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Abstract: In response to the COVID-19 pandemic, single-use disposable masks saw a dramatic rise in
production. Facial masks that are not properly disposed of will expose the environment to a form of
non-biodegradable plastic waste that will take hundreds of years to degrade. Therefore, recycling
such waste in an eco-friendly manner is imperative. Fibered or shredded waste masks can be used to
make green concrete that is an environmentally friendly solution to dispose the facial masks. This
study prepared six classes of concrete samples, three of which contained fibers from masks and three
of which contained shredded masks at the ages of seven days and 28 days. The results show that in
the seven-day and 28-day samples, mask fiber added to the mixes resulted in increased compressive
strength. For seven-day and 28-day samples, the compressive strength increased by 7.2% and 10%,
respectively. Despite that, the results of the shredded mask addition to concrete indicate that the
increase in shredded mask volume has a minor impact on the compressive strength of the seven-day
samples. An increase in shredded mask from 0.75 to 1% increased 28-day compressive strength by
14%. However, the compressive strength of the mask fiber decreased by 8 after 1% volume. According
to a thermal analysis of 28-day concrete samples, as the fiber percentage increases, the mass loss
percentage increases. The mass loss rate for samples containing fibers is higher than that for samples
containing shredded mask pieces. In general, based on the results mentioned above, the use of
fiber in concrete in its fiber state enhances its strength properties. As a result, using shredded mask
pieces in concrete leads to better curing due to the reduction of residual capillary pore water loss in
construction materials.

Keywords: facial masks; mask fiber; shredded mask; compressive strength; tensile strength

1. Introduction

The amount and composition of hospital waste, and even municipal and household
waste, has changed with the COVID-19 crisis [1]. Consumption of individuals and families
has increased dramatically following the spread of COVID-19 worldwide. The spread
of COVID-19 heart disease has led to an increase in global demand for disinfectants,
detergents, masks, and other health items [2,3]. The increase of these detergents and
masks increases the pollution of water and wetlands and the environment and has adverse
negative effects on living organisms [4].
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It is believed that the segregation of wastes causes the virus to spread further and,
therefore, all of them should be buried in the same way that they are collected. Some
developed countries have prepared instructions and have asked the people to divide their
waste into three categories: wet, dry, and non-recyclable [5–7].

Restrictions on the segregation and recycling of municipal waste in many countries
around the world are among the most influential factors on the environment after the
outbreak of COVID-19. Household waste, hospital waste, plastic, paper, and glass have all
been dumped into large chunks [8]. Landfilling all waste will be a major disaster because,
in addition to wasting returnable capital, it contaminates soil and water, and large areas of
land are spent on landfilling. Garbage is referred to as dirty gold [9]. In addition to wasting
material, burying garbage makes land into a landfill. While this waste can be recycled and
put into the production cycle, waste that is not recyclable should also be converted into
compact materials that take up the least space [10–12].

Another new problem and consequence of the COVID-19 crisis that needs to be
managed is the use of disposable gloves and masks and their release into the environment
and public thoroughfares [13]. Plastics and disposable materials do not decompose in
the environment and will have long-term consequences [14]. In recent years, methods to
reduce the use of plastic materials have been implemented in many countries, but now, due
to greater caution and fear of increasing epidemics of the past, coronavirus-like measures
are being implemented [15–18]. Concerns about the safety and contamination of the virus
have led to the lifting of the ban on the use of disposable plastics, and as a result, the
demand for water bottles, plastic bags, plastic packaging, and mask masks has increased.
The use of protective products such as masks, gloves, and other plastic medical devices
and their release into the environment cause these materials to enter and also close the
waterways [19,20].

An analysis of samples taken from major rivers in Europe shows that masks are being
abandoned in these rivers at an increasing rate. The polypropylene used in disposable
protective masks breaks down quickly [21,22].

Another important point is that in order to achieve sustainable development, the
economy must be considered along with the environment. The COVID-19 dealt a heavy
blow to the world economy and spread poverty [23,24]. Under such circumstances, gov-
ernments will move forward to meet the basic needs of society and will not be strict on
industries. COVID-19 has caused many social and economic disorders, and attention to
the environment will not be a priority [25]. At the same time, the environment, along with
society and the economy, is an important three-pronged approach to achieving sustainable
development. In a world where COVID-19 is killing people in society and destroying the
economy, the discourse of the environment will not be heeded [26].

The recycling of face masks and their reutilization in building materials could be a
feasible way to solve these issues. As a result, it reduces waste generated worldwide by the
face mask and may improve various attributes of the concrete it contains [27]. Although
concrete is a widely used material in construction materials, it has disadvantages such
as: low tensile strength, low ductility, shrinkage of concrete and subsequent cracking due
to it, and cracks caused by improper processing and hardening of concrete. Due to the
properties that are expected from plastic materials, these weaknesses of concrete can be
eliminated to a large extent. In addition, by using this solution, it is possible to correct the
defects in concrete and to create a more suitable environment for living [25].

