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Abstract: To study the mechanical properties of Y-shaped polypropylene fiber-reinforced subgrade
fill, the strength characteristics of fiber-reinforced soil with different fiber contents, fiber lengths, and
confining pressures were investigated through triaxial compression tests. The test results showed
that fiber reinforcement significantly improved the strength and cohesion of the subgrade fill but had
a limited impact on the internal friction angle. The fiber-reinforced soil specimens exhibited a failure
pattern of bulging deformation, showing plastic failure characteristics. As the fiber content and
length increased, the strength of the fiber-reinforced soil increased and then decreased. The optimal
fiber content was 0.2%, and the optimal fiber length was between 12 and 18 mm in all test conditions.
The strength of the fiber-reinforced soil increased with increasing confining pressure. An empirical
model for predicting the failure strength of fiber-reinforced soil was established by analyzing the
relationships between the failure strength of the fiber-reinforced soil and the fiber content, fiber
length, and confining pressure. The stress-strain relationship of the fiber-reinforced soil exhibited
strain-hardening characteristics and could be approximated by a hyperbolic curve. The Duncan-Chang
model could be used to describe the stress-strain relationship of this fiber-reinforced soil. A calculation
method to determine the model parameters (initial tangent modulus and ultimate deviator stress)
was proposed.

Keywords: fiber-reinforced soil; triaxial compression test; strength characteristics; Duncan-Chang
model; model parameters

1. Introduction

A widely used method for subgrade reinforcement is horizontal fiber reinforcement.
The reinforcement direction and spacing can cause weak interfaces, such that only the lateral deformation
of the subgrade can be controlled, and the problem of subgrade settlement deformation cannot be
controlled. Therefore, three-dimensional (3D) fiber reinforcement for subgrade projects has been
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introduced. This kind of fiber reinforcement is a geotechnical composite technology that mixes
short fibers or continuous fibers randomly and discretely into the soil [1] to improve the mechanical
properties of the soil through the friction between the fiber and soil and between the fibers in the 3D
reticulated fiber system [2,3], and has been popularized and applied in reinforcement projects such as
subgrades, side slopes, and retaining walls.

In recent years, scholars have carried out a series of theoretical and experimental research studies
on the mechanical and engineering properties of fiber-reinforced soil. Botero et al. [4] studied the
mechanical properties of recycled poly (ethylene terephthalate) (PET) fiber-reinforced silt through
triaxial shear tests and found that the fibers enhanced the resistance of soil to deformation. Through
triaxial and durability tests, Muntohar et al. [5] found that fiber-enforced soil had significantly better
shear, compressive, and tensile strengths, showing enhanced stability and durability. The reinforcement
was the most effective at a fiber content of 0.4-0.8%. From triaxial tests, Machado et al. [6] found that
the stress-strain curve of fiber-reinforced garbage soil showed a strain-hardening characteristic, and the
incorporation of fibers significantly improved the shear strength of the garbage soil. Kutara et al. [7]
investigated, through triaxial tests, the shear strength characteristics of continuous fiber-reinforced soil
and their influencing factors and found that the fiber content had the most significant influence among
the studied parameters and can substantially improve cohesion. You et al. [8] ran triaxial tests to study
the stress-strain characteristics and fiber reinforcement effect of expansive soil reinforced with basalt
fiber and found that the stress-strain curve possessed strain-hardening characteristics, and a higher
confining pressure led to higher strength, with an optimal fiber content of 0.4%. The incorporated fiber
significantly increased the cohesion of the expansive soil, while the changes in the internal friction angle
were small. Gao et al. [9] found that the stress-strain curve possessed weak hardening characteristics
and could be fitted by a hyperbolic curve. The basalt fiber reinforcement had little effect on the effective
internal friction angle of the clay, though the effective cohesion was significantly increased, suggesting
an optimal fiber content of 0.3%. Through triaxial tests, Liu et al. [10] found that the strength of glass
fiber-reinforced soil increased with increases in the fiber length, fiber content, confining pressure, and
soil compactness, but an increase in water content had the opposite effect. Mirzababaei et al. [11] tested
the unconfined compressive strength of waste carpet fiber-reinforced soil and found that the fibers
increased the unconfined compressive strength, and the resilience of the soil was effectively improved,
with an optimal fiber content of 5%. Through the unconfined compressive testing of fiber-reinforced
soil, Akbulut et al. [12] found that for polypropylene fiber-reinforced soil, the optimal fiber content was
0.2%, and the optimal fiber length was 15 mm; however, for rubber fiber-reinforced soil, the optimal
fiber content was 2%, and the optimal fiber length was 10 mm. Consoli et al. [13] studied the effects of
fiber length and content on the shear strength of fiber-reinforced soil and found that with increasing
fiber length and content, the contact area between the fibers and soil particles increased, and the shear
strength increased significantly. Thus, existing research has shown that the strength of fiber-reinforced
soil is influenced by factors such as fiber characteristics, soil properties, and external factors, with fiber
content having the most significant effect [14,15].

