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Model tests were performed with different temperatures and soil stabilizers to

investigate the effect of horizontal frost heave force on open tunnels in seasonal

frozen regions. Experimental results show that the dissipation of the frost heave

force accelerated with the increase in temperature, and the data indicate that

compared with soil without stabilizers, the horizontal frost heave force

decreased by 10% and 15% in soil with lignin fiber and Huaxia No. 1 soil

stabilizer. It can be concluded that the inhibitory effect of Huaxia No. 1 soil

stabilizer on frost heave force was more significant than that of lignin fiber.

According to the test results, the relation expression between horizontal frost

heave force and frost heave amount was fitted.
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Introduction

China consists of about 54% seasonal frozen surface (Lai et al., 2018). The

construction of pipes and cable tunnels in cold regions is often followed by frost

damage. Especially when subjected to horizontal constraints, frozen soil will generate

horizontal frost heave force, leading to the deformation and destruction of structures.

From the micro perspective, many attempts have been made to investigate the

mechanism of frost heave. Frost heave is essentially a thermo-hydro-mechanical

coupled problem based on the theoretical frame of a multi-phase porous medium for

saturated frozen soils (He et al., 2012). Liquid transfer under a thermal gradient is

assumed to be the cause of frost heave (Harlan, 1973). Mathematical models for

simulating heat and liquid flow in freezing soils have been proposed by Taylor and

Luthin (1978) and Horiguchi K (1987). Notably, it is essential to consider the influence of

the stress and deformation field of the soil body in cold region engineering (Wang et al.,

2005). Chen et al. (2002) established a thermo-moisture-deformation coupled theoretical

frame for the freezing soil with the consideration of the force interaction between the soil

skeleton and ice particles and the energy jump behaviors during the phase-changing
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between ice and water. He et al. (2012), He et al. (2018) simplified

the heat-moisture-deformation model through the introduction

of the Clapeyron equation to describe the temperature gradient

on the moisture migration in the freezing zone. Bai (2019)

developed a thermodynamic constitutive model based on

particle arrangement, in which the irreversible consolidation

of the normally consolidated saturated soils was attributed to

the irreversible rearrangement of solid particles, and the

temperature-induced elastic deformation of solid particles was

dominant in soil with higher OCR.

From the macro perspective, temperature plays a key role

in the development of horizontal frost heave force. Great

progress has been made in the study of the influence of

temperature on horizontal frost heave force. Ding (1983)

examined the relationship between horizontal frost heave

force and soil temperature through the study on the

horizontal frost heave force of retaining walls. Liu (2000)

proposed that the continuous low temperature would

prompt the migration of water from the unfrozen zone to

the frozen zone, and when the temperature dropped below

0°C, the water froze and the soil swelled. Liu (2005) found

that in the process of freezing, the unfrozen water content

decreased with the decrease in temperature, objectively

resulting in the intensification of frost heave and elevation

of the horizontal frost heave force. Work by Tong (1985)

testified that horizontal frost heave force increased with a

decrease in soil temperature. The force was lifted drastically

with the temperature dropping from 0°C to −5°C and reached

the peak at −5°C.

Physical, chemical, and integrated improvements of soil

are widely used in engineering to reduce the settlement by

freeze–thaw cycles (Zhang et al., 2015). The physical

improvement is to enhance the physical strength of the

soil by modifying the particle gradation (OLGUN M.,

2013). The chemical improvement is to add components

such as cement, lime, or chemical slurry to the soil,

producing new substances with high strength (ESKIŞAR

et al., 2015; HOTINEANU et al., 2015; Li et al., 2015).

The integrated improvement combines physical and

chemical improvement (Yang et al., 2019).

However, there is little research on the physical mechanism

of the inhibitory effect of soil improvement on horizontal frost

heave force. In addition, before soil improvement can be applied

to prevent frost damage in engineering, more research is required

to comprehensively characterize their frost heave property with

different temperatures.