Research conducted on concretes containing polypropylene fibers of different types
shows that the strength and thermal resistance of concrete specimens have increased using
polypropylene fibers. After seven and 28 days, the 250 × 250 × 250 mm cubic samples
were removed from the water basin and the samples containing polypropylene fibers were
placed in a 450 ◦C oven for 8 h for thermal testing. Compressive strength tests were then
performed on them [28]. Chandramouli et al. [29] believe that with 1.5% of fiberglass to
the weight of concrete, the modulus of rupture increases by about 20% and toughness by
about 50%. Moreover, by increasing the force required to deform the concrete and increase
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the toughness, the fibers prevent the spread of more cracks [29]. Pakravan et al. [30] inves-
tigated the compressive and flexural strength of concrete specimens containing steel fibers
and polypropylene. They used 150 × 150 × 150 mm cube molds to test the compressive
strength and rectangular cube molds of 100 × 100 × 500 mm molds to test the flexural
strength. They conducted these experiments and concluded that the best combination of
steel fibers and polypropylene is a combination of 75% steel fibers and 25% polypropylene
fibers [30]. Hamad [31] in their research, by making three designs of mixing concrete with
fiber fibers and performing compressive, flexural, and tensile strength tests at the ages of
3, 7, and 28 days on concrete samples containing fibers, concluded that fibers in concrete in-
crease the compressive, flexural, and tensile strength of concrete [31]. Noushini et al. [32] in
their research concluded, by making 19 concrete mixing designs with steel fibers and glass
fiber and performing compression testing on cubic and cylindrical specimens and flexural
strength test on rectangular cubic specimens at the ages of 7, 14, and 28 days on concrete
specimens containing fibers, that fibers in concrete increase the compressive and flexural
strength of concrete [32]. Zhang et al. [33], in a laboratory study, investigated the combined
effect of nano-silica and different fibers on toughness, fracture energy, and flexural strength
of self-compacting concrete. For this purpose, they have 40 mixing designs including four
series, which include 0, 2, 4, and 6% by weight of cement, nano-silica, which were examined
as alternatives to cement. The results showed that the combined presence of fibers and the
optimal percentage of nano-silica improves the toughness, fracture energy, and flexural
strength of concrete [33]. Nuaklong et al. [34] investigated the effect of polypropylene
fibers on mechanical properties and permeability of concrete. Their results indicate that the
compressive strength of fibrous concrete prototypes is lower than the control samples, but
with increasing the age of the samples, the results were reversed and the highest increase
in compressive strength of 28 days was related to the amount of fibers used 0.8%. They
observed the highest increase in tensile strength at 28 days of age in concrete samples
containing 0.4% fiber [34].

The purpose of this paper is to address the issue of waste facial masks, which is a
severe environmental issue worldwide. Moreover, this research aims at finding a way to
reuse facial masks by utilizing them in construction materials. In addition, concrete can be
made more cheaply by reusing used waste facial masks in fiber form. Therefore, utilizing
them in construction material is an environmentally friendly solution. Moreover, their use
may improve concrete’s mechanical properties.

2. Materials and Methods

In this study, Portland Cement conforming to ASTM-C150 (Farmington Hills, MI,
USA) was used. As fine aggregate, 2.42 fineness modulus sand was used.

2.1. Preparing of Fibereed and Shredded Masks

To ensure that the masks were not pathogenic, the collected masks were quarantined
for 10 days and then their metal parts were removed. To be more sure, alcohol spray was
used for disinfection. Finally, to produce concrete, the collected masks were shredded in
two methods: fiber and squared-shredded. This study used three-ply waste masks because
they are inexpensive and often used by people. Spin-bond polypropylene fabric is used
both on the inner and outer surfaces of the mask, and melt-blown polypropylene fabric is
used on the middle layer. In Figure 1, samples of weighed fibers and shredded mask for
the mixing design are shown in this study. Table 1 shows the chemical composition of the
masks used in this study.

After reviewing the results of previous research, to achieve better results, the mask
was used in two forms [35–40]. As shown in Table 2, fibred masks were included in 1.0,
1.5, and 2.0% of concrete volume (CS1–CS3). Meanwhile, the squared masks were cut into
1–2 mm pieces using a cutting machine. Shredded masks were used as 0.75, 1, and 1.5% of
the total concrete volume (CS4–CS6).
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Figure 1. Samples of shredded (a) and fibers (b) mask (fibers prepared from Shandong Luming New
Materials Co., Ltd., Weifang, China) for the mixing design.

Table 1. Chemical composition of the masks.

Element Weight (%)

Mg 2.94
Al 9.99
Ca 25.85
Si 59.11
K 2.11

2.2. Preparation of Sample Concretes

In this study, the crushed stone as coarse material and sand as fine aggregate materials
were used in the experiments performed. Coarse-grained and fine-grained materials were
combined in equal proportions. In addition, the ratio of water to cement is 0.5. In this study,
first by selecting the mixing plan of sand, cement, sand, and water, sample control concrete
(CS0) was prepared and after 24 h when the samples were dried, they were placed in a
normal water pool.

