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Te strength of loess in seasonal frozen soil areas decreases evidently due to the freeze-thaw cycle, which even leads to some
engineering and geological problems. Fibre reinforcement is very efective in improving the mechanical properties of soil. Triaxial
tests under diferent water contents, freezing temperatures, and number of freeze-thaw cycles were carried out for fbre-reinforced
loess to study the ability of fbre reinforcement to improve the resistance of loess to freeze-thaw damage; scanning electron
microscopy (SEM) was also conducted. Te efects of freeze and thaw deterioration and reinforcement were discussed by
comparing the strength parameters under diferent test conditions, and the infuencemechanism of freezing temperature, number
of freeze-thaw cycles, and reinforcement on loess strength was explained. Results show that a lower freezing temperature indicates
a more evident decrease in strength after thawing. Under the action of the frst fve freeze-thaw cycles, the degree of decrease is
more prominent. Te fbre reinforcement can reduce the fragmentation of aggregates in loess, thereby efectively restraining the
deterioration efect of loess during freeze-thaw cycles. Finally, the strength parameter prediction model under diferent freeze-
thaw cycles of reinforced loess is established, thereby providing theoretical support for engineering application and numerical
simulation of fbre-reinforced loess.

1. Introduction

Loess is a loose sediment mainly formed by the wind. It was
formed in the quaternary period and is a brownish-yellow
silty clay. Generally, it has a uniform porous structure,
mainly composed of quartz and feldspar [1, 2]. Loess is
mainly distributed in arid and semiarid regions of Asia,
Europe, and North and South America. According to sta-
tistics, the total area of loess in the world has reached
13million·km2, accounting for 9.3% of the land area. Among
all loess regions, China’s Loess Plateau is the most extensive,
the thickest, and the most complete region in the world [3].
As shown in Figure 1, it is located in the northwest of China,
with a length of approximately 1000 km from east to west
and a width of approximately 800 km from north to south,
including most of the areas east of Qinghai Province, north
of Qinling Mountains, west of Taihang Mountains, and

south of the Great Wall. In winter, the temperature in the
north of the Loess Plateau can drop to −20°C, the maximum
frozen soil depth can reach 160 cm, and the air above the
plateau is thin. Tis condition results in remarkable dif-
ferences in temperature during the day and night. Te
rainfall gradually increases from northwest to southeast. Te
maximum annual average rainfall can reach 750mm,
whereas the minimum annual rainfall is less than 200mm.

A large part of China’s loess plateau belongs to seasonally
frozen regions. With the economic development of these
regions, many large-scale engineering projects have been
carried out, and some geotechnical problems, such as
landslides [4], ground collapse [5], and soil erosion [6] have
occurred during the construction process, as shown in
Figure 2. Te strength is very high in the dry state due to the
prominent structural properties of loess. As shown in Fig-
ure 3, the vertical height can reach 20meters to 30meters
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and remain stable, but the strength is signifcantly reduced
when immersed. Some special loess can produce collapse
deformation even under the action of its weight when it
encounters water. When the deformation of slopes, chan-
nels, airports, and highway subgrades is extremely large,
geological disasters and threats to pedestrian safety are
highly probable.

In the freeze-thaw cycle, water in the soil alternately
transforms between liquid and solid. As shown in Figure 4,
the volume of water in the soil expands from liquid to solid,
destroying the soil’s cementitious substances. When the ice
melts, the soil collapses due to the loss of the support of the
ice crystals. At present, studies on the efect of freezing and
thawing on the mechanical properties of soil are abundant.
For example, through a large number of feld investigations,
the damage induced by freeze-thaw cycles is divided into
erosion damage, peeling damage, and thawing damage, and
the mechanism of bank slope instability caused by these
cycles is revealed [7–9]. Te changes in pores and fractal
dimensions during the freeze-thaw process were studied by
the scanning electron microscope (SEM) [10]. Some scholars
studied the morphological characteristics of soil surface
cracks from the perspectives of soil type, water content, and
freeze-thaw cycles [11, 12]. Other scholars studied the freeze-
thaw characteristics of lime-stabilised soil and cement-
stabilised soil [13, 14]. Although some efects have been
achieved, the cost is high, and the ecological impact is great.

