysing the viscosity recovery of the mixes subjected to
the three-stage shearing protocol as explained in section 3.2.2, a similar
viscosity change was observed for all the mixes (Fig. 15). Furthermore,
irrespective of fibre contents, all the mixes showed high viscosity in the
initial resting period and low viscosity (i.e., less than 102 Pa s) under the
application of high shear during extrusion. All the mixes except the CM-
OFM-2PP mix showed an excellent recovery rate (i.e., around 95%) at
the third stage, which represents the better printing condition of the mix
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Fig. 15. Viscosity recovery results of all mixes.

after extrusion. The CM-OFM-2PP mix showed a low recovery rate (i.e.,
about 80%), which can be due to the high friction offered by the fibre
matrix at the extruder interface resulting in non-uniform deposition
while printing. Even though the viscosity is high for the CM-0FM-2PP
mix, high shearing during the second stage disperses the fibres result-
ing in low viscosity values. The CM-1FM-OPP mix showed the highest
recovery rate, which resembles uniform printability with excellent
shape retention and this can be due to the better flexibility of the face
mask fibres.

The elastic modulus of the fresh mix was derived from the stress vs
strain graph obtained in the shear ramp test (Fig. 16). It was observed
that the addition of fibres to the mix increased the stiffness, resulting in a
higher elastic modulus. Furthermore, an increase in the elastic modulus
of the mixes containing fibres results in good buildability while printing.
In addition, the elastic modulus of FM fibre mixes was 0.67 MPa and
0.99 MPa, respectively for CM-1FM-0PP and CM-2FM-0PP mixes. This
indicates that the mix has good rigidity and shows better resistance to
buckling failure. Furthermore, the addition of PP fibres offers higher
stiffness to the fresh mix and thus increases the elastic modulus signif-
icantly. Compared to the mixes with FM fibres, the mixes with PP fibres
showed higher elastic modulus and an increase of 5% and 11% in the
elastic modulus was observed for 1% and 2% content of PP fibres,
respectively over similar fibre content of FM fibres.
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Fig. 16. Fresh concrete elastic behaviour of all mixes.
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4.4. Development of static yield strength

The yield strength growth with time for all the mixes is shown in
Fig. 17. It can be observed that with an increase in fibre content for both
the FM and PP fibres, the rate of increase of yield strength is higher
compared to the control mix. However, compared to FM fibres the yield
strength development was higher for PP fibres with increasing fibre
content. This can be due to the increased stiffness created by the PP fibre
and matrix interlocking or entangling of the fibres [56]. This effect can
be higher when the fibre content is increased, which can be seen in the
CM-OFM-2PP mix (Fig. 17). The higher yield strength shows good
buildability for PP fibre mixes, but a sudden increase in the yield
strength for higher contents can result in poor extrudability.

The effect of adding FM fibres on the yield strength growth is more
significant after 15 min for 1% fibre content and 6 min for 2% fibre
content. The overall rate of yield strength over time is also gradual for
FM mixes, which suggests not only good buildability but also good
extrudability. This study was limited to 30 min as this period can be
considered as a critical printing period [20,48]. Further, the effect of the
hydration of cement on the yield strength can be discarded as the mixes
contain a retarder [20]. Other studies also observed a similar yield
strength trend when adding PP fibres [56]. However, the effect of fibre
content on the static yield strength growth clearly depicts that compared
to difficulties of entangling PP fibres on higher contents, FM fibres show
gradual growth, and the surface structure of FM fibres gives less stiffness
resulting in more cohesive printing.

4.5. Effect of FM and PP fibres on the hardened properties

Figs. 18 and 19 represent the compressive strength at 7 and 28 days,
respectively for both mould-cast and 3D printed samples. The
compressive strength of the mould-cast specimens was observed to be
increased by 16% and 41% at 7 and 28 days, respectively for 1% FM
fibre mix. However, the addition of more FM fibres did not significantly
improve the compressive strength of the mix. The gain in compressive
strength for the CM-2FM-OPP mix compared to the CM-1FM-0PP mix
was 3.8% and 4.5% at 7 and 28 days, respectively. This behaviour was
observed because of the formation of voids due to the excess amount of
fibres and also due to the presence of different layers in FM, which
distributes randomly in concrete. Adding face masks in concrete showed
similar trends in compressive strength by Ajam et al. [13]. Moreover,
adding 1% PP fibre to the mix gave the highest compressive strength for
mould-cast specimens. An increase in compressive strength of 37% and
48% for 7 and 28 days, respectively was observed for the CM-OFM-1PP
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Fig. 17. Static yield strength development of different mixes.
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mix. This can be attributed to the uniform distribution of the fibres and
the higher tensile strength of PP fibres compared to FM, which reduces
the micro cracks leading to increased compressive strength. Similar
behaviour was not observed for the CM-OFM-2PP mix. The addition of
2% PP fibre content reduced the workability, which creates more pores
and thus resulted in reduced compressive strength than the 1% PP fibre
content mix. Similar behaviour was observed by other researchers with a
higher dosage of PP fibres [56].

