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Abstract: Loess has the structural characteristics of porous, weakly cemented and under compacted,
leading to its collapsible, disintegrative and dissolute features. To study the mechanical behaviors
of basalt fiber-reinforced loess, consolidated undrained triaxial tests were carried out to investigate
the effects of fiber length (FL), fiber content (FC) and cell pressure (σ3) on the shear strength. Based
on the test results, a constitutive model considering the effects of the σ3, FL and FC was established
using regression analysis, and the estimation method for the model parameters was proposed. The
results show that the stress–strain curve of the unreinforced loess exhibited a strain-softening type,
while the reinforced loess displayed a strain-hardening type. The peak strength of the reinforced
loess was significantly higher than that of the unreinforced soil, and increased with increasing of FL,
FC and σ3. Compared with the peak strength when FL was 8 mm, the peak strength increased slightly
when the FL was 12 and 16 mm, respectively. The anchoring effect and bridging effect between soil
particles and fibers improved the cohesion and friction of reinforced soil, resulting in the increment
in the shear strength. The experimental results are in good agreement with the model predictions,
indicating that the established model and the parameter estimation method are suitable for describing
the relationship between the stress and strain of basalt-fiber-reinforced loess. The research results can
provide guidance of the design and construction of fiber-reinforced soil in loess areas.

