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Abstract.

Natural fiber reinforcement effectively mitigates strength degradation in soils subjected to freeze-thaw cycles.

Although natural fiber-soil interfacial strength plays a crucial role in controlling the behavior of fiber-reinforced frozen soils, the
mechanisms underlying its evolution under freeze-thaw conditions are not yet fully understood. This study investigates straw
fiber-soil interfacial strength using fiber pull-out tests, scanning electron microscopy tests, and nuclear magnetic resonance tests
conducted after 0, 1, 3, 5, 10, 15, and 20 freeze-thaw cycles. The results show that interfacial strength decreases exponentially as
the number of freeze-thaw cycles increases. This reduction is more pronounced at higher water contents or greater dry densities,
primarily due to its positive correlation with pore development induced by freeze-thaw processes. Additionally, a calculation
method is proposed for determining the critical straw fiber length in fiber-reinforced frozen soils, providing theoretical guidance

for engineering applications in cold regions.
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1. Introduction

In northern China, soils are frequently exposed to
freeze-thaw cycles due to pronounced seasonal and diurnal
temperature variations (Bo et al. 2021, Yang et al. 2024).
These cycles progressively degrade the mechanical
properties of soils, resulting in a significant reduction in
strength. Such deterioration poses a serious risk to the
safety and long-term stability of geotechnical structures in
the region, often manifesting as foundation settlement,
slope failure, and pavement damage (Tang et al. 2020,
Cheng et al. 2021, Bo et al. 2021, Yu et al. 2025).
Therefore, it is essential to investigate and develop effective
techniques to improve the geotechnical behavior of soils
subjected to freeze-thaw conditions.

Fiber reinforcement, through the incorporation of
synthetic fibers such as steel, carbon, and polypropylene
fibers, has proven effective in enhancing the engineering
properties of frozen soils (Kravchenko et al. 2019, Ali et al.
2020, Kumar et al. 2020, Kakroudi et al. 2024, Bozyigit
2025). A range of laboratory investigations, including
unconfined compressive strength, direct shear, tensile, and
CBR tests, have consistently demonstrated that fiber
inclusion not only mitigates strength loss but also improves
the ductility of frozen soils (Orakoglu and Liu 2017, Li et
al. 2018, Bahrami and Marandi 2020, Yan et al. 2021,
Vakili et al. 2022, Oulapour et al. 2025). Compared with
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synthetic fibers, natural fibers, such as jute, bagasse, coir,
and chicken quill fibers, offer advantages including low
cost, environmental sustainability, and wide availability.
Several studies have investigated the reinforcement of
frozen soils using these natural fibers, reporting significant
improvements in both strength and ductility under freeze-
thaw conditions relative to untreated soils (Giilli and
Khudir 2014, Dang et al. 2016, Zaimoglu et al. 2016, Liu et
al. 2020). However, the underlying reinforcing mechanisms
of natural fibers in frozen soils remain insufficiently
understood.

Among the various factors influencing the reinforcing
mechanisms, the interfacial interaction between the fiber
and surrounding soil is considered critical (Hejazi et al.
2012, Zhu et al. 2014, Yu et al. 2025). Of the various
experimental methods available, the single-fiber pull-out
test is the most widely used for evaluating interfacial
behavior due to its simplicity and broad applicability
(Toufigh et al. 2014, Monazami and Gupta 2022).
Extensive research has been conducted to investigate
factors influencing interfacial behavior, including fiber
shape (Tang et al. 2016, Vincenzini et al. 2021), fiber
surface roughness (Singh et al. 2004, Yao et al. 2024), fiber
embedment length (Shannag er al. 1997, Singh et al. 2004,
Li et al. 2018), loading rate (Ji et al. 2018), soil water
content (Tang et al. 2010, Kafodya and Okonta 2021), and
soil dry density (Tang et al. 2010, Vincenzini et al. 2021).
In particular, fiber embedment length has been a subject of
extensive research. Numerous pull-out tests have shown
that embedment length significantly affects both the
interfacial shear area and the debonding-slip process (Lee et
al. 2010, Sun et al. 2024). Liu et al. (2020) reported that
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Table 1 Physical and mechanical properties of the tested soil

