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Abstract: Since 2020, with the global spread of major respiratory infectious diseases, such as
COVID-19, the demand and consumption of personal protective equipment, such as masks, have
increased dramatically worldwide. The environmental pollution caused by numerous waste dispos-
able face masks has gradually attracted people’s attention. In this study, the mechanical properties
of mask—chip-reinforced soil are evaluated from a new perspective, through the uniaxial, biaxial,
conventional triaxial, and true triaxial compression tests on reshaped sandy soil samples mixed
with different contents of mask chips. The experimental results show that the mechanical properties
of the sandy soil can be improved by the mask chips. With the proper content of mask chips, the
failure strength is substantially improved, and the failure of soil is delayed. Meanwhile, the strength
and stiffness are significantly affected by the stress path and the content of mask chips, even if the
soil samples with the same mask—chip content can also show different mechanical properties under
different stress paths. Additionally, the mechanical properties of soil are not necessarily improved
constantly with the increasing content of mask chips. The failure strength of sandy soil samples under
conventional and true triaxial stress paths decreases when the mass content of mask chips exceeds
0.3% and 0.5%, respectively. This study confirms the potential of mask chips applied to subgrade,
slope, and other engineering construction fields in a sustainable way.

Keywords: mechanical properties; reinforced soil; stress paths; true triaxial compression test;

waste masks

1. Introduction

In recent years, with the growth of the economy and acceleration of the industrial-
ization process in developing countries, air pollution caused by toxic and harmful gases,
such as industrial fumes, motor vehicle exhaust and waste incineration gas, has become
more and more serious. Masks have become one of the main personal protective equip-
ment for residents. Especially since the COVID-19 pandemic in 2020, in order to stop the
spread of the pandemic, many countries and governments have formulated a series of strict
epidemic prevention measures, including mandatory wearing of masks in public places
and the consumption of personal protective equipment, such as disposable masks, has
surged worldwide. It is estimated that 129 billion face masks are consumed globally every
month, and the large number of discarded masks can easily cause secondary pollution if
not handled properly [1]. Disposable masks can degrade into microplastic particles under
the action of environmental factors, endangering the ecological balance and biological life
safety [2—4]. More importantly, improper disposal methods can also lead to other solid
waste being contaminated by pathogens carried on masks, thereby increasing the risk of
epidemic spread [5,6].

At present, there are two main recycling methods for waste masks: one is high—
temperature incineration, which burns waste masks together with other urban domestic
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wastes. However, the toxic substances released during the burning may cause environmen-
tal pollution, and the chemical energy stored in masks cannot be utilized. The other one is
landfilling degradation, which decomposes the mask polymer through microorganisms in
the soil, but this process is relatively slow and it is easy to cause secondary pollution of the
soil [7,8]. To sum up, the existing recycling methods of disposable medical masks have their
own limitations, and none of them can properly dispose of discarded disposable masks.
Therefore, it is of great significance to accelerate the development and promotion of a novel
safe and green recycling technology for disposable masks to reduce the environmental
pollution and promote sustainable development.

Using recycled masks as composite materials in civil and traffic engineering con-
struction is a good way to reduce environmental pollution and resource waste caused
by discarded masks [9,10]. The main component of disposable medical mask fabric is
polypropylene microfiber non-woven fabric, and the properties of polypropylene and
other fiber materials can strengthen soil and building materials, which has been confirmed
by extensive research and provides the possibility of recycling discarded masks as reinforce-
ment materials [11-14]. Idrees et al. [15] mixed the waste mask fiber with concrete aggregate
and pointed out that the compressive strength and durability of concrete can be improved
when the content of waste mask is in the range of 0.5-1.0% by volume. Zhang et al. [16]
performed a series of monotonic and cyclic triaxial tests on the mask-chip (MC) reinforced
granular soil. The research indicated that the addition of mask chips (MCs) can improve
the shear strength and energy absorption capacity of granular soil and reduce its dilatancy
and stiffness. Xu et al. [17] conducted a series of consolidated—drained (CD) triaxial tests at
different confining pressures on samples mixed with complete decomposed granite and
mask chips, and observed the samples with scanning electron microscopy (SEM). The
research found that the soil strength was improved significantly when the volumetric
content of mask chips was between 0.3% and 1.0% at high confining pressure. Scanning
electron microscopy images showed that the interlocking structure between mask fibers
and soil particles limited the displacement of soil particles.

