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The incorporation of steel fibers into the natural soil is generally considered to be a novel and effective way to reduce the amount
of frost heave induced by an artificial freezing process in underground engineering. In order to analyze the frost heave behavior of
the steel fiber improved soil, a one-dimensional frost heave test under the open recharge system was conducted in this paper,
focusing on the influence of steel fiber content, size, and soil properties. The results show that small amounts of steel fibers in
the soil will not significantly affect the freezing process and temperature distribution, while the water-conducting properties of
the steel fibers and the effect of limiting the ice lens growth can reduce the frost heave rate of the samples incorporated with
0.5% steel fibers by 26.93%. At the same time, the reduction effect of the frost heave rate increases linearly with the increase of
steel fiber content and length but weakens with the increase of steel fiber diameter. In terms of soil property influence, the
frost heave rate of the clay samples was reduced by 14.31% compared to the silt samples, while the water migration was
reduced by 11.99%. In addition, the cementation of the steel fibers with the soil will also inhibit the growth of the ice lens and
reduce the external water migration, thus significantly lowering the frost heave rate. The results can provide a reference for the
research of the frost deformation of similar modified soils.

1. Introduction

Frost heave deformation is an inevitable hazard in the artifi-
cial freezing process, which often causes serious damage to
surrounding buildings or underground pipelines and even
threatens the safety of the structure [1, 2]. Effective control
of frost heave has always been the key to the successful appli-
cation of the artificial ground freezing method. Frost heave is
a complex process involving multiphysics coupling, which is
significantly affected by freezing construction parameters
[3]. It has been shown that factors affecting the water-
holding capacity of soil particles, such as soil properties,
fine-grained soil content, and dry density, all have a signifi-
cant effect on frost heave [4, 5]. Construction factors such
as temperature gradient and freezing speed during the freez-
ing process will change the water migration and thus affect
the amount of frost heave [6]. In addition, environmental

factors such as soil compaction energy [7], binding force
around frozen soil [8], and freezing mode will also have a
certain impact on frost heave [9].

Based on the influencing factors and generation mecha-
nism of frost heave, scholars have also proposed a series of
methods to control this deformation. Shen et al. proposed
to set stress release holes in the soil to reduce the frost force
[10] and analyzed the differences with conventional freezing
in terms of temperature distribution, frost heave rate, and
water migration. Zhou Jet al. studied the law of frost heave
under different construction modes through a one-
dimensional freezing test [11, 12] and found that the amount
of frost heave under an intermittent freezing mode is only
about 40% of that under continuous freezing. Zhou and
Zhou further revealed the mechanism of the intermittent
freezing mode to reduce frost heave in terms of temperature
gradient and water mobility [13]. By studying the effect of
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different loading paths on the frost heave of silty clay, Huang
et al. found that the additional force can inhibit the migra-
tion of water in the soil [14], thereby reducing the amount
of frost heave. The relatively small extent and volume of fro-
zen soil formed by municipal artificial freezing make it pos-
sible to control the effects of frost heave by improving the
ground soil. An experimental study on lime incorporated
strata found that the porosity and hydraulic conductivity
of the ground soil decreased with the lime content, resulting
in a significant reduction in the frost heave rate [15]. Tan
and Hu found that the incorporation of cement in the stra-
tum would consume the water in the soil and reduce the per-
meability coefficient [16, 17], thus hindering water
migration and reducing the partitioning effect of ice, and
now, the cement modified method has been successfully
applied in engineering [18]. In addition, Li et al. also pro-
posed a method to use soil bags to prevent the migration
of capillary water and film water in cold regions to suppress
frost heave [19]. Incorporating a viscous gel formed by
incorporating nanosilica into the silty clay to block the
migration of water in the soil was also proved to be effective
to reduce the frost heave rate [20]. But the engineering appli-
cations show that the generated chemical reactions when
materials such as cement and silica are incorporated into
the soil layer can cause irreversible changes in the properties
of the soil, thus limiting the scope of application of soil
improvement methods. In terms of reinforced soil, Chen
et al. found that the frost heave amount can be reduced by
about 27% when the soil is improved with polyester fibers
[21]. Liu et al. studied the frost heave characteristics of the
soil mixed with rubber particles [22], asphalt, and polypro-
pylene fibers and found that the increase in the content of
rubber particles has a negative effect on the inhibition of
frost heave, while the smaller elastic modulus of the mixture
and the capillary rupture effect are both positive to improve
the suppressing of frost heave deformation.