The present study used an indoor model test to

investigate the characteristics of frost heave with different

freezing temperatures and different soil stabilizers and

explain the mechanism of soil improvement in restraining

frost heave. A relation expression between frost heave force

and frost heave amount was also introduced for tunnel and

pipe designs.

Materials and methods

Model tests were performed on soil without soil stabilizers,

with Huaxia No. 1 soil stabilizer and with lignin fiber. Each test

involved frost heave force and amount measurement. All the tests

were conducted in a closed system. This section presents the

properties of the test materials and test procedures.

Test materials

The adopted scale factor for the model and prototype is 1:5.

The model tunnel is a cubic tunnel of length 1.8 m, width 0.6 m,

and height 0.6 m, with a lining thickness of 0.1 m. The Young’s

modulus of the tunnel is 6 GPa. Tunnel details are shown in

Figure 1.

The physical properties of the soil are summarized in Table 1.

The unit weight of the soil is adjusted to real conditions by adding

some water with compaction by layers.

The soil stabilizers used for the tests are Huaxia No. 1 soil

stabilizer and lignin fiber. The physical properties of lignin fiber

andHuaxia No.1 are listed in Table 2 and Table 3. Huaxia No. 1 is

a liquid soil stabilizer made in China and composed of

environment-friendly inorganic materials and a small amount

of activator. Huaxia No. 1 is representative of the chemical

improvement. According to previous foundation treatment

cases, its preferred dosage is 0.01% and is applied in the

model tests. Lignin fiber, as a physical improvement material,

is solid and has the advantages of environmental protection and

low price. Referring to a previous study by Chen et al. (2020), the

optimum addition ratio of lignin fiber was 1:100 because the best

effect of soil improvement against the deterioration of the elastic

modulus caused by freeze–thaw cycles is achieved under this

addition ratio. The aforementioned ratios are the ratios of the

mass of soil stabilizers to the mass of dry soil.

Equipment and test procedures

The model test system is self-designed for this specific

experiment and consists of a model tank, strain sensors, earth

pressure sensors, temperature sensors, two freezers, and a data

acquisition system. The model box size is 2 m × 0.8 m × 1 m

(length × width × height). The strain sensors are located inside

the model tunnel to measure the deformation of the tunnel. The

earth pressure sensors are attached outside the tunnel sidewalls.

Data from the earth pressure sensors are the sum of the lateral

earth pressure and the horizontal frost heave force. The sensors

are distributed in three sections, as shown in Figure 2. Two 300 L

freezers are used as the refrigeration system for the test, with a

temperature-controlling range of −26°C–10°C and fluctuations

of ± 0.5°C. A 5-mm-thick layer of thermal insulation foam is laid

on the surface of the frozen soil.
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The model tunnel was put into the box when the foundation

was filled to 0.2 m high. To prevent freezing damage in actual

engineering, the cable tunnels were not fully constructed in the

frozen soil layer, with only the upper part covered by frozen soil.

Therefore, the upper 20 cm of the model tunnel was located in

frozen soil. After the filling process, all the sensors were installed,

and a cover plate was placed on the top with pressure applied

through the weights for pre-compaction. For better application of

test results in engineering, the lowest temperature was set as 10°C,

which was a representative temperature in the design of the cable

FIGURE 1
Test apparatus.

TABLE 1 Physical properties of the soil.

Properties Value

Classification of soil Clay

Water content (%) 25.84

Unit weight (%) 18.93

Plastic index 10.94

Liquid index 0.56

Plastic limit (%) 19.71

TABLE 2 Physical properties of lignin fibers.

Properties Value

Fiber length (mm) 6–8

Ash content (%) 18

pH 7.5

Water content (%) <5
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tunnels in seasonal frozen areas. The transition from ice crystals

to free water increases with the increase in temperature, resulting

in the increase in the speed of variation of the frost heave force

and amount. Therefore, more sampling points are set near 0°C.

Readings of the sensors were recorded

at −10°C, −5°C, −2.5°C, −1.5°C, −1.0°C, −0.5°C, and 0°C.

