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A B S T R A C T   

Since COVID-19 was declared a global pandemic, the production, consumption, and discard of personal pro
tective equipment (PPE), such as face masks, have been rapidly increasing. The massive amount of face mask 
waste poses a severe threat to the ecology, environment, and public health. Alleviating the adverse effects of 
mask waste requires the cooperation of professionals from various fields. To reduce the epidemic-generated 
waste and improve the performance of stone mastic asphalt (SMA) mixes, in this study, comprehensive labo
ratory experiments, including volumetric assessment, Marshall stability and flow, resilient modulus, dynamic 
creep, moisture susceptibility, and binder drain-off test were carried out on SMA specimens prepared with 0.3%, 
0.5%, 0.7%, and 1.0% of mask fibre (MF) by weight of asphalt mixture. The results were compared with the 
control SMA specimen (i.e., SMA mixed with 0.3% cellulose fibre (CF)) that complied with the road industry 
regulations and standards. The results of the study illustrated that the introduction of MF into the SMA mix 
improved the stability, resilient modulus, indirect tensile strength, resistance to permanent deformation, resis
tance to moisture damage and binder drain-off performance. Experimental results indicated that the inclusion of 
0.3% and 1.0% MF in SMA complied with industry requirements and suggested that MF could be used instead of 
virgin CF as a fibre additive. Considering the available supply, performance and industry standards, SMA con
taining 0.3% MF demonstrates more potential for pavement applications.   

1. Introduction 

During the COVID-19 pandemic, WHO introduced guidelines on the 
utilisation of personal protective equipment (PPE) and requested that 
the production of PPE, including face masks, should be increased by 
40% [1]. Most countries agreed to the recommendations of the WHO 
and implemented a policy of mandatory mask-wearing in public areas in 
response to this public health emergency of international concern [2–4]. 
The main part of the medical three-layer masks consists of a layer of 
melt-blown fabric and two layers of spun-bond fabric made of ultra-fine 
polypropylene (PP) nonwoven fibres [5]. It was estimated that more 
than 5.3 million used medical masks were generated every day in Vic
toria, Australia [6]. The WHO model predicted that 89 million dispos
able face masks were consumed by healthcare staff worldwide every 
month [7]. Treatment of used face masks has become an extreme 

challenge due to their persistent nature. Most countries collect and 
eventually treat medical waste, including face masks, through inciner
ation and landfilling [8]; however, this is an unsustainable approach 
since incineration produces secondary pollutants such as dioxins, furans, 
and bottom ash and is costly to implement [9]. In addition, face masks 
can remain in landfills for extended periods because they are made of 
non-biodegradable thermoplastic polymers [10,11]. A report published 
by OceansAsia stated that approximately 1.56 billion discarded face 
masks leaked into the seas in 2020 [12]. These plastic-based face masks 
can gradually decompose and break into microplastic particles in the 
water column [13–17]. Consequently, marine organisms may absorb 
these microplastic particles, causing physical damage and posing a risk 
of contaminating the human food chain [5,8,13,17]. Although a vaccine 
against COVID-19 has been developed, the timeline for the complete 
conclusion of the pandemic remains uncertain [5]. The global supply of 
face masks has been estimated to increase at a compound annual growth 
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rate of 20% through 2025 [27]. Even if the COVID-19 situation ends, 
there will still be a significant demand for face masks in healthcare and 
other domains. Abovementioned studies and statistics show that dis
carded face masks can cause long-term, devastating, and irreversible 
impacts on ecology, economy, and human health. 

As a means of alleviating such negative effects, researchers were 
working toward reusing discarded masks in civil construction projects 
such as concrete [11], pavement base/subbase layers [4], subgrade layer 
and soil stabilisation [18]. However, there is limited research on the use 
of waste masks in different types of asphalt mixtures. Currently, 95% of 
the highways around the globe are flexible, with the surface layer made 
up of asphalt concrete mixture [19]. The total length of paved roads in 
Australia has exceeded 310,000 km. The annual consumption of 
bitumen has exceeded 800,000 metric tonnes, and the annual produc
tion of asphalt concrete has reached around 10 million metric tonnes in 
Australia [20,21]. Therefore, introducing waste masks in the large-scale 
construction of flexible pavements can significantly reduce the volume 
of waste masks and assist in sustainable practices for future pavement 
projects. 

Several investigators have studied the possibility of using various 
plastic-based fibres in asphalt concrete to solve problems associated 
with plastic wastes and improve the engineering properties of asphalt 
mixtures [22]. Putman and Amirkhanian (2004) compared the perfor
mance of stone mastic asphalt (SMA) reinforced with tyres, carpet, 
polyester, and cellulose fibres. The toughness of asphalt mixtures pre
pared with polyester, carpet, and tire fibres was higher than that of SMA 
samples prepared with cellulose fibres. The effect of tire and carpet fi
bres in improving permanent deformation and moisture susceptibility 
was comparable to that with cellulose or polyester fibres [23]. Tapkın 
(2008) investigated the effect of PP fibres on the performance of asphalts 
that were produced at optimum bitumen content. It was demonstrated 
that the addition of PP fibres to asphalt mixes could provide better 
rutting resistance, prolong fatigue life, and reduce reflective cracking 
[24]. Xu et al. (2010) conducted a comprehensive study to investigate 
the effect and mechanism of asphalt concrete reinforced with four 
different types of fibrous additives (i.e., polyester, polyacrylonitrile, 

