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Abstract: In order to evaluate the improvement effect of fiber on the brittle failure of cement-treated
subgrade soil, a series of triaxial unconsolidated undrained (UU) tests were carried out on samples of
polypropylene fiber-cement-treated subgrade soil (PCS) with polypropylene fiber mass content of
0%o0, 2%o0, 4%0, 6%o0, and 10%o. The results showed that, (1) the deviatoric stress-axial strain curve of
PCS samples were all strain-softening curves. (2) For the same fiber mass content, the peak stress,
residual stress, and strain at peak stress of PCS samples gradually increases with the increase in
the confining pressure, while their brittleness index gradually decreases. (3) With the increase in
confining pressure, compared with that of the 0%o PCS sample, the increase in peak stress, residual
stress, and strain at peak stress of 6%o PCS sample were in the ranges of 24%-29%, 87%-110%, and
85%-120%, respectively. The decrease in the brittleness index and failure angle was 52%—-79% and
16%, while the cohesion and internal friction angle increased by 25.9% and 7.4%, respectively. The
results of this study indicate that it is feasible to modify cement subgrade soil with an appropriate
amount of polypropylene fiber to mitigate its brittle failure.

Keywords: fiber-cement-treated subgrade soil; mechanical properties; triaxial test; brittleness index;
failure angle

1. Introduction

Soft soil subgrades with high compressibility and low strength are often encountered in engineering
practice. Generally, the mechanical properties of these subgrades cannot meet the requirements of
practical engineering conditions. It is necessary to make ground improvements to avoid serious
damage to the roadbed, pavement, and even the upper road structures [1-4]. As a typical example
of the chemical improvement method, cement soil is widely applied to various roadbed treatment
projects due to its advantages of good integrity, strong water stability, and low cost [5-9]. However,
a large number of tests show that, due to the defects of low tensile strength, large brittleness, and
poor deformability, cement soil is not suitable for every kind of project [10-13]. In response to the
above problems, many researchers have proposed a variety of improved methods based on different
materials [14-20], and found that the use of fiber reinforcement technology as a method for improving
the mechanical properties performed well in terms of soil improvement [21,22].

In recent years, studies [23-25] show that adding some fibers into the cemented soil can improve
the tensile strength, toughness, bearing capacity of soil, and brittle failure to some extent. Tran et al. [26]
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conducted unconfined tests on cement soil samples with different fiber mass contents; their results
showed that the modification of a soil sample was optimum with a fiber mass content of 3%o— 5%eo.
Ayeldeen et al. [27] carried out unconfined compressive tests on cemented soft soil samples with
different fiber mass contents and found that the compressive strength first increases and then decreases
as the fiber mass content increases in samples. When the fiber mass content was around 5%o, the
compressive strength reached its maximum value. Yang et al. [28] conducted unconfined tests on
cement loess samples with different polypropylene (PP) fiber mass contents and found that fibers
have the best effect on the compressive strength and ductility in samples with 4% fiber mass content.
Estabragh et al. [29] performed unconfined tests on PP fiber cement soft soils with different lengths
and contents and pointed out that the compressive strength and tensile strength of cement soft soils
increased with the increase in fiber mass content within a certain range, while the fiber length had
little effect. By using the direct tensile test and split test results, Xiao and Liu [30] investigated the
effect of randomness in orientation of fibers on the tensile strength of a sample. In their study, two
types of fibers were considered, namely, PP and polyvinyl alcohol (PVA) fibers. A prediction model
was proposed for the tensile strength of cement-admixed clays. The above literature review suggests
that fiber reinforcement is a good soil improvement measure, but few have considered the effect of
confining pressure. In reality, the ground improvement level is often buried below the ground level.
Sometimes the buried depth is as high as 30 m or even deeper. In such circumstances, the confining
pressure is likely to affect the mechanical behavior of the cemented soils.

In this study, a series of triaxial unconsolidated undrained (UU) tests was carried out under
different confining pressures. The brittleness index was introduced as the criterion for identifying
brittle failure. The modification effects of different confining pressures and fiber mass contents
on cement subgrade soil are discussed to provide a reference for the application of polypropylene
fiber-cement-treated subgrade soil (PCS) in practical engineering problems.

2. Experimental Scheme

2.1. Test Material and Equipment

The soil was taken from Shaoxing City, Zhejiang Province. The specific physical properties
are shown in Table 1. PO32.5 Portland cement was used for the test. Polypropylene (PP) fiber of
6-mm length was used, which had chemical stability, strong gripping force with the surface of cement
subgrade soil, and high tensile strength. The main technical indexes are shown in Table 2, and the bulk
fiber is shown in Figure 1. The full-automated triaxial test apparatus used was TKA-TTS-3S.

Table 1. Physical property indexes of subgrade soil.

