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Abstract: Triaxial tests were employed to investigate palm-fiber-reinforced sand under consolidated
drained conditions in this study. Sixteen series of triaxial tests were carried out to investigate the
properties of palm-fiber-reinforced sand. One series of pure sand was also employed for comparison.
The deviator stress, stress path, shear strength, volume change, void ratio, and enhanced coefficient
of fiber-reinforced sand were studied with different fiber lengths varying from 8 mm to 20 mm and
fiber contents varying in mass from 0.3% to 0.9%. The test results indicate that palm fibers were
beneficial for enhancing the shear strength of the sand. Compared to the peak shear strength increase
of about 10% to 20%, the critical shear strength increased much more, by a little over 100%. Therefore,
the fibers played a key role in enhancing the critical shear strength of the sand but not the peak shear
strength of the sand. The addition of fiber to sand resulted in prolongation of the axial strain required
to reach the critical void ratio and improved the sand’s ability to resist larger deformations, enhancing
its toughness. Furthermore, the critical shear strength of the sand was positively correlated with
both fiber content and fiber length, and the axial strain required to reach the critical shear strength
increased with increasing fiber content and length. This study provides valuable experimental data
and serves as a reference for temporary reinforcement in geotechnical engineering.

Keywords: palm fiber; fiber-reinforced sand; stress path; volume change; shear strength

1. Introduction

Fiber reinforcement technology is an effective measure for soil and water conservation,
as it can enhance the mechanical properties of soil and improve its structure. Consequently,
this technology is commonly used in road and slope protection projects [1-4]. In China,
the rapid development of urban subways and utility tunnels in cities located near rivers
with widely distributed sand layers poses a significant engineering challenge. During
the tunneling process, liquefaction, collapse, instability, and erosion can occur in the sand
aquifer, leading to uneven settlement or ground collapse, which can be detrimental to the
project. To overcome this challenge, fiber-reinforced technology is employed to enhance
the stability of sand-bearing aquifers during tunnel boring.

In recent years, researchers have investigated the effects of various fibers on the shear
strength of sand [5-9]. They have analyzed the impact of factors such as grain size [10],
moisture content [10-12], relative density [13], fiber aspect ratio [14], fiber content [15-17],
fiber distribution orientation [18-21], and stress paths [22] using triaxial tests or direct shear
tests [23,24]. The results of these tests have indicated that higher compactness leads to a
larger shear modulus in sand with fibers. Additionally, increased fiber content continuously
strengthens the liquefaction resistance and shear modulus of sand samples [25]. Randomly
distributed fibers were also found to be more effective in improving the shear strength of
dry sand [15]. Moreover, the shear dilatancy of fiber-reinforced sand has been investigated

Sustainability 2023, 15, 5461. https:/ /doi.org/10.3390/su15065461

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15065461
https://doi.org/10.3390/su15065461
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-1493-8900
https://doi.org/10.3390/su15065461
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15065461?type=check_update&version=1

Sustainability 2023, 15, 5461

20f16

in relation to deviator stress, and the results have shown that inflation failure occurs more
prominently in fiber-reinforced sand than in pure sand [26-28], indicating that sand mixed
with fibers has a higher shear strength.

Various types of fibers are available, including carbon fiber, glass fiber, nylon fiber,
steel fiber, and plant fiber. Of these, plant fibers such as jute fiber, coir fiber, sisal fiber,
flax fiber, straw fiber, and palm fiber have the significant advantage of being eco-friendly.
Previous research showed that coir mat reinforcement significantly improved the behavior
of sand foundations [29]. The inclusion of coir mat reinforcement redistributed the applied
footing load to a more uniform pattern, resulting in reduced settlement [20]. Discrete
coir fibers in a random distribution were also found to improve the shear strength of
clay significantly [30]. Similarly, sisal fibers in a random distribution were identified as a
good reinforcement material for soil [31]. In addition, plant roots can prevent the limited
flow failure of soil at cyclic stress ratios, while liquefaction resistance increases with an
increase in the root content [32]. As a result, roots mainly improve the cohesion of soil [33].
Researchers proposed a new generalized three-dimensional anisotropic failure criterion
for rooted soils based on the results of tests that used the projection of two independent
microstructure fabric tensors on the stress tensor [33].

