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ARTICLE INFO ABSTRACT

Handling Editor: Zhen Leng In response to the global outbreak of the coronavirus pandemic (COVID-19), a staggering amount of personal

protective equipment, such as disposable face masks, has been used, leading to the urgent environmental issue.

Keywords: This study evaluates the feasibility of mask chips for the soil reinforcement, through triaxial tests on samples
EOVID'li mixed with complete decomposed granite (CDG) and mask chips (0%, 0.3%, 0.5%, 1%, 5% by volume). The
ace masks

experimental results show that adding a moderate volumetric amount of mask chips (0.3%-1%) improves the soil
strength, especially under high confining pressure. The optimum volumetric content of mask chips obtained by
this study is 0.5%, raising the peak shear strength up to 22.3% under the confining stress of 120 kPa. When the
volumetric content of mask chips exceeds the optimum value, the peak shear strength decreases accordingly. A
limited amount of mask chips also increases the elastic modulus and makes the volumetric response more
dilative. By contrast, excessive mask chips create additional voids and shift the strong soil-mask contacts to weak
mask-mask contacts. The laser scanning microscope (LSM) and scanning electron microscope (SEM) images on
the typical samples demonstrate the microstructure of mask fibers interlocking with soil particles, highly sup-

Reinforced soil
Triaxial test
Microstructure

porting the macro-scale mechanical behavior.

1. Introduction

During the coronavirus pandemic (COVID-19), tons of disposable
face masks have been utilized to protect people from getting infected. As
the pandemic still exists in many countries or regions worldwide,
wearing face masks will be a daily routine in the near future. The
recycling and reuse of disposable face masks are considerably chal-
lenging to the world (Vaverkova et al., 2021). Even worse, unreasonable
treatment may also lead to secondary pollution and even the spread of
the virus, posing huge health hazards (Tian et al., 2020). Conventional
waste treatment methods for the wasted face masks include incineration
and landfill, while both methods have shortcomings. Energy consump-
tion and carbon generation in the incineration process have always been
the concern, which is beyond the policy of carbon neutralization sup-
ported by many countries. At the same time, polypropylene (PP), which
is the main plastic component for masks, has been reported to take
hundreds of years to degrade in landfills. Therefore, it is urgent and
meaningful to propose a green and practical approach to treat wasted
face masks.

* Corresponding author.
** Corresponding author.

Research has shown that masks can be self-sterilized under sunlight
illumination without damage, offering the possibility of recycling masks
in civil and construction engineering, which has been proposed recently
(Zhong et al., 2020). Saberian et al. (2021) added shredded face masks
into the recycled concrete aggregate (RCA), stating that masks could
improve RCA strength within 2% mass content. Rehman and Khalid
(2021) used face masks and silica fume to form a composite binary
mixture to stabilize fat clay, claiming that the mixture was effective in
improving strength and regulating the ductility of clay. Although the
previous studies have displayed the potential application of face masks
used in construction projects, a refined design basis is still needed with
an in-depth investigation. For example, the experimental tests con-
ducted previously were mainly unconfined compression tests, which
failed to mimic triaxial stress state in practical field conditions.
Furthermore, the host materials were focused on concrete or aggregates
by far, whereas soil, as the most common construction material for in-
frastructures, has not received enough attention. Motivated by the cur-
rent global situation, an innovative and energy-efficient treatment
method is imperative, to use mask chips for soil reinforcement. Zhang
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et al. (2022) applied mask chips to reinforce well-graded lime-stone,
concluding that the mixture of mask chips with granular soil increased
shear strength, reduced shear-induced volumetric dilation and stiffness
in the studied range. This study proposed an innovative method to
recycle the disposable face mask, which could simultaneously solve
energy consumption and land occupation problems compared with
traditional treatment methods in the post-COVID-19 era. However, this
study focused on the granular material. Hence, the effect of mask chips
on the mechanical behavior of the cohesive soil was still unknown.