Different from the direct mixing of organic fibers in the
subgrade soil in cold regions, the fibers mixed into the stra-
tum by means of rotary spray reinforcement generally need
to use steel fibers with high strength and rigidity in the rein-
forcement improvement construction of municipal engi-
neering. Studies have found that incorporating a small
amount of steel fibers can significantly change the nature
of soil and improve its mechanical properties [23, 24]. The
parameter changes in the thermophysical and mechanical
properties can affect the water migration and the growth
process of the ice leaching, which affects the defensive defor-
mation during freezing [25, 26]. These existing researches
qualitatively show that steel fiber plays a positive role in
reducing the environmental disturbance of frost heave when
it is applied to the artificial ground freezing method, but
there is still a lack of mechanism and quantitative analysis
of steel fiber improved soil to inhibit frost heaving. Through
the one-dimensional frost heave test in the open recharge
system, this paper analyzes the influence law of the fiber
length, diameter, and content on the frost heave behavior
of the modified soil. The research results can provide a the-
oretical reference for the method of controlling frost heave
hazards using steel fiber improved soil.

2. Test Protocol and Process

2.1. Test Scheme and Preparation of the Modified Soil. Two
soil layers, silty clay and silt, which are highly sensitive to
frost heave in Shanghai, were selected for this test. The cho-
sen steel fibers were conventional straight copper-coated
steel fibers. The parameters of soil layers and steel fibers
are shown in Tables 1 and 2. Steel fibers were added to the
two soil layers according to the parameters in Table 2, and
orthogonal combination tests with different parameters were
carried out to analyze the influence of fiber size on the frost
heave process.

In order to improve the uniformity of the distribution of
steel fibers in the prepared samples, the undisturbed soil was
first dried and pulverized, then mixed with water, and the
soil samples were weighed and bagged according to the
design density. According to the different quality and dosage
of steel fibers, they are mixed with dry soil, respectively, to
ensure that the steel fibers are evenly dispersed in the soil.
Next, spray the required amount of water to saturate the soil
sample on the surface of the soil sample and then stir it
evenly. Repeat several times until the water and the soil sam-
ple are fully mixed and then put it in a sealed bag and stand
for 24 hours to ensure that the water is fully diffused and
evenly distributed in the soil sample.

2.2. Test Equipment and Monitoring Program. The frost
heave test process was carried out in accordance with the
“Standards for Geotechnical Test Methods” (No. GB/
T50123-2019) in China. The test instrument used is a low-
temperature frost heave test box of XT5412-MTC192, which
consists of a standard sample cylinder, a heat-conducting
plate, a test environment chamber, a cold bath, a Mariotte
bottle, and a temperature and displacement sensor; the sche-
matic diagram of the test system is shown in Figure 1. In this
system, the inner diameter of the standard sample cylinder is
100mm, the height is 90mm, and the wall thickness is
10mm. The two heat-conducting plates at the bottom and
the top of the sample are independently connected to the

Table 1: Basic properties of experimental soil.

Soil
samples

Plastic limit
(%)

Liquid limit
(%)

Dry density (g·cm-

3)

Silty clay 16.8 32.8 1.35

Silt 18.1 26.9 1.38

Table 2: Dimensional and thermophysical parameters of steel fiber
in the test.

Basic
parameters

Value
ranges

Density
(g·cm-3)

Thermal conductivity
(W·(m·k)-1)

Length l
(mm)

8, 10, 13

7.8 16.28
Diameter d
(mm)

0.12, 0.2,
0.3

Mass content
c (%)

0.25, 0.5,
0.75

2 Geofluids



two cooling baths. The freezing process of the sample is con-
trolled by adjusting the temperature of the cooling bath. The
environmental box is used to control the stability of the
ambient temperature during the test. The inner diameter of
the Mariotte bottle is 30mm, and the range is 200ml, which
ensures that the lateral vent is flush with the water supply
surface and realizes pressure-free water supply during the
freezing process.

