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Abstract: Sixteen Reduced Triaxial Compression (RTC) triaxial tests were conducted to investigate
the reinforcement effect of fibered clay in this paper. Palm fiber with four different fiber lengths
(5 mm, 10 mm, 15 mm, and 20 mm) and four different fiber contents (0.3%, 0.5%, 0.7%, and 0.9%
in mass) were utilized. Accordingly, three additional groups of triaxial tests were performed to
analyze the stress path effects with four different stress paths, including RTC, Conventional Triaxial
Compression (CTC), Reduced Triaxial Extension (RTE), and isotropic Triaxial Compression (TC).
Three samples were tested, including fibered clay with a fiber length of 10 mm and a fiber content
of 0.7% (referred to as 10 mm 0.7%), fibered clay with a fiber length of 20 mm and a fiber content of
0.5% (referred to as 20 mm 0.5%), and bare clay, which was used to reveal the fiber reinforcement
of clay. All samples were tested under consolidated undrained conditions. The test results showed
that in RTC conditions, the deviator stress increased to a greater extent with 0.3% mass content
of fibers according to the same higher confining pressures of bare clay. Fibers primarily increased
the cohesion of fibered clay, a shear strength parameter, in terms of total stress, whereas they also
increased the friction angle of fibered clay in terms of effective stress. For short fibers, the coefficient
of strength reinforcement of the fibered clay increased with fiber content. However, for long fibers,
this reinforcement may lead to a weakening of the clay’s strength, as the long fibers may cluster or
weaken along their longitude. Among the four stress paths (CTC, TC, RTC, and RTE) examined,
the reinforcement took effort mainly in the CTC condition. In contrast, in unloading conditions, the
fibers had little contribution to reinforcement. Consequently, in unloading conditions, such as deep
excavating and slope cutting, the stress path should be considered to obtain a reliable parameter for
geotechnical engineering applications.

Keywords: fiber-reinforced clay; palm fiber; reinforcement efforts; stress path; triaxial test

1. Introduction

Ground improvement concerns of geotechnical engineers are addressed by many
different methods, such as mechanical, chemical, and physical methods [1-3]. Soil rein-
forcement with discrete fibers is garnering more attention from the geotechnical commu-
nity [4-10]. Triaxial, pull-out, and centrifuge tests are commonly employed to investigate
fiber reinforcement properties [11-13]. Regarding bare clay, strength parameters, such as
internal friction angle and cohesion, are more significant for fibered clay [14,15], as revealed
by triaxial tests [16,17]. With the same dry unit weight, fibers can significantly enhance the
unconfined compression strength, reduce post-peak strength loss, and change the failure
behavior from brittle to ductile [13,18,19]. Natural fibers [20,21], such as coconut, palm,
straw, bamboo, and cane fibers [7], have also been investigated regarding the behavior of
the soil reinforced with randomly included sisal fiber, and palm fiber with different fiber
lengths and contents has been analyzed through triaxial tests [5,22]. Jute, coir, and water
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hyacinth fibers have been used to reinforce soil. It was observed for all of the cases that the
infiltration rate increases for all soil-fiber composites compared to bare soil [6,23]. Coir pro-
vided the most significant resistance against desiccation cracking due to its comparatively
higher lignin content and multifilament nature [23].

Simultaneously, geotechnical centrifuge tests have also been utilized to investigate
fibered clay properties. The desiccation cracking of clay was successfully modeled by this
method [9]. Having been subjected to desiccation cracking, critical geotechnical structures,
especially clay barriers of landfill cover, were analyzed. Finally, the pull-out test is an
efficient method to investigate the interfacial peak and residual strength of fiber/soil. They
both decrease as water content increases while increasing with increasing soil dry density.
The interfacial shear resistance of fiber/soil depends primarily on the rearrangement
resistance of soil particles, the effective interface contacting area, fiber surface roughness,
and soil composition [24,25].

