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Abstract: Recently, soil reinforcement using arranged or randomly distributed fibers has attracted
increasing attention in geotechnical engineering. In this study, polypropylene (PP) fibers with three
lengths (6, 12, and 24 mm) and three mass percentages (0.5%, 1%, and 1.5%) were used to reinforce a
coal fly ash soil (FAS) mixture. Unconsolidated, undrained triaxial tests were carried out in order to
study the mechanical properties of the polypropylene fiber-reinforced FAS mixture and evaluate the
impact of fiber on the shear strength of the FAS mixture. It is found that the fiber length of 12 mm
could significantly improve the shear strength of the polypropylene fiber reinforced FAS mixture,
and little effect is shown on the shear strength while using a fiber length of 24 mm. Additional
fibers enhance the energy absorption capacity of the FAS specimens and therefore the highest energy
absorption capacity occurs when the fiber content is 1% and the fiber length is 12 mm. The peak
deviator stress enhances impressively with the addition of polypropylene fiber. The impact of fiber
on the peak deviator stress is the largest when fiber content is within 1.0%. The fiber length has little
effect on the peak deviator stress when it exceeds 12 mm.

Keywords: triaxial test; polypropylene fiber; coal fly ash; shear strength; energy absorption capacity

1. Introduction

Coal is increasingly used as an energy raw material in countries such as Russia, Aus-
tralia, South Africa, etc., and fly ash is produced during the combustion of coal. However,
fly ash is challenging to manage and poses adverse impacts on the environment [1]. Dis-
posal of fly ash remains a problem, and only half of the fly ash is used worldwide [2].
Cenospheres form the main component of coal fly ash; the way cenospheres are created
depends on the compounds in the coal and the systematic progress of coal combustion. The
cenospheres have great engineering properties such as a smooth surface, micro particle size,
small internal specific surface area, light specific gravity, and little water absorption [3,4].
Numerous studies have investigated the conversion of fly ash into a functional and valuable
product. Cenospheres are considered desirable materials for applications in biomedical
engineering [5,6]. Mechanical properties and acoustic applications of new epoxy-based
matrix composites mixed with cenospheres were also investigated [7,8]. Coal combustion
by-products and coal fly ash can also be utilized in the mining industry for mine site
rehabilitation purposes and to improve the safety of miners [9,10].

The research into fly ash as an admixture with soil for geotechnical utilization has
been broadly studied globally; easy availability and active physical properties can make
fly ash soil cost-effective [11,12]. It is beneficial in improving engineering performance
and subgrade soils [13,14]. Coal fly ash contains abundant active Silica, Alumina, Ferric
oxide, and Calcium oxide, in which a train of chain hydration reaction occurs when water
is affiliated [15]. The admixture of fly ash remarkably enhances the durability and stiffness
of cured soils. These studies have shown that uniformly distributed fly ash completes the
grading distribution of poorly graded soil and results in greater strength values [13,14,16].
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However, fly ash cannot effectively improve the crack resistance and compressive strength
of subgrade soil [14,17]. The occurrence of longitudinal and transverse cracks in fly ash
reinforced soils have been observed in previous works [18,19]. Therefore, it is necessary to
seek a method to avoid cracks occurring in fly ash-reinforced soils.

Fiber has been used as reinforcement material and has received increasing attention
over recent decades; a composite material compound of polymer and fly ash is utilized
to investigate the mechanical properties, fly ash surface modification, and geopolymerisa-
tion [5,6,20,21]. In this direction, numerous studies have been conducted on fiber-reinforced
soil; these researchers showed that changes in the content and the length of fibers in the soil
can positively affect resisting tensile cracking, bearing capacity, tensile strength, and shear
strength [22-24]. Another study has shown that fiber-reinforced soil depicts higher resis-
tance over the freeze-thaw reaction [25]. The reinforced soil is an isotropic material. Based
on the advantages of good dispersion and easy fiber mixing, the even mixture that mixes
with fiber filaments and soils is usually regarded as a homogeneous isotropic material [26].
Zhang et al. [27] reported that polypropylene fiber was incredibly influential in improving
the resistance to tensile cracking of soil, and it can still bear the static load and hold the
integrity of soil after dynamic failure. Cai et al. [28] found that fiber-reinforced soil took on
a strain-hardening ductile failure in the compression test instead of strain-softening ductile
failure that happened on plain soil. Several types of randomly oriented discrete fibers (i.e.,
natural, corban, steel, and synthetic) [26,29-32] are mixed with soils, sands, cement, or
fly ash in a traditional way to find the geotechnical behavior of mixtures [33-36]; these
studies have concluded that polypropylene fibers are good candidates for limiting crack
propagation in soils and afford more significant residual strength [20].

Polypropylene fiber has been recommended as an efficient reinforcement material
due to the increasing amount of plastic waste and its ready availability, unlike carbon
or steel fiber, to solve the crack issue in coal fly ash soil (FAS) mixtures [16,21,37,38]. In
spite of the fact that properties of fiber-reinforced FAS mixtures have been investigated
by some studies [4,28,34,38], the coupling mechanism of the role of fibers in improving
the mechanical property of FAS materials is still unclear. Based on previous studies,
polypropylene fiber was introduced into FAS mixtures to change the brittle behavior to
a more ductile one and restrict the propagation of cracks. In this study, a number of
unconsolidated undrained (UU) triaxial tests have been conducted to obtain knowledge on
how the strength of fiber-reinforced soil is affected by various fiber lengths, fiber content,
and confining pressures. The influence of various factors on the fiber-reinforced soil
materials is quantified by the present study. In geotechnical engineering, the present study
of polypropylene fiber reinforced FAS mixture provides theoretical support and reference
for a broad application.