Te reinforcement technology, which was proposed in
the 1970s, is simple in operation and low in cost; it has been
widely used in geotechnical protection. Te reinforcement
materials initially used are steel bars, geogrids, and geo-
textiles. Te disadvantages of these materials include the
directional reinforcement and easy formation of a potential
sliding layer [15]. Fibre reinforcement, on the contrary,
incorporates fbre evenly into the soil to avoid the formation
of a weak layer [16]. Many scholars have tried various fbre
reinforcements to improve soil strength, such as palm fbre
[17], lignin fbre [18], and waste fbres from blankets and
nylon cloth [19]. Inspired by these studies, our team

proposed to enhance the freeze-thaw resistance of loess by
using fbre reinforcement, adding polypropylene fbre to
loess, verifying the efect by triaxial test, explaining the
mechanism by SEM test, and fnally establishing the strength
parameter prediction model of reinforced fbre under the
freeze-thaw cycle. Te present study provides support for
engineering reinforcement construction and simulation of
reinforced loess.

2. Test Materials and Protocols

2.1. Soil for Testing. Te soil used in the test is Q3 Malan
loess obtained from the northern suburbs of Xi’an, with
a depth of 6-7m, yellowish-brown colour, no bedding,
uniform texture, and relatively hard texture. Te soil sample
has no calcareous nodules, with a few wormholes, shells, and
tree roots. Te basic physical parameters are shown in Ta-
ble 1. Te soil with a plastic index between 10 and 17, and
a certain clay content is silty clay.

2.2. Reinforced Fibre for Testing. In the test, polypropylene
fbre is selected as the reinforcing material. As shown in
Figure 5, this fbre has low cost, good chemical stability, is
not easily corroded, has little impact on the environment,
and has high tensile strength, suitable for adding loess to
improve its freeze-thaw resistance. Its principal physical
properties are shown in Table 2.

2.3. Sample Preparation. When the test soil was retrieved
from the site, it was bound and sealed with black plastic and
stored in the laboratory for future use. Te test soil was
initially crushed, and the large particle impurities were re-
moved using a 2mm aperture sieve. After many attempts, we
found that the fbre can mix with the soil evenly when the
moisture content is lower than 10%. Terefore, prior to
sample preparation, the soil mass was air-dried to a lower
moisture content, and then the fbre was added to the
corresponding moisture content by a watering pot; a plastic

frost line (cm)

Figure 1: Distribution of loess in China and standard frost line.

2 Advances in Civil Engineering



wrap was used to cover it to prevent water evaporation. Te
soil samples were stored for 24 hours to ensure uniform
moisture.Te samples were prepared by layered compaction
and placed into a controllable high-and low-temperature test
chamber for a freeze-thaw cycle test.Te operation process is
shown in Figure 6.

2.4. Test Schemes. Tree groups of water contents, namely,
17.8%, 22%, and saturated water content were selected for
the tests. Te dry density of the sample was 1.52 g/cm3

according to the compaction degree of 95%, and the size
was Ø39.1× 80mm. In accordance with the test results of

Zhu et al. [20], the fbre length of 12mm and the in-
corporation ratio of 0.5% were selected for this experiment.
Te SYL-2 stress–strain path triaxial instrument was
adopted as the test instrument.Te specifc test plan, shown
in Tables 3–5, can be divided into three parts. Te frst part
mainly studies the efect of freezing temperature on the
mechanical properties of unreinforced/reinforced loess.
Te second part mainly studies the mechanical properties
of unreinforced/reinforced loess after melting and com-
pares them with those in the frst part of the experiment.
Te third part mainly studies the efect of freeze-thaw cycles
on the mechanical properties of unreinforced/
reinforced loess.

(a) (b) (c)

Figure 2: Common types of disasters in the loess area: (a) loess landslides; (b) ground collapse; (c) soil erosion.

Figure 3: Loess gully in the nearly vertical state.

(a) (b)

Figure 4: Loess in freeze-thaw environment: (a) frozen loess; (b) melted loess.

Table 1: Basic physical parameters of test soil.