Research on fiber-reinforced soil has mainly focused on the reinforcement effect and soil mechanical
properties, while research on strength prediction and building constitutive models for fiber-reinforced
soils is relatively rare. This study conducted a series of triaxial compression tests on polypropylene
fiber-reinforced subgrade fill to analyze the effects of three parameters, namely, fiber content, fiber
length, and confining pressure, on the stress-strain relationship and failure strength. Furthermore,
this study established an empirical model for predicting the failure strength of fiber-reinforced soil and
determined the best mechanical model and parameter calculation method. The results of this paper
can provide technical guidance for the engineering of reinforced railway subgrade.
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2. Materials

2.1. Soil Samples

The material used in the test was taken from the subgrade fill of the Bazhun heavy-haul railway
in Ordos city, Inner Mongolia, China. According to the “Code for Design on Subgrade of Railway
(TB10001-2005), the subgrade fill is classified as Group A fill, which is well-graded coarse sand.
The sand fill is inorganic, with the organic matter content w,, of 2.21% < 5% (determined by ignition
loss test). The mineral content of the sand is 82% quartz, with small amounts of plagioclase, illite,
plagioclase, barite, and sphalerite at 5%, 4%, 2%, 4%, and 3%, respectively. Its particle size distribution
is shown in Table 1 and Figure 1. The optimal water content and maximum dry density of the fill
material were determined by the heavy compaction test, and the physical and mechanical properties
of the fill material are listed in Table 2. According to the “Code for Design of Heavy-haul Railway”
(TB10625-2017), the dynamic deformation modulus of Group A fill is > 40.3 MPa, and the mean
deformation modulus of this subgrade fill is 19.23 MPa, indicating that it is initially unsuitable as
heavy-haul railway subgrade fill and that there is a need for reinforcement treatment. Therefore,
the fiber reinforcement method was tested.

”

Table 1. Particle size distribution of subgrade fill.

Particle Size (mm) >10 10-5 5-2 2-1 1-0.5  0.5-0.25 0.25-0.075  <0.075
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Figure 1. Particle analysis curve of subgrade fill.

Table 2. Physical and mechanical properties of subgrade fill.

Optimal Maximum Internal Dynamic
Water Dry Maximum Minimum Cohesion Friction Deformation  Nonuniformity  Radius of
Content Density Porosity Porosity (MPa) Angle (°) Modulus Coefficient Curvature
(%) (g/cm?) 8 (MPa)
85 2.06 1.004 0.613 0 38 19.23 10.89 1.02

2.2. Polypropylene Fiber

The fibers used in the test were monofilament polypropylene fibers in bundles, produced by
Shanghai Bonin Engineering Fiber Materials Co. LTD, Shanghai, China. It can be cut into the required
length for the test. Generally, the length of cut fiber is 3, 6,9, 12, 15, and 18 mm, and other lengths can be
ordered in advance. The fiber length error can be controlled within 5%. It is worth pointing out that the
fibers used in this study are of Y-shaped cross-section. The appearance morphology and cross-sectional
dimensions of the fibers are shown in Figure 2. In order to exert the effect of fiber reinforcement,
the polypropylene fiber used in this test was modified by acid and alkali surface treatment, which
can make the fiber surface form a protective layer of organic reagent to prevent surface oxidation and
mechanical damage, change the surface performance of synthetic fiber, thus increasing the surface
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roughness of fiber, improving the surface hydrophilicity of fiber and the bonding strength of the
interface with soil base. These fibers have good tensile properties, are highly resistant to acids, bases,
and salts, have low thermal and electrical conductivities, have an excellent dispersibility, are safe
and nontoxic, and are inexpensive; thus, polypropylene fibers have been promoted in engineering
applications. Their physical and mechanical properties are given in Table 3.
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Figure 2. Appearance morphology and cross-sectional dimensions of Y-shaped fibers: (a) Appearance
morphology; (b) Cross-sectional dimensions.

