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A B S T R A C T   

Global public response to the COVID-19 (SARS-CoV-2) pandemic is highly focused on human health. However, 
conservationists have cautioned of unprecedented threats to the natural environment from a new type of non- 
biodegradable microplastic waste resulting from extensive use of disposable medical face masks (DMFMs). 
Thus, this waste must be recycled in an eco-friendly manner on an urgent basis. In this research, we developed a 
new environmentally friendly recycling technique using waste DMFMs in sustainable green concrete. More 
explicitly, a new fiber hybridization approach has been introduced in which two types of fibers namely DMFM 
fiber and basalt fiber (BF) were incorporated into fiber reinforced recycled aggregate concrete (FRAC). The 
volume fractions of DMFM fiber were 0%, 0.1%, and 0.2% and the volume fractions of BF were 0%, 0.25%, and 
0.5%. In addition, two mineral admixtures (fly ash and ground granulated blast furnace slag) were also used. Test 
results indicated increase of approximately 12% in compressive strength, 26% in split tensile strength, and 60% 
in flexural strength of FRAC containing hybrid fibers and mineral admixtures. The density and ultra-sonic pulse 
velocity (UPV) of DMFM fiber- and BF-modified FRAC ranged from 2406–2433 kg/m3 and 4502–4541 m/s, 
respectively, which meets structural concrete requirements. The water absorption rate gradually increased with 
an increase in the volume fractions of fibers but remained within the allowable water absorption limit for 
construction materials. Lastly, the microstructure investigation indicated excellent concrete quality, improved 
interfacial transition zones (ITZs), and good compatibility of host concrete matrix with both DMFM fiber and BF 
that correlates well with the experimental results reported in this study.   

1. Introduction 

The ongoing COVID-19 (SARS-CoV-2) pandemic that began in late 
2019 has affected the entire world, resulting in massive human loss, 
devastating social and economic disruptions, and unprecedented chal-
lenges to the global environment. Despite the rapid global vaccination 
drive, several variants of SARS-CoV-2 including Alpha (B.1.1.7), Beta 
(B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529) 
have emerged so far that resulted in more than 5.5 million fatalities 
worldwide [1,2]. The global public response is intensively focused on 
protection of human life; however, conservationists have cautioned of 
severe repercussions to the natural environment from a rapidly growing 
volume of non-biodegradable plastic waste extending well beyond the 
pandemic [3,4]. 

To contain the spread of the novel coronavirus and mitigate the 
emergence of subsequent COVID-19 waves, personal protective 

equipment (PPE) such as face masks was recommended by the World 
Health Organization (WHO) in its interim guidance issued on January 
29, 2020 [5,6]. Since then, many nations and regions have initiated 
special COVID-19 prevention measures including mandatory face masks 
in public settings. Consequently, global use of face masks, especially 
disposable medical face masks (DMFMs), has soared to unprecedented 
levels. Before COVID-19, the annual global market for face masks was 
estimated to be approximately $0.73 billion; it is now expected to 
exceed $22 billion [7]. Due to a lack of environmental protection 
measures and public negligence, DMFMs are being discarded openly in 
the environment, in public places such as parks, streets, highways, 
beaches, and sewage channels resulting in tens of thousands of tons of 
non-biodegradable micro-plastic waste that eventually pollutes the 
natural environment [8,9]. The findings of recent surveys conducted in 
Bangkok [7], Lima city [8], Chile [10], Australia [11], South America 
[12], Europe [13], Africa [14], and the Arabian Peninsula [15] indicate 
a massive increase in waste PPEs since the start of the COVID-19 
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pandemic. Other studies have reported the densities of waste PPE items 
to be approximately 0.005–0.3 items per square meter of area, which is a 
significantly high value [9,16]. The repercussions of this have led to a 
massive increase in global plastic waste and serious threats to the nat-
ural environment as the thermoplastic polymer in DMFMs requires up to 
several decades for its complete natural decomposition [17–19]. 

Disposal of waste face masks without endangering public health or 
the natural environment is a major challenge in the post COVID-19 era. 
The current practices for disposing of these wastes include landfilling 
and incineration, which may not be the most effective solutions in terms 
of environmental and public health safety concerns [20,21]. In contrast, 
the use of waste DMFMs as reinforcing fiber in construction materials is 
an effective and eco-friendly approach to resolving the global challenge 
of waste face mask disposal [22,23]. Face masks are commonly made of 
polypropylene (PP) fiber material that can be used as reinforcement 
material in concrete [24]. Alabduljabbar et al. [25] used waste PP carpet 
fiber in conjunction with palm oil fuel ash and reported improvements of 
approximately 26% and 20% in splitting tensile strength and flexural 
strength of concrete, respectively. Alrshoudi et al. [26] reported that 
waste PP fiber can effectively improve concrete impact resistance and 
ductility due to its crack-bridging and reinforcing abilities. It enhances 
concrete resistance against creep and early shrinkage, and reduces 
chloride penetration and carbonation depth, resulting in a durable 
concrete matrix [27,28]. However, it has been reported that waste PP 
fiber adversely affects concrete workability and compressive strength. 
Thus, researchers recommend the use of mineral admixtures with PP 
fiber in concrete [26,29]. 