However, previous studies on MC reinforced soil are mainly based on unconfined
compression tests and conventional triaxial compression tests, and the corresponding
experimental conditions are all axisymmetric (o, = 03) stress states, which cannot fully
reproduce the mechanical behavior of MC reinforced soil in practical engineering. To date,
the mechanical properties of MC reinforced soil under biaxial and true triaxial stress have
been rarely reported. In addition, the tested soil adopted in previous studies is mostly
fine—grained soil or clay. Due to the differences between sandy soil and fine-grained
soil in terms of particle size gradation, particle strength, permeability, and other physical
and mechanical properties [18], the strengthening effect of MCs on sandy soil remains to
be evaluated.

In this study, a true triaxial testing system is used to conduct a series of uniaxial,
biaxial, conventional triaxial and true triaxial compression tests on the reinforced soil
samples with different MCs contents (i.e., 0%, 0.1%, 0.3%, 0.5%, and 0.7% by mass) for the
first time, focusing on the evolution characteristics of stress—strain, strength, deformation,
and energy absorption of the sandy soil samples under different stress paths. Subsequently,
the potential of MCs as the reinforcement material is evaluated and the optimal mass
content of MCs is explored in the hope of providing reference for the application of
MC reinforcement technology in the field of geotechnical engineering, such as roadbed
construction, foundation reinforcement, and slope treatment.

2. Materials and Methods
2.1. Tested Materials
The soil sample adopted in this study is air-dried sandy soil sampled from a brick

factory in Meishan, Sichuan Province, China. It is a brown—yellow color. The grading
curve of the soil was measured by the screening method shown in Figure 1. The basic
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physical properties of the sandy soil are listed in Table 1. According to the standard of
ASTM D2487 [19], the sandy soil is classified as well-graded sand (SW).
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Figure 1. Grain size distribution of the tested soil.

The disposable medical surgical face masks used in this study are consisted of mask
bodies (including nose clip) and ear bands, produced by HenanTijian Medical Equipment
Co., LTD, in Changyuan, China. The mask body is a three-layer structure. The middle
layer is a filter layer made of polypropylene melt-blown cloth, and the other layers are
made of spunbonded hot-rolled nonwovens. The size of the whole mask after unfolding is
175 mm x 95 mm. Considering the relatively large size of the whole mask compared with
the sample size, to ensure the mask fiber having a good contact with the soil particles and to
maintain an approximate aspect ratio relative to the fully unfolded mask, we cut the masks
removing ear bands and nose clips into MCs with a cross—section size of 10 mm x 5 mm
as suggested by Ghadr et al. [20]. Since disposable medical surgical face masks produced
in mainland China are all subject to YY 0469-2011 [21], their specifications and physical
properties are similar. According to the test results of Bi et al. [22], the specific gravity,
water absorption rate, tensile strength, and elongation at break of disposable medical face
masks are 0.93, 9.5%, 4.52 MPa, and 20.6%, respectively.

Table 1. Physical properties of the tested soil.

Soil Properties Standard Test Specifications Value
Mean Spécslf(lj Gravity, ASTM D854-14 [23] 2673
Plastic Limit,
PL (%) ASTM D4318-17 [24] 21.8
Liquid Limit,
1L %) ASTM D4318-17 [24] 44.3
Maximum Dry Density, ASTM D7382-20 [25] 1.93
pd.max (8/ Cm )
Medium Grain Size, ASTM D422-63 [26] 0.64
‘Dsg (mm)
Maximum Diameter, ASTM D422-63 [26] 5.00
Dmax (mm)
Coefflﬂentcof(l)Jmf"rmltY ASTM D422-63 [26] 8.81
e
Coefficient of Curvature, ASTM D422-63 [26] 1.26

Ce ()
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2.2. Sample Preparation

The sandy soil particles went through a 2-mm sieve and put into a basin, then water
was evenly sprayed on the soil surface. The water content of soil was set to 15%, and its
dry density was set to 1.74 g/cm? corresponding to 90% of the maximum dry density. The
masses of the soil particles and the added water were controlled by an electronic balance.
After adding water, the soil basin was covered with plastic wrap and then sealed. Finally,
the soil basin was put into a constant temperature and humidity box for curing about 24 h
to ensure that the water was evenly distributed in the soil sample. According to the study
of Garg et al. [27], the strength of polypropylene fiber reinforced soil is most sensitive to
the water content. In order to ensure that the difference of water content among samples
does not have a significant impact on the test results, the water content of soil should be
tested before sample preparation. If the deviation exceeds 0.1%, the water content should
be adjusted until it meets the requirement. To avoid the influence of moisture contained
in the reinforcement material on the water content of sample, the mask chips used in this
study had been dried in the oven at 105 °C for 24 h in advance.