Table 3. Physical and mechanical properties of polypropylene fibers.

. Density Diameter Melting Flash Elongation Modu%u's of Tensile
Fiber Type (g/cm®) (um) Point °C)  Point (°C) at Break Elasticity Strength
H %) (GPa) (MPa)
Monofilament 091 31 165-170 590 30 >35 >350
Y-type

3. Design of the Test

3.1. Specimen Preparation

The subgrade fill of the Bazhun heavy-haul railway taken from the site was air-dried, crushed,
and passed through a 10-mm sieve. Before mixing, the polypropylene fibers, air-dried soil, and water
required for each sample were divided into five parts according to the design conditions. Each set of
materials was mixed separately, and then the five parts were mixed together to ensure the maximum
uniformity of fiber distribution in the soil. To compare the reinforcement effects under same conditions
before and after fiber reinforcement, the moisture content of the fiber reinforced soil was adjusted to
the water content of 8.5%. In order to guarantee the uniformity of fibers within the sample distribution
and the homogeneity of material, the moist tamping technique, widely used to prepare non-cohesive
fiber reinforced soil, was used to prepare fiber soil samples, which can well mix fibers and soil, and
its effectiveness has been verified by a large number of experiments conducted by Michalowski and
Russell [16], Wood et al. [17], Ibraim et al. [18,19], and Diambra et al. [20]. This mixing method can
effectively solve the problem of fiber winding and floating. The fiber-reinforced soil samples were
mixed well, stored in a plastic bag, sealed, and left for 24 h so that the water in the soil would fully and
evenly disperse. The fiber-reinforced soil sample preparation used the bidirectional static pressure
method. The samples were all prepared with a compacting factor of 0.97. For reinforced samples,
the compacting factor was controlled by mixing the same mass of dry soil as a plain soil sample
with a given mass of fibers and compressing to a volumetrically consistent sample. At the same
time, according to Ang and Loehr [21], when the sample diameter is greater than or equal to 70 mm
and the fiber length is no more than 50 mm, mechanical properties can be ignored by the size effect.
To avoid the size effect, the size of the sample in this study is determined by the size of the test fixture.
The sample height was 125 mm, and the diameter was 61.8 mm.
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3.2. Test Scheme and Instrumentation

This test adopted a strain-controlled triaxial shear apparatus equipped with data acquisition and
control systems to carry out unconsolidated and undrained tests. The polypropylene fiber-reinforced
subgrade fill was used as the object of study. The polypropylene fiber was mixed into the subgrade
fill with contents of 0%, 0.1%, 0.2%, and 0.3% (weight percentage with respect to dry soil) and with
lengths of 0 mm, 3 mm, 9 mm, 12 mm, and 18 mm to explore the effects of fiber reinforcement on the
strength, deformation, and Duncan-Chang parameters of the subgrade fill, i.e., the effect of the fiber
reinforcement. In this study, a total of 11 groups of tests were conducted, with three samples in each
group under the same condition, and the average of the test results of the three samples was taken as
the representative values of the test results under the condition. During the tests, the applied confining
pressure was 0.1 MPa, 0.3 MPa, 0.5 MPa, or 0.7 MPa, and the shear rate was 1.25 mm/min. When the
axial strain reached 15%, the test was stopped. The specific test scheme is shown in Table 4.

Table 4. Triaxial compressive test conditions.

Confining

. . o .
Soil Type Pressure (MPa) Fiber Content (%)  Fiber Length (mm) Test Number
0 M1
0.1 M3
0.1 02 12 M4
0.3 M5
0 L1
- . 3 L2
F111/F1ber—r.e11nforced 01 02 9 L3
soi 12 L4
18 L5
0.1 WY1
0.3 WY2
05 02 12 WY3
0.7 WY4

4. Analysis of Test Results

4.1. Stress-Strain Relationship Analysis of Fiber-Reinforced Soil

The stress-strain curves of the fiber-reinforced soil show that for the fill mixed with fibers, the shape
of the stress-strain curve did not change from that without fibers and still possessed strain-hardening
characteristics [6,8,9], but the degree of hardening was enhanced. The effect of fiber incorporation on
the mechanical properties of the fill showed that as the cohesion increased from 0 MPa to 0.11 MPa,
the internal friction angle decreased from 38° to 37.7°. Compared with the change in the internal
friction angle, the increase in cohesion was even more pronounced with fiber incorporation, which
is consistent with References [7-9,22]. When the strain remained unchanged, the addition of fiber
significantly increased the stress in the fill, indicating that fiber incorporation significantly enhanced
the strength and stiffness of the fill, for an excellent reinforcement effect.