Density Pore Ratio Water Liquid Plastic Liquidity Plastic
(g/cm3) Content (%) Limit (%) Limit (%) Index Index
1.65 1.64 30.0 46.2 26.4 1.7 19.8

Table 2. Main technical indexes of polypropylene (PP) fiber.

. . Tensile Strength Modulus Stretch
FiberType  Diameter (um)  Length (mm) (MPa) Elasticity (GPa)  Limits (%)
Bunchy 18-48 6 >358 >3.50 >15

monofilament
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Figure 1. Polypropylene fibers used in this study.

2.2. Test Scheme

In this study, pavement soils were used. According to the practical engineering background, the
test was divided into 5 groups with 4 samples in each group. Water content, cement content, fiber
mass content, confining pressure o, and curing time of the experimented samples were designed as
shown in Table 3.

Table 3. Composition and testing condition.

Cement Fiber Mass Confining . .
o,
Water Content (%) Content (%) Content (%o) Pressure (kPa) Curing Time (day)
30 20 0,2,4,6,10 100, 200, 300, 400 7

2.3. Sample Preparation

According to the Chinese National Geotechnical Test Standard (GB/T 50123-1999) and the
designed test scheme [31], the sample preparation process for triaxial UU tests can be divided into the
following steps:

1.  Subgrade soil was placed in a 105 °C constant temperature oven, baked for 24 h, and pulverized
after drying.

2. The crushed subgrade soil was passed through a sieve with an aperture size of 2 mm to remove
large particles and impurities such as stones.

3.  Appropriate quantities of subgrade soil, cement, PP fiber, and water were weighed; after mixing
evenly, according to the geotechnical test specification, a three-valve saturator was used to make
triaxial samples of height H = 80 mm and diameter D = 39.1 mm.

4.  After the sample was prepared, all triaxial samples were placed in the constant temperature
(20 °C) and humidity (95%) curing box for standard curing for 7 days.

3. Test Results and Analysis

3.1. Stress—Strain Curve

Figure 2 shows the curves between deviatoric stress g and axial strain € curve (hereinafter referred
to as “stress—strain curve”) of PCS samples. It can be seen that the stress—strain curves of the samples
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are all softening curves. The axial strain € was considered within 10%, which is often the maximum
strain level in practice.
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Figure 2. Deviatoric stress-axial strain curve with various fiber mass contents; (a) 0%o fiber mass
content; (b) 2%o fiber mass content; (c) 4%o fiber mass content; (d) 6%o fiber mass content; (e) 10%o

fiber mass content.

3.2. Peak Stress and Strain at Peak Stress

The peak stress gmax and strain at peak stress ¢;max diagrams of PCS samples can be obtained
from the relevant data in Figure 2, as shown in Figures 3 and 4.
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Figure 3. Peak deviatoric stress of PCS (fiber-cement-treated subgrade soil with polypropylene
(PP) fiber).
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Figure 4. Strain at peak stress of PCS.

It can be seen from Figures 3 and 4 that the peak stress and strain at peak stress of PCS samples
gradually increase with the increase in confining pressure given a constant fiber mass content. In
addition, under the same confining pressure, the peak stress and strain at peak stress of PCS samples
first increase and then decrease with the increase in fiber mass content. When the fiber mass content is
6%o, the peak stress and strain at peak stress reach the maximum. Compared with the 0%o0 PCS sample,
with the change in confining pressure, the peak stress increases from 24% to 29% and the strain at peak
stress increases from 85% to 120%.

The above results show that the modification effect of fiber increases with the increase in confining
pressure; among them, the ductility is significantly improved.

3.3. Stress at 10% Axial Strain

It is evident that after reaching peak stress, the stress reduces gradually with greater strain, which
means that, after the peak stress, the sample still has some strength to bear the internal force and it is
helpful to the ductile failure mold. The stress value with 10% axial strain is referred to as g¢.1. The gg1
diagram of PCS samples can be obtained from the relevant data in Figure 2, as shown in Figure 5.

2500 r
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§1soo [ # 0%0PCS
g 4 2%PCS
S 4%0PCS
?’: 6%-PCS
s = 10%,PCS
N

100 200 300

Confining pressure ¢ (kPa)

Figure 5. Stress at 10% axial strain of PCS.
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It can be seen from Figure 5 that when the fiber mass content is fixed, g¢ 1 in PCS samples increases
with the increase in confining pressure. In addition, under the same confining pressure, with the
increase in fiber mass content, g1 of PCS samples first increases and then decreases. When the fiber
mass content is 6%o, the residual stress reaches the maximum; compared with 0%o. PCS sample, g 1
increases from 87% to 110% with the change in confining pressure. It can be seen that with the addition
of fiber, the ability of the sample to resist destruction is greatly improved.