Liquid ~ Plastic Maximum dry Optimum water . .~ Angle of Particle size distribution (mm)
limit limit density content internal friction  <0.005 0.005-0.075 >0.075
30.2% 17.2% 1.73 g/lcm3 18.2% 18.0 kPa 24.2° 21.7% 76.5% 1.8%

Table 2 Physical and mechanical properties of the cotton straw fiber

Length  Average diameter Unit weight  Elongation at break Tensile strength Modulus of elasticity
100 mm 0.1 mm 1.53 g/cm? 6.2-7.8 % 102.5 MPa 4860 MPa
I T
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(b) Schematic of the single-fiber pull-out test apparatus
Fig. 1. Single-fiber pull-out test
although embedment length influences the load- summarized in Table 1. The maximum dry density and

displacement curves in single-fiber pull-out tests, it has
little effect on the interfacial peak or residual strength.
Consistently, Singh et al. (2004) found that while the peak
pull-out load increases roughly linearly with embedment
length, the interfacial shear strength does not vary
significantly across different lengths. Nevertheless, studies
specifically addressing the mechanical behavior of the
fiber-soil interface under freeze-thaw conditions remain
limited.

This study investigated the strength characteristics of the
straw fiber-soil interface under freeze-thaw cycles. Single-
fiber pull-out tests were conducted to evaluate interfacial
strength, and changes in interfacial properties were further
analyzed using scanning electron microscopy (SEM) and
nuclear magnetic resonance (NMR) tests. In addition, a
method for calculating the critical straw fiber length in
fiber-reinforced frozen soil was proposed. The findings of
this study provide theoretical support for the engineering
design of straw fiber-reinforced soil in cold regions.

2. Materials and methods

2.1 Materials

The soil used in this study was collected from a
construction site in Dongtai, Jiangsu Province, China. After

collection, it was air-dried and passed through a 2 mm
mesh. Its physical and mechanical properties are

optimum water content are 1.73 g/cm® and 18.2%,
respectively. Cotton straw fiber, an agricultural by-product,
was used as the reinforcing material. Its physical and
mechanical properties, as provided by the manufacturer, are
listed in Table 2. The fiber has a density of 1.53 g/cm? and a
tensile strength of 102.5 MPa.

2.2 Fiber pull-out tests

This study determines the strength parameters of the
fiber-soil interface, including the interfacial peak strength,
cohesion, and friction angle, through single-fiber pull-out
tests. In contrast, conventional direct shear or triaxial tests
assess the macroscopic shear strength of fiber-reinforced
soil. It is important to emphasize that the macroscopic
strength of fiber-reinforced soil is largely governed by the
properties of the fiber-soil interface. Therefore, the
interfacial strength parameters obtained in this study
primarily reflect the mechanical behavior at the mesoscopic
scale and provide a mechanistic basis for interpreting the
macroscopic shear behavior of fiber-reinforced soil, thereby
contributing to a better understanding of its overall
mechanical performance. Table 3 outlines the experimental
design for the fiber pull-out tests. Tests were conducted at
four water contents (14.2%, 16.2%, 18.2%, and 20.2%) and
four dry densities (1.4, 1.5, 1.6, and 1.7 g/cm?®). The testing
procedure was as follows (Fig. 1(a)): First, dry soil was
mixed with water to achieve the target of a modified
portable low-pressure consolidation device, a sliding table
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Table 3 Experimental design for the fiber pull-out tests

Sample Water content Dry de”§ ity Vertical stress (kPa) Number of freeze-thaw cycles

no. (%) (g/cm3)

S1 18.2 1.7 0 0,1,35,10, 15,20
S2 18.2 1.7 50 0,1, 3510, 15,20
S3 18.2 1.7 100 0,135 10, 15,20
S4 18.2 1.7 150 0,135 10,1520
S5 14.2 1.7 0 0,1,3,5,10, 15, 20
S6 16.2 1.7 0 0,1,3,5,10, 15, 20
S7 20.2 1.7 0 0,1,35,10,15,20
S8 18.2 1.4 0 0,1,35,10,15,20
S9 18.2 15 0 0,135 10,1520
S10 18.2 1.6 0 0,135 10, 15,20

module driven by an electric motor, a force gauge, and a
dial gauge. The sample was placed in the consolidation
device, which allowed the application of vertical stresses of
0, 50, 100, and 150 kPa. The free end of the fiber was
connected to the force gauge using a custom-designed
clamp to ensure proper horizontal alignment. The pull-out
force was applied at a constant speed of 1 mm/min,
controlled by an electric motor mounted on the sliding
table. Throughout the test, the force gauge and dial gauge
continuously recorded the pull-out load and corresponding
displacement.