The shear failure pattern of the fill did not change with the incorporation of fiber; the failure
was still due to bulging deformation. The lateral deformation, which was large in the middle and
small at the two ends of each specimen, showed plastic failure characteristics and no obvious cracks
or failure in the surface [8,9] (Figure 3). The analysis results showed that the fibers were randomly
and disorderly dispersed in the soil, forming a 3D reticulated structure, which enhanced the frictional
force and occlusal force of the fill. Fiber with good tensile reinforcement due to fiber bridging can
bear part of the tensile stress, bear the external load, and transfer its force, inhibit the generation and
development of microcracks, strengthen the soil integrity, and improve the ability of the soil to resist
deformation and failure [8].
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@) (b)

Figure 3. Failure characteristics of subgrade fill and fiber-reinforced soil samples: (a) Fill;
(b) Fiber-reinforced soil.

(1) Effect of fiber content

The stress-strain curves of the fiber-reinforced soil with different fiber contents (Figure 4) show that
when the strain remained unchanged, as the fiber content increased, the stress of the fiber-reinforced soil
first increased and then decreased. When the fiber content was between 0% and 0.2%, the fibers filled
the voids in the original soil skeleton. With the increase in fiber content, the compactness increased, the
frictional force and occlusal force of the soil body were enhanced, and the constraint of the reticulated
structure created by the fibers in the soil was strengthened, which enhanced the soil’s load transfer
and dispersion abilities. Therefore, a fiber content up to 0.2% enhanced the strength. When the fiber
content was greater than 0.2%, the fibers in the soil were in an oversaturated state, and the fibers
occupied the space of the original soil particles. As the fiber content increased, the compactness of
the soil decreased, the rate of fiber entanglement and floating increased, the uniformity and effective
reinforcement ratio decreased, and the reinforcement effect was weakened [23]. Thus, the strength
decreased as the fiber content increased above 0.2%.

0.6

0.5

0.4

03
Fiber content (%):

0.2 J—}

e w021
avssnenens 0.2

Deviator stress (MPa)

0.1 |

Axial strain (%)

Figure 4. Stress-strain relationships of the fiber-reinforced soil with different fiber contents.

The above analysis shows that there should be an optimal fiber content in fiber-reinforced soil.
Here, the best reinforcement effect was achieved at a fiber content of 0.2%, which is in agreement with
the findings of many experimental studies [5,8,9,11,12,24,25]. This study found that the optimal fiber
content varied depending on the soil properties, fiber type, and particle size but was mostly in the
range of 0.1-0.3% [12,26-28].

(2)  Effect of fiber length

The stress-strain curves of the fiber-reinforced soil with different fiber lengths (Figure 5) showed
that when the fiber length was 0-12 mm, the strength of the fiber-reinforced soil increased with fiber
length, and when the fiber length was greater than 12 mm, the strength of the fiber-reinforced soil
decreased with the increase in fiber length. This suggests that there is an optimal fiber length for the
fiber-reinforced soil. The best reinforcement effect was achieved when the length was 12 mm, which is
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consistent with the conclusions of other studies [12,24]. At the same time, the optimal fiber length in
many studies was 10-15 mm [22,25,29-32].

Deviator stress (MPa)

Axial strain (%)

Figure 5. Stress-strain relationships of soils reinforced with fibers of different lengths.

The above analysis shows that the optimal fiber length is in the range of 12-18 mm. This length
can avoid the problems of fiber twisting, agglomeration, and floating due to the long lengths of the
monofilament bundles and the problem of its inability to form a 3D reticulated structure due to the
fiber lengths being too short. In the force-induced deformation process of reinforced soil specimens
with 12-mm-long fibers, with a continuously increasing load, the fiber approached the critical state of
sliding, pulling out, and breaking, and the frictional and occlusal forces in the soil approached the
tensile strength of the fiber itself. At this time, the fiber reinforcement effect was optimal. Therefore,
the choice of fiber length is particularly important. When the length is optimal, the fiber is close to the
critical state, the tensile strength of the fiber and its tensile stress in the soil are similar, and the fiber
reinforcement effect is the best [33].