Specifc gravity
of soil
particles Gs

Natural dry
density ρd
(g/cm−3)

Maximum dry
density ρd
(g/cm−3)

Optimum moisture
content ω

(%)

Plastic limit
ωp (%)

Liquid limit
ωL (%)

Plasticity index
Ip

2.70 1.32 1.60 17.8 15.3 26.6 11.3
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3. Test Results and Analysis

3.1. Infuence of Freezing Temperature on Strength Parameters
of Unreinforced/Reinforced Loess. Te variation of strength
parameters of reinforced and unreinforced loess at diferent
freezing temperatures is shown in Figures 7 and 8.

Figure 7(a) shows that the cohesion decreases when the
water content increases without freezing. Te reason is that
the optimal water content is initially used in this test, the
sample reaches the water content corresponding to the
maximum dry density in the compaction test, and this water
content enables the cementing material in the sample to

Table 2: Physical parameters of polypropylene fbre.

Type of
fbre Diameter (μm) Elastic modulus

E (GPa)
Tensile strength

f (MPa) Dispersion Acid and
alkali resistance

Bundled monoflament 20–50 >3.5 >480 Good Very good

Removing
impurities

Air seasoning and
mix evenly

Spray water to specified
moisture content and

cover with plastic wrap

Sample
preparation

Triaxial
test

Figure 6: Test procedures.

Figure 5: Reinforced fbre material.

Table 3: Infuence of freezing temperature on mechanical properties of reinforced loess.

Fibre
reinforcement conditions Sample moisture content Temperature Time Shear method

Unreinforced
Reinforced

17.8%
22%

Saturated

−10°C
−5°C
0°C
5°C

48 h Unconsolidated and undrained shear

4 Advances in Civil Engineering



Ta
bl

e
4:

In
fu

en
ce

of
m
el
tin

g
on

m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s
of

re
in
fo
rc
ed

lo
es
s.

Fi
br
e
re
in
fo
rc
em

en
t

co
nd

iti
on

s
Sa
m
pl
e
m
oi
st
ur
e

co
nt
en
t

Fr
ee
zi
ng

te
m
pe
ra
tu
re

Fr
ee
zi
ng

tim
e

M
el
tin

g
te
m
pe
ra
tu
re

M
el
tin

g
tim

e
Sh

ea
r
m
et
ho

d

U
nr
ei
nf
or
ce
d

Re
in
fo
rc
ed

17
.8
%

22
%

Sa
tu
ra
te
d

−
10

° C
−
5°
C

0°
C

48
h

5°
C

24
h

U
nc
on

so
lid

at
ed

an
d
un

dr
ai
ne
d
sh
ea
r

Advances in Civil Engineering 5



Ta
bl

e
5:

In
fu

en
ce

of
th
e
nu

m
be
r
of

fr
ee
ze
-t
ha
w

cy
cl
es

on
m
ec
ha
ni
ca
lp

ro
pe
rt
ie
s
of

re
in
fo
rc
e
lo
es
s.

Fi
br
e

re
in
fo
rc
em

en
tc

on
di
tio

ns
Sa
m
pl
e
m
oi
st
ur
e
co
nt
en
t

Fr
ee
ze
-t
ha
w

m
et
ho

d
Fr
ee
ze
-t
ha
w

cy
cl
es

Sh
ea
r
m
et
ho

d

U
nr
ei
nf
or
ce
d

Re
in
fo
rc
ed

17
.8
%

22
%

Sa
tu
ra
te
d

Fr
ee
ze

at
−
10

° C
fo
r
24

h,
th
aw

at
10

° C
fo
r
24

h

0,
1

3,
5

7,
9

12

C
on

so
lid

at
ed

an
d
dr
ai
ne
d
sh
ea
r

6 Advances in Civil Engineering



better connect the soil particles. When the water content
further increases, the water flm wrapped by the soil particles
becomes thicker, and the bonding force between particles
andmatric suction becomes weaker, decreasing the cohesion
of the sample.

Te test results show that freezing and thawing have
a deteriorating efect on the strength of loess. During the
freezing process, the pore water in the sample is converted
into ice, and the volume expands, thereby causing the sample
to expand.Te sample shrinks and settles when the ice in the
sample melts, destroying the original bonding and occlusal
form of the sample. As a result, cohesion decreases.