2.3 SEM and NMR tests

Microstructural observations were performed using
SEM. Samples were vacuum freeze-dried, sputter-coated
with a thin gold layer to improve electrical conductivity,
and mounted on the SEM stub. Imaging was carried out at
an accelerating voltage of 10 kV. In addition, the pore size
distribution was analyzed using NMR techniques. Samples
were first vacuum-saturated, after which the transverse
relaxation time (7>) distribution of the saturated samples
was measured. The pore structure of the sample is related to
the 7> distribution according to the following relationship
(Tian ef al. 2014)

R=2p,T, (1)

Where R is the pore radius and p, is the surface
relaxivity of the sample. In this study, the measured surface
relaxivity was p,=10 pum/s.

3. Test results
3.1 Effect of freeze-thaw cycles on pull-out behavior

Fig. 2 illustrates the pull-out load-displacement
responses of the samples subjected to different numbers of
freeze-thaw cycles under vertical stresses of 0, 50, 100, and
150 kPa. The pull-out behavior can be categorized into
three distinct stages. In the initial stage, the pull-out load
increased almost linearly with displacement, with no
relative movement occurring between the fiber and the

surrounding soil. The resistance during this stage primarily
resulted from interfacial cohesion and friction, while the
fiber underwent elastic deformation, accumulating strain
energy at the fiber-soil interface. In the second stage,
debonding at the interface began once the peak pull-out
load was reached. The release of stored strain energy caused
relative slippage and a sharp decrease in pull-out load. In
the final stage, as displacement continued, the pull-out load
stabilized at a lower residual level. This overall load-
displacement trend is consistent with findings reported by
Tang et al. (2010) and Zhu et al. (2014). Although the
number of freeze-thaw cycles and the magnitude of applied
vertical stress influence the peak pull-out load, the general
shape of the response curves remains largely unchanged,
indicating that these factors do not fundamentally alter the
underlying pull-out behavior.

As shown in Fig. 2(a), the peak pull-out loads for O, 1,
3,5, 10, 15, and 20 freeze-thaw cycles were approximately
1.58, 1.15, 1.00, 0.94, 0.90, 0.88, and 0.87 N, respectively,
with corresponding displacements of approximately 6.2,
6.0, 5.8, 5.8, 5.6, 5.4, and 5.0 mm. Both the peak load and
the associated displacement decrease gradually with an
increasing number of freeze-thaw cycles, indicating
progressive weakening of the fiber-soil interface. This
weakening suggests that repeated freeze-thaw cycles
increase the susceptibility of the interface to shear failure,
even under lower pull-out loads and reduced displacements.
Comparing Fig. 2(a) through Fig. 2(d), which correspond to
vertical stresses of 0, 50, 100, and 150 kPa, respectively, the
peak pull-out loads after 20 freeze-thaw cycles were 0.87,
0.96, 1.21, and 1.38 N. These values represented reductions
of 44.94%, 42.58%, 39.88%, and 38.57%, respectively,
relative to the peak values under the same vertical loads
without freeze-thaw cycles. These results demonstrate that
increasing vertical stress can partially mitigate the loss in
pull-out load induced by freeze-thaw cycling.