Figure 2 shows the process of sample preparation. The prepared soil was mixed
with MCs of a certain mass, and the MCs were evenly and randomly distributed in the
soil sample through visual inspection. The content of mask—chip fibers (f;;) included in a
sample is defined as:

mf
fm (%) =—= x 100

S

where my and m; are the mass of fiber and dry soil, respectively. Regarding to the opti-
mal content of reinforced fiber, An et al. [28] believed that the optimal mass content of
polypropylene fiber was 0.5% based on the results of the direct shear test and disintegra-
tion test of reinforced loess. Chen et al. [29] pointed out that the unconfined compressive
strength of fiber reinforced soil reached the peak value when the mass content of polypropy-
lene fiber reached 0.5%. The triaxial test results of Lei et al. [30] showed that when the
mass content of polypropylene fiber exceeded 1%, its strengthening effect decreased sig-
nificantly. Accordingly, in this study we selected five levels of f,,, i.e., 0%, 0.1%, 0.3%,
0.5%, and 0.7%. The MC reinforced soil was pressed into a cubic mold with the dimen-
sion of 100 mm x 100 mm x 100 mm in length, width, and height, respectively. To ensure
compaction, following the standard of ASTM D2850 [31], the sample was compacted in
6 layers at a uniform speed. Afterwards, the sample was put into a constant temperature
and humidity box for curing for 24 h.

Mask Chips Mask-chip Reinforced Soil Samples

Figure 2. Flowchart of the sample preparation.

All the samples are numbered, and their details are shown in Table 2. “C” and “P” in
the sample name represent MC mass content and stress path, respectively. For example,
CO1PI refers to the sample with f;;; of 0.1% under the uniaxial stress path.
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Table 2. List and properties of the samples.
Name fin (%) w (%) pa (g-cm®) Stress Path
CoPI 0
CO1PI 0.1
CO03PI 0.3 15 1.74 I
CO5P1 0.5
C07PI 0.7
COPII 0
CO1PII 0.1
CO3PII 0.3 15 1.74 I
CO5PII 0.5
C07PII 0.7
COPIII 0
CO1PIII 0.1
CO3PIII 0.3 15 1.74 I
CO5PIII 0.5
CO7PIII 0.7
CoPIV 0
CO01PIV 0.1
CO3PIV 0.3 15 1.74 v
CO5PIV 0.5
Co7PIV 0.7

2.3. Testing System

The self-developed TRW-3000 true triaxial test system at Central South University as
shown in Figure 3 was used to conduct the compression tests under different stress paths.
TRW-3000 test system is composed of main frame and servo control system. The loading
modes in X, Y, and Z directions are independent hydraulic servo loading. The maximum
loads in X, Y, and Z directions are 2000 kN, 2000 kN, and 3000 kN, respectively, and the
loading rate varies in the range of 10 N/s to 10 kN/s. The force or displacement loading
mode can be flexibly adjusted through the loading control software.

To prevent the collision between loading plates due to excessive deformation of the
sample during loading, the cross—section area of the selected bearing plate is slightly smaller
than that of the sample. Before the test, vaseline was smeared evenly on the bearing plate
to reduce the friction between the sample and the bearing plate and to help unload the
sample from the testing machine after loading.

Figure 3. Loading device of true triaxial test system.
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2.4. Testing Procedure

The compression tests were carried out on MC-reinforced soil samples with five levels
of f;. Four stress paths, such as uniaxial, biaxial, conventional triaxial, and true triaxial
stress paths, were adopted to simulate the mechanical behaviors of MC reinforced soil
under various working conditions. It is noted that if there is no obvious peak strength
occurring, the axial stress corresponding to the axial strain of 15% is regarded as the failure
strength of sample. The loading procedure and stress path of sample under uniaxial, biaxial,
conventional triaxial, and true triaxial compression tests are described as follows.

(1) PathI: uniaxial stress path

Following the standard of ASTM D2166 [32], the sample was only loaded in the Z
direction, which was in an unconfined state as shown in Figure 4. However, different from
the standard, the force control mode was adopted in the Z direction, and the sample was
loaded at a speed of 10 N/s until failure. This uniaxial stress path can be used to study the
strength and deformation behaviors of MC reinforced soil under unconfined conditions.

A

ol Pathl Samplefﬁllure

01

Z I

»

(0 t

Figure 4. Stress path of sample under uniaxial compression tests.

(2) Path II: biaxial stress path

The sample in X, Y, and Z directions was simultaneously loaded at a speed of 10 N/s
to 100 kPa, then in the X direction the loading mode was switched to the displacement
control and the displacement velocity was adjusted to be zero (fixed) to simulate the plane
strain state. Finally, the sample in the Y direction was unloaded and in the Z direction
was loaded at a speed of 10 N /s until failure happened. The stress path of sample under
the biaxial compression test is shown in Figure 5. Some geotechnical structures, such as
slopes, retaining walls, and strip foundations, are usually subjected to the plane strain
condition [33], which can be simulated by the biaxial stress path. Therefore, the Path II test
results have reference significance to the application of MC-reinforced soil technology in
practical engineering.