For mixing concrete in this research, the standard method of ACI-211 regulation
was used. First, a mixer mixed sand, cement, and water for two minutes, and then fiber
and shredded masks were gradually added to the mixer. Finally, the mixer worked for
another 3 min to obtain a uniform mixture. To distribute the mask pieces evenly and
prevent balling, the pieces were added to the mixture in a completely dry manner and
CONPLAST SP432MS superplasticizer was used. It is a chloride-free superplasticizer based
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on naphthalene sulfonate polymers and is a brown solution that dissolves rapidly in water.
CONPLAST SP432MS super lubricant complies with BSEN 934-2 and ASTM C494 as Type
B, Type D, and Type G additives (depending on consumption) [23].

Table 2. Sample and mixing properties.

Mixture ID Fiber (% Vol) Cement (kg/m3) Water (kg/m3) Superplasticizer (kg/m3) Coarse
Aggregate (kg/m3) Fine Aggregate (kg/m3) W/C

CS0 – 350 182 5.25 857 859 0.5
CS1 1 (Fibered) 350 182 5.25 857 859 0.5
CS2 1.5 (Fibered) 350 182 5.25 857 859 0.5
CS3 2 (Fibered) 350 182 5.25 857 859 0.5
CS4 0.75 (shredded) 350 182 5.25 857 859 0.5
CS5 1 (shredded) 350 182 5.25 857 859 0.5
CS6 1.5 (shredded) 350 182 5.25 857 859 0.5

Table 2 presents the values and components of the mixing data used in this study. As
shown in Table 2, the ratio of water to cement in all mixing designs is 0.5. The amount of
superplasticizer for all fiber concrete mixing designs is equal to 1.5% by weight of cement.
In the process of making concrete samples with mask parts, the amount and type of cement,
sand, sand and water has been fixed and only the amount and type of fibers change.

2.3. Compressive and Tensile Strength Tests

In the process of making concrete specimens for compression testing of standard cubic
molds of 150 × 100 × 150 mm and for making concrete specimens for tensile strength testing
of standard cylinders with dimensions of 150 (diameter) × 300 mm was used (Figure 2).

In the compressive strength test, the specimens are pressurized by a concrete crusher.
The load is applied uniformly to the specimens by the upper and lower jaws of the device.
It is essential that the load be applied to the specimens without sudden and continuous
change. The concrete crusher must be equipped with devices that can record the rupture
force after loading. In this device, the rupture force is displayed on a monitor screen. The
vertical axis of the piston must coincide with the vertical axis of the device and be located
along the vertical axis of the device when loading to move the piston, so that the result of
the forces passes right through the center of the sample. The lower cylinder surface of the
machine must be perpendicular to its axis and remain perpendicular during loading. The
center of the spherical seat of the upper jaw should have a tolerance of ±1 mm at the point
of collision of the vertical axis of the device with the lower surface of the upper jaw.

Split cylinder tensile strength tests (based on ASTMC496) were performed [41]. In this
test, the specimen is placed between the plates of the concrete breaker jack so that its axis is
horizontal and then the load is increased so that the rupture occurs in two halves on the
plate containing the vertical diameter of the specimen. The load is applied continuously,
uniformly, and without sudden changes at a constant speed of about 400 to 700 kPa until
the test rupture (Figure 2).

2.4. Detection of Thermal Properties

Shimadzu’s TGA-50 thermogravimetric analyzer was utilized to define thermal fac-
tors [42,43]. The samples were measured by aluminum pans containing 8–11 mg of each
sample. In the tests, temperatures ranged from 30 ◦C to 600 ◦C at a 10 ◦C/min rate. The
pan containing samples was placed in the TGA oven. Using Shimadzu’s thermal analysis
software, mass loss was measured and analyzed following an increase in temperature.

2.5. Durability Tests

The rapid chloride permeability test (RCPT) is a reliable indicator of permeability.
More permeability implies more durability concerns [37,38]. At larger RCPT levels, corro-
sion process in concrete is more prevalent. As a consequence, in accordance with ASTM
C 1202, the RCPT apparatus was used to determine the permeability of various mixes. In
harsh environments, the durability of concrete deteriorates [44]. Freeze-thaw is a condition



Sustainability 2022, 14, 8739 6 of 14

that affects people all around the world. Synthetic fibers improve freeze-thaw resistance [45].
As a consequence, the effect of waste mask fiber on the freeze-thaw resistance of concrete
was studied.
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3. Results and Discussion

In this section, the results of waste masks usage in concrete are investigated for their
effects on concrete properties.

In order to validate the results of this study, the results of laboratory research of
Małek et al. [28] were used. Table 3 shows a comparison of the compressive strength results
of a cubic sample in the case without fiber additive, and 1% fiber additive. According to
Table 3, the results of both studies are well matched (RMSE = 0.89).
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Table 3. A comparison between results of compressive strength in present study and in Małek et al. [28].