Figure 7(b) shows that the cohesion of the reinforced
samples with 17.8%, 22% and saturated water contents at 5°C
is 36.1, 28.9, and 14.8 kPa, respectively; compared with the
unreinforced samples, the increase was 80%, 71%, and 54%.
Te high water content is not conducive to fbre

reinforcement. Te cohesion of the reinforced sample after
freezing is also improved compared with that of the un-
reinforced samples. Although the cohesion of the frozen
sample decreases after melting, it is still higher than that of
the unstifened sample. Te main reason is that the sample
achieves a more robust structure given the existence of fbre,
limiting the expansion of the sample during freezing and
reducing the deterioration efect of freezing and thawing.

Figures 8(a) and 8(b) show that after freezing and
thawing, the internal friction angle of the unreinforced
samples decreases, basically within 20%.Te internal friction
angle of the reinforced sample also changes but is not ev-
ident, and the variation range is within 10%. Te test results
show that a single freeze-thaw slightly afects the internal
friction angle of the sample because the friction strength of
loess is mainly afected by particle size gradation, particle
shape, and mineral composition, and a single freeze-thaw
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Figure 7: Variation of cohesion at diferent freezing temperatures: (a) unreinforced loess; (b) reinforced loess.
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Figure 8: Variation of internal friction angle at diferent freezing temperatures: (a) unreinforced loess; (b) reinforced loess.
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has limited efect on loess. Fibre reinforcement has a limited
increase in the internal friction angle of the sample, but it can
reduce the attenuation of the internal friction angle under
freeze-thaw action.

3.2. Infuence of Freeze-TawCycles on Strength Parameters of
Unreinforced/Reinforced Loess. Figure 9(a) shows that the
cohesion of the unreinforced sample decreased signifcantly
under the action of the frst fve freeze-thaw cycles. When the
number of freeze-thaw cycles exceeds fve times, the change in
cohesion tends to be stable. Freeze-thaw cycles have little
efect on saturated samples. Comparing Figure 9(b), we can
fnd that the cohesion of the sample increases signifcantly
after being reinforced, and after 12 freeze-thaw cycles, the
cohesion of the samples with 17.8%, 22%, and saturated water
content is 35.9 kPa, 27.7 kPa, and 20.9 kPa, respectively, which
are increased by 130%, 97%, and 111% compared with the
unreinforced samples Te test results show that fbre re-
inforcement can signifcantly improve the cohesion of loess.
Te reason is that the fbres and soil particles are intertwined
and wrapped, signifcantly enhancing the cementation be-
tween particles. Fibre enables the soil to maintain a high
strength after multiple freeze-thaw cycles.

Figures 10(a) and 10(b) show that under the freeze-thaw
cycle’s action, the sample’s internal friction angle decreases
slightly. Still, the change is not apparent, indicating that the
freeze-thaw process slightly afects the internal
friction angle.

According to the previous analysis, the freeze-thaw cycle
mainly reduces the cohesion of the undisturbed loess, that is,
the cementing force between particles, whereas the re-
inforcement efect counteracts the deterioration of the
freeze-thaw efect by enhancing the structural integrity of the
soil. Table 6 shows the cohesion deterioration table of un-
reinforced/reinforced samples under freeze-thaw action. Δ
and w are calculated using formulas (1) and (2), respectively.

∆i � ci−1 − ci, (1)

wi �
∆i


6
i�1∆i

× 100, (2)

where ci is the cohesion force after the i-level freeze-
thaw cycle.

Te fnding shows that the frst fve freeze-thaw cycles
have the most signifcant impact on the cohesion of loess.
Under the action of the frst fve freeze-thaw cycles, the
cohesion of the sample decreased by 80%, and the strength
parameters and freeze-thaw resistance of the sample were
improved after reinforcement.