Keywords: basalt fiber; loess; fiber content; fiber length; constitutive model

1. Introduction

Loess belongs to terrestrial loose sediments formed by wind transport in the Quater-
nary arid and semi-arid climatic environment. The small unit weight of loess is dominated
by silt particles, rich in calcium carbonate, and with typical engineering characteristics
such as collapsible, disintegrative and dissolute, which easily induce engineering accidents.
Traditional geosynthetics materials for soil reinforcement include geogrids, geotextiles,
geomembranes and geocells, and they have been extensively used and have achieved excel-
lent performance in foundation treatment. As a new type of reinforcement material, fibers
have drawn more and more attention in recent years. Fiber-reinforced soil is a composite
material formed by adding a certain quality of fibers to the soil, and the soil deformation
was restrained by the fiber tensile and the friction between fibers and particles, thereby the
soil strength was improved [1–3]. Dong et al. [4] concluded that the shear strength of lignin-
fiber-reinforced loess increased with increasing of compaction and cell pressure, and the
shear strength was highest when the fiber content reached 5%. Xiong et al. [5] found that the
reinforcement effect of basalt fiber was significantly greater than that of polypropylene fiber,
polyester fiber and glass fiber. The enhancement of the cohesion was related to the interface
adhesion and the fiber tensile, while the enhancement of the internal friction angle is mainly
due to the interface friction between the fibers and the soil particles. Lu et al. [6] reported
that polypropylene fiber can effectively improve the shear strength and anti-disintegration
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properties of loess. With the increasing fiber content, the cohesion of fiber-reinforced soil
showed an increase firstly and then a decrease, whereas the disintegration rate exhibited
a decrease firstly and then increased, respectively. Furthermore, the shear strength of
fiber-reinforced soil reached a peak when the fiber content is 0.3% and the fiber length is
15 mm. An et al. [7] revealed that the cohesion and disintegration rates of polypropylene-
fiber-reinforced loess showed a decrease firstly and then increased with the increase in
fiber length and fiber content. The shear strength and anti-disintegration characteristics
reached the optimum when the fiber length was 15 mm and the fiber content was 0.5%. In
addition, the permeability coefficient of fiber-reinforced loess increased with the increase in
fiber content and decreased with the increase in fiber length. Based on the orthogonal test
method, Hu et al. [8] concluded that the water content, compaction, fiber content, and cell
pressure were significant influencing factors for the shear strength of basalt-fiber-reinforced
soil. The local optimum ratio was obtained when the water content was 11%, compaction
was 0.95 and fiber content was 0.4%. Xu et al. [9,10] found that the shear strength of
loess reinforced with basalt fiber was significantly higher than that of unreinforced loess,
whereas not monotonically increased with the increase in fiber length and fiber content.
The maximum shear strength appeared at a 0.6% fiber content and 12 mm fiber length.
The plastic failure had an overall bulging failure mode for fiber-reinforced loess, while
the typical brittle failure has a visible shear band for unreinforced soil. Wu et al. [11] con-
cluded that the shear strength of basalt-fiber-reinforced loess decreased with the increase
in dry–wet cycles, and the optimal resistance to dry–wet action occurred at the 0.6% fiber
content. Fibers can inhibit the generation of microcracks, and the damage mainly appeared
in the initial stage of dry–wet cycles. Yan et al. [12] reported that the cohesion and internal
fiction angle of polypropylene-fiber-reinforced loess decreased with the increase in the
dry–wet cycles or free–thaw cycles, whereas the permeability coefficient increased with
the number of cycles. Mariri et al. [13] noted that the failure strain was increased with the
addition of recycled polyester fiber to zeolite–cement–loess composites, and this method
is effective for overcoming the brittle behavior of cemented loess. Xue et al. [14] revealed
that the strain-hardening behavior of straw-fiber-reinforced loess can be exhibited using
the dilation angle or the difference between the large-displacement friction angle and peak
friction angle. Yang et al. [15] found that combined modified polypropylene fiber and
cement could remarkably improve the strength of loess to 3.65–5.99 MPa in three days. The
unconfined compressive strength (UCS) and tensile strength attained the maximum under
the condition of 0.3–0.45% fiber content and 12 mm fiber length. Lian et al. [16] concluded
that the failure stress and shear strength of loess were improved with the addition of
polyester fiber, and the cohesion of fiber-reinforced loess was significantly improved when
the fiber content increased up to 0.75%, while the internal friction angle had less of an
effect. Zhang et al. [17] indicated that the UCS of polypropylene-fiber-reinforced loess
first increased and then decreased with the increase in fiber content, and the optimum
fiber content varied from 0.30% to 0.45%. In addition, the erosion mass and erosion rate of
reinforced soil were decreased with the increase in cement and fiber content. Gao et al. [18]
stated that lignin fiber can improve the UCS of loess under freeze–thaw cycles, whereas the
reinforcement effect no longer increased with the increase in fiber content, and the optimum
fiber content was 1% for fiber-reinforced loess under freeze–thaw cycles. Sarli et al. [19]
concluded that the combination of recycled polyester fiber with nano-SiO2 can improve the
shear strength of loess, and the optimum fiber content was 4%. Based on ring shear tests,
Wang et al. [20] pointed out that the peak strength and residual strength of loess can be
significantly improved by polypropylene fiber, and the optimum fiber content and water
content were 0.5% and 16%, respectively.

The fiber-reinforcement method can significantly improve the mechanical proper-
ties of loess and increase the shear strength, anti-disintegration, and erosion resistance.
Basalt fiber has the advantage of being economical, green and durable, and has strong
application prospects in aerospace, manufacturing, and civil engineering, while relatively
few studies were conducted on the shear strength of basalt-fiber-reinforced loess. Based
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on the consolidated undrained triaxial tests, the effects of fiber length (FL), fiber content
(FC), and cell pressure (σ3) on the shear strength of basalt-fiber-reinforced loess were
studied, and a constitutive model that considers the fiber content, fiber length, and cell
pressure was established, which can provide guidelines for the design and construction of
fiber-reinforced subgrades.

2. Materials and Methods
2.1. Test Materials

The test loess was Malan loess that taken from a construction site in Xi’an with a
depth of 2.0–3.0 m, and the soil was yellowish brown and homogeneous. According to the
Standard for Soil Test Method (GB/T 50123-2019), the main physical properties of loess are
shown in Table 1.

Table 1. Main physical properties of loess.

Gs ρ (g/cm3) w (%) e wL(%) wP (%) IP ρdmax (g/cm3) wopt (%)

2.70 1.68 14.2 0.835 25.8 16.7 9.1 1.72 15.0

The basalt fibers were purchased from Haining Anjie Composites Co., Ltd., Jiaxing,
China. The fibers were bundled monofilaments with a smooth surface, bronze color, and
could sink in water. The physical and mechanical properties of basalt fiber are shown in
Table 2.