Soil reinforcement techniques with fibers have been extensively
studied and well-developed (Dos Santos et al., 2010; Li et al., 2019; Tang
etal., 2012; Yang et al., 2017; Chen et al., 2021). As listed in Table 1, the
most common fibers adopted in reinforcement are commercial poly-
propylene fibers owing to their high strength, light weight, good elas-
ticity, and excellent dispersibility (Ajayi et al., 2017; Liu et al., 2018;
Madhusudhan et al., 2017; Mirzababaei et al., 2018; Wang et al., 2020).
Other synthetic (e.g., asphalt, glass, rubber, carbon fibers) and natural
fibers (e.g., coir, banana, and oil palm empty fruit bunch fibers) have
also been utilized as sand/clay reinforcement material. (Ahmad et al.,
2010; Mittal and Gill, 2018; Namjoo et al., 2019; Patel and Singh, 2019;
Sridhar and Prathap Kumar, 2018; Xiao et al., 2019). Regarding the
fiber-reinforced soil, fibers behave as tension-resisting elements in soil,
thus improving soil peak strength and limiting the post-peak shear
resistance losses (Mandolini et al., 2019; Wang and Brennan, 2019).
However, the addition of fibers does not guarantee positive effects
because the shear strength of the reinforced soil decreased when the
fiber content exceeded a certain threshold (Mohamed, 2012). Extensive
studies explained that the reinforcement efficiency was dependent on
many aspects: the fiber properties (e.g., type, surface roughness, con-
tent, length, aspect ratio), soil properties (e.g., particle size distribution,
cohesion), and spatial configuration (e.g., fiber orientation and packing
method) (Cai et al., 2006; Diambra and Ibraim, 2015; Li et al., 2020).
Although numerous investigations have been reported on the mechan-
ical behaviors of the fiber-reinforced soils, the face masks encompass
quite different properties compared to the conventional and widely-used
synthetic polypropylene fibers in terms of shape, size, tensile stiffness
and strength, etc. Thus, the mechanical performance of soil reinforced
by mask chips needs to be investigated by experimental tests before the
practical application of mask chips used for soil reinforcement.

To evaluate the feasibility of applying the disposable mask for soil
reinforcement, the mechanical behavior of the soil-mask chip mixture is
examined in the present study. The sample was prepared, using
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complete decomposed granite (CDG) mixed with mask chips (0%, 0.3%,
0.5%, 1%, 5% by volume). A series of triaxial tests was conducted,
focusing on the stress-strain behavior of the reinforced soil, with five
different volumetric contents of mask chips. The mechanical parame-
ters, including elastic modulus, Poisson’s ratio, and dilatancy angle were
analyzed. The cohesion and friction angle at peak state were identified
based on the critical state line. Furthermore, the laser scanning micro-
scope (LSM) and scanning electron microscope (SEM) were employed to
analyze the microstructure of the samples and shed light on the mask
reinforcement mechanism.

2. Materials and methods
2.1. Tested soil

Complete decomposed granite (CDG) used in this study is a residual
soil with particles made mostly of quartz and feldspar, widely distrib-
uted in Hong Kong (Miranda Pino and Baudet, 2015). The chemical
composition of CDG is obtained by X-ray fluorescence (XRF) analysis
and listed in Table 2. The in-situ CDG soil was firstly grinded to soil
particles smaller than 2 mm, with the grain size distribution shown in
Fig. 1. The specific gravity (Gs) of CDG particles is measured as 2.59,
with the plastic limit (PL) of 15.28 and the liquid limit (LL) of 33.45,
classifying the material as lean clay (CL) (ASTM, 2017). The standard
proctor compaction test was conducted for the CDG soil according to
ASTM D698-12 (ASTM, 2012). The result is shown in Fig. 2, defining an
optimum water content wogt equal to 14.5% and a maximum dry density
Pdmax €qual to 1.83 Mg/m”.