Fiber (% Vol)

Compressive Strength (Mpa)

Present Study Małek et al. [28]

7 Days SD 28 Days SD 7 Days SD 28 Days SD

– 17.2 1.12 27.3 0.65 18.3 0.76 27.9 0.15
1% 16.7 0.81 28 0.96 17.3 0.29 28.2 2.16

3.1. The Effect of Waste Masks on Compressive Strength

In order to evaluate the effect of waste masks on compressive strength, the mixes at
seven and 28 days were investigated. The results of compressive strength of the mixes
incorporated mask fiber and shredded mask can be seen in Figure 3a,b, respectively. As
shown in this figure, compressive strength increased by addition of mask fiber in the
seven-days and 28-days samples. Compressive strength of samples increased by values
of 7.2% and 10%, for seven-days and 28-days samples, respectively. This increase is up
to 2% for concrete mix with fiber additive. However, Park [46] and Pourbaba et al. [47]
showed that compressive strength decrease by increasing the fiber in the concrete mix after
2%. The results of shredded mask addition to the mixes are a bit complicated. For example,
the increase in shredded mask volume in the mixes has a minor effect on the compressive
strength of the seven-days samples, while increase in shredded mask from 0.75 to 1%
increase 14% compressive strength of the 28-days sample. However, after 1% volume of
shredded masks, the compressive strength decreases by the value of 8%. This is because
concrete cannot be homogeneous due to inadequate mixing and interlocking of fibers. A
higher fiber content usually leads to a lower compressive strength. Lower fiber counts mean
fibers do not entangle or conglobate and there are no issues with homogeneity. Table 4
shows the results of compressive strength variation in the different samples in comparison
with CS0. According to Table 4, the effect on compressive strength by masks incorporated
into concrete appears in 28-days concrete significantly.

Table 4. The results of compressive strength variation in the different samples in comparison with CS0.

Sample ID Sample Age Compressive Strength Increase (%)

CS1
7-days −6.14
28-days 0.36

CS2
7-days −1.12
28-days 5.73

CS3
7-days 7.82
28-days 11.70

CS4
7-days −3.19
28-days 3.58

CS5
7-days −2.79
28-days 18.28

CS6
7-days −3.46
28-days −3.94

Figure 4 shows the tensile strength of the mixes at seven days and 28 days. Figure 4a
shows the results of tensile strength mask fibers addition to concrete and Figure 4b shows
the results of tensile strength of shredded mask. According to Figure 4a, increase in mask
fiber in concrete, tensile strength increases both in the seven-days and 28 days samples.
Tensile strength of samples increased by values of 7% and 14%, for seven-days and 28-days
samples, respectively. Compared to ordinary concrete, by adding mask fiber to concrete, it
has a higher tensile strength and, therefore, better crack resistance. However, the tensile
strength for mixes with shredded mask at seven days have no significant variation in
tensile strength (Figure 4b), while an increase in mask element from 0.75 to 1% increase 1%
compressive strength of the 28-days sample. However, after 1% volume of shredded mask
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the compressive strength decreases by the value of 15%. In fact, when the tensile strength
test was conducted, mask elements acted as a block and allowed the sample to quickly
separate. It seems that the performance of the shredded mask addition into concrete was
not remarkable.

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 15 
 

or conglobate and there are no issues with homogeneity. Table 4 shows the results of  com-

pressive strength variation in the different samples in comparison with CS0. According to 

Table 4, the effect on compressive strength by masks incorporated into concrete appears in 

28-days concrete significantly.  

 

 

Figure 3. Compressive strength of (a) waste fiber mask and (b) shredded mask at seven days and 28 

days. 

Table 4. The results of compressive strength variation in the different samples in comparison with 

CS0. 

Sample ID Sample Age Compressive Strength Increase (%) 

CS1 
7-days −6.14 

28-days 0.36 

CS2 
7-days −1.12 

28-days 5.73 

CS3 
7-days 7.82 

28-days 11.70 

CS4 
7-days −3.19 

28-days 3.58 

CS5 
7-days −2.79 

28-days 18.28 

CS6 
7-days −3.46 

28-days −3.94 

Figure 3. Compressive strength of (a) waste fiber mask and (b) shredded mask at seven days and 28 days.

3.2. The Effect of Waste Masks on Tensile Strength

Table 5 shows the results of tensile strength variation in the different samples in
comparison with CS0. According to Table 5, waste mask use in mixes increase the tensile
strength in comparison with the control sample (CS0); however, the use of 1.5% shredded
mask into concrete decreases the tensile strength by the value of 14.57%.

Table 5. The results of tensile strength variation in the different samples in comparison with CS0.