Sample failure -
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o3 ‘ o control\
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Figure 5. Stress path of sample under biaxial compression test.
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(3) Path III: conventional triaxial stress path

As shown in Figure 6, the sample in X, Y, and Z directions was simultaneously loaded
to the confining pressure of 100 kPa at a speed of 10 N/s, then loads in X and Y directions
were kept constant, and the sample in the Z direction was continued to be loaded at a
speed of 10 N/s until failure happens. This conventional triaxial stress path is similar to
the triaxial compression test, which can be used to study the strength and deformation
behaviors of MC reinforced soil subjected to a large load under lateral confinement.

A Sample failure
c| PathIII - o
: 03 liny o
Z . | 3
! o3l ﬁ 03
of s
X,Y I =
L. o1
0 ‘t

Figure 6. Stress path of sample under conventional triaxial compression test.

(4) PathIV: true triaxial stress path

It can be seen in Figure 7 that the sample in X, Y, and Z directions was simultaneously
loaded to the confining pressure of 100 kPa at a speed of 10 N/s and then in the Y and Z
directions was further loaded to 200 kPa at the same speed. Finally, the sample was loaded
to failure at a speed of 10 N/s in the Z direction. When the soil mass is buried deeply, it is
usually in a stress state of three unequal pressures [34]. Through this true triaxial stress
path, the mechanical behaviors of soil under the above stress state can be well revealed.
In this true triaxial stress path, % =2, and the role of the intermediate principal stress oy
is considered.

f Sample failure
6| PathlV ~

g1

92 i 03
0'2 __________ a3l ! o)
/ T
_ 1
0 t

Figure 7. Stress path of sample under true triaxial compression test.

3. Results and Discussion
3.1. Stress—Strain Behavior

Figure 8 presents the stress—strain relationships of samples under uniaxial, biaxial,
conventional triaxial, and true triaxial stress paths, where ¢, refers to the axial strain.
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Figure 8. Stress—strain curves of samples under (a) uniaxial; (b) biaxial; (c) conventional triaxial; and
(d) true triaxial compression tests.

It can be seen from Figure 8a that under uniaxial stress path, the initial strength of
the sample without MCs is high, but after reaching the peak, the stress decreases rapidly
with the increase of strain, showing obvious brittle failure characteristics, and the residual
strength loss is large. When the f;, of the sample is relatively low (0.1%~0.3%), the addition
of MCs reduces the peak strength of the sample. However, in the strain softening stage
after the peak strength, the softening curves rise with the increase of f;, and the loss of
residual strength gradually decreases, which indicates that the failure mode of samples
change from brittle failure to ductile failure. When the content of MCs is relatively high
(0.5%~0.7%), the strain softening process disappears, replaced by the weak strain hardening
state, the corresponding failure mode is transformed into ductile failure, and the peak
strength is still not reached when the strain is 15%. This phenomenon indicates that the
strengthening effect of MCs has an obvious late effect. Bi et al. [22] and Liu et al. [35]
obtained similar results from the unconfined compressive test on fiber reinforced soil.
Regarding the formation mechanism of the late effect of fiber reinforcement, Gao et al. [36]
pointed out that as soil particles around the fiber are continuously compacted, the normal
force and the friction between fiber and soil particles increase significantly, resulting in
constraining the displacement of soil particles under the action of external forces. The
strength of samples reaches a high and relatively stable value in the late loading period.
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Three typical failure patterns of samples with different levels of f,; under the uniaxial
stress path are shown in Figure 9. The sample without MCs is seriously damaged. Soil
blocks are peeled from the sample, but shear bands distributed on both sides of the sample
can be clearly distinguished. The sample with an f;, of 0.1% presents the continuous
cracking characteristics. The three cracks distributed in the center and both sides of the
sample indicate that the failure mode of the sample belongs to a tension—-shear mixed
failure. The sample with an f,;, of 0.7% is failed by the lateral expansion at the lower part
without obvious shear bands.

PathI f.=0% PathI f.=0.1% PathI f.=0.7%
Figure 9. Failure patterns of samples with different contents of mask chips under Path L

The stress—-strain relationship under biaxial stress path presents a different state
from that under the uniaxial stress path as shown in Figure 8b. At the initial stage of
loading, the slope of the stress—-strain curve decreases slowly with the increase of strain,
and the hardening stage changes from strong to weak strain hardening. At the middle
stage of loading, the slope of stress—strain curve tends to increase with the increase of
strain, which indicates that the sample is in the transition stage from weak to strong strain
hardening. Moreover, this trend is weakened by the increase of f,,. For instance, samples
with high levels of f;; (0.5%~0.7%) do not present the strong strain hardening characteristic
even when the axial strain reaches 15%, implying that the addition of MCs delays the strain
hardening process and improves the later strength of the soil sample. It is noted that the
strength of the sample has a positive relationship with f;; under the biaxial stress path.