Use of recycled PP fibers extracted from face masks in concrete is a 
new research area. To date, few research studies in the literature have 
assessed the basic mechanical properties of normal aggregate concrete 
containing only face mask fiber [30,31]. This study is a step forward in 
this regard, with a new fiber hybridization approach to produce a syn-
ergistic effect between DMFM fiber and basalt fiber (BF), and improve 
the physical properties and mechanical performance of fiber reinforced 
recycled aggregate concrete (FRAC). Two mineral admixtures, fly ash 
(FA) and ground granulated blast furnace slag (GGBFS), were also used 
together with the two fibers. To assess the performance of this new eco- 
friendly and sustainable concrete product, a series of laboratory exper-
iments were conducted including flexural strength, splitting tensile 
strength, compressive strength, ultrasonic pulse velocity, density, and 
water absorption tests. In addition, the microstructure of FRAC was 
inspected to assess the concrete quality and compatibility of DMFM fiber 
and BF with the concrete matrix. The synergy of DMFM fiber and BF in 
FRAC was studied via the enhancement coefficients βCS, βST, and βFS 
which help assess the performance of the two fibers in single and hy-
bridization modes. Recycling DMFMs as reinforcing fiber for production 

of green sustainable FRAC would help resolve the rapidly growing 
plastic waste problem, reduce the burden on landfill sites, and protect 
the environment. 

2. Current statistics and environmental impacts of DMFMs 

To determine current DMFM waste statistics and the associated 
environmental challenges, we must estimate the number of daily dis-
carded waste face masks for world regions including Asia, Africa, 
Europe, Latin America, the Caribbean, North America, Oceania, and 
subregions in Asia. Based on the latest population statistics reported by 
Worldometer [32], and the literature [3,33], the total daily number of 
discarded facemasks was calculated using the following equation. 

Total daily discarded DMFMs = 1 × 10− 4 × (PTotal × PUrban × A × B).

where PTotal, PUrban, A, and B, represent the total population of each 
region/subregion, the urban population of each region/subregion, the 
facemask wearing acceptance rate, and daily per person usage of face-
masks, respectively. 

Data for PTotal and PUrban were obtained from Worldometer [32], the 
facemask wearing acceptance rate (A) and daily per person usage of 
facemasks (B) were chosen as 80% and 1, respectively [3,33]. According 
to the statistics shown in Fig. 1, the current daily estimated number of 
DMFMs is approximately 3503.7 million worldwide. Asia is currently 
the largest source of global waste DMFMs (1889.8 million daily), fol-
lowed by Africa (469.7 million), Europe (445.6 million), Latin America 
and the Caribbean (431.6 million), North America (243.7 million), and 
Oceania (23.1 million). From Fig. 2, China is the largest contributor in 
Asia, with a total daily waste DMFM production of approximately 704.0 
million, approximately 37.2% of the total DMFM waste in Asia, followed 
by India (386.4 million), Indonesia (123.4 million), Japan (92.9 
million), Pakistan (62.0 million), and Bangladesh (51.9 million). The 
daily DMFM waste of other Asian countries is presented in Fig. 2. 

The estimated DMFM plastic waste in tons produced in different 
world regions and Asian countries is shown in Figs. 3 and 4, respectively. 
Assuming a single DMFM weight of 4 g, the estimated daily DMFM waste 
represents approximately 14,015 tons of plastic waste worldwide. From 
Fig. 3, approximately 7559 tons of DMFM plastic waste are generated in 
Asia alone. Africa, Europe, Latin America and the Caribbean, North 
America, and Oceania produce approximately 1879 tons, 1782 tons, 
1726 tons, 975 tons, and 93 tons of DMFM plastic waste, respectively. As 
expected, China produces the largest quantity of DMFM plastic waste in 
Asia, an estimated 2816 tons daily. This will further exacerbate the 
ongoing plastic waste-related issues as the commonly used DMFMs are 
made up of non-biodegradable plastic material that may require several 

Nomenclature 

Acronyms 
BF basalt fiber 
C-A-S-H calcium alumino-silicate hydrate 
C-S-H calcium silicate hydrate 
DMFMs disposable medical face masks 
EDAX energy dispersive spectroscopy 
FA fly ash 
FRAC fiber reinforced recycled aggregate concrete 
GGBFS ground granulated blast furnace slag 
ITZs interfacial transition zones 
MPa megapascal 
NAC normal aggregate concrete 
NCA normal concrete aggregate 
NFA natural fine aggregate 

OPC ordinary Portland cement 
PCE polycarboxylic-ether 
PP polypropylene 
PPE personal protective equipment 
RAC recycled aggregate concrete 
RCA recycled concrete aggregate 
SEM scanning electron microscopy 
UPV ultra-sonic pulse velocity 
WHO world health organization 
ƒʹCS compressive strength 
ƒʹFS flexural strength 
ƒʹST splitting tensile strength 
βCS enhancement coefficient for compressive strength 
βST enhancement coefficient for splitting tensile strength 
βFS enhancement coefficient for flexural strength  
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decades for complete decomposition [17,34]. Furthermore, improper 
disposal of face masks poses a high risk to the health of solid waste 
collectors and the public as they may contain traces of SARS-CoV-2. 
Improper disposal of waste DMFMs may affect tourism and result in 
soil and water contamination [35]. There is now evidence that most of 
the waste PPE ends up in the ocean due to improper disposal in coastal 
areas and through surface runoff, presenting an unprecedented risk to 
marine wildlife and ecosystems [16]. DMFMs usually contain chemical 
compounds such as surfactants and dyes; their leachability and solubi-
lity in the ocean can contaminate the food for aquatic organisms. Ac-
cording to a recently published report by OceansAsia [19], 
approximately 100,000 marine creatures are affected annually by 
plastic waste pollution, leading to a $13 billion loss to the global 
economy. If not resolved, these challenges to public health and the 
environment will cost the world for decades to come. Thus, waste 
DMFMs must be recycled in an effective and environmentally friendly 
manner. 