Sample ID Sample Age Tensile Strength Increase (%)

CS1
7 days −1.78

28 days −2.85

CS2
7 days 2.50

28 days 5.14

CS3
7 days 7.14

28 days 14.57

CS4
7 days 0.36

28 days 0.00

CS5
7 days −0.36

28 days 1.14

CS6
7 days −2.50

28 days −14.57
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3.3. Thermogravimetric Analysis

As mentioned in Section 2.3, TGA is used to test for thermal degradation in con-
crete with fibers from the used mask. Figure 5 shows that polypropylene in concrete is
not degrading significantly. The lack of transition could be explained by the fact that
polypropylene is not widely used in concrete. Polypropylene begins to decompose at about
400 ◦C, which is lower than the average degradation temperature of 300 ◦C. Concrete
loses mass as it dries out residual capillary pore water lower than 70 ◦C and as it hydrates
calcium hydroxide over 450 ◦C. A loss of mass of 1.0% was observed in concrete with
waste mask fibers after drying of residual capillary pore water. By allowing concrete to
dry for longer, it retains more water during curing state and it is better for concrete. At
high temperatures, concrete produces no gas, so it is safe, because polypropylene fibers do
not degrade significantly at elevated temperatures. According to Figure 5, with increasing
fiber percentage in 28-day concrete samples, the mass loss percentage in concrete becomes
more intense. However, samples containing shredded mask pieces have a lower mass loss
percentage than samples containing fibers. Given the nature of the decomposition of the
materials mentioned above, this is justifiable.
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3.4. Microstructure of the Concrete

The microstructure of the concrete was studied using scanning electron microscopy
(SEM). Polypropylene fibers were discovered to be heavily encrusted with hydration prod-
ucts and barely visible. The irregular rectangular growths in the image reflect C-S-H
overlapping/wrapping on the mask fibers. Figure 6 demonstrates that C-S-H has primar-
ily enveloped fiber cotton, as shown by its cotton-like appearance. On the other hand,
hydration products begin to travel along longer fibers. Because masks are made up of spun-
bound polypropylene and melt-brown polypropylene layers, they may react differently as
hydration product sites.
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3.5. RCPT Test Result

The samples’ chloride permeability was determined. Reduced chloride permeability
indicates better corrosion resistance (Figure 7). According to Figure 7a, the permeability
was first reduced by incorporating up to 1.5% waste mask fiber into the concrete. However,
after 1.5% mask fiber, the permeability increases. It can be deduced that 1.5% is the best
value for reducing permeability by 23.2%. Lower percentages of polypropylene fiber reduce
permeability and increase resistance to chloride penetration by filling the effect in pores.
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Permeability is reduced almost by 41.3% when the shredded mask (1% of concrete
volume) is used (Figure 7b). The masks are impermeable, and the square-cut pieces prevent
water or ions from passing through, resulting in a significant reduction in the concrete
sample’s permeability.

4. Conclusions

The spread of COVID-19 has led to the widespread use and production of disposable
facial masks worldwide. Waste from this production and mass consumption of facial masks
in the next few years is an important environmental challenge for humans. Therefore,
finding a solution to dispose of this massive waste is a very important issue. In this
research, the use of disposable facial masks in construction materials and its effect on the
strength of concrete used in structures has been evaluated. For this purpose, concrete
samples were prepared in six classes, including three classes containing mask fiber in
concrete and three concrete classes containing shredded mask at the age of seven days and
28 days. The results of the samples of each class were compared with the results of the
control sample. The main results of this study are presented as following:

The results of compressive strength of the mixes incorporated mask fiber showed that
compressive strength increased by addition of mask fiber in the seven-days and 28-days
samples. Compressive strength of samples increased by values of 7.2% and 10% for seven-
days and 28-days samples, respectively. This increase is up to 2% for concrete mix with
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fiber additive. However, the results of shredded mask addition to concrete showed that
the increase in shredded mask volume in the mixes has s minor effect on the compressive
strength of the seven-days samples, while increase in shredded masks from 0.75 to 1%
increase compressive strength by 14% in the 28-days sample. However, after 1% volume of
mask fiber, the compressive strength decreases by the value of 8%.

Tensile strength tests show that adding mask fiber to concrete increases both the seven-
day and 28-day tensile strength of the samples. As a result, the tensile strength of samples
increased by 7 and 14% for seven-day and 28-day samples, respectively. When compared to
control sample concrete, adding mask fiber to concrete increases tensile strength and, thus,
crack resistance. Tensile strength for shredded fiber mixes, on the other hand, shows no
significant variation after seven days, while increasing the mask element from 0.75 to 1%,
the compressive strength of the 28-day sample increased by 1%. However, after 1%volume
of mask fiber, the tensile strength was reduced by 15%. According to thermal analysis with
increasing fiber percentage in 28-day age concrete samples, the mass loss percentage in
concrete becomes more intense. However, samples containing shredded mask pieces have
a lower mass loss percentage than samples containing fibers.

Overall, based on the results mentioned above, the use of facial masks in concrete in
their fiber state improves the strength performance. In contrast, the use of shredded mask
pieces in concrete leads to better curing due to the residual capillary pore water loss in
construction materials, which increases its efficiency.