Table 2. Physical and mechanical properties of basalt fiber.

Diameter (µm) Tensile Strength (MPa) Elastic Modulus (GPa) Density (g/cm3) Elongation at Fracture (%)

10 3500–4500 100 2.65 2.2

2.2. Sample Preparation

In order to prepare remolded samples, firstly, the air-dried loess was taken and
crushed with a rubber hammer, and then passed through a 2 mm sieve. The dry density
of the sample was controlled at 1.72 g/cm3, and a certain mass of loess was mixed evenly
with water at an optimum water content and then left to stand in a plastic film for 24 h.
Subsequently, specific lengths and contents of basalt fibers were mixed and stirred rapidly
with loess to ensure the uniform distribution of fibers. The fiber lengths used in the test
were 4, 8, 12, and 16 mm. The fiber mass content was 0.2%, 0.4%, 0.6%, and 0.8%, which
corresponds to the volume content of 0.13%, 0.26%, 0.39%, and 0.52%, respectively. The
sample was 50 mm in diameter and 100 mm in height, and the sample preparation included
five layers and was compacted layer by layer with scraping between layers. Figure 1 shows
the flow chart of the sample preparation.
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Figure 1. Flow chart of the sample preparation.

2.3. Test Method

To analyze the mechanical properties of basalt-fiber-reinforced loess, the consolidated
undrained triaxial tests were conducted using triaxial testing equipment (KTL-LDF 50
type, Xi’an KTL Instruments Co., Ltd., Xi’an, China), as shown in Figure 2. According
to the Standard for Soil Test Method (GB/T 50123-2019), the test was performed with
strain-controlled loading with a strain rate of 0.5%/min, and the test was stopped when
the axial strain reached 20%. The test scheme is shown in Table 3, a total of 51 groups of
tests were conducted, and each group was repeated 3 times to reduce errors.

Figure 2. Triaxial testing equipment.

Table 3. Test scheme.

σ3 (kPa) FL (mm) FC (%)

25 0 0
4 0.2, 0.4, 0.6, 0.8
8 0.2, 0.4, 0.6, 0.8

12 0.2, 0.4, 0.6, 0.8
16 0.2, 0.4, 0.6, 0.8

50 0 0
4 0.2, 0.4, 0.6, 0.8
8 0.2, 0.4, 0.6, 0.8

12 0.2, 0.4, 0.6, 0.8
16 0.2, 0.4, 0.6, 0.8

100 0 0
4 0.2, 0.4, 0.6, 0.8
8 0.2, 0.4, 0.6, 0.8

12 0.2, 0.4, 0.6, 0.8
16 0.2, 0.4, 0.6, 0.8
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3. Stress–Strain Relationship of Basalt-Fiber-Reinforced Loess
3.1. Effect of Fiber Content on Strength

Figure 3 shows the stress–strain curves for reinforced loess with different FL (4, 8, 12,
and 16 mm) and FC (0.2%, 0.4%, 0.6%, and 0.8%) under 50 kPa cell pressure. It can be
observed that the curves for unreinforced loess were significantly strain-softening, while
that for reinforced loess were mainly strain-hardening. The strength of reinforced soil
was significantly higher than that of the unreinforced soil and increases with the increase
in FC [9,11]. When the FL was 4 mm, the peak strength of reinforced soil at 0.2%, 0.4%,
0.6%, and 0.8% FC improved by 36.38%, 62.36%, 105.46%, and 123.23% compared to the
unreinforced soil, respectively. When the FL was 16 mm, the peak strength of reinforced
soil at different FC increased by 78.87%, 105.52%, 160.68%, and 179.01% compared to
the unreinforced soil, respectively. The primary causes of the above phenomenon is that
the fibers can form an effective spatial mesh structure with the increase in FC, and the
enhancing effect is more obvious due to the contact points between fibers and soil particles.
When the sample is subject to shear loading, the force will be gradually transferred to
the fiber through the contact points. The shear strength of reinforced loess significantly
improved with the increase in FC due to the strong tensile strength of the basalt fibers.