Unlike the mould-cast specimens for 3D printed specimens, the
loading direction corresponding to the printing pattern affects the
compressive strength of the mix. Similar behaviour is observed for both
7 and 28 days specimens. 3D printed specimens tested along the X-di-
rection and Y-direction gave close results to the mould-cast specimens.
During the extrusion through the nozzle, the printed layers are com-
pacted without any additional vibration. However, the specimens tested
along the Z-direction gave the least compressive strength. Similar
anisotropic behaviour of 3D printed specimens is observed by several
researchers [17,36]. Further, adding FM fibres resulted in increased
compressive strength along all the loading directions, whereas the
addition of PP fibres from 1% to 2% showed a reduced compressive
strength. The trend was similar to mould-cast specimens, however, the

10
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reduction was higher for the printed specimens. This can be compared to
the rheological characteristics of the 2% PP fibre mix. The addition of
2% PP fibres significantly increased the mix’s viscosity and yield
strength, resulting in non-uniform extrusion, creating higher pores, and
reducing the compressive strength. However, unlike PP fibres, adding
FM fibres showed incremental behaviour on the compressive strength of
the mix.

Similar to the compressive strength, the 3D-printed specimens
loading direction with respect to printing also affects the flexural
behaviour. Figs. 20 and 21 show the flexural strength of all the mixes at
7 and 28 days, respectively.

The flexural strength of the mould-cast specimens increased as fibre
content increased, irrespective of the fibre type. The addition of fibres
increased the cracking load and delayed the crack formation. Unlike the
sudden brittle failure of the control mix, a softening behaviour under
flexure was observed for both FM fibres and PP fibres. The flexural
strength of the CM-1FM-OPP mix and the CM-OFM-1PP mix was
observed to be similar for both 7 and 28 days. This reflects that at 1%
fibre content, both fibres get dispersed uniformly and enhance the
composite action under bending. The residual strength after cracking
was observed to be higher for PP fibres than FM fibres. This was mainly
due to the higher tensile strength of PP fibres compared to FM fibres.
Furthermore, the different layers of the face mask may not be uniformly
distributed to resist the complete load, resulting in lower residual
strength of the FM mixes.

The 3D-printed specimens showed different flexural strengths along
different loading directions than mould-cast specimens. However,
specimens tested along the Z-direction (perpendicular to printing) gave
the highest flexural strength due to better fibre orientation. In all the
mixes, specimens tested along the X-direction gave the lowest flexural
strength. This is mainly due to the weak interface of the printed fila-
ments aligning along the loading direction. Moreover, it can be observed
that the addition of 1% and 2% of FM fibres increased flexural strength
by about 60% when tested along the X-direction. This shows that FM
fibres enhance the interface bond strength between filaments. Compared
to FM fibres, when 2% PP fibres were added, the flexural strength was
reduced in all directions. This can be explained based on the high vis-
cosity of the CM-OFM-2PP mix, which disrupts the smooth extrusion,
resulting in more pores and thus reducing the strength. Similar behav-
iour was observed for the 2% PP fibre mix on the compressive strength
results. The enhanced hardened properties of the mixes with FM fibres
show their potential as a substitute for PP fibres. A further detailed study
needs to be performed to understand the behaviour of FM fibres to
establish their potential.
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Fig. 20. Flexural strength of all the mixes at 7 days (error bar indicates mean
+ one standard deviation).
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4.6. Interlayer bond strength