Author Contributions: Conceptualization, P.C. and I.M.; methodology, M.A.; software, M.J.C.O.;
validation, M.A.; formal analysis, A.T.J.; investigation, T.C.; resources, S.C.; writing—original draft
preparation, R.D.; writing—review and editing, S.C.; visualization, T.C.; supervision, P.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. El Haj Assad, M.; Ahmadi, M.H.; Sadeghzadeh, M.; Yassin, A.; Issakhov, A. Renewable hybrid energy systems using geothermal

energy: Hybrid solar thermal–geothermal power plant. Int. J. Low Carbon Technol. 2021, 16, 518–530. [CrossRef]
2. Jalili, M.; Ghasempour, R.; Ahmadi, M.H.; Chitsaz, A.; Ghazanfari Holagh, S. Exergetic, exergo-economic, and exergo-

environmental analyses of a trigeneration system driven by biomass and natural gas. J. Therm. Anal. Calorim. 2021, 147,
1–21. [CrossRef]

3. Mohammadi, O.; Shafii, M.B.; Rezaee Shirin-Abadi, A.; Heydarian, R.; Ahmadi, M.H. The impacts of utilizing nano-encapsulated
PCM along with RGO nanosheets in a pulsating heat pipe, a comparative study. Int. J. Energy Res. 2021, 45, 19481–19499.
[CrossRef]

4. Mohammadhosseini, H.; Alyousef, R.; Md. Tahir, M. Towards Sustainable Concrete Composites through Waste Valorisation of
Plastic Food Trays as Low-Cost Fibrous Materials. Sustainability 2021, 13, 2073. [CrossRef]

5. Bonoli, A.; Zanni, S.; Serrano-Bernardo, F. Sustainability in building and construction within the framework of circular cities and
european new green deal. The contribution of concrete recycling. Sustainability 2021, 13, 2139. [CrossRef]

6. Dugarte, M.; Martinez-Arguelles, G.; Torres, J. Experimental evaluation of modified sulfur concrete for achieving sustainability in
industry applications. Sustainability 2018, 11, 70. [CrossRef]

7. Alrshoudi, F.; Mohammadhosseini, H.; Tahir, M.M.; Alyousef, R.; Alghamdi, H.; Alharbi, Y.R.; Alsaif, A. Sustainable use of waste
polypropylene fibers and palm oil fuel ash in the production of novel prepacked aggregate fiber-reinforced concrete. Sustainability
2020, 12, 4871. [CrossRef]

8. Colangelo, F.; Navarro, T.G.; Farina, I.; Petrillo, A. Comparative LCA of concrete with recycled aggregates: A circular economy
mindset in Europe. Int. J. Life Cycle Assess. 2020, 25, 1790–1804. [CrossRef]

9. Mohajerani, A.; Suter, D.; Jeffrey-Bailey, T.; Song, T.; Arulrajah, A.; Horpibulsuk, S.; Law, D. Recycling waste materials in
geopolymer concrete. Clean Technol. Environ. Policy 2019, 21, 493–515. [CrossRef]

http://doi.org/10.1093/ijlct/ctaa084
http://doi.org/10.1007/s10973-021-10813-3
http://doi.org/10.1002/er.7056
http://doi.org/10.3390/su13042073
http://doi.org/10.3390/su13042139
http://doi.org/10.3390/su11010070
http://doi.org/10.3390/su12124871
http://doi.org/10.1007/s11367-020-01798-6
http://doi.org/10.1007/s10098-018-01660-2


Sustainability 2022, 14, 8739 13 of 14

10. Qian, D.; Yu, R.; Shui, Z.; Sun, Y.; Jiang, C.; Zhou, F.; Ding, M.; Tong, X.; He, Y. A novel development of green ultra-high
performance concrete (UHPC) based on appropriate application of recycled cementitious material. J. Clean. Prod. 2020, 261, 121231.
[CrossRef]

11. Duan, Z.; Singh, A.; Xiao, J.; Hou, S. Combined use of recycled powder and recycled coarse aggregate derived from construction
and demolition waste in self-compacting concrete. Constr. Build. Mater. 2020, 254, 119323. [CrossRef]

12. Teixeira, E.R.; Camões, A.; Branco, F.; Aguiar, J.; Fangueiro, R. Recycling of biomass and coal fly ash as cement replacement
material and its effect on hydration and carbonation of concrete. Waste Manag. 2019, 94, 39–48. [CrossRef]

13. Petrounias, P.; Giannakopoulou, P.P.; Rogkala, A.; Lampropoulou, P.; Tsikouras, B.; Rigopoulos, I.; Hatzipanagiotou, K. Petro-
graphic and mechanical characteristics of concrete produced by different type of recycled materials. Geosciences 2019, 9, 264.
[CrossRef]

14. Jacob-Vaillancourt, C.; Sorelli, L. Characterization of concrete composites with recycled plastic aggregates from postconsumer
material streams. Constr. Build. Mater. 2018, 182, 561–572. [CrossRef]

15. Shi, X.; Mukhopadhyay, A.; Zollinger, D.; Grasley, Z. Economic input-output life cycle assessment of concrete pavement containing
recycled concrete aggregate. J. Clean. Prod. 2019, 225, 414–425. [CrossRef]

16. Mohammadinia, A.; Wong, Y.C.; Arulrajah, A.; Horpibulsuk, S. Strength evaluation of utilizing recycled plastic waste and
recycled crushed glass in concrete footpaths. Constr. Build. Mater. 2019, 197, 489–496. [CrossRef]

17. Santos, S.; Da Silva, P.; De Brito, J. Self-compacting concrete with recycled aggregates—A literature review. J. Build. Eng. 2019, 22,
349–371. [CrossRef]

18. Kishore, K.; Gupta, N. Application of domestic & industrial waste materials in concrete: A review. Mater. Today Proc. 2020, 26,
2926–2931.