The stress—strain curves of samples under conventional triaxial stress path exhibit
the strain hardening characteristics as illustrated in Figure 8c. Due to the confinement
effect of lateral stress, the failure strength of the sample under the conventional triaxial
stress path is greater than that under the uniaxial or biaxial stress path. Moreover, different
from that under the biaxial stress path, the failure strength of the sample increases first
and then decreases with the increase of f;;. The strength of the sample with an f;; of
0.3% reaches the highest value. The strength values of samples with an f;, of 0.5% and
0.7% decrease obviously, but they are still higher than that of the sample without MCs.
Accordingly, the compressive strength and f;; of the sample present a non-monotonic
relationship under conventional triaxial stress path, and there is an optimal content of
MCs for the improvement of soil strength. This non—-monotonic relationship has also been
observed in previous studies of fiber reinforced soils. Jiang et al. [37] pointed out that an
excessive fiber content can cause mutual adhesion between fibers to form agglomerates
destroying the integrity of the sample and thus reduce the contact force between fibers and
soil particles, resulting in the decrease of the fiber reinforcement effect.

As shown in Figure 8d, the stress—-strain curves of samples under the true triaxial
stress path are the strain-hardening type, similar to that under the conventional triaxial
stress path. The intermediate principal stress further inhibits the Poisson effect, so the over-
all strength of samples is improved. Due to the compression and hardness characteristics of
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soil, the increased average stress from the increase of intermediate principal stress induces
the increase of the strength of the soil sample [38]. Furthermore, in the late loading period,
the slope of the stress—-strain curve of the sample without MCs slowly decreases with
axial strain. The sample transits from weak strain hardening to strain softening. However,
the addition of MCs weakens this transition, further confirming the late effect of MCs on
the reinforced soil. Additionally, the strength of sample increases first and then decreases
with the increase of fy,. It is similar to that under the conventional stress path, but the
failure strength of the sample with an f;, of 0.5% attains the highest level under the true
triaxial stress path.

In addition, Figure 10 shows the failure patterns of samples with different levels of f;,
under the true triaxial stress path. Under the action of confining pressure and intermediate
principal stress, failure patterns of all the samples are ductile failure without obvious cracks.
This indicates that the inclusion of MCs does not change the failure pattern of the sample
under true triaxial stress state.

PathIV f.=0% Path IV f.=0.1% Path IV f.=0.7%
Figure 10. Failure patterns of samples with different contents of mask chips under Path IV.

3.2. Failure Strength

Figure 11 summarizes the variations of failure strength of the sample with an f,,
under the four stress paths. It is found that the stress path is a key factor affecting the
soil strength. With the increase of the number of principal stresses involved in loading
and the intermediate principal stress under true triaxial stress path, the overall strength
of the samples has been significantly improved. Furthermore, the reinforcement effect of
different contents of MCs is sensitive to the stress path. Specifically, the failure strength
of the sample under the uniaxial stress path shows a variation trend of decreasing first
and then increasing with the increase of f,;; the failure strength of the sample under the
biaxial stress path increases monotonically with f,;; and the failure strength of the sample
under both conventional triaxial stress and true triaxial stress paths increases first and then
decreases with f;;, but the optimal contents of MCs for samples under these two paths
are different.

700
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Figure 11. Variations of the failure strength of the sample with mask—chip content and stress paths.
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In addition, the percentage increase in failure strength (Aq) is introduced to more
intuitively show the influence of MCs on the strength of the soil sample under different
stress paths as defined by:

_ rf — Qunrf
Gunrf

Agq x 100%
where g,rand g,,,,rare the failure strength of the reinforced and unreinforced samples, respectively.
Figure 12 shows the influence of f;; on Ag under different stress paths. Under the
uniaxial stress path, the failure strength of samples with an f,, of 0.1%~0.5% decreases
by 1.1%~10%, while the failure strength of sample with an f; of 0.7% increases by 8.6%.
Under the biaxial stress path, the strength of the sample has a monotonic relationship
with f;,;, which increases by 10.4%~33.9%. Under the conventional triaxial stress path, the
strength of the sample increases by 5.7%~23.5% due to the addition of MCs, and the sample
with an f;; of 0.3% has the greatest increase in strength. Under the true triaxial stress path,
the failure strength of the samples reinforced by MCs increases by 11.8%~35.6%, and the
sample with an f;;, of 0.5% has the greatest increase in strength. In this study, the strength of
the soil sample can be increased up to 35.6% by adding a proper content of MCs, indicating
that MCs have great potential for improving the soil strength.