Figure 3. Effect of fiber content on stress–strain curves under 50 kPa cell pressure: (a) FL = 4 mm;
(b) FL = 8 mm; (c) FL = 12 mm; (d) FL = 16 mm.

3.2. Effect of Fiber Length on Strength

Figure 4 shows the stress–strain curves of reinforced loess with different FL (4, 8,
12, and 16 mm) and FC (0.2%, 0.4%, 0.6%, and 0.8%) under 50 kPa cell pressure. It can
be found that the peak strength of reinforced loess was significantly higher than that of
the unreinforced soil, and gradually increased with the increase in FL, which exhibited
a different trend compared to reference [10]. When the FC was 0.2%, the peak strength
of the reinforced soil at 4, 8, 12, and 16 mm FL increased by 36.38%, 69.95%, 73.97%, and
78.87% compared to the unreinforced soil, respectively. When the FC was 0.8%, the peak
strength of the reinforced soil with different FL improved by 123.23%, 166.45%, 175.52%,
and 179.01% compared to the unreinforced soil. It can be revealed that the peak strength
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of the reinforced soil with FL of 12 and 16 mm increased slightly compared to reinforced
soil with an FL of 8 mm. For the actual engineering of subgrade backfill, the FL can be
chosen to facilitate the construction. The primary reasons for the above phenomenon is
that the contact points between the fiber and soil particles gradually increased with the
increase in FL, and the tensile effect of a single fiber is more obvious. When the sample is
subject to shear loading, the bridging effect of the fiber can form a wider force transmission
system, which results in the improvement of the uniformity and integrity of the sample.
The transfer effect between the fibers and soil particles occurs, thereby increasing the shear
strength of basalt-fiber-reinforced loess.

Figure 4. Effect of fiber length on stress–strain curves under 50 kPa cell pressure: (a) FC = 0.2%;
(b) FC = 0.4%; (c) FC = 0.6%; (d) FC = 0.8%.

3.3. Effect of Cell Pressure on Strength

For different depths of soil, the cell pressure increased with the increase in depth.
Figure 5 shows the stress–strain curves of reinforced soil with different cell pressures (25,
50, and 100 kPa) and FL (4, 8, 12, and 16 mm). It can be observed that the peak strength of
fiber-reinforced loess increased with the increase in cell pressure, and the strength of the
reinforced soil was significantly higher than that of the unreinforced soil [16]. When the FL
was 4 mm and the FC was 0.2%, the peak strength reached 81.84, 120.16, and 223.73 kPa
under 25, 50, and 100 kPa, respectively. With the increase in soil depth or cell pressure, the
sample encountered a higher lateral restraint force, which requires a larger shear loading to
destroy. Due to the bridging effect of fibers, the single tension and spatial mesh structure
formed by the fibers can significantly improve the homogeneity and shear strength of the
reinforced soil, which is consistent with previous conclusions.
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Figure 5. Effect of cell pressure on stress–strain curves: (a) FL = 4 mm; (b) FL = 8 mm; (c) FL = 12 mm;
(d) FL = 16 mm.