19. Ding, T.; Xiao, J.; Zou, S.; Wang, Y. Hardened properties of layered 3D printed concrete with recycled sand. Cem. Concr. Compos.
2020, 113, 103724. [CrossRef]

20. Tang, Y.; Xiao, J.; Liu, Q.; Xia, B.; Singh, A.; Lv, Z.; Song, W. Natural gravel-recycled aggregate concrete applied in rural highway
pavement: Material properties and life cycle assessment. J. Clean. Prod. 2022, 334, 130219. [CrossRef]

21. Tang, Q.; Ma, Z.; Wu, H.; Wang, W. The utilization of eco-friendly recycled powder from concrete and brick waste in new concrete:
A critical review. Cem. Concr. Compos. 2020, 114, 103807. [CrossRef]

22. Peng, Y.; Wu, P.; Schartup, A.T.; Zhang, Y. Plastic waste release caused by COVID-19 and its fate in the global ocean. Proc. Natl.
Acad. Sci. USA 2021, 118, e2111530118. [CrossRef]

23. Rahman, M.T.; Mohajerani, A.; Giustozzi, F. Recycling of waste materials for asphalt concrete and bitumen: A review. Materials
2020, 13, 1495. [CrossRef]

24. Awoyera, P.O.; Adesina, A.; Gobinath, R. Role of recycling fine materials as filler for improving performance of concrete-a review.
Aust. J. Civ. Eng. 2019, 17, 85–95. [CrossRef]

25. Nasr, M.S.; Shubbar, A.A.; Abed, Z.A.-A.R.; Ibrahim, M.S. Properties of eco-friendly cement mortar contained recycled materials
from different sources. J. Build. Eng. 2020, 31, 101444. [CrossRef]

26. Zhang, Y.; Luo, W.; Wang, J.; Wang, Y.; Xu, Y.; Xiao, J. A review of life cycle assessment of recycled aggregate concrete. Constr.
Build. Mater. 2019, 209, 115–125. [CrossRef]

27. Meng, Y.; Ling, T.-C.; Mo, K.H. Recycling of wastes for value-added applications in concrete blocks: An overview. Resour. Conserv.
Recycl. 2018, 138, 298–312. [CrossRef]

28. Małek, M.; Jackowski, M.; Łasica, W.; Kadela, M. Characteristics of recycled polypropylene fibers as an addition to concrete
fabrication based on portland cement. Materials 2020, 13, 1827. [CrossRef]

29. Sutar, S.; Kumar, M.H. Strength Behaviour of Glass Fiber Reinforced Concrete. Int. Res. J. Eng. Technol. 2021, 8, 2206–2211.
30. Pakravan, H.; Latifi, M.; Jamshidi, M. Hybrid short fiber reinforcement system in concrete: A review. Constr. Build. Mater. 2017,

142, 280–294. [CrossRef]
31. Hamad, A.J. Size and shape effect of specimen on the compressive strength of HPLWFC reinforced with glass fibres. J. King Saud

Univ. Eng. Sci. 2017, 29, 373–380. [CrossRef]
32. Noushini, A.; Hastings, M.; Castel, A.; Aslani, F. Mechanical and flexural performance of synthetic fibre reinforced geopolymer

concrete. Constr. Build. Mater. 2018, 186, 454–475. [CrossRef]
33. Zhang, P.; Dai, X.-B.; Gao, J.-X.; Wang, P. Effect of nano-SiO2 particles on fracture properties of concrete composite containing fly

ash. Curr. Sci. 2015, 2015, 2035–2043.
34. Nuaklong, P.; Boonchoo, N.; Jongvivatsakul, P.; Charinpanitkul, T.; Sukontasukkul, P. Hybrid effect of carbon nanotubes and

polypropylene fibers on mechanical properties and fire resistance of cement mortar. Constr. Build. Mater. 2021, 275, 122189.
[CrossRef]

35. Xia, B.; Ding, T.; Xiao, J. Life cycle assessment of concrete structures with reuse and recycling strategies: A novel framework and
case study. Waste Manag. 2020, 105, 268–278. [CrossRef]

36. Ho, H.-J.; Iizuka, A.; Shibata, E. Chemical recycling and use of various types of concrete waste: A review. J. Clean. Prod. 2021,
284, 124785. [CrossRef]

