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Silty clay can be found in the alpine region of the Qinghai province, China, where it is subject to annual freeze-thaw cycles. To
investigate the static mechanical properties of silty clay modified by basalt fiber and basalt powder under the action of freeze-
thaw cycles, triaxial compression tests and scanning electron microscope tests were conducted on the soil. The test results
revealed that varying the number of freeze-thaw cycles resulted to different effects on the soil mechanical strength, which
tended to increase after 2 cycles, but then tended to decline when subjected to 5–10 cycles. After 20 freeze-thaw cycles, soil
strength reached a dynamic equilibrium state. The shear strength of basalt fiber soil and basalt powder soil increased by 7.55%
and 5.12%, respectively, compared with that of normal soil under 30 freeze-thaw cycles. Subsequently increasing of the number
of freeze-thaw cycles differentially affected the cohesion and internal friction angle of normal soil and admixture soils, and
these soils gradually tended to stabilize at a mechanical strength higher than the initial value. Basalt fibers reinforced the soil to
a higher degree than basalt powder at a dosage of 0.4% based on dry soil mass. The stress-strain curves of the three soil types
can be simulated using the hyperbolic model. The results of the study can provide some theoretical reference for practical
engineering in seasonal frozen soil areas.

1. Introduction

Rapid global warming is severely degrading permafrost at a
worldwide scale, turning permafrost into seasonally frozen
soil gradually. China has the third largest amount of perma-
frost in the world, in which the percentage of permafrost in
the Qinghai-Tibet Plateau region is relatively large. In recent
years, due to the needs of national development, many
places rarely visited by people before began to be developed,
especially that the development of transportation has accel-
erated the degradation of permafrost. On the one hand, the
construction of roads, railroads, and other transportation
projects affects the original state of the natural environment;

on the other hand, the change of the road environment will
also affect the normal use of engineering buildings.

The seasonal frozen soil and reinforced soil problem has
been carried out by many scholars, for example, the strength
of the soil after freeze-thaw cycles, the effect of different
freeze-thaw cycles on the soil, and the modification method.
To study the undrained strength of clay, Fabian and Fourie
[1] added geotextiles with different permeability coefficients
to silty clay, finding that the geotextile reinforcement material
with high permeability had better effect on soil strength. Sim-
ilar reinforcement experiments on sandy soils revealed that
incorporating fibers can increase the strength of soil [2].
Others have found that polypropylene fiber can substantially
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bolster soil reinforcement [3–8]. Hejazi et al. [9] reviewed
the history, benefits, applications, and possible problems
that may arise from using different types of natural or syn-
thetic fibers in soil reinforcement. This meta-analysis sup-
ports the overarching idea that the strength and stiffness
of admixture soils are improved by fiber. Geotextile layers
reinforcing soils were further found to reduce the effects of
freeze-thaw cycles on changes of soil cohesion and resilient
modulus [10]. Other studies have tested the use of additives
including waste materials such as lime and rice husk ashes
to improve the geotechnical properties of an expansive clay
soil subject to freeze-thaw effect, finding that the effects on
soil behavior were positive [11]. Using polymer stabilization
to create a new nanocomposite material with clay soil has
been found to effectively stabilize slopes and road embank-
ments [12, 13]. Delinière et al. [14] deal with the character-
ization of five ready-mixed clay plasters from French
brickworks using the recent German standard. Basalt, glass,
and steel fibers have been added to fine-grained soils to
improve thermal conductivity, producing close matches
between the values estimated by a statistical-physical
model [15].