Reinforced concrete, both metallic and non-metallic, is a common structural material
used in construction and engineering projects, such as bridges. It involves increasing
the strength and toughness of concrete by adding steel reinforcements or other metallic
materials [34,35]. However, in addition to metallic materials, there is another material
that can be used to reinforce concrete, which is plant fiber. Extensive research has been
carried out on plant fiber-reinforced concrete (PFRC) by scholars both domestically and
internationally. It has been found that adding short plant fibers to concrete inhibits the
development of diagonal cracks by transferring the tensile stress across the crack surface.
This transfer capability is commonly referred to as crack bridging [36]. Additionally, the
bonding action between the fibers and the mortar provides significant shear resistance to
developing cracks [37]. As a result, PERC exhibits a pseudo-ductile response relative to the
brittle behavior of conventional concrete mixtures [38]. PFRC also has higher compressive,
splitting tensile, and flexural strengths than conventional concrete [39-42]. The benefi-
cial properties of plant fibers in tension are important for the shear response of concrete
members. Therefore, they are an ideal material for enhancing the shear performance of
concrete members.

Despite the apparent benefits of plant fibers in enhancing the strength and durability
of concrete, there is still much to be learned about their use in geotechnical engineering.
For example, there is little current research on the residual resistance during the shearing
of fiber-reinforced sand as an expanded frame for PFRC. Moreover, the effect of different
ratios of palm fiber on the volume change and void ratio during the shearing of reinforced
sand is not entirely clear. Therefore, the study of parameters such as fiber aspect ratio and
fiber content is critical for the design of temporary reinforcements for water-rich sandy
structures in geotechnical engineering. This research also provides valuable insights for the
practical applications of plant fiber-reinforced concrete.

In light of these factors, the authors of the study investigated palm-fiber-reinforced
sand with triaxial tests under consolidated drained conditions. Sixteen series of palm-fiber-
reinforced sand samples were tested, while one series of pure sand samples was also tested
for comparison. The analysis of these results sheds light on the enhancing effects of fiber
length and content on the shear strength and strain, void ratio, and volume variation of
sand samples.

2. Materials and Test Setup
2.1. Materials
As shown in Figure 1, the sand tested in this study was quartz sand from Zhengzhou,

China. Its physical parameters are shown in Table 1. The palm fibers, with diameters of
0.2 mm to 0.5 mm, were produced in Malaysia. Their tension strength was between 90 kPa
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and 220 kPa, with a Young’s modulus of 0.45~1.1 GPa. The break elongation was about
15%~25%. In the tests, the palm fibers were cut into lengths of 8 mm, 12 mm, 16 mm, and
20 mm in order to analyze the aspect ratio effects, as shown in Figure 2.

Figure 1. Quartz sand employed in this study (unit: cm).

Table 1. Physical parameters of quartz sand.

Specific

Maximum Minimum Unit

yorsol  Coricentol  Codfdental g g o Mbim
Particle y (KN/m?3) (KN/m?3)
2.65 1.08 16.10 12.50 1.12 0.64

8 mm 12 mm 16 mm 20 mm

Figure 2. Palm fiber employed in this study (unit: mm).