3. Materials and methods 

3.1. Materials 

3.1.1. Fiber material 
To comply with current COVID-19 preventive measures set forth by 

the Hong Kong government and to prevent adverse response from the 
community, we used new and unused 3-ply DMFMs in this study that 
were acquired from a manufacturer in China. The length and width of 
the DMFMs were about 175 mm and 95 mm, respectively. The top and 
bottom layers of the DMFMs were made of non-woven PP fiber material 
and the middle filtering layer was made of melt-blown fabric [36]. The 
metal nose wire frame and two ear-straps were removed to ensure ho-
mogeneity of the fiber material. The DMFMs were reduced to suitable 
geometric configurations for use in FRAC. The length and width of the 
DMFM fiber were approximately 20 mm and 5 mm, respectively. The 
DMFM fiber was used in suitable proportions in FRAC in single and 
hybrid modes with BF. BF was chosen for its high strength, small 

Fig. 1. Current estimated daily DMFM waste in different regions of the world, based on latest Worldometer data [32].  

Fig. 2. Current daily DMFM waste statistics for countries in Asia, based on latest Worldometer data [32].  
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diameter, and high thermal and chemical stability [22]. In addition, BF 
is an environmentally friendly and sustainable fiber material requiring 
less energy resources and no additives during production [37]. The BF 
was purchased from a manufacturer in China and had a length and 
diameter of about 18 mm and 17.4 µm, respectively. DMFM fiber and BF 
samples are is shown in Fig. 5, and their material properties are pre-
sented in Table 1. 

3.1.2. Concrete constituent materials 
Ordinary Portland cement (OPC) Type-I meeting the standards of 

ASTM C150 [38] was used in the preparation of concrete samples. Two 
mineral admixtures, FA and GGBFS were used as binders. OPC, FA, and 
GGBFS were provided by Green Island Cement Ltd., Hong Kong. The 
total content of FA and GGBFS was 20% of the OPC; their relative ratio 
was 1:2 [39]. The material properties of OPC, FA, and GGBFS are pre-
sented in Table 2. River sand from a local source in Hong Kong was used 
as the natural fine aggregate (NFA); crushed stone was used as the 
natural coarse aggregate (NCA). The specific gravity and density of NFA 
and NCA were 2.70 and 1560 kg/m3 and 2.68 and 1530 kg/m3, 

respectively. Recycled concrete aggregate (RCA) was self-prepared in 
the laboratory by crushing the waste concrete (M40) with a mechanical 
jaw crusher. The RCA percentage was maintained at 50% of the NCA in 
all concrete formulations. The specific gravity and density of the RCA 
were 2.50 and 1288 kg/m3, respectively. The particle size gradation 
curves of the aggregates are shown in Fig. 6, and meet the standards of 
ASTM C33 [40]. The ratio of water to binder was maintained at 0.42 for 
all formulations. To compensate for the low workability, a small dosage 
of superplasticizer (third-generation polycarboxylic-ether (PCE)) 
meeting the requirements of ASTM C494 [41] was added. Drinking 
water was used in the production and curing process of concrete 
samples. 

Fig. 3. Estimated daily DMFM plastic waste in different regions in the world. 
The bar chart shows the daily DMFM plastic waste in tons (left axis); the line 
graph shows the cumulative plastic waste in tons (right axis). 

Fig. 4. Estimated daily DMFM plastic waste in Asia. The bar chart shows the daily DMFM plastic waste in tons (left axis); the line graph shows the cumulative plastic 
waste in tons (right axis). 

Fig. 5. Samples of fiber materials used in this study; (a) DMFM fiber; (b) BF.  

Table 1 
Material properties of DMFM fiber and BF.  

Fiber Length 
(mm) 

Width 
(mm) 

Diameter 
(µm) 

Specific 
gravity 

Tensile 
strength 
(MPa) 

Melting 
point 
(◦C) 

BF 18 –  17.4  2.7 ≥2000 1450 
DMFM 

fiber 
20 5  –  0.90 ≥4.0 160  
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3.1.3. Details of concrete mix design 
To assess the combined effect of DMFM fiber and BF in fiber- 

reinforced recycled concrete, ten concrete mix formulations were 
considered in this research study, as shown in Table 3. The mix 
formulation designated as M0 was the control formulation, consisting of 
only concrete constituent materials and no fibers. The M0 mix was used 
as a reference for modified formulations M1–M9. Mix formulation M1 
contained two mineral admixtures (FA and GGBFS) in addition to other 
concrete constituent materials. Similar to M0, M1 was prepared without 
fiber materials; its purpose was to investigate the effect of FA and GGBFS 
on the physical and mechanical properties of recycled concrete. The M2 
and M3 mixes contained 0.1% and 0.2% volume fractions of DMFM 
fiber, respectively. The M4, M5, and M6 mixes comprise 0%, 0.1%, and 
0.2% volume fractions of DMFM fiber, respectively, and 0.25% volume 

fraction of BF. The M7, M8, and M9 mixes contained 0%, 0.1%, and 
0.2% volume fractions of DMFM fiber, respectively, and 0.5% volume 
fractions of BF. The DMFM fiber and BF dosage selection were based on 
recently reported literature [42,43]. 