lignin, and asbestos). It was reported that fibre-reinforced asphalt con
crete mixtures exhibited better rutting resistance, fatigue life, and 
toughness. Compared to asbestos and lignin fibres, polymer fibres 
(polyester and polyacrylonitrile) showed more significant effects on 
fatigue performance because of their excellent networking effects [25]. 
Yin and Wu (2018) studied the performance of stone matrix asphalt 
containing different percentages of waste nylon fibres through 
comprehensive experiments, including three-point flexural, rutting test, 
Marshall stability test, and moisture susceptibility test. The experi
mental results indicated that the inclusion of nylon fibres enhanced the 
low-temperature crack resistance, high-temperature stability, and 
moisture sensitivity of the stone matrix asphalt mixtures. The 
strengthening mechanism was explained by the retarding effect of nylon 
fibres on the development of cracks [26]. 

Currently, researchers have made impressively promising develop
ment in their investigation of reusing masks in hot mix asphalt (HMA) 
[5,27]. Wang et al. (2022) investigated the rut depth of HMA mixed with 
various ratios of shredded face mask (i.e.,0%, 0.25%, 0.5%, 0.75%, 1%, 
1.25%, and 1.5% by weight of the asphalt mixtures). The experimental 
results illustrated that the inclusion of 1.5% shredded mask resulted in a 
significant reduction of 69% in the rutting depth value in comparison 
with the control sample. The increased stiffness and rutting resistance of 
the asphalt mix were explained by the effect of the shredded face mask 
enhancing the adhesion between aggregate and bitumen materials [27]. 
In addition, a series of mechanical tests, including Marshall stability, 
resilient modulus, moisture damage, indirect tensile, fatigue, and rutting 
tests, were carried out by Goli and Sadeghi (2022) [5] to study the en
gineering properties of HMA prepared with different ratios of mask fibre 
(0%, 0.07%, 0.1%, 0.12%, and 0.15% by the weight of aggregates) with 
two different lengths (8 mm and 12 mm). Test results indicated that 
adding mask fibres could improve the indirect tensile strength, rutting 
performance, moisture damage resistance, durability, and longevity of 
pavements and decrease the permanent deformations of the HMA 
mixture. It was also revealed that the mask fibre could provide higher 
adhesion between bitumen and aggregates particles, withstand tensile 
force, and absorb energy when HMA samples were subjected to the 
traffic load [5]. Previous investigations have demonstrated the prospect 
of reusing and recycling waste masks in hot mix asphalt [5,27]. How
ever, there is no study on applying mask fibres (MF) in SMA as an 
alternative to traditional cellulose fibres (CF). Compared to the standard 
HMA mixtures, SMA generally contains higher-quality mineral aggre
gates. The excellent mechanical and physical properties of high-quality 
aggregates are needed for the aggregate-to-aggregate contact structures. 
The high proportion of coarse aggregates in the SMA mix provides 
higher rutting resistance and durability compared to HMA [21,28]. 
Nevertheless, CFs are required to be added in SMA to prevent binder 
drain-off during the mixing process, placement, and transportation due 
to the higher bitumen content in SMA according to Pavement Tech
nology Guidance recommended by Austroads [29]. 

2. Current research 

The sustainable technology of reusing discarded masks in asphalt 
mixture can provide an alternative solution to mitigate the deleterious 
impacts of epidemic-related waste. However, there is a lack of knowl
edge about mask wastes in pavement asphalt layer applications. In 
addition, the application of masks as fibre additives in SMA has never 
been studied. This study focuses on applying MF as an alternative to CF 
to enhance the mechanical performance of stone mastic asphalt for 
heavy traffic design, thus developing a sustainable pathway to reduce 
stockpiles of mask waste. For the first time, a comprehensive experi
mental study was conducted to evaluate the volumetric and mechanical 
performance of the SMA mixes blended with 0.3% CF and different 
percentages of MF being, 0.3%, 0.5%, 0.7%, and 1.0% by the weight of 
asphalt mixture. Following VicRoads standard document Section 404 
Stone Mastic Asphalt, the proportion of CF is suggested as 0.3% by the 

Nomenclature 

PPE Personal protective equipment 
SMA Stone mastic asphalt 
MF Mask fibre 
CF Cellulose fibre 
PP Polypropylene 
HMA Hot mix asphalt 
OBC Optimum bitumen content 
PMB Polymer-modified bitumen 
SMA10H Heavy-duty SMA with 10 mm nominal maximum 

gradation 
VMA Voids in mineral aggregate 
VFA Voids filled with asphalt 
MR Resilient modulus 
LVDTs Linear variable differential transducers 
P Vertically applied load 
N Poisson ratio 
H Recovered horizontal deformation of the specimen after 

application of load 
hc the height of the SMA specimen 
TSR Tensile strength ratio 
S1 the average tensile strength of the unconditioned (dry) 

SMA specimens 
S2 the average tensile strength of the conditioned (wet) 

SMA specimens  
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weight of the asphalt mixture [30]. The specific aims of the present 
research are described as follows. 