Divide the prepared steel fiber modified soil into 5 equal
parts, put it into the sample cylinder, and compact them to
50mm. After the samples meet the requirements, vacuum
saturation work is carried out. During the freezing process,
the cold end of the top plate is kept at -10°C, and the warm
end of the bottom plate is kept at 2°C which is the same as
the temperature of the environmental box. Besides, the bot-
tom of the sample is filled with water without pressure using
a Mariotte water bottle. The debugged sample during the test
is shown in Figure 2. In the test system, four temperature
measurement points are arranged in a spiral shape from a
position 10mm from the bottom of the sample; the horizon-
tal and vertical distances between adjacent temperature mea-
surement points are 20mm and 10mm. In addition, a
displacement sensor is installed above the cold end at the
top of the soil sample to test the vertical heave deformation.
Test data such as temperature, displacement, and water sup-
ply are monitored in real time through the DataTaterG85
data collector. The layout of the measuring points is shown
in Figure 3.

3. Test Results

3.1. Temperature Variation. Control the steel fiber length l
and diameter d as fixed values, which are 13mm and
0.12mm, respectively. When the steel fiber content c is 0

and 0.5%, the temperature change of the silt sample is shown
in Figure 4.

It can be seen from Figure 4 that the temperature
changes of the two samples during the freezing process are
generally the same, and they have roughly experienced three
stages of rapid cooling, slow cooling, and gradual stabiliza-
tion. Directly affected by the top cold plate, the temperature
of the measure point C4 at a distance of 10mm from the top
plate dropped the fastest and entered a negative temperature
state after freezing for 10 minutes. After 120 minutes of
freezing, the temperature change trend of each measuring
point gradually slowed down and entered a slow cooling
stage. After 250 minutes, the overall temperature of the
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Figure 1: Schematic diagram of the test system.
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Figure 2: Schematic diagram of the test system.
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sample entered a stable stage, and the difference between
each measurement point remained almost constant.

At the same time, by comparing Figures 4(a) and 4(b), it
can be seen that no matter whether steel fibers are added or
not, the time for the temperature of the measuring points at
different heights to decrease to the negative temperature is
basically the same, indicating that the advancing speed of
the freezing front in the sample is not different. It is impor-
tant to indicate that the freezing front in this paper refers to
the position where the specimen temperature is equal to the
freezing temperature, gradually moving from the top to the
bottom as the freezing process proceeds. It can be deter-
mined in the test by interpolating the temperature monitor-
ing points at different heights. In the temperature
stabilization stage, the temperature and temperature differ-
ence of the measuring points are almost the same, which
proves that the incorporation of a small amount of steel

fibers into the sample will not significantly affect the freezing
process of the sample.

3.2. Frost Heave Deformation Characteristics. Figure 5 shows
the frost heave rate curves of silt samples under the condi-
tion of different steel fiber content c (the length and diameter
are set to fixed values, l = 8mm, d = 0:12m). It can be found
that after the start of freezing, the thermal expansion and
contraction effect caused by the rapid cooling of the top soil
causes the volume of the sample to shrink, resulting in a little
settlement of the top cold plate, and the frost heave rate of
the sample has a negative value, but the change is not large.
In the rapid cooling stage within the first 120 minutes, the
frost heave deformation grows slowly. The reason is that
the rapid expansion of frozen soil in this stage shortens the
water migration time, resulting in less water supplementa-
tion from the outside of the sample, and correspondingly,
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Figure 3: Layout of temperature and displacement measuring points.
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the amount of the generated segregated frost heave is also
small. During the slow cooling stage from 120min to
250min, most of the temperatures dropped below 0°C; the
decrease of the freezing front moving speed in the sample
increases the time of water migration. A large amount of
water supply makes the frost heave rate of the sample
increase obviously, and the frost heave amount in this stage
accounts for about 80% of the whole test stage. After
250min of freezing, the temperature of the sample hardly
changed, and the water recharge from outside was limited
to the unfrozen area at the bottom of the sample. The
smaller temperature gradient reduces the water migration
speed, and the increase of overall deformation gradually slo-
wed down, entering a stable stage.