3.3. Strength Parameter Prediction Model. According to the
changing trend of loess cohesion and internal friction angle
under freeze-thaw cycles, a calculation model for the change
in strength parameters of reinforced loess with the number
of freeze-thaw cycles is established. Four parameters are
introduced into the model, Sc and Sφ are the strengthening
coefcients under loess reinforcement, Kc and Kφ are the
deterioration coefcients under freeze-thaw action, and the
calculation methods are as follows:

Sc �
cd0

cu0
,

Sφ �
φd0
φu0

,

Kc �
cdn

cd0
,

Kφ �
φdn

φd0
,

(3)
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Figure 9: Variation of cohesion under diferent freeze-thaw cycles: (a) unreinforced loess; (b) reinforced loess.
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where cu0 and φu0 are the cohesion and internal friction
angle of the frozen-thawed sample of the unreinforced loess,
respectively; cd0 and φd0 are the cohesion and internal
friction angle of the frozen-thawed sample of the reinforced
loess, respectively; cdn and φdn are the cohesion and internal
friction angle of the reinforced loess after n freeze-thaw
cycles.

Te infuence of diferent water contents can be avoided,
and the strength parameters of the reinforcement after
freezing and thawing can be determined given that the
strengthening coefcient and deterioration coefcient are
the ratios of the same water content. We can obtain the
strengthening coefcients Sc � 1.6 and Sφ � 1.1, considering
the average value of the strengthening coefcients with
diferent water contents, and the average strength de-
terioration coefcients are shown in Table 7.

Te average strength parameter of deterioration co-
efcients under diferent freeze-thaw cycles in Table 7 is
exponentially ftted, and Figure 11 shows the ftting curve.
Formulas (4) and (5) are used to quantitatively calculate
the strength parameters of reinforced loess under any
number of freeze-thaw cycles, providing data support for
the numerical simulation of the shear strength of rein-
forced loess.

cdn � 1.6 × 0.98e
−0.006n

× cu0, (4)

φdn � 1.1 × 0.93e
−0.018n

× φu0. (5)

4. Microscopic Mechanism Analysis of
Fibre Reinforcement

Figure 12 shows that a small amount of clay particles are
attached to the initially smooth fbre surface. When the soil
sample is subjected to shear deformation or failure under
load, the fbres in the soil undergo a state of tension, which
constrains the further deformation of the soil. When the
stress exceeds the adhesion and friction force between clay
particles and the fbre surface, the fbres mismove with the
soil particles or are even pulled out. Similar to a tree’s root,
the fbre can disperse the external load to other areas, reduce
the stress concentration, and thus enhance the strength of
the sample.

Figures 13(a)–13(h) show SEM images of unreinforced/
reinforced loess under diferent freeze-thaw cycles.
Figures 13(a), 13(c), 13(e) and 13(g) show SEM images of the
unreinforced loess samples under diferent freeze-thaw
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Figure 10: Variation of internal friction angle under diferent freeze-thaw cycles: (a) unreinforced loess; (b) reinforced loess.

Table 6: Cohesion deterioration rate of reinforced/unreinforced loess under freeze-thaw cycles.

Level
of freeze-thaw
cycles

Water content 17.8% Water content 22% Water content saturated
Unreinforced Reinforced Unreinforced Reinforced Unreinforced Reinforced
Δ

(kPa)
w

(%)
Δ

(kPa)
w

(%)
Δ

(kPa)
w

(%)
Δ

(kPa)
w

(%)
Δ

(kPa)
w

(%)
Δ

(kPa)
w

(%)
1 4.0 25.0 5.2 58.4 2.6 21.8 3.8 45.2 1.0 27.0 1.8 33.9
2 6.9 43.1 0.8 8.9 6.4 53.7 1.4 16.6 2.4 64.8 0.9 16.9
3 2.8 17.5 2.4 26.9 1.6 13.4 1.6 19.0 0.3 8.1 2.3 43.4
4 1.1 6.8 1.3 14.6 2.0 16.8 0.3 3.5 0.5 13.5 −0.4 −7.5
5 1.1 6.8 −0.5 −5.6 0.1 0.8 2.6 30.9 −0.5 −13.5 0.2 3.7
6 0.1 0.6 −0.3 −3.3 0.1 0.8 −1.3 −15.4 0 0 0.5 9.4
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cycles. Prior to freeze-thaw, the skeleton particles of the
tested loess were mainly composed of cementitious aggre-
gates, single round particles, and sheet-like particles, and the
particles were closely embedded in a granular, agglomerated,
embedded, and cementitious structure. After multiple
freeze-thaw cycles, the microstructure characteristics
changed remarkably, and the number of large skeleton
particles of the loess decreased signifcantly; they became
loose, with an increase in small pores. Te reason for this
phenomenon is that the growth of internal ice crystals in-
creases the pore volume of the sample during the freezing
process of the sample, thereby squeezing the skeleton par-
ticles. Figures 13(b), 13(d), 13(f ), and 13(h) show SEM
images of reinforced loess samples under diferent freeze-
thaw cycles. Te fgure shows that samples without freeze-
thaw cycles have larger internal pores. Microcracks appear