2.2. Adopted disposable face mask

The clean face mask is utilized in this study, since the used face mask
is currently not allowed in the laboratory for safety reasons. The clean
mask is the disposable medical face mask produced by Ever Sharp Mask
(China) Limited. The top and bottom layers of the mask are made of non-
woven fabric, while the middle layer is the polypropylene meltblown
filter. The basic physical properties of the mask are listed in Table 3. The
specific gravity and tensile properties of masks are determined accord-
ing to ASTM D792-08 (ASTM, 2008) and ASTM D5035-06 (ASTM,
2006), respectively. The water absorption of 24 h is obtained following
the ASTM D570-98 (ASTM, 2018). As the flow chart and the photograph
in Fig. 3 shows, the metal trips and earloops were removed before masks

Table 1
Investigation on the mechanical behavior of fiber-reinforced soil.
Fiber Type Fiber Tensile =~ Host Material Reinforcement effect Reference
Strength
Synthetic Polypropylene fibers 120 MPa Clay The inclusion of fibers increasing peak and residual shear strength, ~ Pradhan et al.
Fibers unconfined compressive strength, and the optimum fiber content (2012)
around 0.4-0.8% of the weight
Polypropylene fibers 350 MPa Clayey soil Improvement in soil resistance and the brittleness index Plé and Lé (2012)
Short discrete 350 MPa Clay Significantly increasing soil tensile strength and soil tensile failure ~ Li et al. (2014)
polypropylene fiber ductility
Basalt fibers 3200 MPa Biocemneted silica sand The sand unconfined compressive strength, splitting tensile Xiao et al. (2019)
strength, and peak failure state strain rising with increasing fiber
content
Glass fibers 1700 MPa/ Lean clay Fibers improving the unconfined compressive strength and the Sujatha et al.
3500 MPa optimum glass fiber content at 0.75% (2021)
Carbon fibers 3500 MPa Biocemneted silica sand Unconfined compressive strength increasing with fiber content Lv et al. (2021)
Natural Oil palm empty fruit 283 MPa Silty sand OPEFB significantly improving the shear strength of silty sand Ahmad et al.
fibers bunch fibers (OPEFB) (2010)
Coir fibers NA* Sand Cyclic stiffness of sand increasing with the content of coir fibers (Sridhar and
Prathap Kumar,
2018)
Banana fibers NA® Gravelly sand stabilized The plasticity index, unconfined compressive strength, shear Gobinath et al.
with sodium silicate strength, splitting tensile strength increasing with the banana fiber ~ (2020)

content.

2 NA: Not applicable.


astm:D698
astm:D792
astm:D5035
astm:D570
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Table 2
XRF test result for the testing CDG soil.
Component Si04y Al,O3 Fe,03 K0 TiO, MnO CaO PbO SrO Rb,O
Mass content (%) 61.12 30.19 4.23 2.73 0.91 0.47 0.17 0.09 0.02 0.01
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Table 3 FIER (a+?)
Basic physical hanical ies of f: k.
asic physical and mechanical properties of face mas where [ is the length of the mask chips (10 mm); dpr is the equivalent
Specific gravity, Gs 0.11 diameter; a and b are the width (5 mm) and the thickness (0.5 mm) of the
Aspect ratio, A 11.87 cross-section of the mask chips, respectively. Thus, the aspect ratio 4 can
Breaking tensile strength (MPa) 2.86 be calculated as 11.87. A parameter, namely the volumetric content of
1 i 0
Stiffness at strain of 2% (kN/m) 10.74 mask chips, is introduced as f, modified from Wang et al. (2017, 2018a,
Elongation at break (%) 20.88 . . .
Water absorption 24 h (%) 6.07 2018b), representing the volume percentage of the mask chips in the

were cut into chips manually, which shared the same length of 10 mm
and width of 5 mm, and the average thickness of the mask was 0.5 mm.
The aspect ratio (1) with the rectangular cross-section is defined as
(Saberian et al., 2021):

whole specimen f, as:

f;’ _ Vma.vk (2)

Vrotal

where Vpqsk is the volume of mask chips, calculated through dividing the
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mass of mask chips by the density; and Vi, can be calculated according
to the specimen size, which has a diameter of 50 mm and a height of 100
mm in this study.