Based on Fig. 2, the interfacial peak strength (),
interfacial cohesion (c), and interfacial friction angle (¢) are
calculated using the following equations (Tang ef al. 2010,
Xu 2022)

7= @)
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Fig. 2 Pull-out load-displacement curves under freeze-thaw conditions
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Where Fnax is the peak pull-out load; d is the fiber
diameter; / is the fiber embedded length; ¢ is the vertical stress.
In Fig. 3, the interfacial cohesion corresponding to O, 1, 3, 5,
10, 15, and 20 freeze-thaw cycles was 78.87, 57.20, 49.22,
47.08, 43.92, 43.57, 43.31 kPa, respectively. A pronounced
reduction of 40.30% in interfacial cohesion was observed
within the first five freeze-thaw cycles. Between the 5th and
10th cycles, the interfacial cohesion further decreased by
6.71%, while from the 10th to the 20th cycle, the decrease was
limited to only 1.38%. These results indicate a trend of rapid
initial degradation, followed by a gradual reduction and
eventual stabilization. A similar trend is observed for the
interfacial friction angle with increasing freeze-thaw cycles. To
quantitatively describe this behavior, the following semi-
empirical equation is proposed

F.=F(a(e""-1)+1) &)

Where Fy is the value of a given parameter (e.g., interfacial
cohesion, interfacial friction angle, or interfacial strength) after
N freeze-thaw cycles; Fy is the corresponding value without
freeze-thaw cycles; N is the number of freeze-thaw cycles; a
and b are fitting parameters that characterize the shape of the
degradation curve. In this study, the fitting values of @ and b
were 0.43 and 1.11 for interfacial cohesion, and 0.25 and 4.40

for the interfacial friction angle, respectively. The high
coefficient of determination (R>>0.98) indicates that the
proposed equation provides an excellent fit to the experimental
data and reliably captures the relationship between the
variables. By fitting results from a limited number of freeze-
thaw cycles, the parameters in Eq. (4) can be determined,
enabling prediction of fiber-soil interfacial strength under
arbitrary numbers of cycles. Laboratory tests indicate that the
fiber-soil  interface  parameters undergo  pronounced
degradation during the initial freeze-thaw  cycles,
demonstrating the significant impact of initial freeze-thaw
cycles on the interface. While field conditions differ from
laboratory settings, with milder temperature fluctuations, lower
freeze-thaw intensity, and more complex soil boundary
conditions, these differences primarily influence the number of
cycles required for the interface parameters to reach their
residual values rather than altering the overall trend of gradual
deterioration followed by stabilization. Consequently,
laboratory studies offer a reliable basis for understanding the
degradation patterns of interface parameters in engineering
applications. The degradation models developed from
laboratory experiments can be used to estimate the evolution of
in situ interface properties, providing valuable guidance for
design. Moreover, since interface parameters tend to stabilize
after a limited number of cycles, these stabilized values can be
adopted as the design strength of the fiber-soil interface in
cold-region projects. This approach not only offers a more
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Fig. 3 Interfacial cohesion and friction angle under
freeze-thaw conditions

accurate representation of long-term structural performance but
also enhances the durability and safety of engineering works.

3.2 Effect of freeze-thaw cycles on interfacial strength
under varying water contents

Fig. 4(a) illustrates the fiber pull-out load-displacement
curves for samples with varying water contents, both before
and after freeze-thaw cycles. In the absence of freeze-thaw
cycling (0 cycles), increasing the water content from 14.2%
to 20.2% resulted in a significant decrease in the interfacial
peak load from 2.29 N to 0.69 N, a reduction of 69.86%.
After 20 freeze-thaw cycles, the same increase in water
content resulted in a reduction of the peak load from 1.79 N
to 0.42 N, a 76.54% decrease. These results demonstrate
that higher water content significantly weakens the pull-out
resistance at the fiber-soil interface, regardless of freeze-
thaw exposure. This weakening is primarily attributed to the
reduction in matric suction between the fiber surface and
soil particles as water content increases. The decrease in
capillary forces weakens the interfacial bond, lowering the
frictional resistance required for particle displacement
during pull-out. Moreover, excess water forms a thicker
water film at the interface, which acts as a lubricant and
further reduces frictional resistance, thereby weakening the
interfacial bond strength.