Through the investigation of fibered clay, it can be observed that fibers, including
natural fibers such as palm fiber, indeed strengthen the soil. However, there exists stress
path efforts on clays. Triaxial extension and tension tests showed significantly more brittle
material behavior compared to the triaxial compression tests. The values of the friction an-
gle and the effective cohesion were also lower than those evaluated from axial compression
tests [26]. Therefore, the stress path shall be considered to estimate the fiber reinforcement
of fibered clay. Some projects, such as deep excavation, slope cutting, and tunneling [27,28],
are conducted in unloading conditions, which is different from the conditions in triaxial
compression tests on stress path conditions. Their results cannot be directly utilized in those
stress conditions. To further clarify the properties of fibered clay, tests using unloading stress
conditions, such as Reduced Triaxial Compression (RTC), shall be performed.

Sixteen RTC triaxial tests were carried out to investigate the reinforcement of fibered
clay in this study. Palm fiber with fiber lengths of 5 mm, 10 mm, 15 mm, and 20 mm and
fiber content in a mass of 0.3%, 0.5%, 0.7%, and 0.9% has been utilized. Accordingly, three
additional rows of triaxial tests have also been performed to analyze the stress path efforts
with four different stress paths, including RTC, CTC, RTE, and TC. Three samples have
been utilized, including fibered clay with a fiber length of 10 mm and fiber content of
0.7% (referred to as 10 mm 0.7% in the following) and 20 mm 0.5% fibered clay, as well
as bare clay, which is employed for revealing the fiber reinforcement of fibered clay. All
samples have been conducted with consolidated undrained conditions. Deviator stress,
shear strength, and reinforced efforts have been discussed to analyze stress path efforts on
the reinforcement of fibered clay.

2. Materials and Methods

Triaxial tests are employed to investigate the properties of palm fiber-reinforced clay.
A total of 26 series of triaxial tests were performed with palm fiber-reinforced clay, utilizing
four different palm lengths of 5 mm, 10 mm, 15 mm, and 20 mm, as well as different palm
contents of 0.3%, 0.5%, 0.7%, and 0.9% in mass, as shown in Table 1. The confining pressure
of the tests was varied at 100 kPa, 200 kPa, and 400 kPa. The procedures of the four stress
paths are the same as each other in the first three steps. The stress paths of CTC and RTE
are strain-controlled, whereas the stress paths of RTC and TC are stress-controlled.

Table 1. Series of test.

o Confining

No. Palm Content/% Palm Length/mm Pressure/kPa
RTC1 5 100,200,400
RTC2 03 10 100,200,400
RTC 3 : 15 100,200,400

RTC 4 20 100,200,400
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Table 1. Cont.

o Confining

No. Palm Content/% Palm Length/mm Pressure/kPa
RTC5 5 100,200,400
RTC 6 05 10 100,200,400
RTIC7 : 15 100,200,400
RTC 8 20 100,200,400
RTC9 5 100,200,400
RTC 10 07 10 100,200,400
RTC 11 ) 15 100,200,400
RTC 12 20 100,200,400
RTC 13 5 100,200,400
RTC 14 0.9 10 100,200,400
RTC 15 : 15 100,200,400
RTC 16 20 100,200,400
RTE17 0.7 10 100,200,400
CTC18 0.7 10 100,200,400
TC19 0.7 10 100,200,400
RTE20 0.5 20 100,200,400
CTC21 0.5 20 100,200,400
TC22 0.5 20 100,200,400
RTE23 — — 100,200,400
RTC24 — — 100,200,400
TC25 — — 100,200,400
CTC26 — — 100,200,400

Additionally, bare clay was also tested using four different stress paths for comparison.
The clay employed in the study was sourced from the Haihe riverbed with low silt content,
as shown in Figure 1. The mechanical parameters of the clay, including a maximum dry
density of 18.6 kN/m? and optimum water content of 14%, which were determined by
compaction test, are recorded in Table 2. Bundles of palm fiber monofilament were used,
with a tensile strength of 71~222 MPa [29,30], as shown in Figure 2. The mechanical
properties of palm fiber are listed in Table 3. Strain-controlled triaxial apparatus was
employed, produced by GDS Instruments [16], as shown in Figure 3.