2.2. Test Setup

Triaxial compressive tests on the sand samples under consolidated drained conditions
were carried out with a triaxial test apparatus from Global Digital Systems Ltd. (GDS,
Hook, UK), as shown in Figure 3. There were four components in the triaxial test system,
specifically the pressure chamber, pressure controller, information acquisition equipment,
and carbon dioxide cylinder. The sample was a standard cylinder with a size of 100 mm
(height) x 50 mm (diameter). The density of the sand sample was about 1490 kg/ m? with
a void ratio of 0.78, resulting in a relative density of 72%, according to the parameters
shown in Table 1. Sixteen series of triaxial tests were performed on the fiber-reinforced
sand samples, and one series of triaxial tests was carried out on the pure sand samples
for comparison, as shown in Table 2. The tests were carried out according to the China
Specification for Highway Geotechnical Test (JTC3430-2020), and the specific steps are
shown in Figure 4.
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Figure 3. The triaxial test apparatus from GDS located at the Beijing Forestry University. (a) The
pressure chamber; (b) the pressure controller; (c) the information acquisition equipment; (d) the
carbon dioxide cylinder.

Table 2. Sample conditions for triaxial tests.

No. Fiber Length (mm) Fiber Content (%) Confining Pressure (kPa)
1 0.3 100, 200, 400
2 0.5 100, 200, 400
3 8 0.7 100, 200, 400
4 0.9 100, 200, 400
5 0.3 100, 200, 400
6 0.5 100, 200, 400
7 12 0.7 100, 200, 400
8 0.9 100, 200, 400
9 0.3 100, 200, 400
10 0.5 100, 200, 400
11 16 0.7 100, 200, 400
12 0.9 100, 200, 400
13 0.3 100, 200, 400
14 0.5 100, 200, 400
15 20 0.7 100, 200, 400
16 0.9 100, 200, 400
17 — — 100, 200, 400

(1) Palm fibers were added to the sand sample and then mixed until a random and
uniform distribution was achieved, as shown in Figure 5, five layers of the sample were
prepared, and each layer was compacted;

(2) A carbon dioxide depletion method was employed with the following steps: The
gas cylinder filled with carbon dioxide was connected to the valve for the pore pressure.
The Perspex cylinder was filled with water, and 20 kPa of confining pressure was applied
to the sample. The valves for the pore pressure and back pressure were opened, and carbon
dioxide was released into the sample. Note that the pressure of carbon dioxide should not
be larger than 20 kPa. This procedure lasted for about 1 h;

(3) Then, a hydrostatic pressure depletion method was utilized with the following
steps: 10 kPa of pressure was applied through the valve for the back pressure, and the
water was flushed from the bottom of the sample. The flushed water drove out the air in
the sample until the volumes of water flushing in and out were equal to each other. The
valve for the back pressure was turned off after about 2 h of water flushing;
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Figure 4. Schematic of the test procedure. (A) Pore pressure valve, connected to the bottom of the
specimen; (B) pore pressure sensor; (C) back pressure valve, connected to the top of the specimen;
(D) circumferential pressure valve.

Figure 5. Sand mixed with randomly and uniformly distributed palm fibers: (a) top view and
(b) front view.

(4) Then, a back pressure saturation method was employed. The confining pressure
and back pressure were increased by 30 kPa every 0.5 h. However, initially and throughout
the process, the back pressure was 20 kPa lower than the confining pressure;

(5) The B value was tested after 1 h or more and is defined as the increment of pore
pressure divided by the increment of confining pressure. The saturation was identified
when the B value was larger than 0.95 but smaller than 1.0;

(6) Consolidation was carried out with the confining pressure set as required. The
process ended when the back volume maintained a constant volume for 2 s. Then, the shear
process was carried out at a speed of 1%. of the height per second until the axial strain
reached 20%.
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3. Test Results
3.1. Deviator Stress and Strain