3.2. Sample preparation 

A uniform concrete batching and mixing method was used for all 
concrete mix designs to ensure homogeneity and uniformity of concrete. 
All concrete constituent materials were added to a power-driven 
rotating concrete mixer and mixed in a dry state for 30 s. Half of the 
mix design water was added to the mixture and the mixing process was 
continued for 1 min. The surface wet aggregate, cement, mineral ad-
mixtures (FA and GGBFS), the superplasticizer, and remaining water 

Table 2 
Material properties of OPC, FA, and GGBFS.  

Materials SiO2 

(%) 
Al2O3 

(%) 
CaO 
(%) 

Fe2O3 

(%) 
MgO 
(%) 

K2O 
(%) 

Chloride content 
(%) 

Loss on 
ignition 

Moisture content 
(%) 

Fineness >45 µm 
(%) 

OPC*  20.5  6.6  66.4  3.3  0.7  – <0.01  3.2  –  – 
FA  36.0  25.0  16.5  8.5  1.20  1.20 <0.01  2.9  0.2  8.3 
GGBFS  35.3  15.0  38.3  0.9  6.0  0.5 <0.01  0.2  0.2  94.9 

*fineness of OPC is 366 m2/kg. 

Fig. 6. Particle distribution curves of aggregates. NFA denotes natural fine aggregate, NCA denotes natural coarse aggregate, and RCA denotes recycled con-
crete aggregate. 

Table 3 
Details of concrete mix formulations used in this study; ‘OPC’ represents ordinary Portland cement, ‘FA’ represents fly ash, ‘GGBFS’ represents ground granulated blast 
furnace slag; ‘NFA’, ‘NCA’, ‘RCA’, and ‘SP’ denote natural fine aggregate, natural coarse aggregate, recycled concrete aggregate, and superplasticizer, respectively.  

Mix ID Fiber dosage (%) Binder (kg/m3) NFA (kg/m3) NCA (kg/m3) RCA (kg/m3) Water (kg/m3) SP (%) 

DMFM fiber Basalt fiber OPC FA GGBFS      

M0  0.00  0.00 489 – – 867 430 367 205  1.00 
M1  0.00  0.00 391 33 65 867 430 367 205  1.00 
M2  0.10  0.00 391 33 65 867 430 367 205  1.00 
M3  0.20  0.00 391 33 65 867 430 367 205  1.00 
M4  0.00  0.25 391 33 65 867 430 367 205  1.00 
M5  0.10  0.25 391 33 65 867 430 367 205  1.00 
M6  0.20  0.25 391 33 65 867 430 367 205  1.00 
M7  0.00  0.50 391 33 65 867 430 367 205  1.00 
M8  0.10  0.50 391 33 65 867 430 367 205  1.00 
M9  0.20  0.50 391 33 65 867 430 367 205  1.00  
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were mixed for 3 min. During this time, the fiber materials (DMFM fiber 
and BF) were gradually added to the mixture to avoid fiber clumping 
and ensure uniform dispersion of fibers, as suggested in the literature 
[31,44]. The preparation of FRAC is shown in Fig. 7. The freshly pre-
pared concrete mix was poured into molds and compacted via a 
vibrating table to remove any entrapped voids. The fresh concrete 
samples were stored in a laboratory in controlled conditions for 24 h 
before they were demolded and placed in a water curing tank at 20 ±
2 ◦C and 95% relative humidity for a curing period of 28 days. The 
physical and mechanical properties of the concrete samples were tested 
after the specified curing period. 

3.3. Testing procedure 

To evaluate the effect of DMFM fiber and BF on the physical and 
mechanical properties of the FRAC, a series of laboratory experiments 
were conducted. For splitting tensile and compressive strength tests, 
concrete cylindrical specimens with height and diameter of 200 mm and 
100 mm, respectively, were tested according to standard ASTM C39 [45] 
and ASTM C496 [46] procedures. The flexural strength test was made 
via the universal testing machine on concrete prismatic beams with a 
width and height of 100 mm and length of 400 mm according to the 
standard ASTM C78 procedure [47]. The concrete uniformity and 
integrity were assessed via an ultrasonic pulse velocity (UPV) test ac-
cording to ASTM C597 [48] using 100-mm concrete cubical samples and 
a PUNDIT ultrasonic pulse/receiver made by C.N.S Electronic Ltd. The 
concrete density and water absorption were determined according to the 
standard ASTM 642-06 procedure [49]. In each case, at least three 
samples were tested; the average value was used for further analysis and 
discussion. The laboratory test setup is shown in Fig. 8. 