Compare SMA made with MF and those with CF as the control. 
Conduct experiments to determine the effect of blending different 
proportions of MF to SMA. 
Evaluate the potential for MF to replace CF in the SMA mix. 

3. Materials and methods 

3.1. Research design 

The research plan can be divided into two main stages, as shown in 
the research design diagram of Fig. 1. The first stage consists mainly of 
the preparation of MF and gradation setting, the determination of the 
optimum bitumen content (OBC), and the preparation and compaction 
of SMA samples mixed with MF and CF. The second stage includes a 
series of performance evaluations of the SMA samples. The volumetric 
assessment, Marshall stability and flow test, resilient modulus test, dy
namic creep test, moisture susceptibility test, and binder drain-off test 
were conducted on the SMA samples in this stage. Finally, the me
chanical properties of SMA specimens prepared with MF were compared 
with the control SMA specimens containing 0.3% CF to investigate the 
potential use of MF as a substitute for CF in SMA mixtures. 

3.2. Materials 

The aggregate and bitumen for this research were supplied by Boral 
Asphalt, Victoria. Class 1 granite crushed stone aggregates were adop
ted. The maximum allowable flakiness index of coarse aggregates is 35% 
for heavy traffic design [31]. The flakiness index of coarse aggregates in 
this study was determined to range from 30 to 35% following AS 
1141.15 (1999) [32], complying with the requirements of the regula
tion. Polymer-modified bitumen (PMB) A10E was used as the binder in 
this research. PMB A10E is the bitumen generally selected for the pro
duction of SMA because it can improve the deformation resistance of 
SMA [28,29]. The softening point of the PMB A10E was 90.7℃, viscosity 
at 165℃ was 1.03 Pa.s., and the penetration value was 62.2 dmm. 

The medical three-layers masks used in this study were collected by 
the authors during their daily lives. Isolation and dry heat disinfection 
processes were implemented to sanitise the used masks. The isolation 
and disinfection procedures were referenced from the research under
taken by Zhu et al. (2022). The researchers performed a similar process 
for disinfecting the used plastic-based nitrile gloves [33]. Firstly, the 
used masks were kept in a sealed container for at least four days for 

isolation treatment. According to the research on the aerosol and surface 
stability of the virus conducted by Doremalen et al. (2020), the novel 
coronavirus can survive on the surface of plastic materials for up to 72 h 
[34]. After isolation treatment, the used masks were placed in a 70-de
gree oven for one hour according to the dry heat disinfection procedure 
suggested by Xiang et al. (2020), who stated that used surgical masks 
could be disinfected by heating them at 70 ◦C for one hour [35]. The 
metal strips and earloops were removed from the sterilised masks, and 
next these disinfected masks were ground in a grinder and turned into 
MF, as shown in Fig. 2. To find out whether the masks fibre could remain 
as fibrous material in the SMA after mixing and compaction at high 
temperatures, randomly selected seven discarded masks and seven piles 
of MF were placed in an oven at 165 ◦C for 2, 6, 8 and 10 min and 1 h 
respectively. Fig. 3 (a) shows that the mask slightly shrank at a high 
temperature due to surface tension but maintained its initial shape for 2 
to 10 min. Fig. 3 (b) shows that there was no significant change in the 
MFs at a heating time between 2 and 4 min. During the heating times of 
6, 8 and 10 min, it was observed that most of the MFs were maintained; 
however, a small portion of the MF melted at 165 ◦C and bonded with 
other fibres. The melted portion solidified rapidly when the MFs were 
removed from the high-temperature environment. 

3.3. Preparation of SMA 

Heavy-duty SMA with 10 mm nominal maximum gradation 
(SMA10H) was selected for this research. According to VicRoads stan
dard Section 404, the bitumen used in SMA10H should be PMB A10E 
[30]. Table 1 shows the grading distribution of aggregates followed in 
the preparation of SMA samples. Fig. 4 illustrates the particle distribu
tion curve for the aggregates used in this study, as well as the upper and 
lower limits of aggregate passing the sieve according to VicRoads stan
dard [30]. 

Following AS/NZS 2891.2.2 (2014), trial SMA mixtures were pre
pared by using a SERVOPAC Gyratory compactor to obtain the OBC 
[36]. According to VicRoads (2018), the proportions of bitumen should 
lie within the range of 6.0% − 7.0% for preparing SAM10H [30]. The 
A10E bitumen contents used during the tests were 6%, 6.3%, 6.5%, and 
6.7% by the weight of the asphalt mixtures, respectively. VicRoads 
(2018) recommends that the air void of SMA10H should be in the range 
of 4.8% to 5.2% [30]. Therefore, the air void of the trial SMA samples 
was maintained at 5% in this study. The Marshally stability and flow test 

Fig. 1. The research plan designed for this study.  Fig. 2. An image of the mask fibre prepared for this study.  
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was performed in accordance with the AS 2891.5 (2004) to obtain the 
OBC among the trial mixes [37]. It was found that the SMA prepared 
with 6% PMB A10E exhibited the highest Marshall stability value, as 
shown in Fig. 5. 

Evirgen et al. (2021) and Morova (2013) claimed that the inclusion 
of different percentages of fibrous additives with optimum bitumen 
content provided similar results [38,39]. The application of fibres is very 

Fig. 3. Melting of the (a) discarded mask (b) mask fibre at a constant temperature of 165 ◦C at different durations.  