Comparing the deformation curves of different steel fiber
contents, it can be found that the evolution trend of the frost
heave rate is generally consistent. In the rapid cooling stage,
the overall frost heave rate of the samples before and after
adding steel fibers was less than 1%. In the slow cooling stage
after 120min, the tensile strength was generated due to the
cementation between the frozen soil and the steel fibers, thus
inhibiting the frost heave deformation of the specimen.
Therefore, the frost heave deformation of the samples mixed
with steel fibers is smaller than that without steel fibers, and
with the increase of the amount of steel fibers, the effect of
inhibiting frost heave is more obvious, especially after
200min. In the stable stage after 250min, the cementation
between the frozen soil and the steel fibers continued to
strengthen, which limited the volume growth of the ice lens
in the frozen soil and further increased the difference in the
amount of frost heave deformation with different steel fibers.
The frost heave rates of the samples with steel fiber content
of 0.25%, 0.5%, and 0.75% were 5.46%, 5.29%, and 4.89%,
respectively. Compared with 6.35% of the sample without
steel fibers, the frost heave rate was reduced by 13.94%,
16.52%, and 22.98%. The test results show that the frost

heave deformation can be effectively inhibited by adding a
small amount of steel fibers to the sample.

3.3. Variation of Water Supplement. Under the condition of
different steel fiber content c (l = 8mm, d = 0:12mm), the
change curve of the cumulative amount of water supplement
is shown in Figure 6.

It can be seen that in the early freezing stage, the curve is
flat and the amount of water added is small. This is because
the moving speed of the freezing front is fast in the first 90
minutes, and the redistribution of the initial water content
can meet the needs of water migration at the position of
the freezing front. As the freezing continues, when the freez-
ing front advances to 20mm from the bottom of the sample,
the decrease in the advancing speed of the freezing front
leads to a significant increase in the external water supply,
and an ice lens is formed in the sample, resulting in a rapid
increase in the frost heave rate. After freezing for 250
minutes, the freezing front developed to the bottom, which
reduced the overall temperature gradient of the sample.
Existing studies have shown that a small temperature gradi-
ent will reduce the water migration [27, 28], so that the
external water supplementation will gradually decrease and
reach a stable stage.

Comparing the cumulative water replenishment of sam-
ples with different steel fiber contents, it can be found that
with the increase of steel fiber content, the strength of the
formation of frozen soil will be improved, which will inhibit
the growth of ice lens in the sample, thereby reducing the
external water replenishment. At the end of freezing, the
accumulative water supplement with steel fiber content of
0, 0.25, 0.5, and 0.75% was 17.2, 15.8, 14.4, and 13.9ml,
respectively. Combined with Figures 5 and 6, the time when
the frost heave deformation is significantly different is about
100min earlier than the time when the water supplement
amount is different, which indicated that the addition of
steel fibers into the sample would also affect the deformation
process inside the sample when the water supplement
amount was not much different. Therefore, steel fibers will
not only affect the water migration during the freezing pro-
cess but also affect the deformation process inside the soil,
thereby affecting the effect of frost heave on the surrounding
environment.

Furthermore, according to the second frost heave theory,
the water migration path on the freezing front mainly occurs
in the film water on the surface of soil particles, and the size
of the soil is a key factor affecting the film water migration
effect. Since the diameter of the incorporated steel fibers is
much larger than the particle size of the silt, the water migra-
tion path is mainly around the silt particles during the freez-
ing process. The incorporation of steel fibers will not
increase the amount of water migration but will increase
the water-conducting channels around the steel fibers, which
will increase the water displacement of the samples during
the frost heave compression process. Therefore, the amount
of water replenishment at this stage will be slightly smaller
than that of the samples without steel fibers.
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3.4. Distribution of Moisture Content in the Sample. After the
test, the samples with different steel fiber contents are shown
in Figure 7, and the moisture content is measured by 10mm
slices along the height direction to analyze the distribution
characteristics. The distribution curve of moisture content
inside the sample is shown in Figure 8.

The freezing of water in the soil will fill the gaps between
the particles and block the passage of water migration, so the
water migration will only appear in the unfrozen area of the

sample, and the frozen part will not continue to replenish
water from the outside. It can be seen from Figure 7 that
after freezing from the top of the sample, there is no obvious
ice condensation layer in the upper part, but an ice lens is
formed in the lower part of the sample. The positions of
the ice lenses formed under the conditions of different steel
fiber contents are basically the same, which are manifested
as obvious wrinkles in the lower part of the sample. This is
because the temperature gradient-induced moisture
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Figure 6: Water supplement variation of samples with different steel fiber contents.
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Figure 7: Frozen soil samples at the end of freezing: (a) c = 0; (b) c = 0:25%; (c) c = 0:5%; (d) c = 0:75%.
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migration increases significantly and the location of the ice
lens formation is not much different. From the appearance
of the sample after freezing, the size of the wrinkle formed
in the lower part decreases with the increase of the steel fiber
content, indicating that the volume of the ice lens formed
during the freezing process decreased, thereby reducing the
frost heave deformation accordingly.

