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1. Introduction

The incorporation of environmentally friendly materials in the field of engineering is highly im-
portant. The COVID-19 pandemic has witnessed a surge in the usage of disposable face masks (DFMs)
worldwide as a preventive measure to limit the spread of the virus. This surge followed the emergence of
several coronavirus variants, including Alpha, Beta, Gamma, Delta, Omicron, and others. The WHO rec-
ommends using face masks (FMs) to prevent the transmission of infectious viruses.

FMs act as a physical barrier, reducing the transmission of respiratory droplets from an infected in-
dividual to others around them [1]. Based on the investigation by Suman, et al. [2], the danger of contracting
COVID-19 from surfaces is significantly lower, approximately 100 times less, compared to direct trans-

mission from an infected individual.
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Disposable three-ply FMs are the most common type. Primarily made of polypropylene, they pose a
significant threat to the environment due to their slow decomposition rate, which exceeds 25 years [3].
Consequently, the critical issue of environmental pollution has been exacerbated by this increased usage,
resulting in a notable increase in DFM waste. Ecosystems, wildlife, and human health are all at risk from
the incorrect disposal and accumulation of DFMs [4]. The production of 6.88 billion FMs daily is globally
discarded due to their non-biodegradable nature, which poses a hazard to the environment and marine life
[5].

Moreover, the Asia continent uses more than 2.2 billion DFMs daily [6]. Most DFMs are observable
on parks, streets, and beaches because of their lightweight, allowing wind and water to move them. Very
few DFMs are thrown away, burnt, or buried [7].

Addressing this critical environmental issue requires innovative solutions. The recycling technique
offers a potential key for effectively utilizing the vast DFM waste. Recycled Face Masks (RFMs) offer a
promising solution to the environmental issues posed by Disposable Face Masks (DFMs), as they manage
waste, reduce resource demand, and promote a circular economy by recycling materials that would other-
wise end up in landfills or incinerators. With this strategy, fewer new raw materials are needed, resources
are conserved, and a sustainable waste management system is promoted [8]. Concrete, the most widely
used construction material, offers an opportunity to incorporate recycled materials as an eco-friendly alter-
native. RFMs as reinforcement in concrete improve mechanical properties, mitigate environmental impact,
and extend the life cycle of DFMs, offering a sustainable solution to DFM pollution [9].

This study aims to examine the impact of recycled face mask fibers (RFMFs) on the strength of
concrete. Specifically, it aims to determine the optimal strength of concrete containing REMFs, considering
various fiber lengths, volume contents, curing ages, and pre-treatment of DFMs using sunlight. The findings
of this study aim to make a significant contribution to enhancing the strength of concrete at early ages and

promoting waste management practices, thereby mitigating environmental impact.

2. Literature Review

Numerous studies have focused on disinfection and RFMs, but limited research has been conducted
on recycling DFMs. Some studies have characterized the DFM advice recycling after heat treatment utiliz-
ing morphological and chemical analysis [10]. Others have investigated the pore structure of surgical dental
fillings (DFMs) following treatment with various methods, such as UV light, steam, a washing machine,
and ethyl alcohol [11]. Idrees, et al. [12], investigated the collection and storage of DFMs for seven days
before further protection through disinfection using an alcohol-based disinfectant spray. Incorporating
DFMs in concrete reduces the transmission of COVID-19, as the virus struggles to survive on surfaces with

a high pH level, thereby hindering its viability [13].
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In a study by Saberian, et al. [ 14], the use of shredded fine materials (FMs) as an additive in recycled
concrete aggregate (RCA) for road bases and subbases was investigated. The study found that incorporating
different proportions of shredded FMs (1%, 2%, and 3% by weight of RCA) met the required stiftness and
ductility of the pavement. The results indicated that a shredded fiber content of 1% produced the highest
values while increasing the fiber content beyond 2% led to reduced stiffness.

Kilmartin-Lynch, et al. [15] investigated using pandemic RFMs in concrete. The FMs were converted
into fibers measuring 2 cm by 0.5 cm and were then incorporated into different concrete mixtures at volume
proportions of 0%, 0.10%, 0.15%, 0.20%, and 0.25%. The mechanical properties of the concrete were eval-
uated, and the findings revealed that adding RFMFs at a volume content of 0.20% yielded optimal results
in both strength and durability.