3.4. Strength Curve

In order to draw the strength envelope of PCS samples and obtain their strength parameters, the
peak of q is used as the failure point, where q = 01 — 03; taking the normal stress as the abscissa, the
shear stress as the ordinate, (01 + 03)/2 as the center, and (01 — 03)/2 as the radius on the abscissa, the
ultimate stress diagram is drawn on the T-o stress plan graph, as shown in Figure 6; and the envelope
of the ultimate stress circle under different confining pressures is drawn as shown in Figure 7; the
strength parameters c and ¢ of the samples are obtained from the strength envelope, as shown in
Table 4.
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Figure 6. Mole envelope diagram; (a) 0%o PCS; (b) 2%0 PCS; (c) 4%o0 PCS; (d) 6%o0 PCS; (e) 10%o0 PCS.
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Figure 7. Strength envelope of PCS.
Table 4. Strength parameters.
Fiber Mass Content (%o) Strength Equation ¢ (kPa) o (°)
0 T=0.651X + 259.8 259.8 33.1
2 T=0.694X + 276.3 276.3 34.8
4 T=0.706X +295.1 295.1 35.2
6 T=0.714X + 3247 3247 35.5
10 T=0.705X + 278.2 278.2 35.2

The relationship between the cohesion and the internal friction angle of PCS samples and fiber
mass content can be obtained by referring to Figures 6 and 7, and Table 4, as shown in Figures 8 and 9.
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Figure 8. Cohesion of samples under different fiber mass contents.
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Figure 9. Internal friction angle of samples under different fiber mass contents.

It can be seen from Table 4, together with Figures 8 and 9 that the cohesion ¢ and internal friction
angle ¢ of 0%o PCS sample are 259.8 kPa and 33.1°, respectively. Their values for 6%o PCS sample
are 324.7 kPa and 35.5°, respectively. In other words, when the fiber mass content increases from 0%eo
to 6%o, the sample’s cohesion ¢ and internal friction angle ¢ increase 25.9% and 7.4%, respectively.
However, further increase in fiber mass content lead to a decrease in ¢ and ¢. When the fiber mass
content is 6%o, c and ¢ reach their maximum values, indicating that the shear strength is enhanced.
The existence of an optimal fiber mass content may be justified by considering the effect of fibers in a
PCS sample. During the cement hydration process, the fibers were combined with the surrounding
matrix (cement-treated soil); as a result, a fiber can offer tensile strength in the sample if the cement
slurry can coat each fiber well. This condition can be fulfilled if the fiber content is low. With the
increase of fiber content, the cement slurry could be relatively insufficient to combine each fiber with
its surrounding matrix; in addition, the overlaps among fibers are even likely to undermine the cement
hydration process. As such, the strength parameters of the PCS sample have a decreasing tendency
when the fiber content is too large. For instance, the strength parameters decrease when the fiber mass
content increases from 6%o to 10%o. In this study, the optimal fiber mass content was found to be 6%
as indicated in Figures 8 and 9. A similar phenomenon was reported in reference [32], which examined
the strength parameters of cement-tailings with fibers.
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4. Sample Failure Characteristics

4.1. Brittleness Index

In order to study the brittleness characteristics of the samples during failure, Consoli et al. [33]
proposed the brittleness index as the evaluation criteria, as shown in Equation (1):

I= Qmax/qO.l -1 @

where gmax and g 1 represent the peak stress and stress at 10% axial strain, respectively, and I represents
the brittleness index. The brittleness index of PCS samples can be obtained by substituting the relevant
data in Figure 2 into Equation (1), as shown in Figure 10. The figure indicates that:

1. When the fiber mass content is fixed, with the increase in confining pressure, the brittleness
index of PCS samples decreases and the ductility increases. Under a confining pressure of 100 kPa, the
brittleness index is the highest and the brittle failure is obvious. The brittleness index reaches its lowest
value when the confining pressure is 400 kPa, which suggest the best mitigation effect of brittle failure.

2. Under the same confining pressure, with the increase in fiber mass content, the brittleness index
of PCS samples first decreases and then increases. When the fiber mass content is 6%o, the brittleness
index reaches the minimum. Compared with 0%o PCS sample, the brittleness index decreases from
52% to 79% with the increase in confining pressure, indicating that the incorporation of fiber can
improve the brittle failure of the sample, and the modification effect is enhanced with the increase in
confining pressure.

The main reason is that, with the change of confining pressure, there will be an interfacial
interaction force between the fiber and the soil particles. When the PCS sample is subjected to an
external force, the fiber will bear a part of the external force through the interfacial interaction, whereby
improving the brittle failure of the sample.