2.3. Testing plan

Five groups of samples were prepared, with different f, values for
mask chips (0%, 0.3%, 0.5%, 1%, 5%). The parameters for each group of
sample are listed in Table 4. For sample preparation, water was first
added and mixed with CDG of pre-determined mass to achieve the
optimal water content and 95% compaction degree, which is a widely-
used compaction parameter for subgrade or infrastructure construc-
tions (Chen et al., 2019). After mixing, the soil was stored in a sealed
container for 24 h for moisture homogenization. Then, the soil was
mixed with the dry mask chips with the pre-determined mass and the
mixture was compacted in a mold by three layers to achieve 50 mm
diameter and 100 mm height. The mixing was conducted using a scoop
manually, and visual inspection helped ensure the mask chips distribute
randomly and uniformly in the CDG soil. From the photos of the surface
or cross-section of the sample after the testing, it can be visually
observed that the mask chips are distributed relatively uniformly in the
samples (as shown in Figs. 4 and 5). In addition, more compaction layers
can ensure a better uniformity. From the previous studies (Wang et al.,
2017, 2018a; 2018b), three layers’ compaction can guarantee that the
sample is uniformly prepared with two mixtures. Note that although
different f, values were controlled for each group of sample, the opti-
mum water content and the 95% compaction degree of the pure CDG soil
were kept the same, as for the definition of f,, (Wang et al., 2017, 2018a;
2018b). The mass of CDG and mask chips were also determined based on
the definition of f,. As the mask chips have been dried in the oven, it
could be assumed that the mask did not contain water, while air and
water existed in the CDG soil. For example, the volume content of the
mask chips is 0.3%, and the volume content of the CDG is 99.7%. The
volume of the sample (50 mm diameter and 100 mm height) is 196.34
cm?®. Thus, the volume of the mask chips and CDG is 0.59 cm® (=0.3%
*Vsample) and 195.7 cm® (=99.7%*Vsample), respectively. The density
of mask chips and CDG is 0.11 g/cm3 and 1.74 g/cm3 (95% pdmax)- Then,
the mass of mask chips and CDG could be determined as 0.06 g
(=0.11*0.59) and 340.33 g (=1.74*195.7), as listed in Table 4, row 3.
After sample preparation, triaxial tests were conducted with the
drainage valve open. The axial loading rate was set as 0.1 mm/min. For
each group, different confining pressures, including 30, 60, and 120 kPa,
were adopted in the tests. The tests ended when the axial strain of the
specimen reached 18%, where the deviator stress was considered stable.
Furthermore, in order to investigate the reinforcement mechanism of
mask chips on the CDG, the laser scanning microscope (LSM) and
scanning electron microscope (SEM) were employed to analyze the
microstructure of the selected samples.

3. Results and discussions
3.1. Stress-strain behavior
Fig. 4 shows three typical samples with different mask contents after

shearing under various confining pressures, and Fig. 5 offers a close view
of the shear band. As the mask content increases, more mask chips could