The advantages of incorporating RFMF into concrete are multi-fold. There are several benefits to
adding RFMF to concrete. Firstly, it enables the sustainable use of DFMs, preventing them from ending up
in landfills and thereby reducing their environmental impact. Secondly, adding RFMFs may improve the
mechanical properties of the concrete, thereby enhancing its performance as a construction material. Lastly,
using RFMs in concrete manufacturing promotes waste reduction and resource efficiency, two key princi-
ples of a circular economy [8, 13].

However, limited studies have been conducted on incorporating RFMFs into concrete, particularly
regarding their strength at different lengths and volume contents over time. Existing studies have not thor-
oughly investigated concrete strength with RFMs nor determined strength at different ages and fiber lengths
for DFM. This research, therefore, aims to fill this gap by conducting an experimental study that investi-

gates the strength performance of concrete reinforced with RFMFs across various configurations.
3. Materials and Methods

3.1 Recycled Face Mask Fiber (RFMF)

This study explores the incorporation of recycled fiber mask material (RFMF) from disposable face
masks (DFMs) into concrete. Initially, DFMs were treated by exposing them to direct sunlight for disinfec-
tion. Due to coronavirus restrictions, DFMs were limited in their activities to avoid community transmission
and infection risks. In this study, three-ply face masks were used. Research conducted at the Central La-
boratory in Koya revealed that all masks were initially contaminated with the coronavirus, but they were
subsequently stored and frozen at -85 degrees Celsius. After disinfection, results indicated that coronavirus
was not detectable five days post-contamination. Daily sample inspections were conducted.

After completing the disinfection process, specific components of the DFMs, such as the elastic ear
loops, nose bridge, and the frame around the DFMs, were manually removed to acquire a uniform material.
Subsequently, the DFMs were transformed into fiber form using a paper cutter instrument, as shown in

Figure 2-d; however, an automated process is considered more effective than the manual method for cutting
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DFMs into fibers. Three distinct lengths of RFMFs (20, 30, and 40) mm were obtained, each with a width
of 5 mm. The water absorption of the RFMF was measured, indicating its ability to absorb water. Addi-
tionally, a digital caliper was used to measure the thickness, size, and manufacturer details of the RFMFs.
The aspect ratio was then calculated and presented in Table 1.

To evaluate the tensile strength of the RFMF, tests were performed at the Strength of Materials La-
boratory in the Faculty of Engineering at Koya University. Figure 1 displays the analysis results of the
tensile strength of the RFMFs, accompanied by a diagram illustrating the stress-strain relationship. The
diagram illustrates the distinct tensile strength characteristics of each layer in the three-ply RFMF. The
initial decline in the stress-strain curve represents the rupture of the middle layer, while the subsequent
declines correspond to the inner and outer layers of the RFMF. The analysis assessed several key parame-
ters, including maximum tensile strength, maximum strain, maximum elongation, and elongation at break.
These tests provided valuable insights into the mechanical properties of the RFMF and helped understand
its behavior under tensile forces. The summary of the physical properties of RFM is outlined in Table 1.
Overall, this methodology ensured the preparation of the RFMF and incorporation into the concrete mix-

ture, as displayed in Figure 2.

Tensile stress [MPa]

0.0 I 0:1 l OiZ I Oj3 I 0:4 ' OiS I 0:6 I 0:7 I OiB I 0t9 I liO I 1.I1 ' lj2 I 1.3
Tensile strain (Extension) [mm/mm]
(b)
Figure 1. Tensile Strength Test of RFMF: (a) The RFMF is Subject to a Tensile Strength Test. (b) Tensile
Stress-Strain Diagram of the RFMF
Table 1. Physical Properties of REMF

Physical properties Units Results Standard test method
Thickness mm 0.25-0.32 ACI 544.4R [16]
Specific Gravity 0.91 ASTM D792 [17]