Table 1 
Grading distribution of aggregates followed in the preparation of SMA samples.  

Sieve size 
(mm) 

Percentage cumulative retained 
on the sieve (%) 

Percentage passing through 
the sieve (%)  

9.5  5.00  95.00  
6.7  65.00  35.00  
4.75  75.00  25.00  
2.36  77.50  22.50  
1.18  81.50  18.50  
0.6  83.50  16.50  
0.3  86.00  14.00  
0.15  88.00  12.00  
0.075  90.00  10.00  

Fig. 4. The particle size distribution curve of SMA aggregates.  
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small in quantity; hence the proportion of bitumen may have a very low 
impact on the strength. Therefore, 6% A10E by weight of asphalt mix 
was considered as the OBC for all SMA sample preparation. Five types of 
SMA specimens were prepared, including SMA prepared with 0.3% CF 
(control sample) and SMA prepared with 0.3%, 0.5%, 0.7%, and 1% MF 
by weight of asphalt mixture. This percentage range is consistent with 
the previous studies on using plastic-based fibre additives for asphalt 
applications [23–26]. The gradation of aggregate, as illustrated in 
Table 1, was maintained throughout the process. The aggregates were 
dried in the oven and mixed with bitumen and fibres at 165 ◦C using a 
PAVEMIX asphalt automatic laboratory mixer for 5 min. Following AS/ 
NZS 2891.2.2 (2014), a SERVOPAC Gyratory compactor was used to 
compact and produce the cylindrical SMA specimens of 100 mm in 
diameter and 65 mm in height after mixing, as shown in Fig. 6 [36]. Air 
void of each SMA sample was maintained at 5% during the compaction 
process, following the guidelines recommended by the VicRoads stan
dard [30]. An additional 1 kg of the loose mixture was prepared for the 
five SMA mixtures for conducting the binder drain-off test. Three 
replicate specimens were prepared and tested for each test, and the 
average results were reported. Fig. 7 shows the loose mixture with CF 
and MF. It was evident that although a small proportion of MF melted 
during the high-temperature mixing and compaction process, the ma
jority of the mask was present in the SMA in the form of fibres. 

3.4. Experimental procedures 

After the compaction process, the physical and volumetric assess
ments were conducted on the compacted SMA specimens. The Marshall 
stability and flow [37], density, voids in mineral aggregate (VMA), and 
voids filled with asphalt (VFA) [40] were investigated by following the 
guidelines recommended by relevant Australian standards. The Marshall 
stability and flow test is one kind of rupture test. After conditioning the 
SMA specimens in a MATEST water bath with a digital thermostat at 60 

± 1 ◦C for 2 h, the conditioned SMA specimens were positioned hori
zontally in the braking head. A diametric load was applied using the 
Shimadzu testing machine with a 50 mm/mins loading rate. The sus
taining period of the SMA specimens was determined by observing the 
time to reach peak stability value [28]. 

The resilient modulus test was performed on the SMA specimens 
according to AS/NZS 2891.13.1 (2003) using the indirect tensile method 
to evaluate the stiffness of the asphalt samples [41]. Resilient modulus 
(MR) is the essential parameter indicating the amount of energy that the 
SMA specimen can absorb without permanent deformation. In order to 
understand the effect of temperature variations on the stiffness of 

Fig. 5. Determination of optimum bitumen content.  

Fig. 6. Five types of SMA prepared for the experimental studies.  

Fig. 7. Loose mixtures with (a) cellulose fibre and (b) mask fibre.  
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asphalt mixtures, SMA specimens were tested at 10 ◦C, 25 ◦C, and 40 ◦C, 
respectively. Following AS/NZS 2891.13.1 (2003), the rise time of 40 ±
5 ms, pulse repetition period of 3000 ± 5 ms, and recovered horizontal 
stain of 50 ± 20 µε were selected [41]. AsphaltQube, the modular 
electro-mechanically operated asphalt tester, was used to control the 
temperature variation and perform the test. The horizontal displacement 
of the specimens was measured by linear variable differential trans
ducers (LVDTs). MR can be calculated by using Equation (1). 

MR = P ×
(v + 0.27)

H × hc
(1) 

Where MR is resilient modulus; P is vertically applied load; v is 
Poisson ratio; H is recovered horizontal deformation of the specimen 
after application of load; and hc is the height of the SMA specimen. 

The dynamic creep test was performed to investigate the rutting 
characteristics of the SMA specimens according to AS 2891.12.1 (1995) 
[42]. Khodaii and Mehrara (2009) stated that the dynamic creep test 
correlated excellently with measured rutting depth, and the test was 
highly capable of detecting the rutting potential of asphalt pavement 
layers [43]. The dynamic creep test was chosen as an appropriate testing 
methodology for assessing the permanent deformation performance of 
asphalt mixtures [43,44]. The prepared SMA specimens were tested at 
two different applied stress levels of 200 kPa and 500 kPa at 50 ◦C. A 
rectangular pulse wave with a 0.5 s pulse wide and a 1.5 s rest period 
was chosen. Following the previous studies undertaken by Babalghaith 
et al. (2020), Lavasani et al. (2015), and Rahman and Mohajerani 
(2021), the termination condition in this study was considered as 2000 
loading cycles [45–,47] or 30,000 µε accumulated axial strain, based on 
AS 2891.12.1 (1995) [42]. AsphaltQube equipment was used to conduct 
the dynamic creep test. The axial deformation of the specimens was 
measured by LVDTs. 