JEE T I U T
e

Figure 1. Clay from Haihe riverbed.
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Table 2. Properties of clay employed in tests.
Maximum Optimum Particle

. P Diameters Liquid Plastic Limit, Plasticity

Dry Density Water .. o o
3 o Smaller than  Limit, wi/% wp/% Index, Ip
/(kN/m?) Content/% o
0.075 mm/%
18.6 14.0 81.46 27.5 17.1 10.4
5 mm

*[ﬂﬂnﬂmﬂﬂmﬂﬂh]uﬁm ﬁ"":‘“" wn ||n;’m 9| n|m$m j ||1|2 1; i NT"WNWW
: |

Figure 2. Palm fiber employed for the test.

Table 3. Properties of palm fiber employed in tests.

Cross- Fiber . , .
Tyvoe Section  Parameter Tensile Young’s Breaking
P Strength/MPa  Modulus/GPa  Elongation/%
Shape /mm
Monofilament 5, 0.3~0.5 71~222 0.44~1.99 11.00~23.45
in bundles

Figure 3. The triaxial apparatus from GDS located in the China Academy of Building Research.

3. Results of RTC
3.1. Deviator Stress and Strain

The deviator stress of fiber-reinforced clay varied with strain at confining pressures of
100 kPa, 200 kPa, and 400 kPa, as shown in Figure 4a—d for fiber contents of 0.3%, 0.5%, 0.7%,
and 0.9%, respectively. Figure 4a shows the deviator stress—strain curve of fiber-reinforced
clay with 0.3% fiber content. With 100 kPa confining pressure, the deviator stresses are close
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300

to each other for different fiber lengths, all of which are a little larger than bare clay, though
the value of clay with a 5 mm fiber length is significantly smaller than bare clay sample.
The deviator stress is larger than that of bare clay (except for reinforced clay with 5 mm
fiber) at a confining pressure of 200 kPa, compared with 100 kPa confining pressure. For
400 kPa confining pressure, the deviator stress of fiber-reinforced clay is larger or smaller
than that of bare clay, split evenly half and half. The deviator stress of reinforced clay with
fiber lengths of 15 mm and 20 mm is larger than that of bare clay, while those with fiber
lengths of 5 mm and 20 mm are a little smaller than that of bare clay.

L (a) 0.

I
3%

I I I
{L (b)0.5%

I [ I I I I
L (c) 0.7% 1 (d) 0.9% -

15 200 5 10 15 200 5 10 15 200 5 10 15 20

&,/% £/% &,/%
p=100kPa clay 5mm 10mm 15mm 20mm
p=200kPa clay 5mm 10mm 15mm——— 20mm
p=400kPa clay 5mm 10mm 15mm———— 20mm

Figure 4. Stress varied with strain of fiber-reinforced clay samples compared with those of bare
clay samples.

As the fiber content increased from 0.3% to 0.5%, the deviator stresses of fiber-
reinforced clay showed tiny variations at confining pressures of 100 kPa and 200 kPa,
as shown in Figure 4a,b. Most of the fiber-reinforced samples showed smaller deviator
stresses compared with that of bare clay at a confining pressure of 400 kPa. When the
fiber content increased from 0.3% to 0.7%, and then to 0.9%, the deviator stresses of fiber-
reinforced clay varied only slightly, sometimes taking less advantage of bare clay for the
three levels of confining pressures, which suggests that the reinforcement of fiber is random
and weak for unloading conditions such as RTC, as shown in Figure 4a—d. Note that the
reinforced clay samples with a fiber length of 5 mm and fiber content of 0.3% at a confining
pressure of 400 kPa, as well as a fiber length of 15~20 mm and fiber content of 0.9% at a
confining pressure of 400 kPa, failed.

3.2. Stress Path

Figure 5a—-d compare the stress path in the total stress method of palm fiber-reinforced
clay samples with bare clay at confining pressures of 100 kPa, 200 kPa, and 400 kPa.
The fiber content of reinforced clay is assembled as 0.3%, 0.5%, 0.7%, and 0.9% in mass,
respectively. With a fiber content of 0.3%, as shown in Figure 5a, the stress path lines
of palm fiber-reinforced clay are shorter than that of bare clay at a confining pressure of
100 kPa, whereas they are a little longer and almost equal to that of bare clay for confining
pressures of 200 kPa and 400 kPa, respectively. With a fiber content of 0.5%, as shown in
Figure 5b, the stress path lines of palm fiber-reinforced clay are much shorter than that of
bare clay at a confining pressure of 100 kPa as well as 200 kPa and 400 kPa, except from the
fiber-reinforced simple with a fiber length of 20 mm. With a fiber content of 0.7%, as shown
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in Figure 5c, the stress path lines of palm fiber-reinforced clay are a tiny amount shorter
than, or similar to, that of bare clay in the three confining pressures. Finally, with a fiber
content of 0.9%, as shown in Figure 5d, the stress path lines of palm fiber-reinforced clay

are much shorter than that of bare clay at all confining pressures.