3.4. Microstructure of Basalt-Fiber-Reinforced Loess

To analyze the reinforcement mechanism of fiber-reinforced soil, the scanning electron
microscopy (SEM) tests were carried out using SEM equipment (EVO 10 type, ZEISS, Jena,
Germany), and Figure 6 shows the microstructure of basalt-fiber-reinforced loess. As shown
in Figure 6a, it can be observed that the fiber was surrounded with soil particles, and soil
particles had an anchoring effect on the fiber. The shear strength of the reinforced soil
depended on the cohesion and friction between fibers and soil particles. When the sample
was subjected to shear loading, the external force was transferred from soil particles to
fibers between the interfaces. The anchoring effect increases the friction force, prevents the
pullout of fibers, and improves the integrality of composite material. Therefore, the peak
strength of the reinforced soil was significantly higher than that of the unreinforced soil.
As shown in Figure 6b, it can be found that the soil particles were connected by fibers, and
fibers played a bridging effect. Due to the high tensile strength of fibers, the bridging effect
can restrain the displacement of soil particles and improve the cohesion force of composites,
thereby the sample can resist larger deformation and destruction under shear loading. On
the whole, the anchoring effect and the bridging effect between fibers and soil particles
contributed to the cohesion and friction of composites, resulting in the improvement in the
shear strength of the reinforced soil.
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Figure 6. SEM images of fiber-reinforced loess: (a) anchoring effect; (b) bridging effect.

4. Constitutive Model of Basalt-Fiber-Reinforced Loess
4.1. Model Establishment

Duncan and Chang [21,22] proposed that the stress–strain relationship of soils can be
represented using a hyperbolic model

σ1 − σ3 =
ε1

a + bε1
(1)

where σ1 is the axial stress, ε1 is the axial strain, and a and b are the test parameters.
Equation (1) can be transformed to

ε1

σ1 − σ3
= a + bε1 (2)

By plotting the test results as ε1/(σ1 − σ3) − ε1 curves, the intercept a and slope
b can be derived from the regression analysis using OriginPro 9.1 software (OriginLab
Corporation, Northampton, MA, USA). The single factor analysis results showed that the
parameter b has a negative correlation with FL, FC, and σ3, thus defined as

b =
a2

FL · m · σ3
(3)

Substituting Equation (3) into Equation (2) to obtain

ε1

σ1 − σ3
= a1 +

a2

FL · m · σ3
ε1 (4)

where a1(a1 = a) and a2 (a2 = b·FL·m·σ3) are the model parameters.
From above analysis, it can be concluded that the model contains two model parame-

ters a1 and a2, which can be derived by fitting the experimental data.

4.2. Parameter Fitting

Figure 7 shows the fitting results of reinforced loess with an FL of 4, 8, 12, and 16 mm
under 50 kPa cell pressure. It can be observed that the fitting curves are basically positively
correlated and have a good linear relationship. The slope of the fitting curve decreased
with the increase in the FC when the FL remains constant, whereas the intercept changed
slightly. The parameter values of a, b, R2, a1, and a2 can be obtained using the regression
analysis, as shown in Table 4. The determinable coefficients of the fitting curves are greater
than 0.98, indicating that the hyperbolic model is suitable for describing the stress–strain
relationship of basalt-fiber-reinforced loess. According to the statistical analysis of the
model parameters, it can be revealed that:

(1) Under the fixed cell pressure, the parameter a1 has a small internal change with
different FL and FC, thereby, the average value of a1 is taken as an estimate value
of a1*.



Appl. Sci. 2022, 12, 9744 9 of 13

(2) Under the fixed cell pressure and FL, the parameter a2 increased with the increase
in FC. Therefore, taking the parameter a2 at FC = 0.2% as the basic value, a2*(FC =
0.4%) = 1.7 a2*(FC = 0.2%), a2*(FC = 0.6%) = 1.9 a2*(FC = 0.2%), a2*(FC = 0.8%) = 2.3
a2*(FC = 0.2%).

(3) Under the fixed cell pressure and FC, the parameter a2 increased with the increase
in FL. Therefore, taking the parameter a2 at FL = 4 mm as the basic value, a2*(FL =
8 mm) = 1.6 a2*(FL = 4 mm), a2*(FL = 12 mm) = 2.3 a2*(FL = 4 mm), a2*(FL = 16 mm) =
3.0 a2*(FL = 4 mm).

Figure 7. Fitting of the test results under 50 kPa cell pressure: (a) FL = 4 mm; (b) FL = 8 mm;
(c) FL = 12 mm; (d) FL = 16 mm.

Table 4. Model parameters under 50 kPa cell pressure.