The loss of adhesion between aggregate particles and bitumen or the 
loss of cohesion within the bitumen is a consequence of moisture dam
age, which is mainly because of repeated traffic loading with the pres
ence of water in the asphalt pavement [48,49]. The moisture 
susceptibility test was conducted on the SMA specimens using the in
direct tensile method according to AASHTO T 283 (2017) [50]. The SMA 
specimens were divided randomly into two subsets, each consisting of 
three identical specimens. The dry subset was wrapped with plastic film 
and then placed in leak-proof plastic bags. The dry subsets were placed 
in a water bath at 25 ◦C for 2 h before testing. The wet subset was 
wrapped with plastic film and then placed in leak-proof plastic bags with 
water. The wet subset was conditioned in a freezer at a temperature of 
− 18 ± 3 ◦C for 24 h, followed by soaking in a water bath at 60 ◦C for 24 
h. The wet subset was moved to another water bath at 25 ◦C for 2 h 
before testing. A diametric load was applied to the specimens using the 
Shimadzu testing machine at a constant rate of 50 mm/mins. The tensile 
strength of both unconditioned (dry) and conditioned (wet) SMA spec
imens was investigated. The tensile strength ratio (TSR) was used to 
evaluate the moisture susceptibility of the SMA specimens following 
Equation (2). 

TSR =
S2

S1
(2) 

Where S1 is the average tensile strength of the unconditioned (dry) 
SMA specimens and S2 is the average tensile strength of the conditioned 
(wet) SMA specimens. 

Binder drain-off test was carried out to investigate the amount of 
binder drain-off in SMA specimens at the maximum mixing temperature 
according to AG:PT/T235 (2006) [51]. The proportion of bitumen 
should be between 6% and 7% by weight of asphalt mixture to produce 
SMA10H, according to VicRoads (2018) [30]. Therefore, it was neces
sary to check for the binder drain-off due to the high content of bitumen 
in SMA. Binder drain-off can lead to the separation of bitumen and filler 
paste during the mixing and transportation to the site, causing some of 
the mix to become over-rich and fatty patches to appear on the surface of 

the new asphalt layer [51]. 1 kg of the SMA loose mix was placed in a 
preheated beaker, and its mass was measured. The loose mix and beaker 
were placed in an oven at 185 ◦C for 1 h. After 1 h, the beaker was 
removed from the oven, immediately turned over, and hung upside 
down on a metal tray for 10 ± 1 s to allow the bitumen to fall into the 
tray. The mass of the binder left in the beaker and the mass of the beaker 
were measured. Fig. 8 shows the steps of the binder drain-off process. 

4. Result and discussion 

4.1. The volumetric assessment and Marshall stability and flow test results 

As a preliminary investigation, volumetric assessment and the 
Marshall stability and flow test were performed on five types of SMA 
specimens. The properties, including Marshall stability, flow, air void, 
density, VMA, and VFA were determined and shown in Table 2. The 
results indicate that increasing the MF content decreased the density of 
the SMA mixture, as the specific gravity of the fibres is much lower than 
that of the mineral aggregates [52]. The increase in VMA and VFA with 
increasing MF content in SMA can be explained by the replacement of 
mineral aggregates with higher content of MF in the asphalt mixture. 
Following the VicRoads standard, the standard range of air voids is 
between 4.8% and 5.2% [30]. In accordance with the Austroads stan
dard, the general range of VFA is between 65% and 80%, and the typical 
range of VMA is between 13% and 20% [29]. According to industry 
requirements and standards, the VMA and VFA were found to be 
applicable to all SMA specimens. 

Fig. 9 illustrates the results of the Marshall stability and flow test. It 
can be observed that the stability increased as the percentage of MF in 
the SMA increased. In comparison to the control sample (0.3% CF), the 
stability of SMA specimens prepared with 0.3% and 0.5% MF increased 
by 1.2% and 3.5%, respectively (Fig. 9 (a)). A similar result for SMA 
containing PP fibre and nylon fibre was presented by Asmael et al. 
(2010), Tapkın (2008) and Yin and Wu (2018) [24,26,53]. The joint 
between mineral aggregates and bitumen was strengthened by MFs, 
which helped to effectively limit the relative movement between the 
aggregates when subjected to loads and provided greater load-bearing 
capacity on the joint surface. A more robust filamentary network was 
generated by increasing the content of MF in the asphalt mixture, thus 
increasing the marshall stability [5]. However, the Marshall stability of 
the specimens decreased continuously when the MF addition exceeded 
0.5%. The reduction in stability is due to the large amount of MF pre
venting the effective binding between bitumen and aggregates. In 
addition, the partial replacement of rigid aggregates by relatively soft 
MF reduced the stiffness of SMA specimens. In previous studies, re
searchers found that excessive amounts of nylon and PP fibre reduced 
the stability of asphalt mixtures [26,53]. It can be concluded that 
incorporating the appropriate content of MF can increase the stability of 
SMA. Fig. 9 (b) and 9 (c) illustrate the effect of MF content on the flow 
and sustaining period of SMA. The incorporation of 0.5% MF resulted in 
a reduction in flow from 9.46 mm to 5.92 mm and a decrease in the 
sustaining period from 11.67 s to 7.67 s compared to the control sample. 
However, when MF content increased to 1.0%, MF in SMA significantly 
increased the flow to 9.51 mm and extended the sustaining period of 
SMA to 12.17 s. It is notable that although the addition of 0.3%, 0.5%, 
and 0.7% MF enhanced the stability of the SMA compared to the control 
specimen, they reduced the flow and sustaining period, which means 
that the samples had less time to resist peak loads and less ability to 
deform vertically. A similar trend illustrating a notable decrease and 
then a gentle increase in the flow value of SMA blending with PP and 
carbon fibre was reported by Asmael et al. (2010) [53]. Tapkın (2008) 
also reported a reduction in the flow of SMA due to the addition of PP 
fibres [24]. The Marshall stability for highly trafficked and heavy-duty 
pavements is at least 8.0 kN [54]. Asphalt mixes with low flow values 
are more susceptible to fatigue cracking, while higher flow values can 
lead to rutting and bleeding. Thus, a flow with a targeted range of 8 mm 
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and 14 mm is also required [54]. The stability of all the SMA specimens 
tested was much higher than the minimum values recommended by the 
guideline (Fig. 9 (a)); however, the detected flow values of SMA speci
mens prepared with 0.5% and 0.7% MF were below the standard ranges 
(Fig. 9 (b)). 