2. Testing Materials, Apparatus, and Scheme
2.1. Testing Materials

The clay and fly ash utilized in this study were derived from Wuhan, Hubei Province,
China. The crushed soils were sieved and collected with a size of 2 mm and below as test
materials in accordance with GB/T 50123-2019 [39]. The physical properties and chemical
composition of clay and fly ash are presented in Tables 1 and 2. The clay was taken from
Hubei University of Technology in Wuhan. The fly ash was a solid waste from the facility
plant in Wuhan, and its chemical composition is listed in Table 2. Figure 1 presents the SEM
imaging of fly ash; meanwhile, the fly ash was categorized as class C fly ash according to
ASTM C618 [40]. Discretely distributed polypropylene (PP) fiber (as shown in Figure 2)
that possessed a diameter of 0.023 mm was used as the reinforcement, the mechanical
properties of which are recorded in Table 3.
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Table 1. Physical properties of clay and fly ash.

Property Clay Fly Ash
Optimum moisture content, (%) 27.8 22.00
Natural moisture content, (%) 7.68 -
Natural density, (g/ cm?) 1.35 2.16
Specific gravity, Gs 2.68 2.16
Liquid limit, (%) 34.0 E4
Plastic limit, (%) 17.8 NP
Maximum dry density, (g/cm?) 1.42 1.36
Loss on ignition (LOI) (%) - 2.74
Passing NO. 325 (45 um) (%) - 104

Table 2. Chemical composition of clay and fly ash.

Chemical Composition SiO, Fe, O3 Al,O3 CaO MgO SO; K,O Na,O TiO,
Clay (%) 46.52 3.24 42.33 - 0.74 0.58 3.47 0.44 1.65
Fly ash (%) 60.62 6.85 22.35 1.96 1.16 0.16 2.46 0.50 1.20

Figure 1. Scanning electron micrograph of coal fly ash.

6mm /i 12mm 24mm

&

IJTE'I!’ e H - = n|| Mmﬁwmwﬂlp
i o i B - |

-y o,

it bt il

Figure 2. Polypropylene (PP) fiber used for the reinforcement.

Table 3. Mechanical properties of polypropylene (PP) fiber.

Tensile Strength Elongation at Break

Fiber Type Elastic Modulus (GPa) (MPa) %)

Diameter (mm)

Polypropylene fiber 52 512 25 0.023




Materials 2022, 15, 3807

40f18

2.2. Specimen Preparation

Specimens were prepared as recommended by [41]. A previous study [42] showed the
standard compaction curves of the fly ash in the range of 0, 10%, 20%, 30%, 40%, and 50%,
and a comparison of the optimum moisture content and maximum dry unit weight of the
FAS mixtures are shown in Figure 3. The direct shear tests showed that the shear strength
reached a maximum when the fly ash content was 30%, shown in Figure 3b. Therefore,
the optimum proportion of fly ash to clay ratio of 30% was maintained in the present
study. The optimum moisture content for FAS according to JTG E40-2007 [41] was 21.5%.
The 0.5%, 1%, and 1.5% of PP fiber contents (FC) and 6, 12, and 24 mm of PP fiber length
(FL) were used to prepare PP fiber-reinforced FAS specimens. The FAS and PP fiber were
mixed carefully to ensure the soil samples were homogeneous [26]. Then it was followed
by spraying distilled water on the samples to reach the optimal water content (21.5%).
FAS mixtures are compressed with a static compactor to obtain testing specimens with a
relative density of 90%, height of 300 mm, and diameter of 150 mm. Subsequently, at room
temperature, all examples were sealed for 24 h to guarantee the homogeneity of water
and cured for 7 days before the triaxial testing. Table 4 depicts FAS specimens mixed with
PP fibers.
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Figure 3. (a) Standard compaction curves and (b) Relation of shear stress peak value and fly ash
content under different normal stress.

Table 4. Designation of the specimen.

Number FAS (%) FC (%) FL (mm) Curing Periods (d)
1 100 - - 7
2 99.5 0.5 6 7
3 99 1 6 7
4 98.5 15 6 7
5 99.5 0.5 12 7
6 99 1 12 7
7 98.5 15 12 7
8 99.5 0.5 24 7
9 99 1 24 7
10 98.5 15 24 7

2.3. Testing Scheme

In this study, according to ASTM D4767-11 [43], the UU triaxial test was performed
on all specimens following the specific procedures. In search of the shear strength of
the fiber-reinforced FAS specimens, confining pressures of 200, 300, and 400 kPa were
chosen [30]. Then, the application of a strain rate of 1.5 mm/min was carried out on
specimens until the axial strain reached 20%. During testing, shear stress and the axial
strain were recorded. The parameter Esy (as shown in Figure 4), which was defined as the
secant modulus corresponding to 50% strength of soils in the nonlinear stress—strain curve,
was adopted to evaluate the stiffness of soils [44,45].
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Figure 4. The definition of Young’s modulus, Es.
3. Test Results and Discussions

3.1. Stress—Strain Behavior of Polypropylene Fiber-Reinforced FAS Specimens

Figure 5 appears the stress-strain curve of unreinforced specimens and FAS specimens
reinforced by PP fiber.
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Figure 5. The relation of stress—strain curves of (a) unreinforced specimen and FAS mixtures with
0.5% FC and: (b) FL = 6 mm, (c) FL = 12 mm, (d) FL = 24 mm under different confining pressures.

It is shown that all non-reinforced specimens exhibit strain-softening behavior in the
stress—strain relationship when the confining pressure ranges from 200 to 400 kPa. For
non-reinforced specimens, the deviatoric stress increases to the peak value when axial strain
is around 5%. Afterward, there is a drop when the axial strain continuously increases. For
reinforced specimens (i.e., Figure 5b—d), the curves had experienced a rapid growth stage in
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which deviator stress increased sharply before the axial strain reached 3%, and then a placid
increment known as stable stage was present after 3%. The maximum deviatoric stress
enlarges with the rise of confining pressure for reinforced fibers of the same size. In contrast,
all fiber-reinforced FAS specimens demonstrate the performance of strain hardening. The
deviator stress of fiber-reinforced FAS increments with the rise of axial strain. Under fiber
reinforcement of the same size, the deviator stress in the stable phase increases along
with the rise of confining pressure, as demonstrated in Figure 5b—d. Hence, compared
to plain soil, the maximum deviator stress of the fiber-reinforced FAS specimens occurs
when the axial strain reaches 20%. Meanwhile, under the same fiber size and axial strain,
with the rise of confining pressure, the deviator stress increases significantly. However,
the cured soil after fiber reinforcement changes from the original strain softening to strain
hardening. After the rapid increase of 3% strain, the strength of the soil increases slowly
and changes into a strain hardening model. The ability of the soil to resist shear stress also
increased significantly, indicating that the additional fibers can considerably improve the
shear resistance of FAS.