Fig. 4(b) illustrates the variation in fiber-soil interfacial
peak strength with increasing freeze-thaw cycles. For
samples with identical water content, the interfacial peak
strength exhibited an exponential decay with the number of
freeze-thaw cycles. This trend aligns with the observed
reductions in both interfacial cohesion and interfacial
friction angle (Fig. 3). The data are fitted using Eq. (4), and
all coefficients of determination (R?) exceed 0.96,
indicating a strong correlation between the proposed semi-
empirical equation and the test results. Prior to freeze-thaw
cycles, the interfacial peak strengths at water contents of
14.2%, 16.2%, 18.2%, and 20.2% were 121.26, 96.02,
81.42, and 35.91 kPa, respectively. After 20 freeze-thaw
cycles, the corresponding values decreased to 92.72, 59.97,
45.44, and 19.90 kPa, representing reductions of 23.54%,
37.54%, 44.19%, and 44.59%, respectively, relative to the
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initial strengths. These findings suggest that higher water
content significantly accelerates the deterioration of fiber-
soil interfacial peak strength under freeze-thaw conditions.

3.3 Effect of freeze-thaw cycles on interfacial strength
under varying dry densities

Fig. 5(a) presents the pull-out load-displacement curves
of samples with varying dry densities, both before and after
freeze-thaw cycles. Regardless of freeze-thaw cycles,
samples with higher dry densities consistently exhibited
greater pull-out loads compared to those with lower dry
densities, indicating an increase in the resistance required to
initiate interfacial failure. Furthermore, the displacement
corresponding to the peak pull-out load increased with dry
density, suggesting an enhanced deformation capacity prior
to failure. This improvement in interface behavior can be
attributed to the influence of dry density on the fiber-soil
interaction. Higher dry density reduces the internal void
ratio, resulting in increased effective contact between the
particles and the fiber surface. Moreover, the compaction
effort associated with higher dry densities may lead to
partial embedding of soil particles into the fiber surface,
promoting  mechanical interlocking and  further
strengthening the fiber-soil interfacial bond (Tang et al.
2016).
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Fig. 6 SEM images of fiber-soil interfaces subjected to freeze-thaw cycles

Fig. 5(b) illustrates the relationship between fiber-soil
interfacial peak strength and dry density under freeze-thaw
conditions. The interfacial peak strength decreased
exponentially with an increasing number of freeze-thaw
cycles. Prior to freeze-thaw cycles, the interfacial peak
strengths at dry densities of 1.4, 1.5, 1.6, and 1.7 g/cm?
were 32.25, 40.52, 55.17, and 81.42 kPa, respectively. After
20 freeze-thaw cycles, the corresponding values decreased
to 29.12, 33.35, 38.56, and 45.23 kPa, corresponding to
reductions of 9.71%, 17.69%, 30.11%, and 44.45%,
respectively, relative to the initial strengths. These findings
indicate that freeze-thaw cycling has a more pronounced
degrading effect on the interfacial peak strength of samples
with higher dry densities.

4. Discussion

4.1 |Interaction mechanism of fiber-soil interface
under freeze-thaw cycles

Fig. 6(a)-6(d) display SEM images of the sample S1
after 0, 5, 10, and 20 freeze-thaw cycles, respectively, at a
magnification of 500x. As shown in Fig. 6(a), prior to
freeze-thaw cycles, the fiber was tightly embedded within
the soil matrix, exhibiting a compact interface with minimal
voids. This close contact ensured strong interfacial bonding,
thereby providing high pull-out resistance during
mechanical testing. As freezing occurred, water at the fiber-
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soil interface froze and expanded, increasing the size of
interfacial pores, as illustrated in Fig. 6(b). Additionally,
thermal gradients generated during cyclic freezing and
thawing induced water migration and led to the
rearrangement of soil particles. These combined effects
progressively disrupted the initial compact configuration,
resulting in a looser interface, increased porosity, and
eventually visible cracking, as observed in Fig. 6(c) and
6(d). The reduction in effective contact area between the
fiber and soil led to a decrease in both interfacial cohesion
and friction angle, thereby weakening the pull-out
resistance and degrading the overall interfacial bonding.
These microstructural observations, along with the
schematic representation of the fiber pull-out mechanism
(Fig. 7), highlight the progressive deterioration of the fiber-
soil interface under freeze-thaw conditions. The findings are
consistent with the reduction in interfacial strength shown
in Fig. 2.