4.2. Resilient modulus test results 

The results of the resilient modulus tests for all SMA specimens at 
10 ◦C, 25 ◦C, and 40 ◦C, respectively, are presented in Fig. 10. It can be 
observed that the introduction of MF in SMA increased the resilient 
modulus of the specimens compared to the control specimen (i.e., 0.3 % 
CF) at all of the tested temperatures. For instance, at 25 ◦C, a remarkable 
increase in the resilient modulus value by 53% was observed in SMA 
mixed with 0.3% MF, and the specimen prepared with 0.5% MF showed 
a 77.9% increase in comparison to the results for the control specimen. 
This indicates that the MF in SMA improved the stiffness of the mixture. 
The inclusion of MF in SMA mixtures created a reinforcing filament 
network that stabilised the binder on the surface of aggregates and 
limited the movement of aggregates when the SMA specimens were 
subjected to loads [5]. In addition, high temperatures during the mixing 
and compaction process led to the surface melting of the MF. The 
partially melted mask strengthened the bond between aggregate parti
cles [5]. A portion of melted MF combined with bitumen at high tem
peratures during the sample preparation process and solidified at low 
temperatures, which increased the viscosity of the bitumen binder 
resulting in an increased resilient modulus. However, the resilient 
modulus decreased as the MF content exceeded 0.5%. The addition of 
0.7% MF and 1.0% MF resulted in a 14.0% and 20.3% decrease in 
resilient modulus compared to the specimen prepared with 0.5% MF, 
respectively. The excessive addition of MF replaced the aggregates, 
resulting in a softer SMA sample and reducing the strength of the asphalt 
mixture. Following the recommendations, at 25 ◦C, the minimum 
resilient modulus of SMA10H prepared with PMB A10E bitumen is 1500 
MPa at the rise time of 40 ms [28,29]. Thus, according to the results, all 
SMA specimens met the requirement. It is worth pointing out that 

although the inclusion of 1% MF leads to a reduction in the resilient 
modulus, the resilient modulus of the specimen containing 1% MF is still 
higher than that of the control specimen at all target temperatures. It can 
be concluded that the inclusion of MF in the asphalt mixture signifi
cantly increased the resilient modulus and enhanced the resistance to 
permanent deformation of SMA. 

Fig. 10 also shows that the resilient modulus values of the specimen 
at 10 ◦C are considerably higher than those measured at 25 ◦C. However, 
the resilient modulus results of specimens measured at 40 ◦C were less 
than those measured at 25 ◦C. Bitumen binder is highly susceptible to 
temperature. The viscosity of the bitumen increases rapidly with 
decreasing temperatures, leading to a significant improvement in 
strength and a requirement for more energy to split the binding. 

4.3. Dynamic creep test results 

In dynamic creep testing, the temperature condition of 50 ◦C and the 
applied stress level of 200 kPa are used to determine the permanent 
deformation under the standard condition following AS 2891.12.1 
(1995) [42]. Nevertheless, in this study, increasing the stress level to 
500 kPa was also intended to simulate the increasing load on tyres in 
heavy vehicles in modern times. Fig. 11 shows the results of the dynamic 
creep test under both 200 kPa and 500 kPa conditions. The results 
showed that the replacement of 0.3% CF with 0.3% MF significantly 
reduced the permanent strain level of SMA. However, the permanent 
strain level steadily increased when the inclusion of MF exceeded 0.3%. 
In addition, the increase in stress level from 200 kPa to 500 kPa led to an 
increase in the permanent strain level of the SMA. The permanent 
deformation of the SMA specimens under both conditions at 2,000 
loading cycles is illustrated in Fig. 12. The lower depth of permanent 
deformation demonstrates higher resistance to rutting. It was observed 
that replacing 0.3% MF with 0.3% CF in SMA showed better perfor
mance in terms of rutting resistance. Compared to the control sample, 
the SMA mix containing 0.3% MF showed a 34.1% and 37.6 % 
improvement in resistance to permanent deformation at 200 kPa and 
500 kPa, respectively. However, a steady increase in the depth of per
manent deformation was observed as SMA was prepared with 0.5%, 
0.7% and 1.0% MF. The enhancement in the deformation resistance of 
the SMA specimens can be explained by the strong filament network 
formed by the MF preventing the movement of the aggregates at the 
high temperatures of 50 ◦C and the tensile strength provided by the 
appropriate proportion of MF. In addition, the melting and hardening 
process of the MFs enhanced the adhesive strength between the mineral 
aggregates, thus resisting the flow of the asphalt under repeated stress. 
However, when the fibre content exceeded 0.5%, excessive fibres tended 
to entangle together and decreased the adherence capability between 
the aggregates and bitumen, thus reducing the strength. The reduced 