(3) Effect of confining pressure

The stress-strain curves of the fiber-reinforced soil under different confining pressures (Figure 6)
showed that at the beginning of loading, as the strain increased, the stress of the fiber-reinforced soil
under different confining pressures stayed basically the same, which meant that the contribution of
the confining pressure to the fiber reinforcement effect was small when the strain was small. As the
load continued to increase, with the increase in the confining pressure, the stress of the fiber-reinforced
soil increased rapidly, and the confining pressure had a significant effect on the strength of the
fiber-reinforced soil. That is, the higher the confining pressure was, the better the reinforcement effect.
This is because when the confining pressure was high, the ability to confine the lateral deformation of
the soil was strong, and the voids in the soil closed quickly. The fibers could effectively distribute the
shear stress in the soil, change the forms of the external load forces, and optimize the force structure.
The stronger the constraint on the soil was, the better the fiber reinforcement effect.

Confining pr‘essure (MPa):
0.1

Deviator stress (MPa)

Axial strain (%)

Figure 6. Stress-strain relationships of the fiber-reinforced soil under different confining pressures.
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4.2. Analysis of the Failure Strength of Fiber-Reinforced Soil and the Empirical Prediction Model

To better predict the strength characteristics of the fiber-reinforced soil at the time of failure, the
stress-strain relationship of the fiber-reinforced soil was obtained from the triaxial tests, and the stress
value corresponding to 15% of the axial strain was taken as the failure stress.

(1)  Effect of fiber content

Figure 7 shows the relationship between the failure stress and the fiber content for the
fiber-reinforced soil with 12-mm-long fibers. The failure stress of fiber-reinforced soil did not
increase with the increase in fiber content; instead, it first increased and then decreased, approximating
a sinusoidal trigonometric function, which indicated an optimal fiber content. When the fiber content
was 0.2%, the failure strength of the fiber-reinforced soil peaked.

0.55

T
§ Measured values
i

stress (MPa)

(Ul —03)

£ — 4.9sin(3.486; + 0.88)

R " =096

P,

Fiber content (%)

Figure 7. Relationship between the failure stress and fiber content of the fiber-reinforced soil.

(2)  Effect of fiber length

Figure 8 shows the relationship between the failure stress and the fiber length of the fiber-reinforced
soil with a fiber content of 0.2%. As fiber length increased, the failure stress of the fiber-reinforced soil
first increased and then decreased, approximating a Gaussian function. This indicates that when the
fiber length is too long or too short, the fiber length limits the failure strength of the fiber-reinforced
soil. That is, the failure strength is highest at an intermediate length. In this study, the peak failure
strength of the fiber-reinforced soil was reached at a fiber length of 12 mm.

Figure 8. Relationship between the failure stress and fiber length of the fiber-reinforced soil.
(3) Effect of confining pressure

Figure 9 shows the relationship between the failure stress and confining pressure of the studied
fiber-reinforced soil. As the confining pressure increased, the failure stress of the fiber-reinforced soils
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showed a linear increasing trend. That is, the greater the confining pressure, the greater the failure
strength of the fiber-reinforced soil and the better the reinforcement effect were.

(01— 03)r = 3.1505 + 0.45
¢=0.11MPa
¢ =377

¢

Figure 9. Relationship between the failure stress and confining pressure of the fiber-reinforced soil.
(4) Empirical model for predicting the failure strength of fiber-reinforced soil
Multivariate regression analysis was used to develop an empirical model for predicting the failure
strength of fiber-reinforced soil considering three factors:

@

o1—0 14-132.2
(o1=03)s 1 i _ 537 sin(3.486; + 0.88) - (“55") (2 +149)
a

a
where (01—03)¢ is the failure stress of fiber-reinforced soil; s is fiber content; Ly is fiber length; o3 is
confining pressure; and P, is the standard atmospheric pressure of 0.101 MPa.

4.3. Parameter Determination Based on the Duncan-Chang Model

The stress-strain curves of the fiber-reinforced soil the triaxial tests possessed strain-hardening
characteristics, and the relationship of (01—03) with ¢ could be fitted by a hyperbolic curve.
The stress-strain relationship of the fiber-reinforced soil could be mathematically expressed by
the Duncan-Chang model, a nonlinear elastic model [34].