Table 4
List and properties of the samples.
Name £, (%) w (%) p (g/cm?) me-CDG (g) me-MC (g)
I 0 14.5 1.74 341.40 0
I 0.3 14.5 1.74 340.33 0.06
III 0.5 14.5 1.74 339.65 0.11
v 1 14.5 1.74 337.94 0.22
\4 5 14.5 1.74 324.29 1.08
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be observed on the sample surface, particularly on the sample at 5%,
where the overlapping of mask chips and the cracks induced by chips
voids could be clearly observed both on the surface and shear band.
Figs. 6-8 present the stress-strain behavior of samples under different
confining pressure, where q is the deviator stress, ¢, is the axial strain,
and ¢, is the volumetric strain. In this study, the negative volumetric
strain indicates dilation, and the positive value stands for contraction.
Generally, the deviator stress increases against the axial strain, followed
by a stable variation trend with the continuous increase of the axial
strain. For a given confining pressure, the curves of the samples with f,
= 0.3%-1% are higher than those with f, = 0% or 5%. This difference is
more distinct when the confining pressure is higher. For the relationship
between the volumetric strain and the axial strain, the dilation only
emerges following contraction when the confining pressure is 30 kPa or
60 kPa. By contrast, under 120 kPa confining pressure, dilation is not
observed for all the samples.

The variations of the peak deviator stress with f, are summarized in
Fig. 9 for a more straightforward presentation, with a non-monotonic
relationship. In short, the addition of low content of mask chips
(lower than 0.5%) significantly raises the peak deviator stress, achieving
the reinforcement effect. When f, is 0.5%, the maximum deviator stress
is 270.7 kPa, 333.1 kPa and 460.8 kPa, whose increment compared to
the control sample (f, = 0%) reaches 6.6%, 12.0%, and 22.3% under 30
kPa, 60 kPa, and 120 kPa confining pressure, respectively. However, as
the mask content surpasses 0.5%, the peak deviator stress declines, even
getting closer to that of pure CDG. Thus, 0.5% content by volume is
reasonable to be considered as the optimum dose in this case. The non-
monotonic trend is also consistent with the previous studies on fiber-
reinforced soil. Pradhan et al. (2012) included randomly distributed
polypropylene fibers in the cohesive soil and reported optimum content
of fibers was 0.4-0.8% (by weight) for fiber aspect ratio of 100, as it
produced the highest peak and residual strength obtained by direct
shear tests. The same trend was also observed by Lv et al. (2021), as the
unconfined compressive strength of polypropylene fiber-reinforced
bio-cemented sand reached the maximum when the volume percent-
age of fiber was 0.2% and then decreased. Fig. 10 summarizes different
fiber reinforcement effects from previous studies and present work. The
peak strength increment was chosen to evaluate the reinforcement ef-
fect, which was the percentage of the maximum peak strength increment
of the reinforced soil at the studied range compared with pure soil. For
example, the peak deviator stress increment of mask chips at f, = 0.5%
with o3 = 120 kPa in this study was chosen. It should be emphasized that
for the experiments cited here, the adopted soil properties (biocemented
sand or clay) and the experimental methods (UCS, direct shear and
triaxial test) were different from case to case due to the various sources,
and the maximum peak strength increment was chosen as a measure
here just to make an intuitive comparison. More details could be found
in Table 1. Generally, the widely-used synthetic or natural fibers suc-
ceeded the studied mask chips, which could be attributed to the better
tensile properties or more rational geometry of these fibers. The differ-
ence between various host soil and test methods could also contribute to
the difference of the reinforcement effect as well as the optimum dose
values from this study and other research. Therefore, even though the
reinforcement effect of the mask chips seemed not as ideal as conven-
tional ones, the comparison revealed the positive effect of mask chips
and the potential to be improved after further clarification.

The principle of conventional fiber reinforcement could explain the
increase of shear strength of the samples at a relatively low f,, related to
the tension-resisting role of fibers in the soil. The interfacial force be-
tween the fibers and soil particles restricts the relative sliding of the
fibers so that the fibers can withstand a certain amount of tensile stress,
thus playing a role in sharing the external load. In addition, when the
fibers are in a tension state, there is a restraining effect on the soil
particles near the bending part of the fibers, which could limit the soil
particle deformation and help improve the mechanical properties.
However, the excessive addition of mask chips creates larger voids and
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£,.=0%, 30 kPa

£.=0.3%, 60 kPa
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f,=5%, 120 kPa

Fig. 4. View of selected soil samples after shearing (stress in the figure represents the confining pressure).