The deviator stress varied with the axial strain in different samples under confining
pressures of 100 kPa, 200 kPa, and 400 kPa, as shown in Figure 6a—c. At 100 kPa of confining
pressure, the deviator stress obtained larger peak and critical values for the fiber-reinforced
sand than for the pure sand, as shown in Figure 6a. The deviator stress also obtained
larger values for the fiber-reinforced sand than for the pure sand at confining pressures
of 200 kPa and 400 kPa, though the strengthening effect was much lower than that with
100 kPa of confining pressure. For example, with 100 kPa of confining pressure and a fiber
length of 20 mm, the critical and peak values of the deviator stress increased by 31.4%
and 118.5%, respectively, for the fiber-reinforced sand compared to the pure sand, while
under 400 kPa of confining pressure, the peak and critical values of the deviator stress
for the fiber-reinforced sand with the same fiber length increased by 18.3% and 48.4%,
respectively. The deviator stress almost increased with increases in fiber length. However,
under higher confining pressure, the gap between the deviator stresses of the reinforced
sand and the pure sand became smaller. Note that the deviator stress was an average value
for one fiber length with different fiber contents. For example, the deviator stress of the
8 mm fiber-reinforced sand was the average of the 8 mm fiber-reinforced sand samples
with fiber contents of 0.3%, 0.5%, 0.7%, and 0.9%, and the same applies to the values for
fiber-reinforced sand with different fiber contents, as shown in Figure 7a—c. With different
fiber contents, fiber-reinforced sand also showed obviously increased deviator stresses
from the pure sand.

800 T T T T T 1200 T T T T T 2000 T T T T T
- 1000 .
D 1600
600 ]
§ 800 |-
~ 1 1200
2 400 )
g 600 |- |
&a <4
§ 8 mm 800
< 400 -
E 200 12 mm
a 16 mm
200 —&— 20 mm 1 40
0 i —o— Pure sand | |
0 R |
. I(a) 1QO kPaI . I(b) ZQO kPaI 0 I(c) 40|O kPa+
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Axial strain (%) Axial strain (%) Axial strain (%)

Figure 6. Deviator stress with axial strain of sand with different fiber lengths under three confining
pressures.

With 100 kPa of confining pressure, the deviator stress of the fiber-reinforced sand
increased with the fiber content, as shown in Figure 7a. However, the differences in the
deviator stress among the different fiber contents became smaller with increased confining
pressure, as shown in Figure 7a—c. Based on the relationships between the deviator stress
and axial strain shown in Figure 8, at an axial strain of 4%, the pure sand reached its peak
value of deviator stress, while at an axial strain of 15%, the fiber-reinforced sand reached
its peak value of deviator stress. The peak deviator stress of the fiber-reinforced sand
increased but was reached later than that of the pure sand, indicating that the deviator
stress of the fiber-reinforced sand increased due to the palm fibers. Simultaneously, the
critical value of the shear strength also increased for the fiber-reinforced sand. Therefore,
the strain-softening behavior of the pure sand became strain-hardening behavior in the
fiber-reinforced sand, which had a better ability to resist deformation.
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Figure 7. Deviator stress with axial strain of sand with different fiber contents under three confining
pressures.
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Figure 8. Deviator stress with axial strain of fiber-reinforced sand and pure sand.

3.2. Stress Path

Figure 9 shows that the stress path varied with the different confining pressures and
fiber lengths using the p’-q system. p’ is the mean effective stress and g is the peak deviatoric
stress. The maximum values of p” and g indicate the peak values of the shear strength,
while the minimum values of p” and g suggest the critical values of the shear strength.
The confining pressures of 100 kPa, 200 kPa, and 400 kPa are depicted in the same figure,
forming the failure lines of the peak shear failure and critical shear failure, as shown in
Figure 9a. The peak shear failure lines were obtained through linear regression of the
three peak shear failure points. The critical shear failure lines were obtained through linear
regression of the three critical shear failure points. The enhancement in the overall strength
of the specimen is reflected in the movement of the peak and critical shear failure lines. As
shown in Figure 9a—e, compared to the failure lines of pure sand, the failure lines of the
fiber-reinforced sand obtained higher values and bigger slope gradients, and the critical
failure lines are closer to the corresponding peak failure lines. Therefore, the critical shear
strength of the fiber-reinforced sand increased. Moreover, in comparison to pure sand, the
critical failure lines of the fiber-reinforced sand increased more than their peak failure lines.



Sustainability 2023, 15, 5461

8 of 16

Thus, the palm fibers enhanced the critical shear strength more obviously than the peak
shear strength in fiber-reinforced sand.