Figure 6 outlines the relationship between the deviator stress and the axial strain for
the FAS mixtures with FC of 1%, 1.5%, and FL of 6 mm, 12 mm, and 24 mm. The curves
of non-reinforced soil specimens are also provided as a comparison. For different fiber
lengths, the results show that the shear stress of soil specimens increments with the size
of strain, and the phenomenon of strain hardening becomes more and more prominent
(from Figure 6a—c) with the rise of confining pressure. This may be because the FL. 6 mm
PP fibers are too short to form a more robust structure. The FAS specimens with FL 12 mm
and 24 mm fibers depict a phenomenon that shear strength is not increased with the large
fiber length in the end [37,46]. For example, under 200 kPa confining stress and FC 1%,
the deviator stress increases from 539.6 to 689.4 kPa as the FL is elongated from 6 mm to
12 mm. When the FL increases from 12 mm to 24 mm, the deviator stress is reduced by
2.7%, and the value decreases from 689.4 to 670.6 kPa.

1200

—#&—unreinforced —®—6mm —4&—12mm —¥—24mm (d)

1000 |-

»
a1
l-l- ™ | [ —
EEan e En

Deviater stress (kPa)

1 1 1 0 1 1 1 1
10 15 20 0 5 10 15 20
Strain (%) Strain (%)

Figure 6. Cont.



Materials 2022, 15, 3807 7 of 18

1200 - 1200 - .
—#—unreinforced —®—6mm —4&—12mm —¥—24mm (b) —m—unreinforced —®—6mm —4&—12mm —¥—24mm (e)
1000 1000
—_ —~
© <
i 800 i
< <
w) v
£ 600 &
- —
% 400 5
=) A
200
0 L L 1 ! ome v L L I |
0 10 15 20 0 10 15 20
Strain (%) Strain (%)
1200 _ 1200 - .
—m—unreinforced —®—6mm —A—12mm —¥—24mm (c) —®unreinforced —®—6mm —4A—12mm —v—24mm ®H
1000 1000
= =
A 800 800
g =)
©« @
2 %
5 g
% 600 % 600
— —
= =
© 400 o 400
A a)
200 200
0 L L L ! 0 1 1 I |
0 5 10 15 20 0 10 15 20
Strain (%) Strain (%)

Figure 6. The relation of stress—strain curves of polypropylene (PP) fiber-reinforced FAS specimens:
(a) FC = 1.0%, FL = 6 mm under 200 kPa, (b) FC = 1.0%, FL = 12 mm under 300 kPa, (c) FC = 1.0%,
FL =24 mm under 400 kPa, (d) FC = 1.5%, FL. = 6 mm under 200 kPa, (e) FC =1.5%, FL=12mm t
under 300 kPa, (f) FC = 1.5%, FL = 24 mm under 400 kPa.

3.2. Influence of Polypropylene Fiber on Secant Modulus of FAS Specimens

The modulus, Es, is an important parameter to describe the stiffness of materials [47].
The impact of the fiber length and proportion on the secant modulus is shown in Figure 7.
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Figure 7. Cont.
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Figure 7. The relation curves of different FC, FL, and secant modulus, Es, for the FAS specimens
under various confining pressures: (a) 200 kPa, (b) 300 kPa, (c) 400 kPa.

Figure 7 demonstrates that values of Es( are in the scope of 11.44 MPa to 17.70 MPa
for the non-reinforced FAS specimens, but in the scope of 5.31 MPa to 23.49 MPa for the PP
fiber-reinforced FAS specimens. Figure 7 clearly shows that considering different deviator
stresses, FC, and FL, the value of Esp needs to be blended reasonably according to the above
parameters to achieve the maximum value. At 400 kpa, the Es of the specimen shows the
maximum value when the FC is 0.5%, and the FL is 12 mm, which is 23.49 Mpa. Afterward,
the Esg value shows a downward trend with fiber length and fiber content rise. In spite of
the fact that the polypropylene fiber has a positive influence on the stiffness of soils, the
connection between fly ash and soil particles may be harmed if the fiber content is higher
and fiber length is longer and may further weaken the positive impact of the polypropylene
fiber [48]. Therefore, there is a crucial fiber content and fiber length of the stiffness of FAS
mixtures, which is of instructive significance for its application.

3.3. Influence of Polypropylene Fiber on the Peak Deviator Stress of
Fiber-Reinforced-FAS Specimens

Figure 8 shows the peak deviatoric stress changes of reinforced FAS specimens with
different fiber contents (0, 0.5%, 1%, and 1.5%) and different confining pressures (200 kPa,
300 kPa, and 400 kPa).
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Figure 8. Effects of different FL and FC on the peak deviator stress of FAS specimens: (a) 200 kPa,
(b) 300 kPa, (c) 400 kPa.