Innocent Kafodya and Okonta [16] investigated the syn-
ergic effects of precompression and fiber inclusions on the
mechanical behavior of lime fly ash-stabilized soil, finding
that the optimum strength of 3.5MPa was generated from
unprecompressed specimens at a 0.75% fiber content.
Others examining the reuse of waste tire textile fibers
(WTTF) to reinforce soils suggest that WTTF improve all
strength and ductility parameters of sandy soil [17]. Soil
samples reinforced with tire rubber fiber exhibited decreas-
ing liquid limits, dry density, swell potentials, and swelling
pressure as tire rubber fiber content and cement increase
[18]. The addition of nanocalcium carbonate as a stabilizing
nanoparticle and carpet waste fibers as a reinforcement
agent to clayey soils reduced their liquid limit and increases
its plastic limit [19]. Other studies investigating the effect of
silica fume and polypropylene fiber modification on the
strength and freeze-thaw behavior of lime-stabilized kaolin-
ite clay have found that these reinforced clays can be an eco-
nomic and environmentally friendly alternative in soil
stabilization projects [20]. Based on results of Tanzadeh
et al. [21], the optimal weight percentages for lime powder
and lime nanoparticles were approximately 4 and 1, respec-
tively, when they were combined with clay. The swelling
pressure, expansion percentage, and time rate of swell
decrease, whereas the unconfined compressive strength
(UCS) increases with the addition of expanded polystyrene
(EPS) to soils [22]. Silica fume (SF) and polypropylene
(PP) have been shown to be effective at reinforcing soils
and show promise in environmentally friendly road work
applications [23]. Almajed et al. [24] investigated the opti-
mal levels of reinforcement fiber length (FL), fiber dosage
(FD), and curing time (CT) for geotechnical parameters of
stabilized soil and pointed optimal values of these indicators.

The above studies illustrate that most of the tests have
focused on the effects of adding a single reinforcing mate-
rial to the soil; far fewer examine the addition of multiple
different materials or compare their effects under identical

test conditions. Modifications under freeze-thaw cycling
conditions are also rare. For example, fiber additions focus
almost solely on polypropylene fiber and the research on
other fiber materials is still lacking. Experimental research
on the effects of freeze-thaw cycle conditions on these mod-
ified materials is even scarcer. Furthermore, existing studies
largely ignore the effects of diurnal temperature differences,
differences in quarterly average temperatures, and the num-
ber of freeze-thaw cycles on the soil in alpine regions. To
address the above issues, this paper will investigate the
static mechanical properties and microstructure change
characteristics of the soil after incorporating basalt fiber
and basalt powder under different numbers of freeze-thaw
cycles by triaxial compression test and scanning electron
microscope test.

2. Test Materials and Protocol

2.1. Sampling Location. The test sampling site is the Jingyan-
gling section of the Bianmen Expressway. The route, which
runs northwest to southeast, starts near the maintenance
boundary of Qing-Gan Highway in Biandukou and connects
with the Zhangye-Biandukou Expressway planned by Gansu
province, which belongs to seasonal frozen regions. Soil was
collected from extraction pile number K42+650, in Qinghai
Haibei Tibetan Autonomous Prefecture. After a series of
physical properties tests, the soil was classified as silty clay
(Figure 1; Table 1; Highway Geotechnical Test Procedure
JTG 3430-2020).

2.2. Modified Materials. Basalt fiber has the characteristics of
green environmental protection, and basalt powder has large
reserves, strong hardness, and easy to obtain. In this experi-
ment, basalt fiber and basalt power were added to the silty
clay to modify it. The physical and chemical parameters of
these substances are shown in Tables 2 and 3.

The morphology of the two modified materials is shown
in Figure 2.

2.3. Soil Sample Preparation. The test soil sample was col-
lected in an 80mm × 39:1mm (height × diameter) cylinder.
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Figure 1: Particle gradation curve of the soil used in the test.
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Table 1: Physical properties of soil samples.

Natural moisture
content w (%)

Plastic limit wp (%) Liquid limit wL (%) Plasticity index Ip
Maximum dry

density ρdmax (g/cm
3)

Optimal moisture
content wop (%)

11.72 16.1 22.3 6.2 2.05 10.20

Table 2: Physical and chemical parameters of basalt fibers.

Fiber type
Density
(g·m−3)

Length
(mm)

Monofilament
diameter (μm)

Tensile strength
(MPa)

Operating
temperature (°C)

Acid and alkali
resistance

Dispersion

Filamentous 2.64 9 15 3800-4800 -260~650 Strong Better

Table 3: Composition of basalt powder.

Element content (K[AlSi3O8]) (MaCO3) (XY(Si, Al)2O6) (Mg, Fe)2[SiO4]

Powder (<0.075mm) 67.40% 1.70% 19.70% 11.20%

(a) Basalt fiber (b) Basalt powder

Figure 2: Modified materials.

(a) Pressure chamber (b) Control system

Figure 3: Triaxial test system.
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Before preparing the sample, the soil was sieved through a
2mm sieve and dried in an oven for at least 8 hours. It
was then cooled to room temperature and mixed with
0.4% by mass basalt fiber and 0.4% by mass basalt powder.
This mixture was sprayed with distilled water and kept in
an airtight environment for 24 hours. Finally, the sample
was prepared in five layers by the stratified sample prepara-
tion method, i.e., the soil samples were divided into five
layers and compacted.