Fig. 8 presents the transverse relaxation time
distribution curves of the sample S1 after 0, 5, 10, and 20
freeze-thaw cycles. Prior to freeze-thaw cycling, the 7>
curve displayed three distinct peaks. Peak 1, exhibiting the
highest signal amplitude, corresponded to relaxation times
primarily within the range of 0.3-20 ms. Peak 2 appeared
between 22 and 70 ms, while Peak 3 was observed in the
range of 600-1000 ms. After 5, 10 and 20 freeze-thaw
cycles, all peaks shifted toward longer relaxation times,
suggesting an overall increase in pore size. Simultaneously,
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Fig. 9 Pore size distribution curves under freeze-thaw cycles

peak amplitudes rose, reflecting an increase in pore volume
and number. The most pronounced shifts and amplitude
growth occurred during the first five cycles, suggesting
rapid pore development and underscoring the strong initial
impact of freeze-thaw processes on the fiber-soil interface.
Between 5 and 10 cycles, both the degree of peak shift and
the amplitude increase diminished, indicating a deceleration
in microcrack propagation and a progressive trend toward
dynamic equilibrium at the interface. Eventually, a
relatively stable contact condition was established between
the fiber and the surrounding soil matrix. These
observations are consistent with the exponential reduction
in fiber-soil interfacial strength subjected to freeze-thaw
cycles, as illustrated in Fig. 3

Based on the transverse relaxation time distributions
shown in Fig. 8, the corresponding pore size distribution
curves were calculated using Eq. (1), as presented in Fig. 9.
For comparative analysis, pores were categorized into three
groups: small pores (R < 0.1 pum), medium pores (0.1 pm <
R <1 pm), and large pores (R >1 um) (Deng et al. 2015).
Before freeze-thaw cycling, the proportions of small,
medium, and large pores were 61.61%, 38.17%, and 0.22%,
respectively. After 20 cycles, these proportions changed to
36.31%, 62.34%, and 1.35%, respectively. This evolution
indicates a gradual reduction in the proportion of small
pores and a corresponding increase in medium and large
pores with increasing freeze-thaw cycles. These changes are
primarily driven by the cyclic phase transitions of water
within the soil matrix. During freezing, the expansion of
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under freeze-thaw cycles

water exerts pressure on pore walls and induces structural
damage, thereby reducing the volume of small pores.
Simultaneously, particle rearrangement promotes the
transformation of small pores into larger ones. The repeated
expansion and contraction further accelerates the formation
and enlargement of pores. As a result, the effective contact
area at the fiber-soil interface decreases, leading to a
reduction in interfacial strength.

4.2 Mechanism of freeze-thaw effects on pull-out
behavior under varying water contents

Fig. 10 illustrates the pore size distribution of samples
with water contents of 14.2%, 18.2%, and 20.2%, both
before and after 20 freeze-thaw cycles. Prior to freeze-thaw
cycling, the proportions of small pores in these samples
were  65.74%, 61.61%, and 57.08%, respectively.
Corresponding proportions of medium pores were 33.80%,
38.17%, and 40.86%, while large pores accounted for
0.46%, 0.22%, and 2.06%. As water content increases, the
proportion of small pores decreases, while those of medium
and large pores increase. This trend is attributed to the
greater pore occupancy by water, which enhances particle
lubrication and facilitates particle slippage and
rearrangement among soil particles, thereby promoting the
conversion of small pores into larger ones (Liu et al. 2020).
In addition, higher water content lowers matric suction,
weakening interparticle  adhesion and  increasing
interparticle spacing, which further contributes to the
formation and enlargement of pores.

After 20 freeze-thaw cycles, the proportion of small
pores in samples with water contents of 14.2%, 18.2%, and
20.2% decreased by 20.47%, 25.30%, and 27.40%,
respectively,  relative  to  their  initial  values.
Correspondingly, the proportion of medium pores increased
by 20.01%, 24.17%, and 25.19%, while those of large pores
increased by 0.47%, 1.13%, and 2.21%. At a constant dry
density, the frost heave potential decreases with lower water
content due to increased matric suction and reduced ice
formation, which collectively weakens frost damage and
limits the development of pore structures. In contrast,
higher water content intensifies volumetric expansion
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Fig. 11 Effect of dry density on pore size distribution
under freeze-thaw cycles

during freezing, resulting in more pronounced pore
enlargement. These findings confirm that higher water
content enhances pore evolution during freeze-thaw
processes, which in turn accelerates the degradation of
interfacial strength, as also evidenced in Fig. 4.