The triaxial test results show that the relationship of (01 —03) with ¢ in fiber-reinforced soil could

be expressed as
€

a+ be @

An approximately linear relationship between o1 — 03 and ¢ can be obtained, as shown in Figure 10:

01 —03 =

&

01_03:a+b€ (3)

where (01—03) is the stress, ¢ is the strain, and a and b are the linear intercept and slope.

i &
O —0;
1
1 (0-17 3)ull ;
i 1
a=—
5 &
\i Ei -
0

Figure 10. Diagram of the relationship of ¢/ (07 — 03) and ¢
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For triaxial tests, dop = dos = 0, and the tangential modulus is

E;

d(o1 —03)

a

de

(a+ be)?

At the starting point of the test, ¢ = 0, E; = E;, and the initial tangent modulus E; is

1
a

where a represents the reciprocal of E; during the test.
In Equation (2), if e—oo, then

(01 - 03)ult = E

10 of 16

(4)

©)

(6)

where b represents the reciprocal of the ultimate deviator stress (01—03)yt corresponding to the

asymptote of the hyperbola.

From the triaxial test data, coefficients a and b were found by curve fitting, and then the values of
E; and (01—03)y1t, the Duncan-Chang model parameters, were determined from Equations (5) and (6)

(Table 5).
Table 5. Model parameters of the fiber-reinforced soil.
Test Failure Stress (MPa) E; (MPa) (61-063)u1 (MPa) R2
Number ailure Stress a i a 01—03)ult a
M1 0.386 1 73.900 0.500 0.99
04032 0382 0373 74059 73344 74297 0496 0516 0488
G 0.435 85.409 0.697 0.99
0471 0417 0418 83085 83933 89210  0.691 0704 0695 O
" 0.513 89.249 0.747 0.9
0.513 0.525 0501 88663 88188  90.895  0.748 0759 o735 O
. 0.449 83.012 0.659 0.99
0.455 0.445 0447 81611 82571 84855  0.658 0667 0652 O
4 0.386 77.254 0.572 0.9
0.363 0.394 0400 78446 76792 76525 0555 0573 0589 O
L 0427 81.000 0.599 0.99
0.416 0.422 0443 80905 82077 80018 0598 0585 0614 O
s 0.452 88.657 0.705 099
0.447 0.449 0459 87916 90329 87725  0.729 0694 0691 O
L 0.513 89.249 0.747 099
0513 0.525 0501 88663 88188  90.895  0.748 0759 0735 O
s 0.459 81.618 0.668 099
0.443 0472 0462 80181 84357 80317  0.667 0676 0659 O
0.513 89.249 0.747
wyl 0513 0.525 0501 88663 88188  90.895  0.748 0759 0735 098
1.535 166.945 1.595
wY2 1.477 1.507 1622 165531 169.598 165705  1.549 1581 1656 09
2011 205.268 2116
WY3 2122 1.945 1966 217153 206370 192281  2.032 2167 2149 098
2612 268.169 2793
w4 2.603 2.691 2543 256913 289304 258290  2.648 2772 2959 097

1 Average of results of three parallel tests. 2 Results of parallel tests.

(1) Effect of fiber content

As shown in Figures 11 and 12, with the increase in fiber concentration, the E; and (01—03)ult,
the model parameters of the fiber-reinforced soil, first increased then decreased, approximating a

sinusoidal trigonometric function, with the peak value near the fiber content of 0.2%.
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Figure 11. Relationship between E; and the fiber content of the fiber-reinforced soil.

w = 7.5sin(4.56; +0.73) |

r 7099

Ultimate deviator stress (MPa)

Figure 12. Relationship between (01 — 03),, and the fiber content of the fiber-reinforced soil.

Comparing the soil reinforced with the optimal fiber content of 0.2% to pure fill and fill with
a concentration of 0.3%, the E; was 17% and 8% higher, and (01—03)yt was 31% and 13% higher,
respectively, which indicates that fiber concentration has a greater effect on the strength of soil than on
its stiffness.

(2) Effect of fiber length

Figures 13 and 14 show that as the fiber length increased, both E; and (61 —03)yt, the fiber-reinforced
soil model parameters, first increased and then decreased, approximating a Gaussian function, with a
peak value point near the length of 12 mm.