40

‘m
I 0.1%
e 03%

33.9

35.6

301 o 5% 27 28
. 0.7% 23.5

5.7

10

-10

Path

Figure 12. Effect of mask—chip content on the percentage increase in failure strength under various
stress paths.

3.3. Elastic Modulus

Figure 13 summarizes the relationships between f,;; and initial moduli Ej (defined
as the secant modulus at 0.1% of the axial strain corresponding to peak stress) and Es
(defined as the secant modulus at 50% of the axial strain corresponding to peak stress) of
samples under different stress paths. Under the uniaxial stress path, the variation trend
of Ey and Esp with f;, is similar to that of failure strength with f,; as shown in Figure 11.
The addition of MCs reduces both Ej and Esg, but when f,;, exceeds 0.3%, the increase of
fm improves both Ey and Esg. This indicates that the addition of MCs is not conducive to
improving the initial stiffness of soil under the uniaxial stress path. Under the biaxial stress
path, the addition of MCs increases the Ej of all samples but only increases the Es of the
sample with an f;;, of 0.3%, and the relationship between Ey, E5, and f;; is non-monotonic.
Under both conventional and true triaxial stress paths, the Eg and Esg of samples increase
first and then decrease with f,;, indicating that the proper addition of MCs can effectively
improve the soil stiffness, but the excessive addition of MCs may affect the integrity of
the soil and cause the loss of soil stiffness. Xu et al. [17] obtained similar results from the
conventional triaxial compressive test on mask-chip-reinforced soil. For different confining
pressures, the Eg and Esp of samples can be increased by 20-35% when the volumetric
content of mask chips was between 0.3% and 0.5%. Samples at 5% witnessed the lowest
elastic modulus, showing a 15-35% drop compared to the control sample for both Ej and
Esp. Interestingly, the f;; of sample with the largest decrease in Esy under the uniaxial stress
path is 0.3%, while under the biaxial, conventional triaxial and true triaxial stress paths, the
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fm of the sample with the largest increase in Es is also 0.3%, which is different from the
differentiation characteristic of optimal content of MCs for the strength of samples under
different stress paths.
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Figure 13. Variations of elastic modulus: (a) Ey and (b) Esg with f;; and stress path.

3.4. Lateral Strain and Volumetric Strain

In this section, the lateral and volume strains of samples under conventional and true
triaxial stress paths are analyzed. It is noted that the positive and negative strains denote
the shrinkage and expansion, respectively.

Under the conventional triaxial stress path, since the variation trends of strains in
the X—direction and Y-direction with the axial strain are very similar, only the evolution
law of the strain in the X-direction (ey) is analyzed. Figure 14a shows the variation trend
of the strain &, with the axial strain (e,). With the increase of axial strain, the samples
show a tendency of lateral expansion, and the expansion speed gradually grows. The
addition of MCs reduces the lateral expansion degree of the specimen in the late loading
period. Figure 14b shows the variation trend of &, with ¢; under the true triaxial stress
path. Compared with that under the conventional triaxial stress path, the expansion degree
of &, under the true triaxial stress path is greater, and MCs still have an obvious effect on
inhibiting the expansion of samples in the X-direction. Figure 14c shows the variation
trend of the strain in Y-direction (gy) with ¢; under the true triaxial stress path. At the
initial loading stage, ¢, increases rapidly, and the sample in Y-direction is in a state of
shrinkage. After o is loaded to the set value, the ¢, of the sample enters a stable period
with the increase of ¢;. At the end of loading, the ¢, decreases rapidly and the sample
in the Y-direction changes from shrinkage to expansion. The stable phase of ¢, of the
sample with the addition of MCs is prolonged obviously, and the expansion trend at the
end of loading is suppressed. Additionally, the shrinkage degree of samples with high f,,
increases significantly.