2.4. Test Program. The soil samples were subject to an
unconsolidated and undrained conventional triaxial test

conducted using a servo motor-controlled dynamic triaxial
test system (Figure 3) DYNTTS (GDS Instruments, UK).
The shear rate was set at 0.8mm/min, and the test was
stopped when the axial strain reached 20% of the soil sam-
ple. Three soil sample replicates were prepared for each
experimental condition and put into the freeze-thaw cycle
system. The time of each sample under freeze-thaw cycles
was recorded; it was taken out when the number of freeze-
thaw cycles reached a predetermined value. Samples were
immediately tested at the confining pressure of 100 kPa,
200 kPa, and 300 kPa. The specific test program is as follows
(Table 4).

Table 4: Test program.

Fiber length Lf (mm)
Basalt powder diameter

Df (mm)
Material content

Cf (%)
Moisture content

w (%)
Freeze-thaw
cycles (time)

Confining pressure
σc (kPa)

9 0.075 0 0.2 0.4 0.6 10.20 0 2 5 10 20 30 100 200 300
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Figure 4: Stress-strain curve of normal soil.
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3. Test Results and Discussion

3.1. Stress-Strain Curve

3.1.1. Stress-Strain Curve of Normal Soil. The stress-strain
curve of the normal soil shows a weak strain softening type
under low confining pressure (100 kPa), which gradually
changes to a strain hardening type as the confining pressure
increases (Figure 4). This results from circumferential com-
pressive stress induced by confining pressure on the cylin-
drical soil specimen. Higher confining pressure increases
the force exerted on the samples, reducing the development
of weak sliding surfaces. As the number of freeze-thaw cycles
increases, the strength of the soil changes as a result of being
subject to different confining pressures. After 5 freeze-thaw
cycles, the stress-strain curve of the soil is generally located
in the lower position, which indicates that the response of
the soil specimen to about 5 freeze-thaw cycles is more pos-
itive. At this time, the soil is in a sensitive state due to the
continuous alternating phase change of water-ice, which

destabilizes the internal soil particles as a result of the con-
tinuous development and degradation of the cold-born
structure. After 20 freeze-thaw cycles, the internal structure
of the soil reaches a state of dynamic equilibrium, i.e., the
distribution of the structure generated by freezing in the soil
sample starts to stabilize and does not change significantly
due to the increase in the number of freeze-thaw cycles,
which is manifested in the macroscopic aspect as the
strength of the soil gradually stabilizes.

3.1.2. Stress-Strain Curve of Basalt Fiber Soil. Basalt fiber soil
(BF soil) behaves under confining pressure in a similar way
to normal soil (Figure 5), indicating that the fundamental
reason for determining the strength of the soil lies in the soil
itself. The stress-strain curves of BF soil have obvious peaks
in the range of 2.5%–5% at 100 kPa, and the peaks of curve
are characterized by a forward shift with increasing numbers
of freeze-thaw cycles. This is due to changes in the internal
structure of the soil that accelerate the response of the soil
to external loads resulting in an earlier peak. The spacing
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Figure 5: Stress-strain curve of basalt fiber soil.
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between stress-strain curves for different numbers of freeze-
thaw cycles decreases with increasing confining pressure, as
the interactions between the fibers’ tensile action and the soil
particles become more synergistic, thereby, weakening the
effect of the freeze-thaw cycles on the internal structural of
the soil. The stress-strain curves after 5 freeze-thaw cycles
also appear in the lower position, which is consistent with
the performance of the normal soil (Figure 5).

3.1.3. Stress-Strain Curve of Basalt Powder Soil. The stress-
strain curves of the basalt powder soil (BP soil) are similar
to those of both normal soil and BF soil (Figure 6). The
stress-strain curves for 5 freeze-thaw cycles are similar when
the confining pressure is 100 kPa and 200 kPa, while the
stress-strain curve for 5 freeze-thaw cycles under 300 kPa
confining pressure is slightly different, i.e., the soil strength
increased compared with 0 times. However, the curve
remains located primarily in the lower part of the curve,
indicating that the state of the BP soil after about 5 freeze-
thaw cycles is similar to that of the normal soil, (i.e., the

strength of BP soil was lower than that of 2 freeze-thaw
cycles). The stress-strain curve distribution of BP soil under
200 kPa confining pressure is similar to that of BF soil under
300 kPa confining pressure. The final strength tends to a
similar value for different numbers of freeze-thaw cycles,
which is different from the state of BF soil under 200 kPa
confining pressure. It is because the filling effect of basalt
powder comes into play earlier than basalt fiber to stabilize
the soil, leading to an earlier convergence of the curves.