Size of FM mm 195*95

Manufacturer of FM % JINKAI

Water Absorption % 85 ASTM D570 [18]
Maximum Tensile Strength MPa 4.14 ASTM D638 [19]
Maximum Strain 0.56 ASTM D638 [19]
Tensile Extension at Break mm 117 ASTM D638 [19]
Aspect ratio for RFMF lengths (20 mm, 30 mm, and 40 mm) 39, 58 and 78 ACI 544.4R [16]
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Figure 2. The Process Methodology for Incorporating RFMF into Concrete Involved the Following Steps:
(a) DFMs at a Landfill. (b) Collection of DFMs. (c¢) Disinfection of DFMs Using Sunlight. (d)
Cutting up the RFMs To Obtain RFMF. (e) Mixing the RFMFs With Concrete in a Mixer. (f)
Casting the RFMF Concrete into Molds

3.2. Assessing RFMF in Concrete Mixes

Typically, water, coarse and fine aggregates, and cement are used to produce concrete. According to
ASTM, the ingredients of concrete are specified. The main binder ingredient is ordinary Portland cement
(OPC) sourced from Tasluja Company. Tables 2 and 3 summarize the physical and chemical properties of
the cement utilized following ASTM C150M [20].

Natural river sand with a specific gravity of 2.7 was the fine aggregate used in this study. Gravel with
a maximum size of 12.5 mm and a specific gravity of 2.67 consisted of coarse aggregate obtained from the
Kaniby quarry. The fine and coarse aggregate particle size distributions following ASTM limitations are
displayed in Figure 3 [21].

To evaluate the effect of RFMF on concrete strength, ten concrete mixtures, and 243 samples were
prepared. These mixtures included different volume contents of RFMF as an addition to the concrete mix
(0.15%, 0.30%, and 0.45%). Additionally, for each RFMF volume content, one of three distinct RFMF
lengths (20 mm, 30 mm, and 40 mm) was used, and for each RFMF length, three samples were employed.
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The length and volume content of RFMF were selected based on ACI limits and multiple trials use [16].
Moreover, the samples were cured in a water tank for 3, 7, and 28 days. In addition to control concrete
samples (0%), 27 specimens were set for the study. Table 4 provides the mix proportions needed to produce
1 m3 of concrete. All the mix designs were based on the guidelines provided by ACI 211 mix design [22].
To evaluate concrete strength, specimens in the form of cubes, cylinders, and prisms were prepared from
each concrete mix. Cube specimens measuring 100 mm x 100 mm x 100 mm, cylinder specimens measuring
100 mm x 200 mm, and prism specimens measuring 100 mm x 100 mm x 500 mm were utilized. The
samples were cured for 3, 7, and 28 days by submerging them in a water container. The ASTM
C1116/C1116M standard was utilized for mixing, proportioning, placement, and curing [23].

Overall, this methodology allowed for the investigation of the effect of RFMF on concrete strength,
including its compressive, splitting tensile, and flexural strength. Different combinations were investigated
to evaluate the optimal mix and assess the effect of RFMFs on concrete strength. The tests were conducted
at the Materials of Construction Laboratory, located within the Faculty of Engineering at Koya University.
The methodology employed for incorporating RFMF into the concrete is shown in Figure 2. The process
involved collecting DFMs and disinfections, cutting them into fiber form, mixing the RFMFs with concrete
in a mixer, and casting the molds.

Additionally, the multi-trial mixing and the preparation of samples for strength tests were conducted.
Cube specimens were employed for compression testing, cylinder specimens for splitting tensile testing,
and prism specimens for flexural testing. Tests were carried out according to the standards (BSEN 12390,
ASTM C496, and BSEN 12390-5), respectively [24-26].

Table 2. Physical Properties of Cement

Physical properties Unit Test results
Specific Gravity 3.17

Initial Setting Time minute 120

Final Setting Time minute 270

3 Days Compressive Strength MPa 23

28 Days Compressive Strength MPa 52.4
Fineness m?/kg 394

Table 3. Chemical Properties of Cement

Chemical properties Unit Test results
Loss on ignition % 2.45
Insoluble material % 0.67