4.3 Mechanism of freeze-thaw effects on pull-out
behavior under varying dry densities

Fig. 11 presents the pore size distribution curves for
samples with dry densities of 1.4, 1.5, and 1.7 g/cm? before
and after 20 freeze-thaw cycles. Prior to freeze-thaw
cycling, the proportions of small pores in these samples
were 46.94%, 53.66%, and 61.61%, respectively. The
corresponding proportions of medium pores were 49.87%,
44.38%, and 38.17%, while large pores accounted for
3.19%, 1.96%, and 0.22%. A higher dry density is
associated with an increased proportion of small pores and a
decreased proportion of medium and large pores. This trend
can be attributed to the effects of compaction, which reduce
interparticle spacing and compress or eliminate larger voids,
thereby producing a denser soil structure (Chen 2018, Bag
and Jadda 2021). Moreover, increased compaction enhances
the number of interparticle contact points, promoting the
formation of closed small pores and further decreasing the
prevalence of medium and large pores (Li ef al. 2018).

After 20 freeze-thaw cycles, the proportion of small
pores in samples with dry densities of 1.4, 1.5, and 1.7
g/cm® decreased to 28.28%, 32.29%, and 36.31%,
respectively, while the proportions of medium pores
increased to 68.07%, 65.21%, and 62.34% and those of
large pores increased to 3.65%, 2.50%, and 1.35%,
respectively. These results indicate that freeze-thaw cycles
promote the conversion of small pores into medium and
large pores. In densely compacted soils, the tight structure
makes them more vulnerable to frost heave-induced particle
displacement, leading to the collapse or coalescence of
small pores (Li et al. 2020, Wang et al. 2020, Cheng et al.
2021, Yang et al. 2024). Moreover, stress concentration
around existing small pores renders them unstable under
repeated freeze-thaw cycles, eventually merging into larger
voids. As pores expand and multiply, the effective contact
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area between the fiber and the surrounding soil decreases,
leading to a decline in interfacial strength, as illustrated in
Fig. 5.

5. Engineering applications

In practical engineering applications, straw fibers have
been extensively studied as sustainable reinforcement
materials to improve the mechanical properties of soils
subjected to freeze-thaw cycles (Hejazi ef al. 2012, Cheng
et al. 2021, Bo ef al. 2021, Xu 2022). For the rational and
efficient use of such materials under these environmental
conditions, it is crucial to determine the critical fiber length,
which serves as a key design parameter. According to the
authors’ previous study (Yu ef al. 2025), the tensile strength
of straw fibers decreases with increasing freeze-thaw cycles
due to the deterioration of cellulose, lignin, hemicellulose,
and other organic constituents. This decrease follows an
exponential decay pattern, which can be described by the
equation: R = g-e "+ m. The mechanical behavior of straw

fiber-reinforced frozen soils is analyzed by assuming that
the fibers are laid linearly within the soil matrix and that
tensile cracking of the soil occurs at the midpoint of each
fiber, as illustrated in Fig. 12. The critical straw fiber length
for the N-th freeze-thaw cycle (/cn) is defined as the length
at which the tensile load at the midpoint reaches the fiber’s
ultimate tensile strength, and is calculated using Eq. (5). To
ensure engineering safety and structural reliability, the
maximum value of the critical straw fiber length over N
freeze-thaw cycles (lcnmax) should be adopted for design
purposes, as given by Eq. (6).

_Rd__(ge™tm)d
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Where Ry is the tensile strength of a single fiber; d is the
fiber diameter; 7 is the interfacial peak strength between
the fiber and the surrounding soil; 7o is the interfacial peak
strength without freeze-thaw cycles; N is the number of
freeze-thaw cycles; g, A, and m are the fitting coefficients
describing the degradation of fiber tensile strength under
freeze-thaw conditions; a and b are the fitting parameters
characterizing the evolution of fiber-soil interfacial strength
with freeze-thaw cycling.