σ3 (kPa) FL (mm) FC (%) a b R2 a1 a2 a1* a2*

50 4 0.2 0.02826 0.00710 0.99552 0.02826 0.00284 0.02000 0.00284
4 0.4 0.02711 0.00612 0.99023 0.02711 0.00490 0.00483
4 0.6 0.03092 0.00420 0.98458 0.03092 0.00504 0.00540
4 0.8 0.02268 0.00408 0.99536 0.02268 0.00653 0.00653
8 0.2 0.02560 0.00556 0.99589 0.0256 0.00445 0.00454
8 0.4 0.02143 0.00496 0.99490 0.02143 0.00794 0.00772
8 0.6 0.02501 0.00357 0.98213 0.02501 0.00857 0.00863
8 0.8 0.01806 0.00344 0.99444 0.01806 0.01101 0.01045

12 0.2 0.02279 0.00544 0.99802 0.02279 0.00653 0.00653
12 0.4 0.01540 0.00485 0.99923 0.0154 0.01164 0.01110
12 0.6 0.01887 0.00358 0.99739 0.01887 0.01289 0.01241
12 0.8 0.01129 0.00359 0.99877 0.01129 0.01723 0.01502
16 0.2 0.01893 0.00550 0.99693 0.01893 0.00880 0.00852
16 0.4 0.01177 0.00495 0.99875 0.01177 0.01584 0.01448
16 0.6 0.01718 0.00350 0.99753 0.01718 0.01680 0.01619
16 0.8 0.01236 0.00340 0.99909 0.01236 0.02176 0.01960



Appl. Sci. 2022, 12, 9744 10 of 13

The estimated values of the parameters a1* and a2* were obtained using the above
calculation method and as shown in Table 4. It can be observed that for the fiber-reinforced
loess under fixed cell pressure, the model parameters can be obtained from one basic test
data set (FL = 4 mm, FC = 0.2%) using regression analysis, and subsequently the other
model parameters can be calculated using the above calculation method. In other words,
15 groups of test data can be deduced from one basic test data set (FL = 4 mm, FC = 0.2%),
which is convenient as it saves a lot of test time.

4.3. Model Validation

In order to verify the reliability of the established model, the above calculation method
was also used on the test data of 25 kPa and 100 kPa cell pressure, and the results are shown
in Table 5. Taking the estimated values of a1* and a2* into Equation (4), the deviatoric stress
can be calculated corresponding to the axial strain. Figures 8–10 show the comparison
between the measured and predicted results of basalt-fiber-reinforced loess under 25,
50, and 100 kPa. It can be concluded that the experimental results agree well with the
predicted results, which verified the reliability of the established model and indicated that
the hyperbolic model and parameter estimation method are suitable for describing the
stress–strain relationship of basalt-fiber-reinforced loess.

Table 5. Model parameters under 25 and 100 kPa cell pressures.

σ3 (kPa) FL (mm) FC (%) a b R2 a1 a2 a1* a2*

25 4 0.2 0.03927 0.01053 0.99754 0.03927 0.00211 0.02000 0.00223
4 0.4 0.03898 0.00917 0.99457 0.03898 0.00367 0.00379
4 0.6 0.02589 0.00709 0.99470 0.02589 0.00425 0.00424
4 0.8 0.02514 0.00644 0.99615 0.02514 0.00515 0.00513
8 0.2 0.03189 0.00875 0.99547 0.03189 0.00350 0.00357
8 0.4 0.01930 0.00759 0.99930 0.01930 0.00607 0.00607
8 0.6 0.02004 0.00573 0.99777 0.02004 0.00688 0.00679
8 0.8 0.02026 0.00529 0.99650 0.02026 0.00846 0.00821