1800 100 kPa [ [ [
1600 |- 200 kPa o Peak fail - Peak -
——— 400 kPa i eal allure failure
1400 - B . B
point /,
1200 | r / - - /
— / / ,/
& 1000 | r = / L A
2 / / /
= / o - / L
800 |- ,
’ L p L / L
600 - 7 Critical 4 Critical
400F )y r failure o o failure
200 b L L B point
(a) No fiber (b) 8 mm (912 mm (d)16 mm
1 1 1 1 1 1 1 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
p’ (kPa) p’ (kPa) p'(kPa) p(<Pa) p'(Pa)

Figure 9. Stress paths with different confining pressures and fiber lengths.

Figure 10 shows that the stress path varied with different confining pressures and
fiber contents in the p’-g system. Compared to the pure sand, the peak and critical failure
values of the fiber-reinforced sand were higher. Moreover, the critical failure values of the
fiber-reinforced sand obviously increased and became closer to the peak failure values with
increases in the fiber content, as shown in Figure 10c—e.

1800 =100 kPa
1600 L 200 kPa - ' - Peak - -
——— 400 kP i Peak failure, | failur i i
1400 |- . /
piont  /, / /

1200 |- i i \ / i / i A
< - L L / L 4
g 1000 |- / / 4
= /| I ’ LA i L/

800 T ’ 4 Critical

’ / .
600 |- - /] r failure r
4 Critical piont
400 /s = . - L L
failure
200 | - - 3 -
(a) No fiber (b) 0.3% (0) 0.5% (d) 0.7% (e) 0.9%
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000 200 400 600 800 1000
p'(kPa) p'(kPa) p’ (kPa) p’ (kPa) p' (kPa)

Figure 10. Stress paths with different confining pressures and fiber contents.

3.3. Shear Strength

The intensity envelopes of effective stress at 100 kPa, 200 kPa, and 400 kPa of confining
pressure for the pure sand are depicted in Figure 11 using the T-c system. The intensity
envelopes became weaker with increases in the confining pressure. A linear intensity
envelope with a large intercept was obtained via linear regression, leading to a large value
of cohesion, which is not common for sand. In fact, the sand particles were destroyed
under high pressure, indicating weak shear strength. The slopes of intensity envelopes for
different confining pressures were calculated separately, and then their average value was
employed for further analysis. The shear strengths of the fiber-reinforced sand and pure
sand were calculated using Equation (1). The shear strength parameters of each sample
obtained with the averaging method are listed in Table 3. It can be seen that the friction
angle of the fiber-reinforced sand was larger than that of the pure sand. Therefore, the palm
fibers distributed in the sand had a strong reinforcing effect, which is also presented in
Figure 12. This shows that the friction angle of the sand samples generally increased with
fiber content for the same fiber length, and generally increased with the fiber length, except
for the fiber length of 8 mm.

T=ctang+c 1
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Figure 11. Mohr-Coulomb failure circles and intensity envelopes of pure sand.

Table 3. Strength parameters of fiber-reinforced sand.

Fiber Length  Fiber Content (01 — 03)f (kPa) o
o, c (kPa) QP )
(mm) (%) 100 kPa  200kPa 400 kPa
0 0 465 927 1545 0 43.3
0.3 614 1071 1816 0 46.5
8 0.5 587 1093 1722 0 46.1
0.7 699 1120 1772 0 47.3
0.9 672 1072 1680 0 46.5
0.3 551 905 1669 0 445
1 0.5 602 997 1668 0 45.5
0.7 612 957 1595 0 45.1
0.9 757 1156 1711 0 47.6
0.3 640 1042 1650 0 46.0
16 0.5 658 1092 1721 0 46.6
0.7 733 1133 1722 0 47.4
0.9 822 1227 1735 0 48.4
0.3 652 1191 1795 0 47.3
20 0.5 724 1130 1788 0 47.5
0.7 811 1204 1914 0 48.8
0.9 889 1236 1901 0 49.3
52 T T T T T T T
—— No fiber
51+ i
8 mm
50 12 mm E
a9l 16 mm i
S —0—20 mm
948t i
o0
a7l i
5
E 46| E
= 45 E
4l i
43t ° °

1 1 1
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fiber content, m (%)

Figure 12. Series of friction angles with different fiber contents.