Shear
band

Owvetlap .
{mask-mas
contac;’)s

Fig. 5. Visual view of shear band (f, = 5% under 60 kPa).

results in fibers balling, which obstructs the loading transfers and re-
duces the strength (Saberian et al., 2021). As mentioned before, the
visual view of the samples with 5% mask chips (Figs. 4 and 5) also ex-
hibits that the mask chips overlap and are stuck together due to poor
mixing, which inevitably causes low-density cracks in the specimen.
Furthermore, the soil-mask contacts have been gradually replaced by
mask-mask contacts, as Fig. 5 shows, which are much weaker than the
previous ones due to the significantly smaller roughness of the mask
surface.

3.2. Elastic modulus

Fig. 11(a) illustrates the determinations of the elastic modulus Ey and
the secant modulus Esp. Ey is the tangent modulus at the initial elastic
stage, determined by the ratio of deviator stress to the axial strain within
the range of 0%-0.1% in this research. Es is the secant modulus at 50%
peak deviator stress (qsg). Fig. 12 depicts the variations of elastic
modulus and secant modulus with f,. The variation trends of Ey and Esg
with f, are similar, generally consistent with peak deviator stress
changes in Fig. 9. At a given f,, higher confining pressure leads to a
greater elastic modulus or secant modulus. For different confining
pressures, samples at 0.3% (60 kPa) or 0.5% (30 kPa and 120 kPa)
witness the peak modulus, approximately 20%-35% higher than the
control sample (f, = 0%). The lowest elastic modulus is obtained using
5% mask chips, showing a 15%-35% drop compared to pure CDG for
both Ep and Esp. It can be assumed that adding a moderate amount of

mask chips, such as 0.3%-0.5% by volume, improves the integrity of the
mixture. Still, too many chips generate a loss of sample stiffness due to
the high amount of voids.

3.3. Poisson’s ratio and dilatancy angle

The volumetric strain to axial strain relationship determines Pois-
son’s ratio v and dilatancy angle y. These two parameters are defined as
(Fig. 11(b); Yin et al. (2020):

1 —k.

- 3
v=—y 3
kq
=2+ kq

4

siny =

where k. is the slope of the ¢,-¢, curve at the contractive phase; kq is its
counterpart in the dilative phase. Figs. 13 and 14 display the variation of
Poisson’s ratio and dilatancy angle with f,, respectively.

It can be observed from Fig. 13 that Poisson’s ratio varies between
0.15 and 0.3. Generally, at a given f,, Poisson’s ratio declines when the
confining pressure rises from 30 kPa to 120 kPa. The pure CDG samples
produce the highest Poisson’s ratio. In the studied range, the variations
of Poisson’s ratio against the volumetric content of the mask chips are
non-monotonic. The research presenting the relationship between the
Poisson’s ratio and the fiber inclusions is limited, and no apparent
relationship has been reported between the Poisson’s ratio and fiber
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Fig. 6. Stress-strain curves of all samples at 63 = 30 kPa.

content.