20

=15
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~ —>—0%0PCS
é 10 F —8—2%0PCS
§ 4%oPCS
2 0
Z05 | 6%0PCS
@ —4—10%0PCS

0.0 1 1 1 ]
0 100 200 300 400

Confining pressure o (kPa)

Figure 10. Brittleness index against confining pressure.
4.2. Failure Angle of Sample

Fiber content plays an important role in the PCS’s failure model. Due to the confining pressure
having no significant influence on the failure angle, in order to investigate the effect of fiber on the
failure angle of cement subgrade soil samples, PCS samples with typical failure behavior [15] under
300 kPa confining pressure were selected, as shown in Figure 11. According to the failure pattern of
these samples, the failure section diagram was drawn as shown in Figure 12. The dimensions are
specified in mm, the oblique line is the failure surface of the sample, and the angle between the failure
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surface and the horizontal direction is determined as the failure angle. The relationship between the
fiber mass content and the angle can be obtained from the data in Figure 12, as shown in Figure 13.

(a) (b) (c) (d) (e)
Figure 11. PCS sample failure. (a) 0%o PCS; (b) 2%o0 PCS; (c) 4%o0 PCS; (d) 6%o PCS; (e) 10%o PCS.
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Figure 12. Profile map of PCS sample failure. (a) 0%o PCS; (b) 2%0 PCS; (c) 4%o PCS; (d) 6% PCS;
(e) 10%o PCS.
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Figure 13. Fiber content and failure angle.

Figure 13 indicates that, under the same confining pressure, the failure angle of PCS samples
first decreases and then increases as the fiber mass content increases. When the fiber mass content is
6%eo, the failure angle reaches its minimal value. This value is 16% less than that of a 0%o0 PCS sample,
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indicating that the incorporation of fiber can improve the brittle fracture pattern of a sample to some
extent. When the fiber mass content further increases to 10%o, the failure angle is still less than that of a
0%o0 PCS sample, and the modification is significantly improved with the increase in fiber mass content.
The main reason is that when the fiber mass content is too large, the fibers are likely to overlap with
each other in the soil; as a result, the soil cannot be well compacted. Hence, the modification effect is
limited. In addition, when the fiber mass content is within a certain range, the fiber can better fill the
voids inside the PCS sample, a more stable structure can be formed between the fiber and soil particles,
thereby improving the failure form of the sample. On the contrary, when the fiber mass content is too
high, the fibers readily overlap with each other in the soil. In this regard, neither can the soil be well
compacted, nor can the fiber be well connected. As such, the failure angle of the sample is improved
and the modification effect decreases.

5. Conclusions

1. The deviatoric stress-axial strain curves of PCS samples are all strain-softening curves.

2. Under the same confining pressure, with the increase in fiber mass content, the peak stress,
strain at peak stress, and residual stress of PCS samples first increase and then decrease. When the fiber
mass content is 6%o, the modification effect is optimum. Compared with the 0%o PCS sample, with
the change in confining pressure, the peak stress increases from 24% to 29%, the strain at peak stress
increases from 85% to 120%, and the residual stress increases from 87% to 110%. With the increase
in confining pressure, the modification effect of fiber is gradually improved. Among the tests, the
ductility is significantly improved.

3. The incorporation of fiber can increase the cohesion c and the internal friction angle ¢ of PCS
samples. When the fiber mass content is 6%o, the cohesion ¢ and the internal friction angle ¢ reach
the maximum value. Compared with the 0%o PCS sample, the cohesion c increases by 25.9% and the
internal friction angle ¢ increases by 7.4%. It can be seen that the incorporation of fiber improves the
cohesion c and the internal friction angle ¢ of the sample, thereby improving the shear strength.

4. When the fiber mass content is fixed, with the increase in confining pressure, the brittleness
index of the PCS sample decreases and the ductility increases. Under a confining pressure of 100 kPa,
the brittleness index is the highest and the brittle failure is obvious. Under a confining pressure of
400 kPa, the brittleness index reached its lowest value and the brittleness failure shows the most
mitigation. When the fiber mass content is 6%o, the brittleness index reaches the minimum. Compared
with the 0%o PCS sample, with the increase in confining pressure, the brittleness index decreases from
52% to 79%. The incorporation of fiber can improve the brittle failure behavior of the sample, and the
modification effect is enhanced with the increase in the confining pressure.

5. Under the same confining pressure, with the increase in fiber mass content, the failure angle of
PCS samples first decreases and then increases. The PCS sample with 6%o fiber mass content exhibits
the minimum failure angle, providing solid evidence that the incorporation of fiber mitigates the brittle
fracture form of the sample to some extent.

As a limitation, the current study only considered small soil specimens. In reality, the situation is
more complicated, as there will be impurities such as stones and organic matter. The effect of impurities
in a specimen and the effect of specimen size were not considered in this study, but which is worthy of
future study.
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