4. Discussion
4.1. Volume Change

Figure 13 shows volume changes with axial strain in the pure sand and palm-fiber-
reinforced sand with different fiber lengths. The volume of the pure sand initially decreased
with 1% axial strain but then increased to a stable value, as shown in Figure 13a—c. The
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ultimate values of the volume changes of pure sand under confining pressures of 100 kPa,
200 kPa, and 400 kPa were 5.38%, 2.98%, and 1.05%, respectively. The volumes of the
fiber-reinforced sand had a trend similar to that of the pure sand, but they reached higher
values and kept increasing rather than converging on a stable value. When the axial strain
reached 20%, the volume change of the fiber-reinforced sand still had an increasing trend.
The increase in volume means that dilatancy occurred in the sand. Therefore, dilatancy
continuously occurred for the fiber-reinforced sand, which was different from the pure
sand. On the other hand, when the confining pressure increased from 100 kPa to 200 kPa
and then to 400 kPa, the volume increased by smaller and smaller values, as shown in
Figure 13a—c. With 100 kPa of confining pressure, the final values of volume change (axial
shear strain of 20%) corresponding to the different fiber lengths were 6.12% at 8 mm, 6.35%
at 12 mm, 7.17% at 16 mm, and 7.81% at 20 mm. At 200 kPa of confining pressure, the final
values of volume change (axial shear strain of 20%) for the different fiber lengths were 4.96%
at 8 mm, 5.59% at 12 mm, 5.76% at 16 mm, and 5.92% at 20 mm. At 400 kPa of confining
pressure, the final values of volume change (axial shear strain of 20%) corresponding to the
different fiber lengths were 3.04% at 8 mm, 3.28% at 12 mm, 3.32% at 16 mm, and 3.69% at
20 mm. Therefore, dilation was not as obvious for high confining pressure as it was for low
confining pressure, although the fiber-reinforced sand had similar trends under different
confining pressures. Above all, dilatancy was more obvious for longer fiber-reinforced
sand under lower confining pressure.

Volume change, V, (%)

_1--I.I.

i - Pure sand . e ]
-_ 8 mm i
12 mm
16 mm

[——20 mm

 —————

(c) 400 kPa T

(b) 200kPa T

(a) 100 kPa 7]

0 2 4 6 810121416 18 20

Axial strain, &, (%)

L1
02 46 8101214161820 0 2 4 6 8 1012 14 16 18 20

Axial strain, ¢, (%) Axial strain, &, (%)

Figure 13. Volume changes with different axial strain and fiber lengths.

Figure 14 shows volume changes with axial strain for the pure sand and palm-fiber-
reinforced sand with different fiber contents. At 100 kPa of confining pressure, the ultimate
values of volume change (axial shear strain of 20%) relative to the different fiber contents
were 6.68% at 0.3%, 7.06% at 0.5%, 7.15% at 0.7%, and 7.48% at 0.9%. With 200 kPa of
confining pressure, the final values of volume change (axial shear strain of 20%) correspond-
ing to the different fiber contents were 5.07% at 0.3%, 5.14% at 0.5%, 5.27% at 0.7%, and
5.45% at 0.9%. With 400 kPa of confining pressure, the final values of volume change (axial
shear strain of 20%) corresponding to the different fiber contents were 3.04% at 0.3%, 3.30%
at 0.5%, 3.32% at 0.7%, and 3.58% at 0.9%. It can be seen that continuous dilatancy also
occurred in the fiber-reinforced sand with different fiber contents. However, the volume
changes with the axial strain were similar for fiber-reinforced sand with all fiber contents.
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Figure 14. Volume changes with different axial strain and fiber contents.