The results show that the peak deviator stress () of all reinforced FAS specimens with
fibers (6, 12, and 24 mm) slightly rises with the fiber content. This is because, with the rise of
fiber content, the anchorage by soil particles increases, and the interlock function between
PP fibers and soil particles is closer. Normally, the peak deviator stress (q5) increases
significantly with the addition of PP fiber. Nevertheless, it can be found that when 24 mm
PP fiber within the FC exceeds 0.5%, the growth rate drops considerably; when the FC is
greater than 1%, the growth rate is still lower than 0.5%. The influence of fiber content on
the peak deviator stress (q¢) also varies for fiber-reinforced FAS specimens with different
fiber lengths: (a) with regard to the soil specimen including 6 mm in the fiber length under
confining pressure of 200 kPa, the curve increases linearly from 514.6 kPa to 576.6 kPa, and
the growth rate increases to 12%; (b) PP fiber-reinforced FAS specimens including 12 mm
and 24 mm in the fiber lengths show a noticeable difference: the peak deviator stress both
increases in the first stage, and then the increase rate has a sharp decline as the increment
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of fiber content rises. To summarise, the FC within 1.0% holds a remarkable impact on peak
deviator stress.

Figure 8 also presents the variation in the peak deviator stress (qy) of PP fiber-
reinforced FAS specimens once the fiber length rises from 6 mm to 24 mm. It is found
that there is a decreasing tendency for the peak deviator stress when the fiber length is
larger than 12 mm. For example, under confining stress of 200 kPa with the FC 1.5% and
as the increment of the FL rises from 6.0 mm to 12 mm, the peak deviator stress of (PP)
fiber-reinforced FAS specimens rises from 576.6 kPa to 708.4 kPa; meanwhile, with the
increase of FL from 12 mm to 24 mm, the peak deviator stress diminishes from 708.4 kPa
to 704.1 kPa. Hence, the fiber length would have little impact on the peak deviator stress
when it exceeds 12 mm.

3.4. Reinforcement Coefficient of Polypropylene Fiber-Reinforced FAS Specimens

In order to better describe the impact of fiber on the shear strength of FAS specimens,
a parameter termed reinforcement coefficient R, is introduced in this study and defined as:

dfr —4fn
dfn ’

Ra - (1)

where g, and gy, represent the peak deviator stress of non-reinforced and reinforced
specimens, respectively.

Figure 9 presents the R, for all PP fiber-reinforced FAS specimens. It is clear that
the values of R, for all PP fiber-reinforced FAS specimens have an increasing tendency,
indicating that fiber will result in an apparent increase within the shear strength of FAS
specimens. As observed, the reinforced FAS that reaches the highest value is with FL of
12 mm and FC of 1.5% among all specimens, which results in the best performance of the
reinforced FAS ground.
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Figure 9. Relations between reinforced coefficient and different FC and fiber length: (a) under 200 kPa,
(b) under 300 kPa, (c) under 400 kPa.

3.5. Influence of Polypropylene Fiber on the Unconsolidated Undrained Shear Strength

Under the unconsolidated undrained experiment condition, the effective stress circles
of the saturated soil are overlapped with each other, which implies that the strength
envelope of the total stress circle is a horizontal line (as shown in Figure 10) [46]. The UU
triaxial test results of saturated soil are usually analyzed by the Mohr-Coulomb strength
theory, and the intercept of the strength envelope on the vertical axis is the shear strength,
termed c,,. However, due to the saturation degree being less than 100% (unsaturated soil),
and there is an error, the failure envelope of shear strength should not be horizontal. Thus,
the internal friction angle ¢, is not 0.

A

Unsaturated zone (this study)
-< >|< Saturated zone

CaYAYARN

Figure 10. Consolidation undrained strength envelope of unsaturated clay.

o

Two methods will be adopted to evaluate the shear strength parameters of soils (the
cohesion ¢y, and the total angle of shearing resistance ¢,,;,). Firstly, the common tangent of
the Mohr circle under different confining pressures is obtained, and the strength parameters
of soils are determined via the application of the strength envelope. The other method is
to use the p-q diagram of soils to calculate soil strength parameters [38,49]. In this paper,
the shear strength values of PP fiber-reinforced FAS specimens are determined by the p-q
diagram method. Parameters of p and q are defined as:

0+t
g1 — 0
q= 12 2, 3)

The line connecting ultimate stress domes under a variety of confined pressures is
called the K line, and the strength envelope is the 7/ line. The K line is more convenient
and accurate than the 7y line to calculate shear strength parameters [50]. The relationship
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between the inclination o and intercept b of the K line is related to the inclination & and
intercept ¢ of the strength envelope 7y, as illustrated in Figure 11, and expressed as:

@ = arcsin(tana), 4)
c= Y tng-_t , ©)
tan Ccos &

where Ky represents the ratio of principal stress in the case of failure:

1—tanzx1—sm®_tan2(450_§), ©)

f " 1ftana 1+sing

Figure 11. Illustration of K¢ line and 7y line.

Figure 12 shows the Ky lines for PP fiber-reinforced FAS specimens. With the rise
of fiber content, it is found that the slope of the critical stress line for specimens with the
same fiber length has a gradual increase. The slope of the critical stress line increases
from 0.39 to 0.47 when the K lines of non-reinforced FAS specimens are compared with
those PP fiber-reinforced counterparts. In addition, it can be seen from the figure that the
critical stress curves of PP fiber-reinforced FAS specimens are basically parallel to those of
non-reinforced counterparts.
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Figure 12. Lines for the polypropylene (PP) fiber-reinforced FAS specimens with various fiber lengths
and fiber contents, (a) FC = 6 mm, (b) FC = 12 mm, (c) FC = 24 mm.

Correspondingly, Figure 13 plots the ¢ and ¢ of reinforced specimens with a variety
of fiber lengths and fiber contents. It is observed that specimens with a particular fiber
content have a significant increase in cohesion when fiber length increments from 0 mm
to 12 mm. After that, the cohesion of FC 1.5% and FL 24 mm had a slight reduction.
The maximum cohesion observed with FL 24 mm and FC 1% indicates that FC and FL
considerably influence the cohesion of fiber-reinforced FAS specimens in the range of FC
1% and FL 12 mm; when exceeding the scope, a mild increase of the value could be verified.