4. Results and discussion 

4.1. Microstructure and EDAX analysis of fiber 

The surface morphologies of DMFM fiber and BF are shown in Fig. 9, 
captured by a Thermo Fisher Scientific Quattro S Scanning Electron 
Microscope. The morphology of the outer layer of DMFM fiber visible in 
Fig. 9(a) reveals a non-woven fabric-type surface morphology made of 

randomly distributed and closely spaced fibers with an approximate 
diameter of 36 µm. The fibers are joined together through oval melting 
junction points spaced several hundred µm apart to form a closely- 
packed dense microstructure. The surface morphology of the inner 
layer of DMFM in Fig. 9(b) shows a smooth surface texture of thin PP 
fiber with an average diameter of approximately 20 µm. It is evident 
from the micrograph that the inner structure of DMFM contains wide 
gaps and voids due to the PP fiber arrangement. These DMFM fiber 
surface morphologies are consistent with observations in previous 
research [50,51]. In Fig. 9(c), the SEM micrograph of BF reveals a 
filament-type structure with a uniform circular section. The surface 
topography of BF shows a relatively smooth surface texture with no 
visible voids or pores. 

Energy dispersive spectroscopy (EDAX) X-ray analysis was per-
formed to characterize the elemental composition of DMFM and BF. The 
EDAX spectra and percentage distribution of elements present in DMFM 
fiber and BF samples are shown in Fig. 10. The EDAX spectra of DMFM 
fiber indicate a sharp high-intensity peak assigned to carbon, repre-
senting approximately 98.83% of the atomic weight. Several small peaks 
are observed that correspond to oxygen (0.91%), silicon (0.15%), and 
zirconium (0.11%). The EDAX spectra of BF show several sharp peaks 
that represent various elements. The highest content (atomic%) was 
oxygen (45.61%), followed by carbon (23.58%), silicon (14.63%), and 
aluminum (5.59%). Several small peaks were identified that confirm the 
presence of calcium (2.91%), magnesium (2.71%), sodium (2.29%), iron 
(2.07%), potassium (0.24%), titanium (0.24%), barium (0.07%), and 
cobalt (0.05%). Similar SEM-EDAX spectra for DMFM fiber and BF were 
reported by other researchers [52,53]. 

4.2. Compressive strength 

The compressive strength (ƒʹcs) of the reference sample and hybrid 
fiber-modified recycled concrete samples determined after the 28-day 
curing period is shown in Fig. 11. It is evident that the ƒʹcs of recycled 
concrete gradually increases with use of fiber materials and mineral 
admixtures. For M1, M2, and M3 formulations with 0%, 0.1%, and 0.2% 
DMFM fiber content, respectively, the ƒʹcs were 46.9 MPa, 47.1 MPa, 
and 47.6 MPa, corresponding to increases of about 2.8%, 3.3%, and 
4.4%, respectively. The slight increase in the ƒʹcs of concrete is mostly 

Fig. 7. FRAC production process with DMFM fiber and BF.  
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due to the addition of FA and GGBFS, as they form additional calcium 
silicate hydrate (C-S-H) and calcium alumino-silicate hydrate (C-A-S-H) 
gels, thus improving the concrete strength. Similar observations were 
made by Banchhor et al. [54] and Rafeet et al. [55]. The ƒʹcs tends to 
increase further with combined use of DMFM fiber (0–0.2%) and BF 
(0.25%). The ƒʹcs of M4, M5, and M6 are 47.8 MPa, 48.9 MPa, and 49.9 
MPa, representing 4.9%, 7.4%, and 9.4% increases, respectively. Simi-
larly, the ƒʹcs of M7, M8, and M9 indicate further increases with 
increasing DMFM fiber and BF dosages (0–0.2% and 0.5%, respectively). 
Of all samples, M8 has the highest ƒʹcs value (51.1 MPa), representing a 
12.1% increase compared to the reference sample. The increase in ƒʹcs 
can be attributed to inclusion of BF, which is known for its crack 
bridging and reinforcing abilities [22,56]. However, M9 shows a slight 
reduction in overall ƒʹcs improvement, possibly due to improper con-
crete mixing resulting from the high fiber dosage [57]. Nevertheless, it is 
still higher than the reference sample. 

The failure mode of the reference sample (M0) and hybrid fiber- 
reinforced concrete (M8) is shown in Fig. 12. The M0 sample failed 
abruptly without exhibiting significant cracks, indicating typical con-
crete compression failure with removal of a large concrete chunk after 
reaching its ultimate compression strength. In contrast, the surface of 
the M8 sample exhibited several well-defined cracks distributed along 
the longitudinal axis of the sample. Unlike the reference sample, M8 
retained its structure, with no large concrete chunk removed, possibly 
attributed to the joint-reinforcing action of DMFM fiber and BF. 