3.2. Shear Strength. The shear strength of BF and BP soil is
higher than that of the normal soil under all pressure condi-
tions, suggesting the effectiveness of the modified materials
(Figure 7). Basalt fiber and basalt powder improve the shear
strength of the soil. Under the 100 kPa and 200 kPa confin-
ing pressure, the strength of the three soil types initially
improved after 2 freeze-thaw cycles but then decreased after
5 freeze-thaw cycles. After 10 cycles, the shear strength of all
soil types began increasing with additional cycles and gradu-
ally stabilized after 20 cycles. This phenomenon occurs
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Figure 6: Stress-strain curve of basalt powder soil.
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because the internal structure of the soils gradually stabilized
finally. After 30 freeze-thaw cycles, the shear strength of
basalt fiber soil and basalt powder soil increased by 7.55%
and 5.12%, respectively, compared with normal soil.

The initial enhancement in shear strength is likely due to
the water-ice phase change compacting internal soil parti-
cles, that is, the development of the ice squeezes the soil par-
ticles and makes the soil denser. Between 2 and 10 freeze-
thaw cycles, the internal structure of the soil starts to change
structurally due to the phase change; as the number of
freeze-thaw cycles reaches 5, the soil becomes more sensitive
to external load and the structural changes within the soil
are most drastic. This occurs because the first few cycles pro-
duced more pores in the soil, reducing overall soil stability.
At 10–20 cycles, the shear strength of the soil begins to rise
again, as the number of freeze-thaw cycles produces the
weathering-like effect on the soil, filling the loose pore struc-
ture with the fractured material. Simultaneously, the cold-
born structure squeezed the fractured soil. The strength does

not increase because the freeze-thaw cycle produces only a
limited weathering effect that does not break or change the
structure of the small particles inside the soil. The shear
strength of the soil at 300 kPa is similar to that described
above, with the only difference being that the shear strength
of the soil reaches its lowest point at about 10 freeze-thaw
cycles (instead of 5) due to the high confining pressure
retarding the stress response of the soil, that is, at about 10
cycles, the weathering effect inside the soil decreases due to
the increase of the confining pressure.

3.3. Specimen Failure Characteristics. The main damage to
the samples after testing is compression of two ends and
bulging in the middle (drum like), within wave-breaking or
petal-like indentations appearing in the bulging area
(Figure 8(b)). Sometimes, after low confining pressure, the
damage appears cut like. The damage form of BF and BP
soils is predominantly drum like suggesting that soil stability
is improved after adding these two reinforcing materials.
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Figure 7: Shear strength.
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3.4. Shear Strength Index. The cohesion and internal friction
angle of the soil samples are influenced by the number of
freeze-thaw cycles (Figure 9). The cohesion of BF and BP
soils was substantially increased compared to normal soil
under 0 freeze-thaw cycles, although the cohesion decreases
after 2 freeze-thaw cycles. On the other hand, the cohesion
of normal soil increased after 2 cycles because the presence
of admixtures weakens the extrusion effect of cold-born
structures in the soil. After 5 freeze-thaw cycles, the cohesion

of all three soils was less than that at 2 cycles, a result of the
pore space inside the soil becoming larger. After 20 freeze-
thaw cycles, the cohesion of all three soils gradually stabi-
lized. By 30 freeze-thaw cycles, the cohesive forces of the
normal, BF, and BP soils increased by 229.91%, 28.12%,
and 4.45%, respectively, compared with the soils that did
not experience the freeze-thaw cycles.

The internal friction angle of admixture soil is smaller
than that of normal soil when not experiencing freeze-thaw

(a) Original shape (b) Drum-like

(c) Cut-like

Figure 8: Destruction form.
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action (Figure 9). After being subjected to freeze-thaw cycles,
the internal friction angle of the BF and BP soils both
increase up to 5 freeze-thaw cycles, after which the internal
friction angle starts to decrease and eventually becomes
dynamically stable. The internal friction angle of the normal
soil also gradually decreased and then stabilized after 20
freeze-thaw cycles. Overall, however, the internal friction
angle of the normal soil did not change substantially after

repeated freezing and thawing, while the internal friction
angles of BF and BP soil increased by 11.91% and 15.21%
after 30 cycles, respectively.