Si02 % 19.62

CaO % 62.89
Al203 % 4.15

Fe203 % 3.78

MgO % 1.59

SO3 % 2.22
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Figure 1. Grain size distribution for (a) fine aggregate with ASTM limits. (b) coarse aggregate with ASTM

limits

Table 4. Mix proportions for 1 m3 concrete

RFMF length (mm) Volume content of RFMF (%) Cement (kg) Sand (kg) Gravel (kg) Water (kg)
- 0 450 700 1000 225
0.15 450 700 1000 225
20 0.30 450 700 1000 225
0.45 450 700 1000 225
0.15 450 700 1000 225
30 0.30 450 700 1000 225
0.45 450 700 1000 225
0.15 450 700 1000 225
40 0.30 450 700 1000 225
0.45 450 700 1000 225
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4. Results and Discussion

The concrete's compressive, splitting tensile, and flexural strength were examined. Table 5 presents
the results for each volume content (0%, 0.15%, 0.30%, and 0.45%), each RFMF length (20 mm, 30 mm,
and 40 mm), and each curing (3, 7, and 28 days), showcasing the effects of incorporating RFMFs.

Table 5. Result of Concrete Strength Containing RFMFs

RFMF Volume content Compression Strength (MPa) Splitting Tensile Strength (MPa) Flexural Strength (MPa)

length of RFMF 3days 7days 28days 3 days 7 days 28 days 3 days 7days 28 days
- 0% 23.36 31.32 39.45 3.51 3.86 4.92 2.84 447 5.51
0.15% 2744 3378 43.77 3.63 421 4.94 292 494 550
rzr?m 0.30% 23.10 28.65 37.90 3.67 3.97 4.98 3.13 5.18 5.71
0.45% 21.24 27.93 37.50 3.34 3.99 4.92 3.83 4.69 5.17
0.15% 26.34 32.62 39.53 4.08 4.22 5.05 297 4.52 5.48
i?m 0.30% 23.86 30.31 38.70 3.47 4.11 4.98 2.86 4.68 5.53
0.45% 21.69 30.05 37.79 3.26 4.10 4.86 3.88 4.79 5.08
0.15% 25.41 30.69 39.79 4.16 4.23 5.02 293 4.84 5.55
jr?m 0.30% 23.18 30.37 38.61 3.67 4.11 491 3.00 4381 5.48
0.45% 23.38 30.19 38.12 3.83 4.11 5.01 379 4.83 5.04

4.1. Compression Strength
Figure 4 displays the results of the compressive strength of the concrete. The control specimen dis-

played compressive strengths of 23.36 MPa, 31.32 MPa, and 39.45 MPa after 3, 7, and 28 days, respec-
tively. The findings revealed that the optimal result was achieved with a 0.15% volume addition of RFMFs.
However, at 0.30% and higher volume content, the compressive strength declines compared to the control
specimen.

At the three days of curing, Figure 4-(a) shows that adding 0.15%, 0.30%, and 0.45% volume contents
of RFMFs increased by 17.47%, then decreased to 1.11% and 9.07%, respectively, for 20 mm length. The
improvements for 30 mm length were 12.76%, 2.14%, and a decrease to 7.15%. There was an 8.79% in-
crease for 40 mm length, a 0.77% decline, and finally, a 0.1% minor increase, respectively, compared to
the control specimen. The optimal combination of 20 mm length and 0.15% volume content of RFMFs
resulted in the biggest compressive strength.

At seven days of curing (Figure 4-(b)), the addition of 0.15%, 0.30%, and 0.45% volume contents of
RFMFs resulted in an increase of 7.85%, a decrease to 8.52%, and 10.82%, respectively, for 20 mm length.
For 30 mm length, the increase was 4.15%, decreased to 3.22% and 4.05%, respectively. However, for the
40 mm length, there were decreases of 2.01%, 3.04%, and 3.62%, respectively, compared to the control
specimen. The highest results were obtained using 20 mm length at the volume content of 0.15% of RFMFs.