300

g/kPa

F (a) o 3%
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100 200 300 400 O

p/kPa p/kPa p/kPa p/kPa
p=100kPa clay 5mm 10mm 15mm 20mm
p=200kPa clay 5mm 10mm 15mm 20mm
p=400kPa clay 5mm 10mm 15mm 20mm

Figure 5. Total stress path of fiber-reinforced clay samples compared with those of bare clay samples.

The stress path in effective stress of palm fiber-reinforced clay samples at confining
pressures of 100 kPa, 200 kPa, and 400 kPa are compared with bare clay in Figure 6a—d,
where fiber content varied from 0.3% to 0.5%, then to 0.7%, and ultimately to 0.9%. With a
fiber content of 0.3%, as shown in Figure 6a, the stress path lines of palm fiber-reinforced
clay are almost equal to that of bare clay at a confining pressure of 100 kPa; at a confining
pressure of 200 kPa, the stress path lines are similar to each other, yet at a confining pressure
of 400 kPa, the stress path lines of palm fiber-reinforced clay are somewhat much higher
than that of bare clay. With a fiber content of 0.5%, as shown in Figure 6b, the stress path
lines of palm fiber are mostly higher than that of bare sand, indicating that the fibers indeed
increase the strength of clay samples. When the fiber content increases from 0.5% to 0.7%,
the strength of the fiber increases a little more at a confining pressure of 200 kPa, but at
confining pressures of 100 kPa and 400 kPa, the strength of the reinforced clay samples
does not increase significantly. Finally, when the fiber content varies from 0.7% to 0.9%, the
strength of the fibers weakens a little for all confining pressures (see Figure 6d).

300 T T T I R T T T T T 1
Ha)0.3% 11 ()0.5% 1F(€)0.7% (d)0.9% 1
250 | 4+ 4+ +H -
200 - - 4+ .| -
© L 1 I i ]
T 150 |- - 4+ .| -
T L is 1t 1 ]
100 F =3 4+ 4 = + = -
50 \ ‘ ——\ & '\‘\ ——'\ \\ -

0 1 ! b 1 I 1 4

0 100 200 300 400 O 100 200 300 400 0O 100 200 300 400 0 100 200 300 400
p'/kPa p'/kPa p'/kPa p'/kPa
p=100kPa clay 5mm 10mm——— 15mm 20mm
p=200kPa clay 5mm 10mm 15mm—— 20mm
p=400kPa clay 5mm 10mm——— 15mm———— 20mm

Figure 6. Effective stress varied with strain of fiber-reinforced clay samples compared with those of

bare clay samples.
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3.3. Failure Samples

Figure 7a shows the failure samples at different confining pressures and fiber lengths
with a fiber content of 0.3%. They all present as a middle inflation failure, especially for
fiber lengths of 10 mm and 15 mm at 100 kPa confining pressure. The fibers are starting to
be visible around the sample when fiber content increased to 0.5% or fiber length increased
to 10 mm, as shown in Figure 7(a2,b—d). As the fiber content increased from 0.7% to 0.9%, the
local failure is more evident than the middle inflation failure for the reinforced clay samples
with fiber lengths of 15 mm and 20 mm, as shown in Figure 7(c3,c4,d3,d4). With regard to this
issue, the non-uniform long fibers distributed in the clay may weaken the local strength of the
clay samples. Additionally, a large amount of fiber will make it more possible to intertwine or
interweave with each other, which may produce a weak surface in the sample. Both of these
reasons can lead to local failure of the fiber-reinforced clay sample.
400kPa 100kPa