In the process of triaxial compression, the shear stress changes the relative position of
soil particles, resulting in the variation in the total volume of sample. The volume strain
(i.e., & = & + & + &) is used to quantify the volume change of samples during shearing.
Figure 15 presents the relationship between volume strain and axial strain of samples with
different f,;, under conventional and true triaxial stress paths. The volume strain of samples
increases with axial strain, indicating that all the samples are in the shear shrinkage state.
It is consistent with the experimental result observed by Xu et al. [17] that the volume of
the sample is contracted first and then expanded with increasing axial strain when the
confining pressures are 30 kPa and 60 kPa, and no dilation occurred in the samples when
the confining pressure is 120 kPa. Under the conventional triaxial stress path, the addition
of mask chips increases the volume shrinkage of the sample, consistent with the finding of



Sustainability 2023, 15, 4059

13 0of 19

Benziane et al. [39] that adding fiber would increase the shrinkage trend of soil and limit its
expansion. However, different from their result, a monotonic relationship between f,;; and
the degree of shrinkage has not been observed in this study. Under the true triaxial stress
path, the differentiation in volumetric strain vs. axial strain curves of samples is significant,
and the volume shrinkage of samples with a high f,; (i.e., 0.5-0.7%) is enhanced. There are
two main reasons for this phenomenon. On one hand, the intermediate principal stress
0, under the true triaxial stress path plays a role in restraining the lateral deformation of
samples, thereby reducing the proportion of the lateral strain in the volume strain. On the
other hand, the deviation between the intermediate and minor principal stresses stimulates
the reinforcement potential of the anisotropic distribution of MCs inside the sample. The
friction effect of MCs on soil particles greatly weakens the lateral deformation of samples
caused by external forces, further consolidating the dominant role of axial strain in volume
strain. In this case, samples with high-mask-chip content have greater advantages due to
more contacts between mask chips and soil particles.
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Figure 14. Lateral strain vs. axial strain curves of samples under: (a) path III; (b) path IV; and (c) path IV.
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Figure 15. Volumetric strain vs. axial strain curves of samples at (a) path III and (b) path IV.

3.5. Poisson’s Ratio

Under the conventional triaxial stress path, according to the research of Yin et al. [40], Pois-
son’s ratio (1) depends on the volume strain and axial strain and has the following relationship:

1 - K
="

where K, is the slope of the volume strain vs. the axial strain curve at the contraction
stage. Figure 16a shows the relationship between Poisson’s ratio and the axial strain of
samples with different f,, under the conventional triaxial stress path. In the initial stage of
loading, i < 0, the samples experience a short lateral shrinkage stage. With the increase of
axial strain, u gradually increases with the lateral deformation of samples changing into
expansion and the corresponding expansion rate increasing gradually. It can be concluded
that the addition of MCs reduces the evolution range of y and decreases the growth rate of u
of sample. Additionally, with the increase of the axial strain, the gap between the Poisson’s
ratios of samples with and without MCs becomes larger and larger, which demonstrates
the ability of MCs to stabilize soil.

Under the true triaxial stress path, Poisson’s ratios in the X and Y directions can be
calculated by the formulas: p, = —i—’ﬂ‘ and py = _%' respectively. Figure 16b shows the
variation trend of y, with g, of samples under the true triaxial stress path, where ¢, varies
in the range of the axial strain at the completion of consolidation to that at the failure of the
sample. Compared with Figure 16a, |1 increases more rapidly indicating that the direction
of minor principal stress is the main direction of expansion of the sample under the true
triaxial stress path. The variation trend of y, with ¢, of samples under the true triaxial
stress path is presented in Figure 16c¢. It can be seen that the Poisson’s ratio for the sample
with a high f,, is generally lower than that without MCs, further confirming that a proper
content of MCs can reduce the dilation of soil and thus improve the deformation behavior
of soil.
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Figure 16. Poisson’s ratio vs. axial strain curves of samples under: (a) path III; (b) path IV; and
(c) path IV.

3.6. Energy Absorption

The failure of soil materials is closely related to the energy conversion. The soil
deformation, particles breakage, shear zone formation, etc., require energy absorption.
Based on the view of energy conservation, the failure mechanism of soil reinforced by mask
chips can be evaluated from a new perspective. The energy absorption capacity of soil is
usually represented by the energy absorbed by soil per unit volume (w). Under the uniaxial
stress path, w can be directly determined by the formula that w = [ o7dé; corresponding
to the envelope area of the axial stress—strain curve and the X-axis. Under the biaxial
stress path, no force is applied on the sample in the X—direction and no work is done on the
sample in the Y-direction due to the fixed displacement; therefore, only the work applied
on the sample in the Z-direction needs to be considered. The formula of w is the same as
that under the uniaxial stress path. Moreover, due to the lateral confinement, the formula
under the triaxial stress path should be modified as w = f o1deq + f opxder + f osdes.
Figure 17 shows the variation trend of energy absorption per unit volume of the sample
with an f;; under different stress paths. It is noted that the influence of friction on the energy
absorption is not considered in this study.
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Figure 17. Energy absorption vs. f;; of samples under different stress paths.