4. Microstructural Analysis

Scanning electron microscope (SEM) test results revealed that
the fiber damage was primarily in the form of tensile fracture

(a) Tensile fracture (b) Compression fracture (c) Soil attachment

(d) Random distribution (e) Fiber interlacing (f) Embedded in soil

Figure 10: Detail of fiber.
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and compressive fracture (Figure 10). (Figure 10(a)) shows
that the oblique section of the tensile fiber fracture is smooth
and has a shear surface and this phenomenon occurs because
the fibers mixed in the soil were subjected to tensile forces
generated by external loads. (Figure 10(b)) shows the fiber

split by compression damage, where the cross-section is
vertical and rough, and traces of pressure can be seen at the
end of the fiber, which was because the soil particles squeeze
the fibers and cause them to undergo lateral shear.
(Figure 10(c)) shows the soil particles attached to the fiber
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end, with the soil particles and fibers showing the character-
istics of linear contact and surface contact. (Figures 10(d) and
10(f)) show the randomly distribution of fibers embedded in
the soil, where the fibers are interlaced with each other,
enhancing the macroscopic strength of the soil.

In order to study the effect of basalt powder on the
microscopic level of the soil, SEM and energy dispersive
spectroscopy (EDS) tests of BP soil had been done in this
paper. SEM results show that the surface of basalt powder
particles is relatively rough and basalt powder is difficult to
distinguish after mixing into the soil (Figure 11). EDS tests
show that the elemental contents of K, Al, Si, O, Ma, and
Fe of the soil were enhanced after mixing with basalt pow-
der, which is basically consistent with the composition table
of basalt powder described in the previous paper (Table 3).

5. Stress-Strain Mathematical Model

The hyperbolic model was used to fit the stress-strain curves
of the three soils under 300 kPa confining pressure [25],
written as

σ1 − σ3 =
ε1

a + bε1
, ð1Þ

where a and b are the test constants, whose values can be
obtained from the test results plotted by straight line.

After mathematical transformation, the above formula
can also be represented as

ε1
σ1 − σ3

= a + bε1: ð2Þ

Taking ε1 as the abscissa and ε1/ðσ1 − σ3Þ as the ordinate,
the following results are obtained (Figure 12).

According to the fitted data, the overall slope of the fitted
line is as follows: normal soil is greater than BF soil and BF
soil is greater than BP soil. Overall, the model fits well.

6. Conclusion

(1) After 30 freeze-thaw cycles, the mechanical strength
of silty clay generally tended to increase and the
shear strength of basalt fiber soil and basalt powder
soil increased by 7.55% and 5.12%, respectively,
compared with normal soil. The reinforcing effect
of basalt fiber on this increase was generally better
than that of basalt powder at the same dosing level
of 0.4% by mass

(2) Different numbers of freeze-thaw cycles have differ-
ent effects on soil. After 2 freeze-thaw cycles, the soil
strength improves, while strength subsequently
decreases after 5–10 cycles, but reaches a dynamic
equilibrium state higher than the initial level after
20 freeze-thaw cycles

(3) With the increase of the number of freeze-thaw
cycles, the cohesion and internal friction angles of
normal vs. admixture soils differed. Cohesion ini-

tially decreased after 5 freeze-thaw cycles but tended
to gradually increase and stabilize at higher than ini-
tial values as the number of freeze-thaw cycles
increased further. Up to 5 freeze-thaw cycles initially
increased the internal friction angle of the admixture
soils, but the internal friction angle of the normal
soil decreased over up to 10 cycles. However, subse-
quent freeze-thaw cycles tended to stabilize the
internal friction angle of all three soil types at the
same value

(4) The strength of BF soil is improved after being sub-
ject to 30 of freeze-thaw cycles due to the interaction
between the frictional force generated by the inter-
locking of fibers and the frictional force generated
by the soil attached to the fibers. The strength of
BP soil is improved after repeated freezing and thaw-
ing because of the combined effect of mechanical bite
force and frictional force caused by the rough and
uneven surface of basalt powder and the filling of
some debris into the soil pores

(5) The stress-strain curves of the three soil types can be
simulated using the hyperbolic model. When data
are fitted to this model, normal soil exhibited the
largest slope, followed by BF and then BP soil
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