100kPa 200kPa

100kPa 200kPa  400kPa

400kPa 100kPa  200kPa  400kPa

a. PC=3%
100kPa

(al) PL=bmm
200kPa  400kPa

(a2) PL=10mm (a3) PL=15mm (ad) PL=20mm
100kPa 200kPa  400kPa 100kPa. 200kPa  400kPa 100kPa 200kPa 400kPa

(b2) PL=10mm (b3) PL=15mm (b4) PL=20mm
100kPa 200kPa 400kPa  100kPa 200kPa 400kPa  100kPa 200kPa  400kPa 100kPa 200kPa 400kPa

c. PL=T% cl) PL=5mm
100kPa 200kPa  400kPa

(c2) PL=10mm c3) PL=15mm (c4) PL=20mm
200kPa 400kPa  100kPa 200kPa 400kP3" 100kPa 200kPa 400KP,

(d3) PL=10mm, (

(d1) PL=5mm (d2) PL=10mm d4) PL=20mm

Figure 7. Failure samples for RTC condition with different fiber contents and fiber lengths: mass
content in rows, (a) 0.3%, (b) 0.5%, (c) 0.7%, and (d) 0.9%; fiber length in columns, (1) 5 mm, (2) 10 mm,
(3) 15 mm, (4) 20 mm.

4. Results of Different Stress Paths
4.1. Deviator Stress and Strain

The deviator stress varied with strain at confining pressures of 100 kPa, 200 kPa,
and 400 kPa for stress paths of CTC, TC, RTE, and RTC, which are shown in Figure 8a—d,
respectively. The bare clay and fiber-reinforced clay samples with fiber of 10 mm 0.7% and
20 mm 0.5% have been utilized to compare the stress path efforts on the fiber reinforcement
of clay samples. Figure 8a shows that the deviator stress varies the strain of fiber-reinforced
clay under CTC conditions. The deviator stress of fiber-reinforced clay samples is lower
than that of bare clay samples at confining pressures of 100 kPa and 200 kPa, indicating
that the fibers may weaken the clay samples at lower stress levels. Conversely, Figure 8b
shows that the deviator stress varies the strain of fiber-reinforced clay under TC conditions.
The deviator stress of fiber-reinforced clay samples is mostly larger than that of bare clay
samples at all confining pressures, indicating that the fibers enhance the shear strength
of the clay samples. Figure 8c shows that the deviator stress varies the strain of fiber-
reinforced clay under RTE conditions. The deviator stress of fiber-reinforced clay samples is
mostly lower or a little lower than that of bare clay samples at all confining pressures which
suggests that the fibers weaken the shear strength of the clay samples. Figure 8d shows
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that the deviator stress varies the strain of fiber-reinforced clay under RTC conditions.
The deviator stress of fiber-reinforced clay samples is mostly higher than that of bare clay
samples at all confining pressures, indicating that fibers increase the shear strength of the
clay samples. However, compared with Figure 8a—d, the deviator stress depicted in TC, RTE,
and RTC conditions is smaller than that revealed in the CTC condition. In particular, the
deviator stress depicted in RTE is the lowest among them. Additionally, regarding the deviator
stress of the samples, the fibers may weaken the clay samples under unloading conditions.

—I(c) RTE

15 200 5 10 15 200 5 10 15 200 5 10 15 20
&/% &,/% &,/%

p=100kPa clay 10mm, 0.7% 20mm,0.5%

p=200kPa clay 10mm, 0.7% 20mm,0.5%

p=400kPa clay 10mm, 0.7% 20mm,0.5%

Figure 8. Stress varied with strain of fiber-reinforced clay samples compared with those of bare clay
samples in different stress paths.

4.2. Stress Path

Figure 9a—d depict the four types of stress paths (CTC, TC, RTE, and RTC) of the
clay samples in terms of total stress using the p-q system. The samples include bare and
fiber-reinforced clay samples assembled as 10 mm 0.7% and 20 mm 0.5%. Figure 9a shows
the stress path of fiber-reinforced clay under CTC conditions. The stress lines increase
slowly with spherical stress. In contrast, they remain constant as a vertical line for the
TC condition, as shown in Figure 9b. On the contrary, the deviator stress decreases with
spherical stress for RTE and RTC condition, as shown in Figure 9c,d. Most of the stress
path lines of the fiber-reinforced clay samples are shorter than those of bare clay which
suggests that the fiber may weaken the strength of clay in terms of total stress.