95

§ Measured values

— Fitted curve

90 |

85 |

L1041y
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Initial tangent modulus (MPa)

75
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Figure 13. Relationship between E; and the fiber length of the fiber-reinforced soil.
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Figure 14. Relationship between (01 — 03),; and the fiber length of the fiber-reinforced soil.
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Comparing the soil reinforced with the optimal fiber length of 12 mm to the pure fill and fill with
a fiber length of 18 mm, the E; was 14% and 7% higher, and (61 — 03)ut was 30% and 12% higher,
respectively, which indicates that fiber length has a greater effect on the strength of soil than on

its stiffness.

(3) Effect of confining pressure

Figures 15 and 16 show that, as the confining pressure increased, the E; and (01 —03)y1t, the model
parameters of the fiber-reinforced soil, increased, approximating a power function, with power indices
of 0.57 and 0.69, respectively. These findings indicate that confining pressure has a more significant
effect on the strength of soil than on its stiffness.
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Figure 15. Relationship between E; and the confining pressure of the fiber-reinforced soil.

Figure 16. Relationship between (01 — 03),; and the confining pressure of the fiber-reinforced soil.
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Considering the effects of fiber content, fiber length, and confining pressure on E; and (01 — 03)ult,
the fiber-reinforced soil model parameters, the predictive models for E; and (o1 — 03)yt are proposed
as follows:

L1072 0.57
E; = 859.64P, - sin(3.2,5f + 0.98) . e_( f243 ) . (%) 7)
a

Le-12.2

(01— 03) gy = 7.51P - sin(4.58¢ +0.73) -e~(F55) - ( ®)

03 0.69
%)

To verify the accuracy of Equations (7) and (8) for E; and (01 — 03)y1t, we compared the measured
values of E; and (01 — 03)y)t with the predicted values (Figures 17 and 18). The values were basically
consistent, with correlation coefficients R% over 0.97. The stress-strain relationship of fiber-reinforced
soil can be described by the Duncan-Chang model, and the proposed method for determining E; and
(01 — 03) ¢ is feasible. Equations (7) and (8) can accurately predict the parameters of the Duncan-Chang
model, and the model can accurately determine the mathematical expressions of the mechanical
properties of the fiber-reinforced soils, meaning that these findings can provide a reference for the
solution of similar problems.

350 T T T
o Fiber-reinforced soil

Ideal line

300 |
250 |
200 |
150

100 L R? =097

Measured initial tangent modulus (MPa)

0 50 100 150 200 250 300 350

Predicted initial tangent modulus (MPa)

Figure 17. Comparison of the measured and predicted E; of the fiber-reinforced soil.
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Measured ultimate deviator stress (MPa)

0 0.5 1 L5 2 2.5 3 3.5

Predicted ultimate deviator stress (MPa)

Figure 18. Comparison of the measured and predicted (01 — 03y, of the fiber-reinforced soil.
5. Conclusions

This study conducted triaxial compressive tests on Y-shaped fiber-reinforced subgrade fill with
different fiber contents, fiber lengths, and confining pressures; and the strength characteristics of the
fiber-reinforced soil were analyzed. The following conclusions were drawn:

(1)  The strength of the fiber-reinforced soil first increased and then decreased as the fiber content and
length increased. The fiber reinforcement effect was the best at a fiber content of 0.2% and fiber
length of 12 mm in all test conditions. As the confining pressure increased, the strength of the
fiber-reinforced soil increased.
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(2)  The failure pattern of the fiber-reinforced soil specimens was due to bulging deformation, showing
plastic failure characteristics.

(3) Through regression analysis of our test data, an empirical model for predicting the failure strength
of fiber-reinforced soil was established. This model considers the fiber content, fiber length, and
confining pressure. It can rapidly estimate the failure strength of fiber-reinforced soil and provide
a reference for engineering applications.

(4) The stress-strain curve of the fiber-reinforced soil exhibited strain-hardening characteristics
and could be fitted by a hyperbolic curve. Thus, the Duncan-Chang model can be used to
mathematically describe the stress-strain relationship of the fiber-reinforced soil. A method for
calculating E; and (01 — 03),;, the Duncan-Change model parameters, was proposed, which
provides a reference for the accurate expression of the mechanical properties of heavy-haul
railway subgrade.

(5) Itis important to note that this work concerned a case study, which is intended to develop a
strength empirical model for predicting the strength of the fiber-reinforced fill with a modest
number of samples and tests. Accordingly, more tests are necessary to be conducted to further
verify the applicability of the proposed models.
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