It can be seen from Figure 8 that the moisture content at
the top of the sample has increased compared with the initial
value, indicating that with the generation of the temperature
gradient, moisture migration will occur at the beginning of
freezing. The moisture content of the position at a height
of 35mm is lower than that of the top, showing that the
freezing front advances faster at this position, the time
required to form frozen soil is very short, and the water
migrating to the top of the sample cannot be replenished
from the bottom in time. Referring to Figure 6, it can be seen
that the amount of external water supply is small at this
stage, and the water migration mainly occurs inside the sam-
ple. As the development speed of the freezing front in the
lower part of the sample decreases, the amount of water
replenishment increases, especially around the height of
15mm. Due to the slow freezing speed and the long time
for water migration, a large amount of migrated water forms
ice lenses, resulting in a significant increase in the water con-
tent in this region and forming wrinkles in the lower part of
the sample in Figure 7. In the lower end area of the sample,
the soil moisture content at a height of 5mm is lower than
the initial value, because the moisture content decreases after
the water migrates to the upper part.

By analyzing the moisture content curves under different
steel fiber content conditions, it can be found that the steel
fiber content has little effect on the moisture migration at
the top of the sample, while for the lower part of the sample,
the moisture content increases significantly. When the water

accumulates to form the ice lens, the added steel fiber
improves the tensile strength of the frozen soil and limits
the volume growth of these ice lenses, so the water content
decreases to a certain extent. At the same time, with the
increase in the amount of steel fiber added, the effect of inhi-
biting the development of ice lenses will be improved, and
the amount of water migration will be reduced accordingly,
resulting in a further decrease in the water content in the
sample.

4. Discussions

4.1. Influence of Steel Fibers on Temperature Distribution.
When the steel fiber size is a fixed value (l = 8mm, d =
0:12mm), the change in the temperature distribution of
the silt sample with time under the condition of different
steel fiber contents is shown in Figure 9.

During the test, due to the constant temperature effect of
the cold end and the warm end, the temperature at the top
and bottom of the sample was always kept at -10°C and
2°C. It can be seen from Figure 9 that the temperature begins
to cool from the top, and the temperature at the height of
40mm drops to 0°C when it is frozen for 15 minutes, indi-
cating that the freezing front advances to this position. There
is a large temperature gradient within 10mm of the top area,
while the rest of the sample is in a positive temperature state
with a small temperature gradient. As the freezing front
advances downward, the temperature gradient in the upper
20mm range of the sample increases significantly after freez-
ing for 60min, and a large temperature gradient appears in
the negative temperature range of the sample. The reason
is that the freezing front advances to the height of 30mm
when freezing for 30min, and when the soil temperature
drops to 0°C, the latent heat released by the freezing of water
reduces the temperature gradient in the soil. Until the tem-
perature at the 30mm position is lower than -1°C after
60min, a large temperature gradient will not appear in the
upper 20mm range of the sample. After freezing for
90min, the freezing front was advanced to the height of
10mm, and the decrease of the upper temperature made
the internal temperature gradient of the sample more consis-
tent; especially after 120min, the temperature gradient in the
whole sample height range was basically the same. Affected
by the warm end, the temperature change within 10mm of
the bottom is relatively small, and it is in a positive temper-
ature state, which ensures the condition of continuous water
replenishment. As the temperature gradient within the sam-
ple is a key factor affecting the moisture migration, a large
temperature gradient has not appeared at the bottom until
90 minutes of freezing; then, it caused the replenishment
of external water supplement, as shown in Figure 6.

From the distribution characteristics of the temperature
gradient at different times, the cooling rate is slow before
dropping to 0°C, and the temperature gradient in the
unfrozen area is small. The temperature distributions in
the samples before and after the incorporation of steel
fibers are basically the same, and with the decrease of the
temperature, the temperature difference is further reduced.
The temperature distribution in the sample without steel
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fiber at 120min and 240min is shown in Figure 10, and the
maximum temperature difference under the condition of
different steel fiber contents is as marked in the curve. It
can be seen from the figure that the maximum difference
under different steel fiber content conditions is only
0.22°C when it is frozen for 120 minutes, and it is reduced
to 0.13°C when it is frozen for 240 minutes. Therefore, the
addition of a small amount of steel fibers will not have a
significant effect on the freezing temperature distribution
and its gradient inside the sample. In addition, it can be
found from Figure 10 that the temperature of the steel fiber

incorporated sample is slightly lower than that without steel
fibers. This result shows that the steel fiber will increase the
thermal conductivity of the sample, which will speed up the
freezing effect to a certain extent, but the difference is small.
As the freezing progresses, the thermal conductivity differ-
ence between the frozen soil and the steel fiber decreases,
which further reduces the temperature difference between
different measuring points.