Four types of stress paths (CTC, TC, RTE, and RTC) in terms of the effective stress of
clay samples are depicted in Figure 10a—d with the p’-q system, respectively. The samples
also include bare clay and fiber-reinforced clay samples assembled as 10 mm 0.7% and
20 mm 0.5%. Figure 10a shows the stress path of fiber-reinforced clay under CTC conditions.
The stress lines increase slowly, decreasing spherical stress until they curve back when they
reach the failure line. Figure 10b shows the stress path of fiber-reinforced clay under TC
conditions. The stress path lines curve to the Y-axis until they curve back to the ultimate
state. Figure 10c shows the stress path of fiber-reinforced clay under RTE conditions.
The stress path lines go straight up and then curve to the Y-axis and back or down to
the ultimate state. Figure 10d shows the stress path of fiber-reinforced clay under RTC
conditions. The stress path lines increase slowly as spherical stress decreases and then
curve to the y-axis at the ultimate state. Most lines of the stress paths of the fiber-reinforced
clay samples are near the Y-axis or higher than that of bare clay, which suggests that the
fiber may enhance the strength of clay in terms of effective stress.
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300 I I I I I I I I I I I I | I I I I
Ha) CTC 1f (b) TC 1H(c) RTE 1F (d) RTC
250 - -1 -+ - \ -
200 | - - ‘ -
© L Jb 4k
T 150 | | - -
5 | ; I 1
100 -1 -+ -
0 L i ! L\
0 100 200 300 400 500 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
p/kPa p/kPa p/kPa p/kPa
p=100kPa clay 10mm, 0.5% 20mm, 0.7%
p=200kPa clay 10mm, 0.5% 20mm, 0.7%
p=400kPa clay 10mm, 0.5% 20mm, 0.7%
Figure 9. Total stress path of fiber-reinforced clay samples compared with those of bare clay samples
in different stress paths.
300 | I I I I | I I I I I I I T I I I I
Ha) CTC 1F () TC 1F(c) RTE 1F (d) RTC .
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LA b i 4 4
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- HF 4k | 4+ \ -
0 ] ] ] \ ] ] ] ] ] N ] |
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100 200 300 400 O
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p=100kPa
p=200kPa
p=400kPa

100 200 300 400 O

100 200 300 400 O

100 200 300 400

p'/kPa p'/kPa p'/kPa
clay 10mm, 0.7% 20mm, 0.5%
clay 10mm, 0.7% 20mm, 0.5%
clay 10mm, 0.7% 20mm, 0.5%

Figure 10. Effective stress path of fiber-reinforced clay samples compared with those of bare clay

samples in different stress paths.

4.3. Failure Samples

The failure samples under different stress path conditions (CTC, TC, RTE, and RTC)
and confining pressures are shown in Figure 11. The samples also include bare clay and
fiber-reinforced clay samples assembled as 10 mm 0.7% and 20 mm 0.5%. They all present
as a middle inflation failure for CTC, TC, and RTC conditions, as shown in Figure 11a—c,
especially for 10 mm 0.7% samples. In contrast, neck constriction occurs for RTE conditions
for all of the samples (Figure 11d).
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200kPa  400kPa  100kPa 200kPa 400kPa 100kPa 200kPa 400kPa

(a2)

(a3)

¢:RTC (cI) (c2) (c3)
d. RTE (d1) 10mm, 7% (d2) 20mm, 5% (d3) no fiber

Figure 11. Failure samples for four stress paths with selected fiber length and fiber content: stress
path in rows: (a) CTC, (b) TC, (c) RTC, and (d) RTE; samples in column: (1) 10 mm 7%, (2) 20 mm 5%,
and (3) bare clay.