The dilatancy angle obtained in this study ranges from 1.5 to 7°,
while samples without dilatative behavior are not shown in Fig. 14. It is
evident that the lower confining pressure favors dilatancy, as the
dilatancy angle under 30 kPa is greater than that of the sample at the
same f, under 60 kPa. However, there is no dilatative observation for all
the samples under 120 kPa (see Figs. 6-8(b)). In terms of mask content,
the dilatancy angle increases to a maximum value at a small f, (1%) and
then decreases. The dilatancy angle variation trend agrees with the peak
deviator stress, indicating a relationship between the increase of shear
strength and dilation. Previous investigations on fiber-reinforced sand or
clay have also concluded that fiber inclusion results in a more dilative
volumetric response (Diambra et al., 2010; Eldesouky et al., 2016;
Ibraim and Fourmont, 2007; Kong et al., 2019, Muir Muir Wood et al.,
2016). However, it is worth noting that not all present research reports
increased dilatancy with fiber existence, especially under high confining
pressure and in the dense sample using direct shear or triaxial test
(Heineck Heineck Karla et al., 2005). The apparent contradiction may be
caused by many factors, such as the properties of the soil (type, particle
size, relative density, etc.) and fibers (length, aspect ratio, etc.) used in
the experiments as well as the experimental condition (experimental
methods, confining pressure, etc.) (Ghadr, 2020; Sadek et al., 2010).
According to Falorca and Pinto (2011), dilatancy seemed to be due to
the enlargement of the shear zone. In their direct shear test, soil particles
deformed, leading to the pullout of fibers and empty space developing in
the shear box. Thus, a larger shear zone was observed in the reinforced
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Fig. 7. Stress-strain curves of all samples at 63 = 60 kPa.

sample as well as the more pronounced dilation behavior than the un-
reinforced one. However, this hypothesis may not be able to explain the
results in this study, as significant shear zone enlargement was not
observed at 1% in visual inspections after shearing. More studies are
needed to provide a convincing explanation of the dilatancy of CDG with
mask chips.

3.4. Cohesion and friction angle

The internal friction angle and cohesion for the unsaturated soil at
peak state can be defined as:

. 3M
sin ¢, = Y 5)

S(3 — sin
Gl LU/N) ©)

6 cos ¢,

where M and S are the slope and intercept of the critical state line in the
Pp-q plane, respectively; p is the mean total stress. Fig. 15 shows the
variations of the internal friction angle and the cohesion at peak state
with f;,. It can be observed that the cohesion at peak state ranges from 50
kPa to 70 kPa. It decreases when f, increases, suggesting that higher
mask content leads to weaker cohesion between soil particles. This is
because cohesion is only contributed by CDG particle. Hence, the
replacement of soil particles by mask chips results in a lower cohesion.
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The internal friction angle rises in the beginning and then decreases with
the increase of f,. Compared to the pure CDG sample, the internal fric-
tion angle is always larger at the f, range smaller than 5%. The increase
of internal friction angle can be related to the fact that most of the fibers
on the shear surface are not arranged parallel to the shear direction,
which is conducive to enhancing the friction between soil particles and
mask chips (Wang et al., 2013). By contrast, one possible reason for the
decrease of the internal friction angle at 5% is that the replacement of
soil particles by mask chips on the shear surface gives rise to weak
mask-mask contacts. Another explanation may be that the formation of
local fiber clusters obstructs the bonding between fibers and soil (Yang
et al., 2011). Given that the fiber-reinforced soil is a complex composite
material, the mechanical properties of the fiber-soil interface have not
been fully unraveled by the present study, which needs to be further
investigated.

3.5. Microstructures and reinforcement mechanism

The microstructure of the samples was investigated by LSM and SEM
techniques to provide microscopic insight into the reinforcement
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mechanism. LSM scans were performed using clean mask chips, and SEM
scans were conducted using clean mask chips and the sample at f, = 5%
after shearing under 120 kPa. It is noted that the sample size for SEM
observation is tiny, and to ensure that suitably sized soil fragments with
and without mask chips could be taken from the shear surface simul-
taneously, the sample with the highest mask content (5%) was selected.
Fig. 16 shows the structure of both mask chips and soil-mask mixtures at
the micron scale. The randomly-oriented fiber network structure of the
non-woven fabric is shown in Fig. 16(a) and (b). As can be seen from
Fig. 16(a), a small mask chip contains numerous thin-diameter fibers. In
the SEM images, the local distribution of these fibers in CDG can be
observed clearly. The fibers are interlocked with the soil particles,
passing through the interparticle micro-pores, stretching, and even
bending after shearing. Note that although there are no fibers captured
in Fig. 16(d), the horizontal and vertical traces on the surface of the soil
particles indicate the previous presence of a fiber network.