It can be seen that the under uniaxial stress path, the energy absorption per unit
volume of the sample with an f;,, of 0.1% is lower than that of the sample without MCs,
while that of the sample with other f, is improved. The energy absorption capacity
increases monotonously with the content of MCs varying from 0.3% to 0.7%. Due to the
strain hardening process of samples with a high f,;, their energy absorption per unit volume
increases significantly at failure. Under the biaxial stress path, the addition of MCs has a
positive effect on the increase of energy absorption. Compared with that under the uniaxial
and biaxial stress paths, the energy absorption per unit volume of the sample under the
triaxial stress path is significantly enhanced due to the energy input provided by lateral
stresses. Specifically, under conventional triaxial stress path, the energy absorption capacity
of reinforced soil sample is increased by 5-35%. The energy absorption per unit volume of
the samples at failure presents a relationship of increasing first and then decreasing with f;,,
and the f;;, of the sample with the largest increase in w is 0.3%. The variation trend of w under
the true triaxial stress path is similar as that under the conventional triaxial stress path, but
the increase extent of w under the true triaxial stress path is generally greater (i.e., up to
27-45%). Moreover, under the true triaxial stress path, the f; of the sample with the largest
increase in w is 0.5%. As analyzed above, under true triaxial stress, the addition of MCs
weakens the lateral deformation and aggravates the volume shrinkage trend of samples,
limiting the external work and improving the energy absorption capacity of samples. The
results observed in this study are consistent with the finding of Jiang et al. [41]. They also
confirmed the potential of polypropylene fiber to improve the energy dissipation in media
based on the direct shear test of polypropylene-fiber—reinforced iron tailings powder and
the mathematical model of fiber interfacial energy dissipation.

4. Conclusions

This study aims to investigate the mechanical behavior of mask—chip-reinforced soil
under different stress paths. First, different contents of disposable mask chips (i.e., 0%, 0.1%,
0.3%, 0.5%, and 0.7% by mass) were mixed with sandy soil to make mask-chip-reinforced
soil samples. Then, compression tests with different stress paths were carried out by using a
true triaxial testing machine to investigate the stress—strain, strength, deformation, energy
absorption, and other mechanical behaviors of the samples. Finally, the potential of MCs as
reinforcement material for improving soil properties was evaluated comprehensively. The
main conclusions of this study are as follows:

(1) Under the uniaxial stress path, with the increase of f;, the failure mode of the
sample changes from brittleness to ductility, and the late strength is strengthened, but the
early strength and stiffness are reduced. The energy absorption capacity of the samples
with an f;; of 0.3% to 0.7% is improved.
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(2) Under the biaxial stress path, the failure strength of the sample shows a monotonic
increasing relationship with f;,;, and E is generally improved, but Esj is improved only
when f; is 0.3%. The energy absorption capacity of the samples is generally improved.

(3) Under the conventional triaxial stress path, the addition of MCs improves the
strength and energy absorption capacity of the samples, and both of them show a non—
monotonic relationship with f,. With the increase of f;;, the strength and energy absorption
capacity rise to the peak value at an f;;, of 0.3% and then decrease. Except for the sample
with an f; of 0.7%, both Ey and Esp are improved, and the excessive addition of MCs
reduces the stiffness of samples. The addition of MCs also inhibits the lateral deformation,
intensifies the volume shrinkage, and reduces the dilatancy.

(4) Under the true triaxial stress path, the mechanical properties of the samples are
closely related to f,;. The optimal mass content of MCs for each mechanical property is
differentiated. The strength, Ey, and energy absorption capacity of the sample with an f;, of
0.5% are improved the most, while the Esy of the sample with an f;;, of 0.3% is enhanced
the most, and the lateral deformation degree of the sample with an f,, of 0.7% is weakened
the most.

A moderate content of MCs plays a positive role in improving the mechanical behavior
of soil, which confirms the potential of MCs as reinforcement materials. There are differ-
ences in the optimal content of MCs for different mechanical properties, such as strength
and stiffness, and the strengthening effect of MCs is significantly affected by the stress
path. This suggests that when the MCs are used as the reinforcing material in a project, the
content of mask chips should be selected according to the specific needs of the project. In
this study, the water content and dry density of soil were set as fixed values. The effects of
water content and dry density on the mechanical behavior of mask—chip-reinforced soil
need to be further clarified. Additionally, only one true triaxial stress path was adopted,
which is not comprehensive enough to evaluate the mechanical properties of mask—chip-
reinforced sandy soil under the true triaxial compression stress state. In the future, it is
appropriate to include the influences of other stress paths, soil gradation, dry density, and
water content on the mechanical properties of mask—chip-reinforced soil in the research
scope. The numerical simulation based on discrete element method is ongoing to provide
a reference for the application and promotion of mask—chip—reinforcement technology in
practical engineering from a microscopic perspective.
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