4.2. Influence of Steel Fiber Parameters on Frost Heave Rate.
In order to explore the effect of different steel fiber physical
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states on the frost heave of the sample, the relationship
between the frost heave rate and the steel fiber content,
length, and diameter was studied separately. The test results
are shown in Figure 11.

For Figure 11(a), the length and diameter of steel fibers
in the silt sample were controlled to be constant values,
8mm and 0.12mm, respectively. It can be seen that in differ-
ent freezing stages, the frost heave rate decreases with the
increase of the steel fiber content, and with the extension
of the freezing time, the decreasing trend of the frost heave
rate is more obvious. In the later stage of freezing, the segre-
gated frost heave effect caused by the migration of moisture
outside the sample dominates the total deformation, and the
incorporated steel fiber can significantly improve the tensile
strength of the frozen soil, thereby inhibiting the frost heave

deformation. The frost heave rate decreases approximately
linearly with the steel fiber content.

As shown in Figure 11(b), the frost heave rate of the
sample decreases linearly with fiber length during the freez-
ing process. At the end of freezing in the test, under the con-
dition that the mass content of steel fiber is 5% and the
diameter is 0.12mm, the frost heave rate with steel fiber
length of 8mm, 10mm, and 13mm is 5.29%, 5.05%, and
4.64%. Compared with the samples without steel fibers, the
reduction rate is 16.52%, 20.48%, and 26.93%, respectively.
These data indicate that the reinforcement effect of the lon-
ger steel fibers is more obvious in improving the tensile
strength of the frozen soil, which can more effectively
improve the effect of inhibiting frost heave. Based on this
result, longer steel fibers should be selected in practical
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Figure 11: Variation of frost heave rate with characteristic parameters of steel fiber: (a) steel fiber content; (b) steel fiber length; (c) steel fiber
diameter.
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engineering, which has a better inhibitory effect on soil frost
heave.

When it comes to the effect of steel fiber diameter, it can
be seen from Figure 11(c) that the frost heave deformation
can be suppressed by incorporating steel fibers with different
diameters on the whole. Similar to the first two parameters,
the significant growth stage of the frost deformation occurs
during the freezing period of 120min-240min. The larger
temperature gradient in this period leads to the rapid
increase in moisture migration and the growth of the ice
lens, which causes the rapid increase in deformation. Since
the key to limiting the growth of ice lens is that the tensile
strength of frozen soil is enhanced after the incorporation
of steel fibers, under the conditions of the same amount
and length parameters, as the diameter of steel fibers
increases, the amount of incorporated steel fibers will be rel-
atively reduced. This reduces the cementation between the
steel fibers and the soil particles, thereby reducing the
increasing trend of the soil tensile strength. Therefore, the
inhibitory effect decreases with the increase of the diameter
of the steel fiber. When frozen for 480min, the frost heave
rates of steel fibers with diameters of 0.12mm, 0.2mm,
and 0.3mm were about 4.64%, 4.89%, and 5.14%. Compared
with the samples without steel fibers, the reductions were
26.93%, 23.31%, and 19.06%, respectively. When thicker
steel fibers are used in construction, the amount of incorpo-
ration should be appropriately increased to improve the lim-
iting effect of ice lens growth, thereby effectively suppressing
frost heave deformation.

It is important to point out that the distribution state of
steel fibers has a great influence on the frost heave deforma-
tion of the improved soil. In this paper, the effect of lap
between steel fibers can actually be reacted by different
length parameters, and the frost swelling difference was
studied by incorporating three different lengths of steel

fibers. In the distribution pattern of steel fibers, in addition
to the different contents, we try to ensure the homogeneous
mixing of soil particles and steel fibers during the specimen
making process as much as possible to achieve a standard-
ized sample making process. As far as the cementation state
between steel fibers and soil particles is concerned, it belongs
to a more microscopic research area, which is not capable to
be considered in this paper at present and is subject to fur-
ther study.