The maximum critical straw fiber length /cnmax can be
calculated using Egs. (5) and (6). The values of /cnmax in
samples S1 through S10 are determined to be 51.3, 47.1,
38.2, 32.2, 25.7, 36.9, 97.3, 859, 70.2, and 59.3 mm,
respectively. When the actual fiber length is less than the
critical value, fiber pull-out occurs during the failure of the
reinforced frozen soil. If the actual fiber length equals the
critical length, fiber rupture may occur only when the
tensile crack coincides precisely with the fiber midpoint;
otherwise, pull-out occurs from the side with the shorter
embedded length. When the actual fiber length exceeds the
critical length, fiber rupture becomes possible during the
failure of the reinforced frozen soil. It should be noted that

Fig. 12 Schematic of the method for determining critical
straw fiber length

this study assumes fibers are arranged linearly within the
soil, whereas in practical engineering applications, fibers
are generally randomly distributed. Random orientation
introduces effects including varying orientation angles,
local bending, and overlapping, which can influence the
tensile and pull-out performance of the fibers. In particular,
for relatively long fibers, random distribution tends to
promote bending and twisting within the soil, leading to a
shorter average effective length and a critical fiber length
that may exceed those obtained in this study. Therefore, in
practical design, it is advisable to moderately increase the
fiber length to account for the effects of random orientation.
Future research could further explore interfacial behavior
under random fiber distributions using three-dimensional
numerical simulations or other appropriate methods.
Moreover, the laboratory simulations use idealized thermal
cycles (—20°C to 20°C), whereas field conditions involve
slower, irregular temperature changes driven by
environmental factors, resulting in complex interfacial
interactions between fibers and the surrounding soil.
Therefore, further research is necessary to more accurately
characterize and refine the critical straw fiber length,
ultimately enhancing the design reliability of straw fiber-
reinforced frozen soils under practical freeze-thaw
conditions.

In summary, this study emphasizes the critical role of
freeze-thaw cycles in governing the mechanical behavior of
fiber-soil interfaces, an aspect often overlooked in previous
research, which primarily focuses on fiber morphology or
surface roughness (Singh er al. 2004, Vincenzini et al.
2021, Yao et al. 2024). Single-fiber pull-out tests provide
quantitative characterization of interfacial degradation at the
macroscopic scale. Complementary SEM and NMR
analyses further elucidate the underlying deterioration
mechanisms, highlighting the connection between pore
structure evolution and interfacial failure. Moreover, a
critical fiber length under freeze-thaw conditions is newly
proposed and quantified. This design-oriented parameter
extends the theoretical framework for assessing
reinforcement effectiveness and offers practical guidance
for engineering applications in cold regions. By integrating
macroscopic  testing, microscopic observations, and
quantitative modeling, this study enhances the mechanistic
understanding of fiber-soil interface behavior and provides
valuable insights for predicting durability and ensuring the
long-term performance of fiber-reinforced soils under
freeze-thaw conditions.
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6. Conclusions

This study comprehensively investigated the effects of
freeze-thaw cycles on straw fiber-soil interfacial strength. A
series of single-fiber pull-out, SEM, and NMR tests were
conducted after 0, 1, 3, 5, 10, 15, and 20 freeze-thaw cycles.
Based on the test results, the main conclusions are
summarized as follows:

(1) The pull-out load-displacement response of the straw
fiber is primarily governed by the mechanical properties of
the fiber-soil interface, while freeze-thaw cycles have little
impact on the overall curve shape.

(2) Both the fiber-soil interfacial cohesion and friction
angle decrease exponentially with the number of freeze-
thaw cycles, and their degradation can be estimated by the
proposed semi-empirical equation.

(3) Fiber-soil interfacial strength degradation under
freeze-thaw conditions is exacerbated by higher water
content or greater dry density. SEM and NMR analyses
reveal a positive correlation between the degree of
degradation and pore development, which becomes more
pronounced under these conditions.

(4) Based on the interfacial strength measured from
single-fiber pull-out tests, a calculation method for the
critical fiber length in straw fiber-reinforced frozen soils is
developed, providing a basis for engineering design under
freeze-thaw conditions.
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