At 28 days of curing (Figure 4-(c)), the addition of 0.15%, 0.30%, and 0.45% volume contents of
RFMFs increased the compressive strength by 10.95%, followed by decreases to 3.93% and 4.94%, respec-

tively, for 20 mm length. An increase was 0.20 %, and decreases were 1.9 % and 4.2 % for 30 mm length.
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An increase was 0.87%, declines to 2.13% and 3.37% for 40 mm length, respectively, compared to the
control specimen. The study found that the best results were obtained when using 20 mm at the volume

content of 0.15% of RFMFs.
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Figure 2. Compressive Strength of Concrete Containing Different Volume Contents and Lengths of RFMF
at (a) 3 Days of Curing. (b) 7 Days of Curing. (c) 28 Days of Curing
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The compressive strength improvements varied depending on the fiber length, volume content, and
curing age. Specifically, the concrete samples with 20 mm length at a 0.15 % volume content exhibited the
highest increase in compressive strength at the 3-day curing age. The observed enhanced compressive
strength is attributed to the microcrack restriction effect by RFMFs. Furthermore, during the early ages of
concrete curing, RFMFs can serve as nucleation sites for hydration reactions when the process is ongoing.
However, at a volume content of 0.30% and beyond, as the length of RFMF increases, various factors come
into play, contributing to a reduction in compressive strength. Firstly, the increase in voids occurs with
higher volume content and longer RFMFs. Secondly, as the volume content of RFMFs increases, the water
content in the concrete mix decreases. This reduction in water content can result in inadequate water for
the full cement hydration process, reducing workability and impacting compressive strength development.

These factors collectively contribute to a decrease in compressive strength as the volume content and
length of RFMFs increase. Careful consideration and optimization of these factors are necessary to mitigate

the negative impact and achieve the desired strength.

4.2. Splitting Tensile Strength

The splitting tensile strength test assessed the effect of incorporating RFMFs into the concrete mix,
as shown in Figure 5. Without any RFMF addition, the control concrete exhibited indirect tensile strengths
of 3.51 MPa, 3.86 MPa, and 4.92 MPa at 3, 7, and 28 days of curing age.

During the three days of curing, Figure 5-(a) showed that adding 0.15%, 0.30%, and 0.45% volume
contents of RFMFs resulted in increases of 3.28% and 4.63%, followed by a decrease to 4.94%, respec-
tively, compared to the control concrete, for 20 mm length. Similarly, for 30 mm length, the increase was
16.10%, decreased to 1.28% and 7.19%, respectively. Additionally, the increases for 40 mm length were
18.52%, 4.56%, and 9.12%, respectively, compared to the control concrete. The biggest improvement in
splitting tensile strength was achieved with 40 mm length RFMFs at a volume content of 0.15%.

The splitting tensile strength during the seven days of curing (Figure 5-(b)) depended on the volume
content and length of RFMFs. Adding 0.15%, 0.30%, and 0.45% volume contents of RFMFs resulted in
increases of 9.12%, 2.85%, and 3.37%, respectively, for 20 mm length. For 30 mm length, the increases
were 9.26%, 6.52%, and 6.18%, respectively. The 40 mm RFMF length increases were 9.63%, 6.48%, and
6.35%, respectively, compared to the control specimen. The 40 mm length RFMFs with a 0.15% volume
content notably showed the highest splitting tensile strength. At the 28 days of curing (Figure 5-(c)), the
length and volume content influenced the splitting tensile strength. Adding 0.15%, 0.30%, and 0.45% vol-
ume contents of RFMFs resulted in increases of 0.36% and 1.17%, followed by a decrease to 0.07% for 20
mm length, respectively. Meanwhile, for 30 mm length, the increases were 2.54%, 1.17%, and a decrease
of 1.22%, respectively. Furthermore, for 40 mm length, an increase was 1.96%, a reduction to 0.24%, and

then a rise to 1.73%, respectively, compared to the control specimen.
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Figure 5. Splitting Tensile Strength of Concrete Containing Different Volume Contents and Lengths of
RFMF at (a) 3 Days of Curing. (b) 7 Days of Curing. (¢) 28 Days of Curing
Overall, the 30 mm length RFMF at a volume content of 0.15% resulted in the most increase in
splitting tensile strength. The study found that a 0.15% volume content of RFMFs combined with 40 mm

length resulted in the greatest splitting tensile strength, especially at three days of curing. Longer fibers can

bridge microcracks and enhance tensile strength. However, higher volume contents can introduce voids and
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weaken the bond between fibers and cement, reducing tensile strength, particularly when volume content
exceeds 0.30%. Overall, RFMFs positively influenced tensile strength at early ages, although a slight in-

crease was observed at 28 days of curing.