4.3. The Relationship between Frost Heave and Water
Supplement. The cumulative water supplement and frost
heave rate changes during the test are shown in Figure 12.
It can be seen that at the end of the test, the frost heave rate
and the accumulated water supplement amount will
decrease with the steel fiber content and will also be affected
by characteristic parameters such as the length and diame-
ter. The change in the steel fiber content has a more signifi-
cant effect on the frost heave rate and the accumulated water
supplement. From the test results under different parameter
conditions, the frost heave rate and the accumulative water
supplement have the same increasing trend; the change rules
of these two indicators are basically the same.

According to this phenomenon, it can be concluded that
water migration from the outside of the sample is the main
cause of frost heave deformation, and blocking or reducing
the external water supply is the key to controlling frost
heave. During the test, the dimensional changes such as
the length and diameter of the steel fiber affected the freezing
process by changing the external moisture migration, which
was the key mechanism for the steel fiber modified soil to
inhibit frost heave.

4.4. Different Soil Properties. In this experiment, frost heave
was also studied through two different soil properties, silty

0

1

2

3

4

5

6

7

8

Fr
os

t h
ea

ve
 ra

tio
 (%

)

Test conditions
a b c d e

17.04
16.05

14.91 14.56 14.21

0

2

4

6

8

10

12

14

16

18

20

W
at

er
 su

pp
le

m
en

t v
ol

um
e (

m
l)6.35

5.29 5.13 4.89
4.64

Frost heave ratio

Water supplement volume

Figure 12: Variation of frost heave ratio and water supplement at different test conditions: (a) c = 0; (b) c = 0:5%, l = 8mm, d = 0:12mm; (c)
c = 0:75%, l = 8mm, d = 0:12mm; (d) c = 0:5%, l = 13mm, d = 0:12mm; (e) c = 0:5%, l = 13mm, d = 0:3mm.

10 Geofluids



clay and silt. The frost heave ratio, water supplement, and
the difference curves of these two soils are shown in
Figure 13. It can be seen from Figures 13(a) and 13(b) that
the development process of frost heave and water supple-
ment curves of the two soil types are generally consistent.
At the same time, it can be found that in the rapid growth
stage of the moisture migration during the freezing period
of 120-250 minutes, the water supplement amount is
roughly the same under the conditions of different steel fiber
contents, but the frost heave rate is quite different, especially
in the silty clay. The reason is that the water conductivity of
the fine-grained soil enhanced by the steel fiber is more obvi-
ous, and the contact area between the small-sized soil parti-

cles and the steel fiber is larger, which can significantly
increase the tensile strength of the frozen soil, reduce the
internal deformation, and improve the inhibition effect of
frost heave deformation. Although the larger specific surface
area brought by the smaller soil particle size will increase the
amount of water migration and cause larger frost heave
deformation, the improvement of water conductivity after
the incorporation of steel fibers is correspondingly more sig-
nificant. The test data show that when 0.25%, 0.5%, and
0.75% steel fibers are added to the silty clay, the water migra-
tion decreases by 8.11%, 14.09%, and 18.69% at the end of
freezing, and the frost heave rate decreases by 12.24%,
20.05%, and 26.28%. In contrast, the water migration of
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Figure 13: Comparative curves between two kinds of soil: (a) frost heave ratio; (b) water supplement; (c) difference in frost heave ratio and
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the silt samples decreased by 8.04, 12.05, and 16.67%, and
the frost heave rate decreased by 10.02%, 16.54%, and
22.99%, respectively. For more visualization, the frost heave
inhibition rates for the two soil properties at different steel
fiber contents are also shown in Table 3.