Figure 13b indicates that the additional PP fiber results in a remarkable increase in
the total shearing resistance angle of the specimen. The angle of internal friction shows a
nonlinear change with the increment of FC and FL. Here, the reinforced specimens with
FC 0.5% are taken as examples. The internal friction angles of these specimens show a
variation from 24.5°, 25.4° to 24.1°, when FL increases from 6 mm to 24 mm, respectively.
This finding is consistent with those of Wang et al. [30], i.e., that the angle of internal friction
does not change in a linear way. However, it can be noticed that the total angle of shearing
resistance of PP fiber-reinforced FAS specimens is insensitive to the transformation of
fiber length.
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Figure 13. Shear strength parameters of reinforced specimens against various FL and FC, (a) cohesion,
and (b) angle of internal friction.
3.6. The Energy Absorption Capacity

Figure 14 shows the variation in the energy absorption capacity of PP fiber-reinforced
FAS specimens and non-reinforced FAS specimens.

60 —®&— unreinforced

55 —®— 6+0.5% —A—6+1% —¥— 6+1.5%
12+0.5% 12+1% —»— 12+1.5%

50 — @ 24+0.5% —* 24+1% ® 24+1.5%

N
Y

'S
S

w
S
\
\
1

Energy absorption capacity ( KJ/m®)
& s
T
\
1

S~}
(=)
|

15 L
200

300 400
Confining pressure (kPa)

Figure 14. Variation of energy absorption capacity for the specimens boasting various FC and FL.

It should be noted that the energy absorption capacity refers to the total sum of
energy required to deform specimens during experiments and represents the ductility of
PP fiber-reinforced FAS mixture specimens, which can be obtained through the calculation
of the area beneath the stress—strain curve of specimens [51]. The higher the energy
absorption capacity, the more difficult it would be to deform specimens. Figure 14 shows
the energy absorption for an axial strain of 20% in all specimens. As a result, it can be clearly
determined that the energy absorption capacity of specimens will considerably rise with
the inclusion of fiber. Additionally, the energy absorption capacity will gradually increase
as the confining pressure increments. The energy absorption capacity of reinforced soil
with additional fibers is better than that of plain soil. As can be seen from the figure, energy
absorption increased from 13.9% to 42.1% as FC developed from 0.5% to 1% when FL 6 mm
was added; however, a reduction of energy absorption happened when FC changed to
1.5%. From Figure 14, we can see that the fiber length also has a certain impact on the
reinforcement effect. Among specimens under all values of confining pressures, it can be
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found that the utmost energy absorption capacity is yielded when the FL is 12 mm and
FC is 1%. It may be clarified that the residual strength of soil specimens can be improved
by the incorporation of fibers. Meanwhile, the elongation of fibers enables specimens to
absorb higher energy at a given axial strain.

4. Discussions

The inclusion of fly ash and PP fiber considerably enlarges the strength value of soils
and obtains a ductile behavior after the FAS specimen failure. The reinforced stringiness
behavior is able to convert the shear strength to a tensile strength while subjected to
axial stress; therefore, the brittle failure of FAS changed into a ductile one that can stand
prolonged residual strength.

Due to low calcium oxide content, unhydrated fly ash particles show irregular discrete
distribution in the soil and are an insufficient binding gel between FAS particles. That may
be the reason for unreinforced FAS specimen failure with a softening strain behavior as in
plain soil. A considerable improvement appeared in the FAS specimen, even the 0.5% FC
admixture of PP fiber. A similar phenomenon was also presented in these studies [16,37,46],
in which physical friction occurred between FAS particles and PP fibers. FC and FL can
both contribute increasingly to shear strength value, as in the low FC and FL reinforced
FAS specimen, a fiber net failed to be constituted because of the major gap between fibers;
as the FC and FL are going higher, FAS particles find it difficult to make contact with the
fiber, and even a “floating” state is then present in fiber construction [46]. Displacement
dislocation happened when subject to axial stress due to the elastic modulus of PP fiber
being higher than the FAS specimen, leading to a non-consecutive deformation.

The unreinforced FAS specimen had a more compact texture than plain soil, but the
clear void was still present in the structure [4]. Wang et al. and Gao et al. [26,48] declared
a microscopic binding force between soil particles and PP fibers due to discrete PP fiber
distribution. Single fibers are squeezed and obvious plastic deformation is presented under
stress load and tension, as fibers withstand tensile stress and resist the pullout force due to
shear action. Figure 15a,b shows how one-dimensional reinforcement effects work on the
PP fiber-reinforced FAS specimen; fiber/soil interaction and curved fibers wrapped soils in
the bend and developed soil strength. Moreover, randomly discrete fibers interweave in the
specimens; once the fiber is dislocated as a result of pullout force, adjacent fibers are moved
to form a strong connection to redistribute the force area. The reinforcement structure
behaving this way is mainly dominated by three-dimensional reinforcement action, as
shown in Figure 15c. After the failure of the specimen, fibers distributed in the fractured
surface will not break or pull out instantly, which is shown in Figure 15d, as reported
by [17,33,52], who observed after splitting tensile tests a fiber “bridge” function that can
enhance the durability and convert brittleness of FAS specimens.
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(d)

Figure 15. Fiber reinforcement mode, (a,b) one-dimensional reinforcement effect, (c) three-
dimensional reinforcement effect, (d) “bridge” function.

5. Conclusions

In this study, the results of PP fiber on the mechanical properties of fiber-reinforced
FAS mixture specimens were performed by UU triaxial tests. The main conclusions are
as follows:

(1) A trend of transformation that FAS specimens convert strain softening to strain
hardening is more noticeable when FC and FL get large. The tendency shows that the peak
deviator stress hits the maximum value and then slightly changes as FL and FC increase. A
significant consequence showed the optimum reinforced FL and FC will be 12 mm and 1%.
It is clear that the axial stress of PP reinforced FAS increases at the peak of deviator stress.
Shear strength and ductility develop with the increasingly confining pressure.