The reinforcement mechanism of mask chips in the soil is presented
in Fig. 17. After adding a small number of mask chips in the CDG, the
mask chips are uniformly mixed with the soil. The non-woven fibers on
the mask surface are interlocked with the soil particles, forming strong
soil-mask boding and improving the integrity of the whole sample.
During the shearing process, the mask chips stretch, twist, and deform,
taking up part of the external loading and limiting the displacement of
soil particles, thus enhancing the strength. However, when excessive
masks are mixed with the soil, the mask chips inevitably overlap and
even form clumps. On the one hand, many voids of large size exist be-
tween the mask chips, which reduces the sample stiffness. And low-
density cracks could be induced by the voids, which may behave as
weak surfaces and prone to damage during shearing. On the other hand,
the weak mask-mask contacts gradually increase and dominate at a high
fv, reducing the internal friction compared with soil-mask contact.
Consequently, the reinforced-soil strength declines when mask content
exceeds a specific threshold value.
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4. Conclusions

This study focuses on the influence of mask chips inclusion on the
mechanical behavior of CDG soil. Clean disposable face masks were cut
into chips, and mixed with CDG at different volumetric content (0%,
0.3%, 0.5%, 1%, and 5%). The stress-strain behavior was examined
using a series of triaxial tests to evaluate the feasibility of face masks as
reinforcement fibers. LSM and SEM observations served to clarify the
reinforcement mechanism from a microscopic perspective. The main
conclusions of this study are listed as follows:

(1) The soil strength grows at first and then decreases when the
volumetric content of mask chips rises. The optimum mask chips
dose obtained by this study is 0.5% by volume, increasing the
peak deviator stress by 6.6%, 12.0%, and 22.3% compared to the
pure CDG sample under 30 kPa, 60 kPa, and 120 kPa confining
pressure, respectively.

(2) Both the elastic modulus and the secant modulus at 50% peak
deviator stress increase with the increase of the volumetric con-
tent of mask chips, reaching the peak value at 0.3% or 0.5% f,, and
then decreasing. A moderate amount of mask chips could
enhance the integrity of the sample, while excessive inclusions
lead to many voids and reduce the stiffness of the sample. The
dilatancy angle rises to peak value at 1% and then decreases
under a relatively low confining pressure.

(3) The cohesion decreases as mask chips content increases, and in-
ternal friction angle reaches a peak value at 1% and then declines,
while always higher than the pure CDG. The cohesion is assumed
to be only contributed by soil particles, and mask chips inclusions
are accompanied by simultaneous soil content reduction, conse-
quently decreasing cohesion. The primary cause of the friction
angle increase could be the non-parallel distribution of mask
chips on the shear surface. In contrast, excessive fibers introduce

< =N -
SEM HV: 20.0 kv WD: 13.99 mm VEGA3 TESCAN|
SEM MAG: 300 X Det: SE

Performance in nanospace

Fig. 16. Microstructure of face mask chips and reinforced soil through (a) SEM photo of the mask chips; (b) 3D LSM image of face mask chips, (c, d) SEM photos of

the sample with 5% mask chips after shearing under 120 kPa.
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many voids, and the strong soil-mask contacts gradually change
to weak mask-mask contacts, reducing the internal friction angle
of the sample.

(4) LSM image displays randomly oriented fibers on the mask non-
woven fabric layers, and SEM photos further support the obser-
vation and show the fiber-soil contacts in the micron scale. The
fibers interlock with the soil particles, forming strong soil-mask
bonding and restricting the soil particle displacement.

In this study, the representative face mask from one the best-selling
brands in Hong Kong was used as the reinforcement material. The effect
of the different brands needs to be further clarified. The present study
with the appropriate method can serve as a reference to the relevant
studies.
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