3D concrete printing adopts layer-by-layer deposition of material;
hence, the strength between the interlayer is important for using 3D-
printed structures for practical applications. The interlayer bond
strength determined for all the mixes is given in Fig. 22. An increase in
the interlayer bond strength with age was observed for all the mixes and
the highest bond strength of 1.65 MPa (with a coefficient of variation =
4.9%) was observed for the CM-1FM-OPP mix at 28 days. However, the
addition of fibres of more than 1% dosage was observed to reduce the
bond strength. The reduction in the bond strength can be attributed to
lower surface moisture content. The variation in the surface moisture of
all the mixes is also shown in Fig. 22. It can be observed that as fibre
content increases, the viscosity of the mix increases resulting in reduced
surface moisture content. With a lower surface moisture content, the
subsequent layer adhesion gets reduced. This behaviour was clearly
observed for the CM-OFM-2PP mix, as the bond strength at 28 days was
reduced by 45% when compared to the control mix. Whereas the CM-
2FM-0PP mix showed similar bond strength to the control mix. When
comparing the interlayer bond strength of the mixes, FM shows
reasonably good performance, and the bond strength was sufficient to
avoid interlayer shear failure during flexural testing.
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Fig. 22. Interlayer bond strength at 7 days and 28 days and surface moisture of
3D printed specimens (error bar indicates mean + one standard deviation).
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4.7. Volume of permeable voids

When compared to the mould-cast specimens, 3D printed specimens
showed slightly lower mechanical properties, especially with higher
fibre dosages. When the fibre content of the mix increases, the viscosity
and yield strength of the mixes is increased, which reduces the flow-
ability and increases the chance of creating voids. This was analysed by
measuring the percentage volume of permeable voids of the mixes for
both 3D-printed and mould-cast specimens which are shown in Fig. 23.
It can be observed that as fibre content increases, the void percentage of
the mix increases for both mould-cast and printed specimens. However,
for mixes CM-OFM-0OPP and CM-1FM-OPP, the void percentage is similar
for both 3D-printed and mould-cast specimens. This indicates that the
3D-printed mixes had good extrudability, which resulted in uniform
printing and from the auger pressure achieved good compaction similar
to mould-cast specimens. Irrespective of the fibre type and content all
the 3D-printed specimens had higher void percentages when compared
to their mould-cast counterparts as the mould-cast specimens were
compacted better by vibration. A significant increase in the volume of
voids was observed for the CM-OFM-2PP mix, which shows a reduction
in the mechanical performance of the mix. The viscosity and yield
strength of CM-OFM-2PP fibres were higher and as a result, even vi-
bration did not improve the compaction of the mix, which resulted in a
higher void percentage.

5. Conclusions

This paper focused on investigating the performance of shredded
face masks for 3D concrete printing applications. The addition of face
masks as short fibres by 1% and 2% by volume to 3D printed concrete
affects both the printing performance as well as mechanical behaviour.
Comparing the performance of face masks with commercially available
PP fibres showed the potential for using face masks as a substitute for PP
fibres in 3D concrete printing applications. Based on the experimental
study, the following key outcomes were derived.

e The addition of face masks in 3D printable concrete mix affects the
rheological behaviour significantly. An increase in apparent viscosity
and dynamic yield strength was observed when face masks were
added to the control printable mix. Even though dynamic yield
strength increases with fibre content, the face mask mixes showed
good extrudability and were within the pumpability range.

e 3D printed specimens with 1% face masks improved the compressive
strength by 41% at 28 days, and specimens tested in X and Y
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Fig. 23. Volume of permeable voids (error bar indicates mean + one stan-
dard deviation).
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directions showed similar results to mould-cast specimens. Further
increase in the face mask content reduced the compressive strength.
Whereas, the flexural strength of the printed specimen showed sig-
nificant improvement for both 1% and 2% content of face masks.
Furthermore, 3D-printed specimens tested along the X-direction
which has the weaker interface section showed an increase in flex-
ural strength at 28 days by 74% and 82% with the addition of 1% and
2% face masks, respectively.

Interlayer bond strength was increased for 1% fibre content of face
masks, but further increase in face mask dosage reduces the surface
moisture between the layers and thus reduces the interlayer bond
strength.

A comparison of face masks with commercial PP fibres showed that
printable mixes with face masks showed similar rheological behav-
iour for 1% fibre content. With an increase in fibre dosage, the face
mask mixes did not show a sudden increase in viscosity and yield
strength. However, mixes with PP fibres showed higher viscosity and
yield strength which results in difficulty during extrusion.

The compressive and flexural strengths of mixes CM-1FM-OPP and
CM-0FM-1PP showed similar behaviour. However, with an increase
of fibre content to 2% resulted in reduced compressive and flexural
strength, especially for the PP fibre mix.

The reduction in mechanical behaviour was consistent with the void
percentage measurements. The addition of fibres increased the vol-
ume of voids, and CM-0FM-2PP showed the highest void percentage.
Compared to mould-cast specimens, 3D-printed specimens showed
higher voids due to the presence of an interface between print
filaments.
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