4.2. Void Ratio

Figure 15a shows void ratio changes with axial strain for the test series of the pure
sand and fiber-reinforced sand with different fiber lengths. For all samples, there was a
small initial decrease in the void ratio, followed by increases to larger and more steady
values. The critical void ratios of the pure sand samples under confining pressures of
100 kPa, 200 kPa, and 400 kPa were 0.86, 0.81, and 0.77, while the initial void ratios of the
pure sand samples at 100 kPa, 200 kPa, and 400 kPa of confining pressure were 0.77, 0.76,
and 0.75, which shows that the void ratio variation became smaller with increases in the
confining pressure. Compared to the pure sand, the void ratios of the fiber-reinforced sand
were higher at the residual stage of the shearing process, and the values were commonly
higher for longer fiber-reinforced sand. This proves that the palm fibers enhanced the strain
resistance of the sand samples.

090 L (a) Fiber length

o
)
a

Void ratio,e
o
foe)
(=]

0.75

0.70

Colour . Colour
090 | (b) Fiber content pure sand
0.3%
0.5%

—=—0.7%

—#— pure sand
8 mm
12 mm
—=—16 mm
—&—20 mm
Style
—=—100 kpa
—— 200 kpa
—4A—400 kpa

—8—0.9%
Style
—=—100 kpa
—&—200 kpa
—4A—400 kpa

Void ratio,e

0.70 1 1 1 1

Axial strain, /%

12 16 20
Axial strain, &/%

Figure 15. Void ratios with axial strain: (a) fiber length and (b) fiber content.

Figure 15b shows void ratio changes with axial strain for the test series of the pure
sand and fiber-reinforced sand with different fiber contents. As above, for all samples,
there were small initial decreases in the void ratios, and then they increased successively.
The void ratios decreased with increases in confining pressure, too, and also increased
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at the residual stage from the pure sand to the fiber-reinforced sand. However, the void
ratio appeared to decrease with increases in the fiber content, but not obviously. The
addition of fibers decreased the initial void ratios of the pure sand. The higher the fiber
content, the smaller the initial void ratio, which had the effect of enhancing the void ratios
at the residual stage of the shearing process. Based on the relationships between the void
ratio and the axial strain shown in Figure 16, the initial void ratio of the reinforced sand
was smaller than that of the pure sand due to the addition of fibers. In the dilatancy
stage, the void ratio of the fiber-reinforced sand kept rising, while the void ratio of the
pure sand reached a critical value at about 10% axial strain. In contrast to Figure 8, the
deviator stress at 10% axial strain also reached the residual value. The addition of fibers
increased the critical porosity ratio of the sand, and the axial deformation of the specimen
to reach the critical state also increased, so the overall strength and toughness of the sand
were enhanced.

0.92
| —®— Pure sand

0.90 F—e— Fiber reinforced sand

0.88 - Dilatancy stage

o
®
N

[=
o]
=

Void ratio (%)
o o
s 3

Axial strain (%)

Figure 16. Void ratio with axial strain of fiber-reinforced sand and pure sand.

4.3. Enhanced Strength of Fiber-Reinforced Sand

The coefficient of the enhanced strength of the fiber-reinforced sand estimated with
deviator stress was calculated using Equation (2) [43], as follows:

R, — (07 — 03)53 @)
(o — ‘73)f

where (01 — 03)® is the peak value of the deviator stress of the fiber-reinforced sand, and
(01 — 03)r is the peak value of the deviator stress of the pure sand.