5. Shear Strength and Reinforced Effort
5.1. Shear Strength

The maximum deviator stress, 01-03, is determined with the value at 15% strain of the
sample in this paper, as they increased successively during the shear process.
In the s-t system, the stress path of spherical stress, s, and the deviator stress, , can be
expressed as follows:
s=(01+03)/2 1)

i’=(0’1—0’3)/2 2)

where o7 is the major principal stress and ¢3 is the minor principal stress or confining stress.
Figure 12 shows the intensity envelopes of total stress and effective stress at a confining
pressures of 100 kPa, 200 kPa, and 400 kPa for bare clay under four different stress paths
with the 7-c system. From the intensity envelopes, the shear strength parameters can be
obtained as listed in Table 4 in terms of total stress and effective stress, as described in

Equation (3) as follows:
T=octan@ +c 3)

where 7 is the shear stress, T = (07 — 03)/2, and ¢ is the normal stress; o = (01 + 03)/2.
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Figure 12. Mohr—Coulomb failure line and intensity envelopes of samples for bare clay under four

stress paths.

Table 4. Parameters of shear strength of palm fiber-reinforced clay.

Total Effective Total Effective
Fiber Fiber Shear Shear Shear Shear
No. Content/% Length/mm Strength Strength Strength Strength
c/kPa @/° c’/kPa @'l°
RTC1 5 8.07 22.52 5.82 43.89
RTC 2 03 10 11.72 21.95 9.93 30.94
RTC 3 : 15 9.6 23.35 7.28 41.02
RTC 4 20 12.58 25.60 8.89 38.45
RTC 5 5 17.95 19.54 8.55 40.3
RTC 6 05 10 15.15 16.76 10.07 46.29
RTC7 : 15 25.68 16.21 20.75 41.02
RTC 8 20 8.53 23.44 5.78 39.17
RTC9 5 19.65 20.50 12.75 46.25
RTC 10 07 10 14.8 20.38 9.35 43.26
RTC 11 ’ 15 7.61 25.53 3.63 35.27
RTC 12 20 2041 14.99 18.36 47.00
RTC 13 5 22.67 20.57 5.14 46.71
RTC 14 0.9 10 17.49 12.38 15.7 44.03
RTC 15 : 15 13.1 194 8.78 36.73
RTC 16 20 14.19 10.26 9.66 37.65
RTE17 14.18 9.06 191 35.9
CTC18 0.7 10 17.87 11.01 14.67 35.59
TC19 14.67 11.27 11.29 39.11
RTE20 8.00 12.59 6.49 21.15
CTC21 0.5 20 20.95 10.65 12.14 39.23
TC22 10.37 7.00 6.55 21.50
RTE23 - - 10.46 16.62 8.49 33.62
RTC24 - - 11.28 17.37 1.37 37.26
TC25 - - 4.16 9.56 1.15 40.59
CTC26 - - 12.47 11.73 9.88 29.33

The fiction angle and cohesion of fiber-reinforced clay varies with fiber length, com-
pared with those of bare clay in Figure 13, both in terms of total stress and effective stress.
In terms of total stress, the shear strength parameters, such as friction angle and cohesion,
remain relatively stable with different fiber lengths and contents, as shown in Figure 13a.
Fiber reinforcement occurs with strength parameters mostly higher than those of bare
clay. However, they are not significantly affected by fiber length and content. However, in
terms of effective stress, the shear strength parameters, especially the values of cohesion,
increase obviously, revealing that the fibers make efforts on reinforcement, as shown in
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Figure 13b. The other stress path (CTC, TC, and RTE) conditions are also compared with
RTC conditions in Figure 14. Fibered clays assembled as 10 mm 0.7% and 20 mm 0.5%
are compared with bare clay. In terms of total stress, the friction angle remains relatively
stable for the CTC and TC conditions. At the same time, it is a little larger for the RTC
condition and decreases slightly for the RTE condition, as shown in Figure 14a. Contrarily,
the cohesion of fibered clay increases obviously for CTC and TC conditions. At the same
time, it is varied with the RTC and RTE conditions. In terms of effective stress, the friction
angle increases significantly for the CTC and RTC conditions, while it decreases sharply
for the TC and RTE conditions, as shown in Figure 14b. Cohesion increases slightly for the
CTC, TC, and RTC conditions. Nevertheless, it falls for the RTE condition. Consequently,
the fiber reinforcement is most significant in the CTC condition. However, it may be not as
significant in other stress paths (TC, RTC, and RTE), especially in an unloading condition.
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Figure 13. Shear strength parameters of fiber-reinforced clay vary with fiber length.
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Figure 14. Shear strength parameters of fiber-reinforced clay vary with stress paths.