4.3. Splitting tensile strength 

Fig. 13 shows the splitting tensile strength (ƒʹST) of the reference 
sample and hybrid-fiber reinforced recycled concrete samples after the 
28-day curing period. The graph indicates significant improvements in 
the overall tensile capacity of hybrid fiber-reinforced concrete with 
DMFM fiber and BF. M1, M2, and M3 prepared with only DMFM fiber 
(0%, 0.1%, and 0.2%) exhibited ƒʹST of 3.2 MPa, 3.3 MPa, and 3.5 MPa, 
representing increases of 1.2%, 4.4%, and 9.3%, respectively. The in-
creases in ƒʹST indicate that the use of DMFM fiber and mineral admix-
tures collectively improved the cracking resistance of the recycled 
concrete matrix to tensile loading. Similarly, Kilmartin-Lynch et al. [31] 
reported an approximately 12% increase in the tensile strength of 
normal aggregate concrete, confirming the positive effect of DMFM fiber 
on concrete strength. Samples with BF (0.25% and 0.5%) in hybrid 
mixes exhibited a higher increase in ƒʹST. M4, M5, and M6 prepared with 
0%, 0.1%, and 0.2% DMFM fiber and 0.25% BF exhibited ƒʹST of 3.5 
MPa, 3.7 MPa, and 3.8 MPa, representing increases of 11.2%, 16.5%, 
and 20.2%, respectively. Similarly, M7, M8, and M9 containing 0%, 
0.1%, and 0.2% DMFM fiber and 0.5% BF exhibited ƒʹST of 3.9 MPa, 4.1 
MPa, and 3.9 MPa, representing increases of 22.9%, 26.1%, and 23.3%, 
respectively. The ƒʹST for M9 indicated a slightly smaller increase, 
consistent with the compressive strength result, and higher than that of 
the reference sample. The increased performance of hybrid fiber- 
reinforced samples is related to improved microstructure quality with 
addition of DMFM fiber and BF. The SEM micrographs in Fig. 14 indicate 
uniform DMFM fiber and BF distribution, excellent interaction with the 

Fig. 8. Test setup for (a) splitting tensile strength test; (b) compressive loading strength test; (c) ultrasonic pulse velocity test; (d) three-point bending test.  
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adjacent cement mortar, and crack-arresting capabilities in the concrete 
matrix. DMFM fiber and BF are embedded in the cement mortar and 
their surfaces are covered by dense hydrated cement, confirming that 
they are highly compatible with the recycled concrete matrix. 

4.4. Flexural strength 

The results of flexural strength (ƒʹFS) tests of concrete prismatic 
beams are summarized in Fig. 15. The M0 and M1 samples (containing 
no fibers) exhibited an ƒʹFS of 3.31 MPa and 3.53 MPa, respectively. The 
slight increase in the ƒʹFS of M1 (6.6%) implies that the addition of FA 
and GGBFS in the FRAC improves concrete matrix quality, resulting in 

Fig. 9. (a) SEM image of DMFM fiber showing surface morphology of fibers and melting junction details; (b) SEM micrograph of inner layer of DMFM fiber showing 
shape and structure; (c) SEM micrograph of BF showing surface texture and shape. 

Fig. 10. SEM-EDAX spectra and elemental composition of DMFM fiber and basalt fiber.  
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increased flexural strength. M2-M8 mixes exhibited a steady increase in 
ƒʹFS with increasing volume fractions of DMFM fiber and BF, similar to 
their compressive strength and tensile strength results. The ƒʹFS of M2 
and M3 containing 0.1% and 0.2% DMFM fiber increased to 3.77 MPa 
and 3.95 MPa, respectively. The ƒʹFS increased further with combined 
use of DMFM fiber and BF. M4, M5, and M6 containing 0%, 0.1%, and 
0.2% DMFM fiber and 0.25% BF exhibited ƒʹFS of 4.15 MPa, 4.45 MPa, 
and 4.89 MPa, respectively. Similarly, M7, M8, and M9 prepared with 
0%, 0.1%, and 0.2% DMFM fiber and 0.5% BF exhibited ƒʹFS of 5.05 MPa, 
5.28 MPa, and 5.24 MPa, respectively. The best performance was 
demonstrated by M8, with an increase in ƒʹFS of 59.5% in ƒʹFS compared 
to the control mix, consistent with the ƒʹcs and ƒʹST results. For M9, a 
slight decrease in ƒʹFS was observed; this trend was also observed for ƒʹcs 
and ƒʹST, and may be due to the negative effect of high doses of DMFM 

fiber and BF, as reported in previous studies [58,59]. Overall, the graph 
indicates improvements in the ƒʹFS of FRAC with combined use of DMFM 
fiber and BF, confirming the effectiveness of these fibers in strength-
ening the concrete microstructure and enabling resistance to high tensile 
stresses and cracking. 

4.5. Density and UPV 

Density and UPV are essential parameters that help assess the ho-
mogeneity and quality of a concrete mix. Fig. 16 shows the density and 
UPV test results for the reference and hybrid fiber-modified samples 
after curing. The reference sample had a density of 2393.25 kg/m3 and 
UPV of 4477.27 m/s, which were lower than for all other fiber-modified 
samples, mainly due to the weak recycled concrete aggregate with 

Fig. 11. Compressive strength (ƒʹcs) of the reference sample and hybrid fiber-reinforced recycled concrete. The bar chart shows the compressive strength (MPa) of 
concrete samples (left axis); the line graph shows the change in compressive strength (%) of concrete samples (right axis). 