The reinforcing effects of palm fibers with different lengths and contents on the sand
are compared in Figure 17. To better analyze the reinforcement effects of the fibers on the
sand, the average strength coefficients of three kinds of confining pressure with the same
fiber length or fiber content was taken. For example, the average strength coefficient of
8 mm fiber-reinforced sand is the mean strength coefficient of the 8 mm fiber-reinforced
sand samples at 100 kPa, 200 kPa, and 400 kPa. As shown in Figure 16a, the average
reinforcement coefficients corresponding to 8 mm, 12 mm, 16 mm, and 20 mm are 1.15,
1.09, 1.19, and 1.28, respectively. Therefore, the coefficient of the reinforcing effect generally
increased with fiber length. However, for the same fiber length, the coefficient of the
reinforcing effect somewhat decreased with confining pressure. For example, at 20 mm, the
strength coefficients corresponding to fiber-reinforced sand samples at 100 kPa, 200 kPa,

and 400 kPa are 1.38, 1.26, and 1.20, respectively. Thus, the reinforcing effect was larger
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for lower confining pressure. On the other hand, the coefficient of the reinforcing effect
increased with fiber content. The average reinforcement coefficients corresponding to the
fiber contents of 0.3%, 0.5%, 0.7%, and 0.9% were 1.11, 1.13, 1.20, and 1.26, respectively, as
shown in Figure 17b. Similarly, for the same fiber length, the coefficient, in some respects,
decreased with confining pressure, especially for higher fiber contents. For example, with
a fiber content of 0.9%, the strength coefficients at 100 kPa, 200 kPa, and 400 kPa for the
fiber-reinforced sand are 1.39, 1.27, and 1.14, respectively.

100 kPa (@) L 100 kPa ®)
200 kPa - 200 kPa
400 kPa - 14| 400 kPa —
—O— Average LT - | —°— Average e R B Ues
— | e - =TT -
1.0 |-
S|
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04
02
1 1 1 0.0 1 1 1 1
12 16 20 0.3 0.5 0.7 0.9
L (mm) m (%)

Figure 17. Reinforcing effect coefficients: (a) with fiber length and (b) with fiber content.

4.4. Fiber Reinforcement Mechanisms

As shown in Figure 18, the fibers filled the spaces between the sand grains, which
reduced the initial void ratio of the pure sand. The fibers acted as a spatial interconnection
network between the sand particles, locking sand particles and fibers together. When the
fiber-reinforced specimen was sheared, the interaction between the sand particles and the
fibers prevented the fibers from coming out, and part of the shear stress was defined by
the tensile strength of the fibers. The stress—dilatancy parameter of fiber tensile strength
enhancement is opr [26]. When the tensile force of the fibers was fully mobilized, the
ductility of the specimen was enhanced. The volume change and critical void ratio during
shearing increased. The interaction between the quartz sand particles and the fibers was
enhanced with increases in the fiber length and fiber content. The interfacial force between
the palm fiber and the quartz sand particles achieved a reinforcement effect and enhanced
the overall residual strength and toughness of the quartz sand in the critical state.
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Figure 18. Interaction of fibers with quartz sand.
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5. Conclusions

The deviator stress, stress path, shear strength, volume change, void ratio, and en-
hanced coefficient of fiber-reinforced sand were analyzed through triaxial compressive
tests. The following conclusions can be drawn:

(1) The shear strength of fiber-reinforced sand was higher than that of pure sand, by
only about 10% to 20%. However, the critical shear strength of the fiber-reinforced sand
increased more than the peak strength, by over 100%. Therefore, the palm fiber played a
more obvious role in enhancing the critical shear strength of the sand.

(2) The volume of the fiber-reinforced sand continuously increased with axial strain
after initially decreasing, rather than converging to a stable value as that of the pure sand
did. The void ratio also increased for the fiber-reinforced sand in comparison to the pure
sand. This indicates that the palm fiber increased the strain resistance of the sand with
more obvious dilatancy.

(3) The peak shear strength and critical shear strength of the fiber-reinforced sand
generally increased with the fiber length and fiber content. However, critical shear strength
was associated with fiber content rather than fiber length.

(4) The results show that sand reinforced with longer fibers exhibited more significant
shear dilatancy, whereas a higher fiber content did not contribute as much to enhancing the
shear dilatancy.

(5) Overall, in-depth analysis of the derived results highlights the positive effects of
palm fiber on enhancing critical shear strength and dilatancy in fiber-reinforced sand. These
findings can be useful for further research and development in this field.
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