(2) Randomly oriented dispersed fiber incredibly developed FAS specimen failure
strength with the increase of confining pressure. The deviator stress values of FL 6 mm
with FC 0.5%, FC 1%, and FC 1.5% are 11.3%, 16.7%, and 24.7% higher than non-reinforced
FAS under confining pressure of 200 kPa, respectively. The increase in strength value is
due to the unobvious binding gel effect converting shear action into a tensile interaction
between soil particles and fiber.

(3) The values of reinforcement coefficient R, for all reinforced FAS specimens devel-
oped an upward trend, indicating that the fiber can lead to a significant improvement of
the shear strength. The reinforcement coefficient decreases when FC increases from 6 mm
to 12 mm. Among all values, 12 mm in fiber length and 1.5% in the fiber content are the
optimum options with the highest value of R,

(4) The variation of FC and FL increases the cohesion and changes the angle of internal
friction of specimens. The maximum angle of internal friction occurs at FC 0.5% and FL
12 mm, resulting in a value 1.13 times higher than unreinforced FAS specimens. However,
there is little impact on the cohesion of polypropylene (PP) fiber-reinforced FAS specimens
by changing the length of the fiber, which may be due to the exceeded FC and limitation of
specimen size.

(5) There is an apparent change within the energy absorption capacity of specimens
while fiber is added. The maximum energy absorption capacity occurs when FL is 12 mm,
and FC is 1%.

(6) The inclusion of fiber improved the brittleness behavior of soil by forming a
“bridge” structure, and localized cracks were restricted and mobilized soil was stopped by
admixture of fiber when specimens reached failure. The fiber reinforcement can reduce
the loss of peak intensity and develop the residual strength in which one-dimensional and
three-dimensional effects dominate the reinforced mode.

Author Contributions: Conceptualization, L.L.; methodology, ].Z. and L.L.; validation, H.X; investi-
gation, J.Z.; resources, H.X. and L.L.; data curation, J.Z. and X.Z.; writing—original draft preparation,
J.Z. and X.Z.; writing—review and editing, N.C. and W.L.; visualization, ].Z. and X.Z.; supervision,



Materials 2022, 15, 3807 17 of 18

L.L., N.C. and W.L,; project administration, L.L.; funding acquisition, L.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by [Science, Technology Planning Project Wuhan; Hubei Central
Special Fund for Local Science and Technology Development; Innovative Group Project of Hubei
Province; and Outstanding Person Foundation of Hubei University of Technology] grant number
[No. 2020020601012278, No. 20192YYDO053, No. 2020CFA046, and No. XJ2021000501] And The APC
was funded by [Science, Technology Planning Project Wuhan (No. 2020020601012278)].

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

References

1.  Danish, A.; Mosaberpanah, M.A; Tuladhar, R.; Salim, M.U.; Yaqub, M.A.; Ahmad, N. Effect of cenospheres on the engineering
properties of lightweight cementitious composites: A comprehensive review. J. Build. Eng. 2022, 49, 104016. [CrossRef]

2. Fediuk, R.; Yushin, A. The use of fly ash the thermal power plants in the construction. IOP Conf. Ser. Mater. Sci. Eng. 2015, 93,
012070. [CrossRef]

3. Ahmaruzzaman, M. A review on the utilization of fly ash. Prog. Energy Combust. Sci. 2010, 36, 327-363. [CrossRef]

4. Shahane, H.A ; Patel, S. Influence of design parameters on engineering properties of angular shaped fly ash aggregates. Constr.
Build. Mater. 2022, 327, 126914. [CrossRef]

5. Nakonieczny, D.S.; Antonowicz, M.; Paszenda, Z.K. Cenospheres and their application advantages in biomedical engineering—A
systematic review. Rev. Adv. Mater. Sci. 2020, 59, 115-130. [CrossRef]

6. Nakonieczny, D.S.; Antonowicz, M.; Paszenda, Z. Surface modification methods of ceramic filler in ceramic-carbon fibre
composites for bioengineering applications—A systematic review. Rev. Adv. Mater. Sci. 2020, 59, 586-605. [CrossRef]

7. Sharma, V,; Lal Meena, M.; Kumar Chaudhary, A.; Kumar, M. Cenosphere powder filled basalt fiber reinforced epoxy composite:
Physical, mechanical, and thermal conductivity analysis. Mater. Today Proc. 2021, 44, 4984—4989. [CrossRef]

8. Hegde, S.; Padmaraj, N.H.; Siddesh, V.; Sunaya, T.S.; Adithya Kini, K.; Sanil, V.K. Experimental investigation of mechanical
sustainability and acoustic performance of fly ash cenosphere/epoxy polymer composites. J. King Saud Univ.-Eng. Sci. 2021.
[CrossRef]

9.  Park, J.H.; Edraki, M.; Mulligan, D.; Jang, H.S. The application of coal combustion by-products in mine site rehabilitation. J. Clean.
Prod. 2014, 84, 761-772. [CrossRef]

10. Song, H.; Liu, J.; Xue, E; Cheng, F. The application of ultra-fine fly ash in the seal coating for the wall of underground coal mine.
Adv. Powder Technol. 2016, 27, 1645-1650. [CrossRef]

11. Mahvash, S.; Lopez-Querol, S.; Bahadori-Jahromi, A. Effect of class F fly ash on fine sand compaction through soil stabilization.
Heliyon 2017, 3, e00274. [CrossRef] [PubMed]

12.  Feng, H.; Yang, Y.; Gong, X. Test research on engineering characteristic of flyash. Rock Soil Mech. 2002, 23, 579-582. [CrossRef]

13. Parsons, R.L.; Kneebone, E. Field performance of fly ash stabilised subgrades. Ground Improv. 2005, 9, 33-38. [CrossRef]

14. Amiralian, S.; Chegenizadeh, A.; Nikraz, H. A Review on The Lime and Fly ash Application in Soil Stabilization. Int. J. Biol. Ecol.
Environ. Sci. 2012, 1, 124-126.

15.  Yang, Y, Liang, B.; Ding, L. Experimental study on the stength behavior of flyash-lime or flyash-cement. Chin. . Geotech. Eng.
2001, 2, 227-230.