Fig. 12. Failure mode of reference sample (M0) and hybrid fiber-reinforced concrete sample (M8) after reaching ultimate compression capacity.  
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unwanted voids and cavities that degrade concrete quality [43]. The 
density and UPV of DMFM fiber- and BF-reinforced samples M2-M9 
ranged from 2406 kg/m3–2433 kg/m3 and 4502 m/s–4541 m/s, 
respectively. The microstructure compositions of FRAC samples were 
better than that of the reference sample, with fewer voids and pores, 
resulting in improved density and UPV. This confirms the usefulness of 
FA and GGBFS in counteracting microstructure defects that generally 
result from the inclusion of recycled aggregates in a concrete mix. The 
UPV of DMFM fiber- and BF-modified samples is greater than 4,500 m/s, 
which indicates a high-quality concrete mix that can be used for struc-
tural applications [60,61]. 

4.6. Water absorption 

Water absorption of the reference and hybrid fiber-based samples is 
presented in Fig. 17. The water absorption of M0 was 2.22%, possibly 
attributed to the weak and porous microstructure of the concrete with 
inclusion of RCA [43,62]. M1 exhibited a slightly lower water absorp-
tion (1.68%), suggesting that addition of mineral admixtures FA and 
GGBFS was beneficial in reducing the number of voids and pores in the 
recycled concrete matrix. According to published literature, the use of 

FA and GGBFS results in production of calcium silicate hydrate (C-S-H) 
and calcium alumino-silicate hydrate (C-A-S-H) gels that improve the 
overall density and decrease the void space and permeability of the 
concrete [63,64]. 

Fig. 17 indicates an increase in the water absorption of concrete with 
increasing doses of DMFM fiber and BF. The highest water absorption 
was observed in the case of M9 (3.61%), mainly due to the congested 
network of DMFM fiber (Fig. 9(a)), resulting in unwanted cavities and 
pores inside the concrete matrix and increasing water absorption. The 
SEM micrograph of the M9 shown in Fig. 18 indicates several large voids 
and micropores in the vicinity of DMFM fiber and cement mortar that 
increase water absorption of the concrete [65]. Nevertheless, the water 
absorption of DMFM fiber- and BF-reinforced FRAC is still within the 
allowable water absorption limit for construction materials [66]. 

4.7. Synergy of DMFM fiber and BF 

To further understand the synergy of DMFM fiber and BF in 
enhancing FRAC performance, the enhancement coefficients βCS, βST, 
and βFS were determined for different fiber combinations, as shown in 
Fig. 19, Fig. 20, and Fig. 21, respectively. These enhancement 

Fig. 13. Splitting tensile strength (ƒʹST) of reference sample and hybrid fiber-reinforced recycled concrete. The bar chart indicates the splitting tensile strength (MPa) 
of concrete samples (left axis); the line graph indicates the change in splitting tensile strength (%) of concrete samples (right axis). 

Fig. 14. SEM micrographs of hybrid fiber-reinforced recycled concrete showing the interaction of fiber material with host concrete matrix: (a) DMFM fiber; (b) BF.  
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coefficients indicate the ratio of the strength (ƒʹCS, ƒʹST, and ƒʹFS) of a 
fiber-reinforced sample to the strength of the control sample (M0). 
Comparison of these enhancement coefficients helps in evaluating the 
synergic effect of DMFM fiber and BF in FRAC [67]. In Figs. 19-21, it is 
observed that all enhancement coefficients are greater than 1.0, 
implying that the hybrid addition of DMFM fiber and BF improved the 
mechanical performance of the FRAC. Furthermore, there is a steadily 
increasing trend in βCS, βST, and βFS with increase in the combined vol-
ume fractions of DMFM fiber and BF. The highest βCS is 1.121; the 
highest βST is 1.261, and the highest βFS is 1.595, all with a 0.1% volume 
fraction of DMFM fiber and 0.5% volume fraction of BF, indicating that 

the hybrid use of DMFM fiber and BF in FRAC produces a synergistic 
effect with better mechanical performance than with individual use of 
these fibers. Comparison of βCS, βST, and βFS with individual use of 
DMFM fiber and BF indicated that the latter is more effective in 
improving the mechanical performance of FRAC, mainly due to small 
diameter and high tensile strength; it improves the concrete micro-
structure via its crack-reinforcing and bridging abilities and increases 
the overall mechanical properties of FRAC. 

Fig. 15. Flexural strength (ƒʹFS) of reference sample and hybrid fiber-reinforced recycled concrete. The bar chart shows the flexural strength (MPa) of concrete 
samples (left axis); the line graph shows the change in flexural strength (%) of concrete samples (right axis). 

Fig. 16. Density and UPV of reference and hybrid fiber-reinforced FRAC. The bar chart shows the density (kg/m3) of concrete samples (left axis); the line graph 
shows the UPV (m/s) of concrete samples (right axis). 
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4.8. Microstructure investigation 

The microstructures of the reference and hybrid fiber-modified 
concrete samples were observed with a Thermo Fisher Scientific 

Quattro S scanning electron microscope. The micrographs of the refer-
ence sample (M0) are shown in Fig. 22(a, b), and indicate a relatively 
weak concrete mix composition with poor bonding, especially in ITZs 
between cement mortar and NCA, and cement mortar and RCA. There 

Fig. 17. Water absorption of reference and hybrid fiber-reinforced FRAC.  