Fig. 8. Binder drain-off process: (a) loose mix, (b) loose mix in the beaker, and (c) drain-off binder with fine aggregates retained in the beaker.  

Table 2 
Results of volumetric assessment and Marshall stability and flow tests.  

SMA 
sample 
type 

Marshall 
stability 
(kN) 

Flow 
(mm) 

Air 
void 
(%) 

Density 
(t/m3) 

VMA 
(%) 

VFA 
(%) 

0.3% CF  16.66  9.46 5  2.421  14.74  66.08 
0.3% MF  16.86  9.15 5  2.412  15.07  66.81 
0.5% MF  17.25  5.92 5  2.409  15.17  67.04 
0.7% MF  16.70  7.50 5  2.401  15.44  67.63 
1.0% MF  16.38  9.51 5  2.369  16.57  69.83  
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hardness of the SMA specimens due to the replacement of aggregates by 
MF is also responsible for the reduced rutting performance. Lavasani 
et al. (2015) and Yin and Wu (2018) also observed similar results on the 
use of nylon fibre, polyester, and rockwool for stone mastic asphalt 
[26,46]. 

4.4. Moisture susceptibility test results 

Moisture damage is defined as the progressive loss of durability and 
strength of asphalt mixtures through the loss of adhesive strength 

between the surface of aggregates and bitumen and the loss of cohesion 
within the binder due to the effect of water [55,56]. It is important to 
ensure that the asphalt pavement is not susceptible to moisture damage 
because the presence of moisture in asphalt causes damages such as 
potholes and stripping. The moisture susceptibility test was conducted 
on all SMA specimens and presented in terms of the tensile strength ratio 
(TSR). 

Fig. 13 (a) illustrates the split indirect tensile strength of both un
conditioned (dry) and conditioned (wet) SMA specimens. The replace
ment of CF with MF could effectively increase the split indirect tensile 
strength of SMA specimens. The split indirect tensile strengths of the dry 
and wet SMA specimens containing 0.3% MF were 19.3% and 19.5% 
higher than those of the SMA incorporating 0.3% CF, respectively. The 
split indirect tensile strengths of both unconditioned and conditioned 
SMA specimens reached the maximum values of 1.616 and 1.575 MPa, 
respectively, when the MF content was 0.5%. The improvement in the 
split indirect tensile strength is attributed to the presence of MF in SMA, 
providing the network effect, the bridging effect of cracking, and the 
stress redistribution. The addition of fibre greatly affected the absorp
tion and stabilisation of the asphalt, enhancing the interfacial adhesion 
and improving the stiffness and viscosity of the asphalt mixture [57]. 
Nevertheless, the split indirect tensile strength decreased as MF content 
exceeded 0.5%. The decrease in tensile strength is due to the softness of 
the asphalt mixture caused by the excess of MF, as mentioned previ
ously. Furthermore, the excessive addition of MF led to agglomeration 
and created weak areas in the asphalt mix, which in turn negatively 
impacted the interlocking effect between the aggregate particles. It is 
worth emphasising that although further increases in MF addition 
resulted in a reduction in split indirect tensile strength, the SMA speci
mens containing 1.0% MF still exhibited a greater tensile strength than 
SMA containing 0.3% CF. It can be concluded that the addition of a 
suitable amount of MF provided a significant improvement in the indi
rect tensile strength, which is consistent with the findings of Yin and Wu 
(2018), who concluded that incorporating nylon fibres in appropriate 
content significantly increased the splitting strength of SMA [26]. 

Fig. 13 (b) illustrates the results of the moisture susceptibility test 
and the percentage of changes in the TSR for different SMA specimens. 
The TSR value of SMA specimen containing 0.3% MF is slightly higher 
compared with the SMA mixed with 0.3% CF. It is evident that the SMA 
specimen mixed with 0.3% MF had a comparable resistance to moisture 
damage as the control specimen. The resistance to moisture damage 
increased with the increase of MF content in SMA specimens. When the 
MF content was increased from 0.3% to 1.0%, the TSR increased from 
0.967 to 0.995. The increased resistance to moisture damage can be 
attributed to the presence of face MFs forming a thin protective layer 
around the bitumen and the aggregate particles, which weakened the 
ability of the aggregate particles to absorb water. The addition of MF 
increased the adhesion between the asphalt binder and the aggregate 
making the integral hard to become loose. Moreover, MF improved the 
anti-cracking performance of the asphalt mix, thus preventing the gen
eration and development of surface cracks which protected the SMA 
mixture against moisture. These results are consistent with previous 
investigations, where researchers found that adding nylon and poly
propylene fibres in appropriate amounts contributed to improving the 
resistance of SMA mixtures to moisture damage [26,38]. Following 
AASHTO M 323 (2013), a minimum TSR value of 0.8 is required for 
pavement construction [58]. The TSR values for all SMA specimens are 
above 0.8, demonstrating that all the specimens meet the requirement 
regarding moisture sensitivity. 