16. Yilmaz, Y. Compaction and strength characteristics of fly ash and fiber amended clayey soil. Eng. Geol. 2015, 188, 168-177.
[CrossRef]

17.  Senol, A. Effect of fly ash and polypropylene fibres content on the soft soils. Bull. Eng. Geol. Environ. 2011, 71, 379-387. [CrossRef]

18. Kaniraj, S.; Havanagi, V. Behavior of Cement-Stabilized Fiber-Reinforced Fly Ash-Soil Mixtures. |. Geotech. Geoenviron. Eng.-J.
Geotech. Geoenviron. Eng. 2001, 127, 574-584. [CrossRef]

19. Chauhan, M.S,; Mittal, S.; Mohanty, B. Performance evaluation of silty sand subgrade reinforced with fly ash and fibre. Geotext.
Geomembr. 2008, 26, 429-435. [CrossRef]

20. Elkhebu, A.; Zainorabidin, A.; Asadi, A.; Bakar, L.H.; Huat, B.B.K.; Abdeldjouad, L.; Dheyab, W. Effect of incorporating
multifilament polypropylene fibers into alkaline activated fly ash soil mixtures. Soils Found. 2019, 59, 2144-2154. [CrossRef]

21. Nasir, N.H.M.; Usman, F.; Saggaf, A. Development of composite material from Recycled Polyethylene Terephthalate and fly ash:
Four decades progress review. Curr. Res. Green Sustain. Chem. 2022, 5, 100280. [CrossRef]

22. Santoni, R; Tingle, J.; Webster, S. Engineering Properties of Sand-Fiber Mixtures for Road Construction. J. Geotech. Geoenviron.
Eng.-]. Geotech. Geoenviron. Eng. 2001, 127, 258-268. [CrossRef]

23. Park, T,; Tan, S. Enhanced performance of reinforced soil walls by the inclusion of short fiber. Geotext. Geomembr. 2005, 23, 348-361.
[CrossRef]

24. Yetimoglu, T.; Salbas, O. A study on shear strength of sands reinforced with randomly distributed discrete fibers. Geotext.
Geomembr. 2003, 21, 103-110. [CrossRef]

25.  Kravchenko, E; Liu, J.; Krainiukov, A.; Chang, D. Dynamic behavior of clay modified with polypropylene fiber under freeze-thaw

cycles. Transp. Geotech. 2019, 21, 100282. [CrossRef]


http://doi.org/10.1016/j.jobe.2022.104016
http://doi.org/10.1088/1757-899X/93/1/012070
http://doi.org/10.1016/j.pecs.2009.11.003
http://doi.org/10.1016/j.conbuildmat.2022.126914
http://doi.org/10.1515/rams-2020-0011
http://doi.org/10.1515/rams-2020-0024
http://doi.org/10.1016/j.matpr.2020.12.938
http://doi.org/10.1016/j.jksues.2021.11.002
http://doi.org/10.1016/j.jclepro.2014.01.049
http://doi.org/10.1016/j.apt.2016.05.028
http://doi.org/10.1016/j.heliyon.2017.e00274
http://www.ncbi.nlm.nih.gov/pubmed/28393122
http://doi.org/10.16285/j.rsm.2002.05.011
http://doi.org/10.1680/grim.2005.9.1.33
http://doi.org/10.1016/j.enggeo.2015.01.018
http://doi.org/10.1007/s10064-011-0391-6
http://doi.org/10.1061/(ASCE)1090-0241(2001)127:7(574)
http://doi.org/10.1016/j.geotexmem.2008.02.001
http://doi.org/10.1016/j.sandf.2019.11.015
http://doi.org/10.1016/j.crgsc.2022.100280
http://doi.org/10.1061/(ASCE)1090-0241(2001)127:3(258)
http://doi.org/10.1016/j.geotexmem.2004.12.002
http://doi.org/10.1016/S0266-1144(03)00003-7
http://doi.org/10.1016/j.trgeo.2019.100282

Materials 2022, 15, 3807 18 of 18

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.
45.

46.

47.
48.

49.

50.
51.

52.

Gao, L.; Zhou, Q.; Yu, X.; Wu, K,; Mahfouz, A.H. Experimental study on the unconfined compressive strength of carbon fiber
reinforced clay soil. Mar. Georesources Geotechnol. 2015, 35, 143-148. [CrossRef]

Zhang, X.; Zhou, K.; Zhou, J. Experimental study on dynamic properties of cohesive soil reinforced with fibres. Chin. J. Geotech.
Eng. 1998, 20, 4549.

Cai, Y,; Shi, B.; Liu, Z; Tang, C.; Wang, B. Experimental study on effect of aggregate size on strength of filled soils. Chin. J. Geotech.
Eng. 2005, 27, 1482-1486.

Mucsi, G.; Szenczi, A.; Nagy, S. Fiber reinforced geopolymer from synergetic utilization of fly ash and waste tire. J. Clean. Prod.
2018, 178, 429-440. [CrossRef]

Wang, Y.; Guo, P; Li, X,; Lin, H.; Liu, Y.; Yuan, H. Behavior of Fiber-Reinforced and Lime-Stabilized Clayey Soil in Triaxial Tests.
Appl. Sci. 2019, 9, 900. [CrossRef]

Correia, A.A.S.; Venda Oliveira, PJ.; Custédio, D.G. Effect of polypropylene fibres on the compressive and tensile strength of a
soft soil, artificially stabilised with binders. Geotext. Geomembr. 2015, 43, 97-106. [CrossRef]

Babu, G.; Vasudevan, A.M. Strength and Stiffness Response of Coir Fiber-Reinforced Tropical Soil. J. Mater. Civ. Eng.-]. Mater. Civ.
Eng. 2008, 20, 571-577. [CrossRef]

Zhong, H.; Zhang, M. Experimental study on engineering properties of concrete reinforced with hybrid recycled tyre steel and
polypropylene fibres. J. Clean. Prod. 2020, 259, 120914. [CrossRef]