Fig. 18. SEM micrograph of M9 showing voids and micropores in vicinity of DMFM fiber and cement mortar interphase.  
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are several microcracks within the cement mortar and in the ITZs, 
aggregate–cement interphases caused mainly by the weak RCA. These 
microstructural defects correlate with the low mechanical performance 
of M0 compared with the fiber-modified samples. The microstructure 
quality of M1 observed in Fig. 22(c, d) is improved consisting of dense 
cement mortar with fewer microcracks and voids than the reference mix. 
This may be attributed to combined use of FA and GGBFS, resulting in 
secondary C-S-H and C-A-S-H gels and enhancing the composition of the 

recycled concrete matrix [63,64]. The micrographs of DMFM fiber- and 
BF-reinforced FRAC shown in Fig. 22(e, f) indicate improved micro-
structure and excellent interaction between fibers and the host concrete 
matrix. The DMFM fibers are covered with cement mortar and BF are 
embedded in the concrete matrix, indicating good fiber-concrete matrix 
compatibility. In addition, the fiber materials, especially BF, were 
observed intercepting microcracks within the cement mortar, which is 
highly beneficial to FRAC in resisting tensile stress. Overall, it can be 

Fig. 19. Variation in βCS of FRAC with different doses of DMFM fiber and BF.  

Fig. 20. Variation in βST of FRAC with different doses of DMFM fiber and BF.  
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inferred that the FRAC microstructure is greatly improved compared to 
the reference sample by the addition of mineral admixtures (FA and 
GGBFS) and hybrid fibers (DMFM fiber and BF). The improved micro-
structure correlates with the observed strength increases in FRAC. 

5. Conclusions 

In this study, we developed a new fiber-hybridization approach to 
recycle DMFMs as fiber materials for production of sustainable green 
recycled concrete. The technique is effective, eco-friendly, and highly 
beneficial in terms of improving the overall mechanical performance of 
FRAC and protecting the natural environment from rapidly increasing 
COVID-19 DMFM waste. From the findings of extensive laboratory tests, 
the following conclusions can be derived.  

(i) The morphological investigation of DMFM fiber indicated a non- 
woven fabric surface morphology made of randomly distributed 
and closely spaced fibers joined through oval melting junction 
points. The inner layer of DMFM fiber had a smooth surface 
texture of thin PP fibers with an average diameter of approxi-
mately 20 µm. The micrograph of BFs showed a filament-type 
structure with a relatively smooth surface texture and no visible 
voids or pores.  

(ii) The compressive strength test revealed that combined use of 
DMFM fiber and BF with the mineral admixtures (FA and GGBFS) 
increased the 28-day ƒʹcs of FRAC. The 12% increase in the ƒʹcs of 
FRAC can be attributed to the reinforcing action of hybrid fibers 
and the formation of secondary C-S-H and C-A-S-H gels due to the 
pozzolanic reaction of mineral admixtures.  

(iii) From the splitting tensile test and flexural strength test, it was 
determined that the M8 sample (containing 0.1% DMFM fiber 
and 0.5% BF) produced the best results of all samples, with 
maximum increases of 26% in split tensile strength and 60% in 
flexural strength of FRAC.  

(iv) The density and UPV of FRAC obtained with addition of mineral 
admixtures and hybrid fibers (0%, 0.1%, and 0.2% DMFM fiber 
and 0%, 0.25%, and 0.5% BF) ranged from 2406 kg/m3–2433 kg/ 

m3 and 4502 m/s–4541 m/s, respectively, indicating high-quality 
concrete that can be used in structural concrete applications.  

(v) The water absorption of FRAC slightly increased with increasing 
volume fractions of DMFM fiber and BF. A maximum water ab-
sorption of 3.61% was recorded for M9, which was prepared with 
0.2% DMFM fiber and 0.5% BF. The water absorption was still 
well below the 10% permissible limit for construction materials.  

(vi) The enhancement coefficients βCS, βST, and βFS of FRAC were 
greater than 1.0, indicating a positive synergy of DMFM fiber and 
BF. The optimum results were obtained with 0.1% volume frac-
tions of DMFM fiber and 0.5% volume fractions of BF.  

(vii) From the SEM micrographs of FRAC, it was concluded that the 
concrete microstructure composition, especially the ITZs be-
tween the RCA and cement mortar, was significantly improved 
with the addition of FA and GGBFS. Both DMFM fibers and BF 
indicated good compatibility with the host concrete matrix and 
effectively intercepted microcrack propagation contributing to 
better mechanical performance of FRAC.  

(viii) Recycling DMFMs for use as reinforcing fiber in production of 
green sustainable FRAC is the most effective and eco-friendly 
path to resolving the global challenges caused by waste face 
masks. FRAC produced with the combined use of mineral ad-
mixtures and hybrid fibers (DMFM fiber and BF) exhibited an ƒʹcs 
of greater than 50 MPa; thus, it can be used for building structures 
and other structural applications. 

(ix) Overall, the experimental findings of this study suggest signifi-
cant improvements in the mechanical performance of FRAC with 
combined use of DMFM fiber and BF. The effect of these fibers on 
post-cracking strength and long-term durability performance of 
FRAC will be explored in future research. 
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