4.3. Flexural Strength

The flexural strength test results, shown in Figure 6, show the effect of adding RFMFs to the concrete
mixture. At 3, 7, and 28 days of curing, the control concrete had flexural strengths of 2.84 MPa, 4.87 MPa,
and 5.51 MPa, respectively. Compared to the control concrete, the findings indicate various trends in
strength, with some combinations showing enhancement and others showing decline.

Figure 6-(a) shows the incorporation of different volume contents of RFMFs on the flexural strength
at the three days of curing. For the length of 20 mm, adding 0.15%, 0.30%, and 0.45% volume contents
resulted in increases of 2.82%, 10.33%, and 34.79%, respectively, compared to the control specimen. Sim-
ilarly, for the length of 30 mm, the increases were 4.65%, 0.7%, and 36.62%, respectively. Moreover, for
the length of 40 mm, the increases were 3.24%, 5.63%, and 33.38%, respectively. The highest increase is
36.62%, resulting from the volume content of 0.45% and a 30-mm length of RFMF.

Affecting the seven days of curing, as shown in Figure 6-(b), the addition of 0.15%, 0.30%, and
0.45% volume contents of RFMFs resulted in increases of 10.51%, 15.88%, and 4.97%, respectively, for
RFMF length of 20 mm. However, for a length of 30 mm, the increases were 1.12%, 4.70%, and 7.11%,
respectively. Furthermore, the 40 mm length increases were 8.28%, 7.65%, and 8.01%, respectively, com-
pared to the control concrete. The best enhancement is 15.88%, adding 0.30% volume contents for a 20
mm length RFMF.

Figure 6-(c) presents the results at the 28 days of curing. The addition of 0.15%, 0.30%, and 0.45%
volume contents of RFMFs resulted in a decrease of 0.18%, followed by an increase to 3.59%, and then a
decrease to 6.13%, respectively, for the RFMF length of 20 mm. However, for the RFMF length of 30 mm,
a decrease was 0.54%, followed by an increase to 0.40% and a decrease to 7.80%, respectively. For an
RFMF length of 40 mm, an increase was 0.69%, followed by decreases to 0.54% and 8.50%, respectively,
compared to the control concrete. The highest increment in strength is 3.59%, achieved by adding 0.30%
volume contents for the RFMF length of 20 mm.

Adding RFMFs significantly enhanced flexural strength, particularly during three days of curing,
compared to 7 and 28 days. Some factors contributed to the increase in flexural strength at an early age.
The tensile strength of concrete is crucial at an early age, as it must resist substantial loads during the
continuous hydration process. RFMFs exhibit higher tensile strength than concrete at this early age, result-
ing in enhanced performance, notably evident at the 3-day curing point. The observed enhancement in

flexural strength is attributed to the microcrack restriction effect induced by RFMFs. However, variations
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of RFMFs within the concrete mix.
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5. Conclusions

This study highlights the critical role of optimizing recycled fiber mask materials (RFMFs), varying
in length (20 mm, 30 mm, 40 mm), volume content (0%, 0.15%, 0.30%, 0.45%), and curing periods (3, 7,
28 days), to enhance the mechanical performance of concrete. By recycling and incorporating RFMFs, the
research provides a sustainable approach to managing disposable face mask (DFM) waste, mitigating en-
vironmental impacts, and promoting circular economy practices in construction. The study’s eco-friendly
disinfection method, involving five days of sunlight exposure, proved safe and effective, with negative
COVID-19 test results, although its time requirements remain a consideration for scalability.

Mechanically, the addition of RFMFs notably improved concrete strength: compressive strength in-
creased by 17.47% (0.15% RFMFs, 20 mm, three days), splitting tensile strength rose by 18.52% (40 mm,
same volume), and flexural strength improved by 36.62% (30 mm, 0.45% volume). Strength gains were
most pronounced at the three-day curing stage, underscoring the importance of early-age performance. The
use of a superplasticizer is recommended to address workability and compaction challenges in RFMF mix-
tures.

Future research should further investigate the impact resistance properties of RFMF-concrete to as-
sess its structural performance and suitability for diverse applications fully. These insights could pave the
way for broader adoption of recycled materials in construction, aligning with global sustainability and waste

reduction goals.
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