Wang, J.; Dai, Q.; Si, R.; Guo, S. Mechanical, durability, and microstructural properties of macro synthetic polypropylene (PP)
fiber-reinforced rubber concrete. J. Clean. Prod. 2019, 234, 1351-1364. [CrossRef]

Merli, R.; Preziosi, M.; Acampora, A.; Lucchetti, M.C.; Petrucci, E. Recycled fibers in reinforced concrete: A systematic literature
review. J. Clean. Prod. 2020, 248, 119207. [CrossRef]

Rajesh Kumar, K.; Gobinath, R.; Shyamala, G.; Viloria, E.; Varela, N. Free thaw resistance of stabilized and fiber-reinforced soil
vulnerable to landslides. Mater. Today Proc. 2020, 27, 664—670. [CrossRef]

Jadhao, P.; Nagarnaik, P.B. Influence of polypropylene fibers on engineering behavior of soil-fly ash mixtures for road construction.
Electron. ]. Geotech. Eng. 2008, 13, 1-11.

Shukla, S. Fundamentals of Fibre-Reinforced Soil Engineering; Springer: Singapore, 2017.

GB/T 50123-2019; Standard for Geotechnical Testing Method. Planning Press: Beijing, China, 2019; p. 717.

Materials, A. Standard test method for coal fly ash and raw or calcined natural pozzolan for use as a mineral admixture in
concrete (ASTM C 618). Annu. Book ASTM Stand. 2004, 4, 312-319.

JTG E40-2007; Test Methods of Soils for Highway. Communications Press: Beijing, China, 2007; p. 428.

Li, L.; Zhang, ].; Xiao, H.; Hu, Z.; Wang, Z. Experimental Investigation of Mechanical Behaviors of Fiber-Reinforced Fly Ash-Soil
Mixture. Adv. Mater. Sci. Eng. 2019, 2019, 1050536. [CrossRef]

ASTM D4767-11; Standard Test Method for Consolidated Undrained Triaxial Compression Test for Cohesive Soils. Annual Book
of ASTM Standards: West Conshohocken, PA, USA, 2011; p. 14.

Varga, G.; Czap, Z. Soil models: Safety factors and settlements. Period. Polytech. Civ. Eng. 2004, 48, 53-63.

Surarak, C.; Likitlersuang, S.; Wanatowski, D.; Balasubramaniam, A.; Oh, E.; Guan, H. Stiffness and strength parameters for
hardening soil model of soft and stiff Bangkok clays. Soils Found. 2012, 52, 682—-697. [CrossRef]

Liu, J.-1; Hou, T.-s.; Luo, Y.-s.; Cui, Y.-x. Experimental Study on Unconsolidated Undrained Shear Strength Characteristics of
Synthetic Cotton Fiber Reinforced Soil. Geotech. Geol. Eng. 2019, 38, 1773-1783. [CrossRef]

Padade, A.H.; Mandal, ].N. Expanded Polystyrene-Based Geomaterial with Fly Ash. Int. J. Geomech. 2014, 14, 06014013. [CrossRef]
Wang, D.; Tang, C.; Li, ].; Liu, B.; Tang, W.; Zhu, K. Shear strength characteristics of fiber-reinforced unsaturated cohesive soils.
Chin. |. Geotech. Eng. 2013, 35, 1933-1940.

Brzezinski, K.; J6zefiak, K.; Zbiciak, A. On the interpretation of shear parameters uncertainty with a linear regression approach.
Measurement 2021, 174, 108949. [CrossRef]

Handy, R.L. Linearizing Triaxial Test Failure Envelopes. Geotech. Test. ].-Geotech. Test. |. 1981, 4, 188-191. [CrossRef]

Hamidi, A.; Hooresfand, M. Effect of fiber reinforcement on triaxial shear behavior of cement treated sand. Geotext. Geomembr.
2013, 36, 1-9. [CrossRef]

Rong, D.; Tang, C.; Zeng, H.; Cheng, Q.; Li, H.; Shi, B. Evaporation process and tensile behavior of fiber-reinforced rammed earth.
Chin. ]. Geotech. Eng. 2021, 43, 670-678.


http://doi.org/10.1080/1064119X.2015.1102184
http://doi.org/10.1016/j.jclepro.2018.01.018
http://doi.org/10.3390/app9050900
http://doi.org/10.1016/j.geotexmem.2014.11.008
http://doi.org/10.1061/(ASCE)0899-1561(2008)20:9(571)
http://doi.org/10.1016/j.jclepro.2020.120914
http://doi.org/10.1016/j.jclepro.2019.06.272
http://doi.org/10.1016/j.jclepro.2019.119207
http://doi.org/10.1016/j.matpr.2020.02.041
http://doi.org/10.1155/2019/1050536
http://doi.org/10.1016/j.sandf.2012.07.009
http://doi.org/10.1007/s10706-019-01129-z
http://doi.org/10.1061/(ASCE)GM.1943-5622.0000390
http://doi.org/10.1016/j.measurement.2020.108949
http://doi.org/10.1520/GTJ10789J
http://doi.org/10.1016/j.geotexmem.2012.10.005

	Introduction 
	Testing Materials, Apparatus, and Scheme 
	Testing Materials 
	Specimen Preparation 
	Testing Scheme 

	Test Results and Discussions 
	Stress–Strain Behavior of Polypropylene Fiber-Reinforced FAS Specimens 
	Influence of Polypropylene Fiber on Secant Modulus of FAS Specimens 
	Influence of Polypropylene Fiber on the Peak Deviator Stress of Fiber-Reinforced-FAS Specimens 
	Reinforcement Coefficient of Polypropylene Fiber-Reinforced FAS Specimens 
	Influence of Polypropylene Fiber on the Unconsolidated Undrained Shear Strength 
	The Energy Absorption Capacity 

	Discussions 
	Conclusions 
	References