4.5. Binder drain-off test results 

Fig. 14 illustrates the results of the binder drain-off test and the 
maximum limit suggested by VicRoads and Austroads. SMA mix pre
pared with 0.3% CF showed a 0.090% of binder drain-off. As the addi
tion of MF increased from 0.3% to 1.0%, the binder drain-off values 

Fig. 9. Results of Marshall stability and flow test; (a) Marshall stability (b) 
Flow (c) Sustaining period of SMA. 
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decreased from 0.080% to 0.053%. The results indicate that introducing 
MF contributed to a reduction in drain-off, decreasing the loss of binder 
during transportation from the plant site to the paving site and during 
the mixing process. Previous studies demonstrated that the addition of 
ethylene–vinyl acetate [59], polyethylene terephthalate [60] and ciga
rette butt fibre [61] to SMA mixture improved resistance to binder drain- 
off. The incorporation of fibrous materials into the asphalt mixture in
creases the viscosity of the mix and offers the capacity to retain the 
asphalt as the temperature rises during the drain-off process [62]. The 
melted MF at high temperatures (185 ◦C) increased the stiffness of the 
bitumen, thus reducing the risk of binder drain-off due to the high 
bitumen binder content. The maximum binder drain-off should not 
exceed 0.3% according to VicRoads and Austroads regulations [29,30]. 
The binder drain-off values for all types of SMA samples are well below 
0.3%, satisfying the requirements of the abovementioned regulations. 

5. Conclusions and recommendations for future studies 

The increasing amount of pandemic-related mask waste has become 
a global challenge. This study proposes a sustainable solution to reduce 
pandemic-related waste by recycling used face masks in the surface layer 
of flexible pavement. For the first time, the masks were used as fibre 
additives in the stone mastic asphalt mixture. Various tests were per
formed to assess the performance of the asphalt mixtures. The following 
findings can be summarised from the experimental results of this study.  

• It was observed that the inclusion of MF reduced the density and 
increased the VMA and VFA of the SMA mixes. The VMA and VFA of 

all SMA specimens were within the standard limits (i.e., VMA:13%- 
20%; VFA: 65%-80%).  

• The Marshall stability and flow test results showed that the inclusion 
of MF improved the stability of SMA. The stability of all the SMA 
specimens was above the minimum value required by the guideline 
(i.e., 8.0 kN). SMA prepared with 0.3% and 1% MF showed a flow 
value within the standard specified range (i.e., 8–14 mm).  

• The variation of resilient modulus was investigated at three different 
temperatures, and it was concluded that MF in SMA increased the 
stiffness. All SMA specimens had resilient modulus values above the 
standard requirement at 25 ◦C (i.e., minimum resilient modulus of 
1500 MPa).  

• The dynamic creep test results indicated that the SMA prepared with 
0.3% MF showed the highest resistance to rutting and permanent 
deformation.  

• The incorporation of MF increased the TSR value, indicating an 
improvement in the resistance of SMA to moisture damage. The TSR 
values of all SMA samples were higher than the minimum re
quirements (i.e., minimum TSR of 0.8); therefore, it was concluded 
that the SMA prepared with MF exhibited adequate water 
susceptibility.  

• The inclusion of MF improved the binder drain-off property, which 
contributed to the reduction of binder loss during transport from the 
plant site to the paving site. The binder drain-off values for all SMA 
specimens were well below the maximum binder drain-off value 
specified by the standard (i.e., 0.3%).  

• This study determined the different parameters and properties of 
SMA prepared with different MF additions and found that all 

Fig. 10. Resilient modulus test results of SMA specimens at 10 ◦C, 25 ◦C, and 40 ◦C.  

Fig. 11. Number of load cycles versus permanent strain of SMA under (a) 200 kPa and (b) 500 kPa conditions.  
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parameters of SMA specimens containing 0.3% and 1% MF met the 
regulations of the standards. Considering the performance of the 
mixes as mentioned above, SMA containing 0.3% MF showed more 
potential for SMA applications. 

• Including 0.3% of MF in stone mastic asphalt could recycle approx
imately 7.2 kg of used masks in each cubic meter of SMA. It is esti
mated that up to 405.2 t of used face masks can be recycled and 
reused during the construction of a conventional 100 km long two- 
lane highway with a surface layer thickness of 40 mm.  

• Overall, this research demonstrated that face masks have a great 
potential to be used as fibre additives to replace virgin cellulose fi
bres in stone mastic asphalt. 

Considering that other types of face mask wastes (e.g., cloth masks) 
are generated, the presented testing methodology can be adopted for 
different types of mask wastes. For future works, it is recommended to 
conduct feasibility studies similar to the one carried out here to assess 
the potential applications of other types of masks in asphalt mixture. 
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