12 0.2 0.02901 0.00833 0.99709 0.02901 0.00500 0.00513
12 0.4 0.02629 0.00700 0.99603 0.02629 0.00840 0.00873
12 0.6 0.02444 0.00530 0.99589 0.02444 0.00954 0.00975
12 0.8 0.02093 0.00521 0.99380 0.02093 0.01250 0.01181
16 0.2 0.02215 0.00840 0.99843 0.02215 0.00672 0.00670
16 0.4 0.01967 0.00730 0.99686 0.01967 0.01168 0.01138
16 0.6 0.02427 0.00528 0.99791 0.02427 0.01267 0.01272
16 0.8 0.00832 0.00551 0.99922 0.00832 0.01763 0.01540

100 4 0.2 0.02279 0.00346 0.99023 0.02279 0.00277 0.02000 0.00274
4 0.4 0.02243 0.00281 0.99555 0.02243 0.00450 0.00465
4 0.6 0.01695 0.00239 0.99284 0.01695 0.00574 0.00520
4 0.8 0.01138 0.00250 0.99491 0.01138 0.00800 0.00629
8 0.2 0.01664 0.00296 0.99531 0.01664 0.00474 0.00438
8 0.4 0.01711 0.00255 0.99029 0.01711 0.00816 0.00744
8 0.6 0.01312 0.00215 0.99057 0.01312 0.01032 0.00832
8 0.8 0.01094 0.00209 0.99444 0.01094 0.01338 0.01007

12 0.2 0.01754 0.00277 0.99419 0.01754 0.00665 0.00629
12 0.4 0.01677 0.00244 0.99238 0.01677 0.01171 0.01070
12 0.6 0.01277 0.00211 0.99493 0.01277 0.01519 0.01196
12 0.8 0.01062 0.00203 0.99444 0.01062 0.01949 0.01447
16 0.2 0.02115 0.00262 0.98878 0.02115 0.00838 0.00821
16 0.4 0.01227 0.00272 0.99498 0.01227 0.01741 0.01395
16 0.6 0.01115 0.00213 0.99444 0.01115 0.02045 0.01560
16 0.8 0.01050 0.00200 0.99444 0.01050 0.02560 0.01888



Appl. Sci. 2022, 12, 9744 11 of 13

Figure 8. Results comparison between measured and predicted results under 25 kPa cell pressure:
(a) FL = 4 mm; (b) FL = 8 mm; (c) FL = 12 mm; (d) FL = 16 mm.

Figure 9. Results comparison between measured and predicted results under 50 kPa cell pressure:
(a) FL = 4 mm; (b) FL = 8 mm; (c) FL = 12 mm; (d) FL = 16 mm.
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Figure 10. Results comparison between measured and predicted results under 100 kPa cell pressure:
(a) FL = 4 mm; (b) FL = 8 mm; (c) FL = 12 mm; (d) FL = 16 mm.

5. Conclusions

Based on the consolidated untrained triaxial tests, the effects of fiber length, fiber
content and cell pressure on the strength of basalt-fiber-reinforced loess were analyzed. A
constitutive model for the reinforced soil was established to consider the effects of fiber
content, fiber length and cell pressure, and an estimation method for the model parameters
was proposed. The main conclusions can be drawn as follows:

(1) The stress–strain curve of the unreinforced soil exhibited strain-softening, while that
of reinforced soil showed strain-hardening. The peak strength of the fiber-reinforced
soil was significantly higher than that of the unreinforced soil and increased with the
increase in fiber content.

(2) The peak strength of fiber-reinforced soil gradually increased with the increase in
fiber length, and the peak strength of 12 and 16 mm fiber lengths increased slightly
than the 8 mm fiber length.

(3) The peak strength of the fiber-reinforced soil increased with the increase in cell
pressure. When the fiber length was 16 mm and the fiber content was 0.6%, the peak
strength reached 158.01, 229.67, and 380.31 kPa under 25, 50, and 100 kPa cell pressure,
respectively.

(4) Soil particles had anchoring effect on fibers, and fibers had a bridging effect on soil
particles. The anchoring effect and bridging effect improved the cohesion and friction
of the reinforced soil.

(5) The experimental results agreed well with the predicted results, indicating that the
established model and the parameter estimation method are suitable for describing
the constitutive relationship of basalt-fiber-reinforced loess.
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