37. Tang, Y.; Feng, W.; Chen, Z.; Nong, Y.; Guan, S.; Sun, J. Fracture behavior of a sustainable material: Recycled concrete with waste
crumb rubber subjected to elevated temperatures. J. Clean. Prod. 2021, 318, 128553. [CrossRef]

http://doi.org/10.1016/j.jclepro.2020.121231
http://doi.org/10.1016/j.conbuildmat.2020.119323
http://doi.org/10.1016/j.wasman.2019.05.044
http://doi.org/10.3390/geosciences9060264
http://doi.org/10.1016/j.conbuildmat.2018.06.083
http://doi.org/10.1016/j.jclepro.2019.03.288
http://doi.org/10.1016/j.conbuildmat.2018.11.192
http://doi.org/10.1016/j.jobe.2019.01.001
http://doi.org/10.1016/j.cemconcomp.2020.103724
http://doi.org/10.1016/j.jclepro.2021.130219
http://doi.org/10.1016/j.cemconcomp.2020.103807
http://doi.org/10.1073/pnas.2111530118
http://doi.org/10.3390/ma13071495
http://doi.org/10.1080/14488353.2019.1626692
http://doi.org/10.1016/j.jobe.2020.101444
http://doi.org/10.1016/j.conbuildmat.2019.03.078
http://doi.org/10.1016/j.resconrec.2018.07.029
http://doi.org/10.3390/ma13081827
http://doi.org/10.1016/j.conbuildmat.2017.03.059
http://doi.org/10.1016/j.jksues.2015.09.003
http://doi.org/10.1016/j.conbuildmat.2018.07.110
http://doi.org/10.1016/j.conbuildmat.2020.122189
http://doi.org/10.1016/j.wasman.2020.02.015
http://doi.org/10.1016/j.jclepro.2020.124785
http://doi.org/10.1016/j.jclepro.2021.128553


Sustainability 2022, 14, 8739 14 of 14

38. Tam, V.W.; Soomro, M.; Evangelista, A.C.J. A review of recycled aggregate in concrete applications (2000–2017). Constr. Build.
Mater. 2018, 172, 272–292. [CrossRef]

39. Akhtar, A.; Sarmah, A.K. Construction and demolition waste generation and properties of recycled aggregate concrete: A global
perspective. J. Clean. Prod. 2018, 186, 262–281. [CrossRef]

40. Wang, B.; Yan, L.; Fu, Q.; Kasal, B. A comprehensive review on recycled aggregate and recycled aggregate concrete. Resour.
Conserv. Recycl. 2021, 171, 105565. [CrossRef]

41. Toghroli, A.; Shariati, M.; Sajedi, F.; Ibrahim, Z.; Koting, S.; Mohamad, E.T.; Khorami, M. A review on pavement porous concrete
using recycled waste materials. Smart Struct. Syst. 2018, 22, 433–440.

42. Tam, V.W.; Butera, A.; Le, K.N.; Li, W. Utilising CO2 technologies for recycled aggregate concrete: A critical review. Constr. Build.
Mater. 2020, 250, 118903. [CrossRef]

43. Tayeh, B.A.; Alyousef, R.; Alabduljabbar, H.; Alaskar, A. Recycling of rice husk waste for a sustainable concrete: A critical review.
J. Clean. Prod. 2021, 312, 127734. [CrossRef]

44. Guo, H.; Shi, C.; Guan, X.; Zhu, J.; Ding, Y.; Ling, T.-C.; Zhang, H.; Wang, Y. Durability of recycled aggregate concrete—A review.
Cem. Concr. Compos. 2018, 89, 251–259. [CrossRef]

45. Qu, F.; Li, W.; Dong, W.; Tam, V.W.Y.; Yu, T. Durability deterioration of concrete under marine environment from material to
structure: A critical review. J. Build. Eng. 2021, 35, 102074. [CrossRef]

46. Park, S.S. Effect of fiber reinforcement and distribution on unconfined compressive strength of fiber-reinforced cemented sand.
Geotext. Geomembr. 2009, 27, 162–166. [CrossRef]

47. Pourbaba, M.; Asefi, E.; Sadaghian, H.; Mirmiran, A. Effect of age on the compressive strength of ultra-high-performance
fiber-reinforced concrete. Constr. Build. Mater. 2018, 175, 402–410. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2018.03.240
http://doi.org/10.1016/j.jclepro.2018.03.085
http://doi.org/10.1016/j.resconrec.2021.105565
http://doi.org/10.1016/j.conbuildmat.2020.118903
http://doi.org/10.1016/j.jclepro.2021.127734
http://doi.org/10.1016/j.cemconcomp.2018.03.008
http://doi.org/10.1016/j.jobe.2020.102074
http://doi.org/10.1016/j.geotexmem.2008.09.001
http://doi.org/10.1016/j.conbuildmat.2018.04.203

	Introduction 
	Materials and Methods 
	Preparing of Fibereed and Shredded Masks 
	Preparation of Sample Concretes 
	Compressive and Tensile Strength Tests 
	Detection of Thermal Properties 
	Durability Tests 

	Results and Discussion 
	The Effect of Waste Masks on Compressive Strength 
	The Effect of Waste Masks on Tensile Strength 
	Thermogravimetric Analysis 
	Microstructure of the Concrete 
	RCPT Test Result 

	Conclusions 
	References