around some pellets during the initial freeze-thaw process.
As the number of freeze-thaw cycles increases, microcracks
further develop, ultimately leading to pellet fragmentation.
Te large pores are gradually flled with fragmented ag-
gregates, and the large pores in the sample transform into
small pores. Some aggregates originally in contact with the
surface transform into point contacts, weakening connec-
tions between particles. Te comparison between
Figures 13(g) and 13(h) indicates that the degree of frag-
mentation of the reinforced sample is weaker than that of the
unreinforced sample.

Te SEM image extracted by the edge detection tech-
nology of the canny operator and the pores are divided into
micropores (S< 20 μm2), small pores
(20 μm2≤ S< 100 μm2), mesopores (100 μm2≤ S< 300 μm2),
and macro pores (S≥ 300 μm2). Figures 14(a) and 14(b) are

Table 7: Average strength parameter deterioration coefcient.

Deterioration factor
Freeze-thaw cycles

0 1 3 5 7 9 12
Kc 1 0.90 0.87 0.81 0.80 0.78 0.78
Kφ 1 0.97 0.96 0.95 0.94 0.93 0.93

y = 0.9349e-0.018x

R2 = 0.96

y = 0.9843e-0.006x

R2 = 0.98
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Figure 11: Average strength parameter degradation coefcient curve.

Clay particle

(a)

Slide mark

(b)

Figure 12: Micrograph of fbre reinforcement action: (a) fbre surface; (b) slip mark where the fbres have been pulled out.
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Surface contact
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Small pores

Mesopores

(b)

Micro-crack

Micropores
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Broken aggregates
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Loess particles
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Broken aggregates
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Point contact

(g)
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Figure 13: Average strength parameter degradation coefcient curve: (a) unreinforced, no freeze-thaw cycle; (b) reinforced, no freeze-thaw
cycle; (c) unreinforced, one freeze-thaw cycle; (d) reinforced, one freeze-thaw cycle; (e) unreinforced, fve freeze-thaw cycles; (f ) reinforced,
fve freeze-thaw cycles; (g) unreinforced, 12 freeze-thaw cycles; (h) reinforced, 12 freeze-thaw cycles.
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the ratios of various pore areas to the total pore area under
diferent freeze-thaw cycles. Te proportion of large pores in
unreinforced loess decreased signifcantly under the action
of freeze-thaw cycles, mainly transformed into mesopores
and small pores. Te decrease in the proportion of large
pores in reinforced loess is signifcantly smaller than those in
the unreinforced loess, indicating that the aggregates are less
broken, and reinforcement can reduce the deterioration
efect of freezing and thawing.

5. Conclusions

(1) When the initial water content is the same, lower
freezing temperature indicates higher cohesion and
smaller increase in the angle of internal friction. Te
cohesion decreases signifcantly as the ice crystals in
the sample melt, and fbre reinforcement can reduce
the freeze-thaw damage of loess.

(2) Under the conditions of freeze-thaw cycles, the
cohesion of loess deteriorated signifcantly in the frst
fve freeze-thaw cycles, and the strength parameters
tended to be stable in the subsequent period. Fibre
reinforcement improves the overall structure, in-
hibits expansion and subsidence caused by freeze-
thaw cycles, and enhances the ability of the sample to
resist freeze-thaw cycle damage by wrapping and
connecting with soil particles.

(3) Te strength parameter prediction model of fbre-
reinforced loess under freeze-thaw cycles was
established through the test data, which supported
parameter selection in numerical simulation.

(4) According to the pore area, the pores are divided into
four types. SEM test and image processing tech-
nology show that the freeze-thaw cycle leads to the
breakage of the agglomerates, the transformation of
large pores to mesopores and small pores, and the
fbre reinforcement can restrain the breakage of the
agglomerates.
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