5.2. Reinforced Effort

To estimate the effort of fiber-reinforcement of clay, the coefficient of strength rein-
forcement is proposed as the ratio of the deviator stress of fibered clay to bare clay, which
can be described as follows [31]:

(o1 —‘73)f

C =
' (01 - Us)p

(4)

where (01 — 03)y, is the peak value of the deviator stress of fibered clay, and (61 — 03)p
is the peak value of the deviator stress of bare clay. They can also be obtained from the
deviator stress at 15% strain of the sample in this paper.

The coefficient of strength reinforcement is calculated for each sample, and then the
same sample at 100 kPa, 200 kPa, and 400 kPa is averaged. The coefficients of strength
reinforcement vary with fiber content under RTC conditions, as depicted in Figure 15. All of
the fibered clay obtained a coefficient of strength reinforcement larger than 1.0 on average,
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which means that the fibers reinforced the clay, though it is very limited. For a fiber length
of 5 mm, the reinforcement coefficient increases with fiber content; contrarily, for a fiber
length of 20 mm, the reinforcement coefficient decreases with fiber content, while for fiber
lengths of 10 mm and 15 mm, the maximum reinforcement coefficient mainly locates in the
middle fiber content, though it varies with clay samples. This indicates that sufficient fiber
content is needed to set up reinforcement, while a large amount of long fibers may weaken
the local cells of samples and then decrease the sample’s strength. Figure 16 compares
the stress path conditions (CTC, TC, RTC, and RTE) utilized for fibered clay assembled as
0.7% 10 mm and 0.5% 20 mm, as well as bare clay. The reinforcement ratio is highest in
the CTC condition, but it reveals little for RTC and RTE conditions, especially in the RTE
condition where there is even a slight decrease in strength. Note that the reinforcement is
not considered as that high, as shown in Figure 16, because the values of bare clay in the
TC condition are too small to regard them as reliable values.
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Figure 15. The coefficient of strength reinforcement varies with fiber content.
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Figure 16. The coefficient of strength reinforcement varies with stress path.

6. Conclusions

Twenty-six series of triaxial tests were carried out to investigate the properties of palm
fiber-reinforced clay, considering four types of stress paths: CTC, TC, RTC, and RTE. The
fiber length and fiber content were considered to analyze the reinforcement effort for the
RTC condition. The conclusions can be drawn as follows:
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(1) Inthe RTC condition, the deviator stresses are close to each other for different fiber
lengths, all of which are a little larger than bare clay in low confining pressure,
whereas the deviator stress increases to a greater extent with 0.3% mass content of
fibers according to the same higher confining pressures of bare clay. However, for
higher mass contents, the deviator stress varies only slightly, sometimes taking less
advantage of bare clay for the three levels of confining pressures, which indicates that
the fiber reinforcement is more random and weaker.

(2) The deviator stress depicted in the TC, RTE, and RTC conditions is smaller than in
the CTC condition. In particular, the deviator stress depicted in RTE is the lowest
among them. Additionally, regarding the deviator stress of the samples, the fibers
may weaken the clay samples under unloading conditions.

(3) Inthe RTC condition, fibered clay mainly increases cohesion, one of the shear strength
parameters, in terms of total stress, while it also increases friction angle in terms of
effective stress. For short fibers, the coefficient of strength reinforcement of the fibered
clay increases with fiber content; conversely, for long fibers, this reinforcement may
become weaker, as long fibers may cluster or weaken along their longitude.

(4) Compared with the four types of stress paths (CTC, TC, RTC, and RTE), the rein-
forcement is more obvious in the CTC condition, while for the unloading condition,
especially for the RTE condition, the fibers have little effect on the reinforcement of
clay. For unloading conditions in geotechnical engineering, such as deep excavating
and slope cutting, the stress path should be considered to obtain a reliable parameter
for project application.

(5) Furthermore, natural fibers such as wooden, root, and plant fibers, including Straw,
Sisal, Jute, and Coir fibers, shall be paid close attention to in terms of their engineering
properties as environmentally friendly materials. The aspect ratio and cross-section
shape of fibers are also interesting for mechanical properties.
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