In order to further analyze the influence of soil properties,
the difference between the frost heave ratio and the water sup-
plement in two kinds of soil before and after incorporating
steel fibers is shown in Figure 13(c). It can be seen that in
the early stage of freezing, in the absence of external water sup-
plementation, the frost heave rate of the two soils is almost the
same, and the slight difference is caused by the different satu-
rated moisture content of the soil. After 90min of freezing, the
external moisture began to migrate in, the resulting segrega-
tion frost heaving made the deformation enter a stage of rapid
growth, and the difference in the frost heave rate between the
two samples also began to increase. In the initial stage, the
water migration caused by the smaller temperature gradient
is small, and the water replenishment amount of the two sam-
ples is basically the same. After 200min of freezing, with the
obvious increase of external water recharge, the silty clay sam-
ple with smaller particle size replenished water faster, resulting
in a corresponding increase in the difference between the
cumulative water supplement and frost heave rate between
the two samples. Since the particle size of soil particles is a crit-
ical factor affecting the water migration process, the water
migration of silty clay with smaller particle size has always
been greater than that of silt samples during the test, and the
difference between the frost heave ratios of the two has also
increased accordingly.

For the two soil properties after adding steel fibers, the dif-
ference in the amount of water supplementation between the
two samples at the initial freezing stage is small. After
250min of freezing, the difference in the limiting effect of steel
fibers on the growth process of the ice lens leads to an increase
in the amount of water migration in the silty clay, which
makes the external water replenishment more than that of
the silty sample, and this gap continued to increase as the
freeze progressed. Steel fibers will change the water conductiv-
ity and deformation process in the sample, especially fine-
grained soil. Therefore, during the in situ frost heave period,
the cementation between the steel fibers and the soil particles
with smaller particle size is better, which will significantly
reduce the frost heave rate of the silty clay, resulting in a
smaller in situ frost heave than silt. With the replenishment
of external water, the migration of fine-grained soil is faster,
and the frost heave rate of the silty clay mixed with steel fibers
is always higher than that of the silt samples.

Comparing the change process of frost heave rate and
accumulative water supplement of the two soils before and
after adding steel fiber, steel fiber can not only reduce the

difference in water migration between the two soil samples
but also delay the time when the difference occurs by about
50 minutes. This is because the incorporation of steel fibers
makes the lens formation time in the sample elapsed by
50min, and the inhibitory effect of the steel fibers on the
growth of the ice volume also reduces the difference in the
amount of moisture migration, thereby reducing the corre-
sponding difference of the frost heave rate. Since water
migration is the main reason for the frost heave deformation
of the samples, the change trend of the difference between
the water supplement amount and the frost heave rate dur-
ing the freezing process is consistent. However, there is a
deviation in the change process after the incorporation of
steel fibers; the reason is that the incorporated steel fibers
also affect the deformation inside the sample. Therefore,
the incorporation of steel fibers in the soil will not only limit
the generation of ice lens and inhibit its volume growth but
also affect the deformation process, which are the reasons for
the inhibition of frost deformation in the steel fiber
improved ground.

5. Conclusions

In this paper, through the one-dimensional frost heave test
of steel fiber improved soil in an open system, the influence
of factors such as steel fiber content, size, and soil properties
on the frost heave characteristics was analyzed, and the fol-
lowing conclusions were obtained:

(1) The addition of a small amount of steel fibers does
not have a significant effect on the freezing process
and the internal temperature distribution character-
istics. After 90min of freezing, the large temperature
gradient at the bottom of the sample causes the
external moisture to migrate, resulting in the rapid
growth of frost heave deformation

(2) The segregated frost heave caused by the migration
of external moisture is the main source of frost heave
deformation, and the steel fiber can improve the ten-
sile strength of the frozen soil, inhibit the growth of
the ice lens, and reduce the amount of water migra-
tion, thereby reducing the frost heave. The frost
heave rate decreased by 26.93% when 0.5% steel fiber
was incorporated

(3) The inhibitory effect of steel fibers increased nearly
linearly with the increase of the content and length
and decreased with the increase of the diameter.
When the amount of steel fibers added to the silt
samples was increased from 0.25% to 0.75% or the
length of steel fibers was increased from 8mm to
13mm, the effect of inhibiting frost heave could be
increased by 10.44% and 12.45%, respectively. In
contrast, when the diameter of steel fibers was
expanded from 0.12mm to 0.3mm, the frost heave
inhibition effect decreased by 10.77%

(4) Steel fibers have a more significant inhibitory effect
on water migration and frost heave in fine-grained

Table 3: Frost heave inhibition rates for two kinds of soil.

Steel fiber content Silty clay Silt

0.25% 12.24 10.02

0.5% 20.05 16.54

0.75% 26.28 22.99
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soil. When the content of steel fiber is 0.75%, the
frost heave rate of silty clay is 14.31% lower than that
of silt, and the water migration is 11.99% lower
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