Results

The frost heave response to temperature

The horizontal frost heave force is equal to the reading of the

lateral earth pressure sensor minus the static earth pressure. The

frost heave amount reflects the deformation of the frozen soil.

Given that the model box is rigid, the tunnel’s lateral deformation

is the frost heave amount of the soil.

Group A investigated the effect of freezing temperature on

the frost heave force and the frost heave force without soil

stabilizers. The results of Figure 3 indicated that the frost

heave force decreased with increasing temperature. The

average horizontal frost heave force at −10°C, −5°C, and

0°C was 17.70 kPa, 14.64 kPa, and 8.93 kPa, respectively.

From −10°C to −5°C, the frost heave force decreased by

3.06 kPa and 17.2% in percentage. From −5°C to −0°C, the

frost heave force decreased by 5.71 kPa and 32.2% in

percentage. The decrease of horizontal frost heave force

from 10°C to −5°C was lower than that from −5°C to 0°C. It

is noted that the higher the freezing temperature is, the faster

the ice crystals melt and the faster the frost heave force

dissipates.

The variation of frost heave amount indicated that the frost

heaving of the soil was reduced with temperature increment. The

decrease of heating-up was accelerated by temperature

increment. Similar to the behavior observed for frost heave

force, it could be seen that the curve of frost heave amount

also reached the maximum slope around −1.5°C, and the

phenomenon was consistent with the accelerated melting rate

of the ice crystals, as reflected by the horizontal frost heave force.

TABLE 3 Physical properties of the soil with 0.01% Huaxia No. 1.

Properties Value

Optimum water content (%) 25.84

Maximum dry density (%) 1.87

Compressive modulus of resilience (MPa) 1,400

FIGURE 2
Distribution of sensors.

FIGURE 3
Change rules of frost heave force and amount in group A. (A) Section 1. (B) Section 2. (C) Section 3.
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It was also observed that the frost heave

amount–temperature curves of sections 1, 2, and 3 showed a

similar variation trend, and their values were close, which

indicated that the frost heave deformation of the soil along

the sidewall was uniform. To eliminate the errors, the average

of the frost heave amount of sections 1, 2, and 3 is taken as the

frost heave amount of the model test. The frost heave amount

at −10°C, −5°C, and 0°C was 22.19 mm, 15.60 mm, and 7.53 mm,

respectively. The frost heave amount decreased by 6.59 mm and

29.7% in percentage from −10°C to −5°C and by 8.07 mm and

36.4% from −5°C to 0°C.

Group B investigated the effect of the frost heave of the soil

with lignin fiber (1:100). The test results of group B in Figure 4

showed that the frost heave force was uniformly distributed along

the tunnel when lignin fiber was added to the soil.

The average horizontal frost heave force at −0°C, −5°C, and

0°C was 16.19 kPa, 13.20 kPa, and 8.33 kPa, respectively.

From −10°C to −5°C, the frost heave force decreased by

2.99 kPa (18.5%). From −5°C to −0°C, the frost heave force

decreased by 4.87 kPa (30.1%). The frost heave amount

at −10°C, −5°C, and 0°C was 18.23 mm, 12.82 mm, and

6.68 mm, respectively. The frost heave amount decreased by

5.41 mm (24.4%) from −10°C to −5°C and by 6.14 mm

(27.7%) from −5°C to 0°C.

Compared with group A (no soil stabilizer added), the

horizontal frost heave force was reduced by 5%–10%, and the

frost heave amount was reduced by 15%–20% after adding lignin

fiber.

Group C studied the effect of the frost heave of soil with

Huaxia No. 1 soil stabilizer (1:10000). The test results are in

Figure 5. The average horizontal frost heave force at −0°C, −5°C,

and 0°C was 15.44 kPa, 12.00 kPa, and 7.69 kPa, respectively.

From −10°C to −5°C, the frost heave force decreased by 3.44 kPa

(22.3%). From −5°C to −0°C, the frost heave force decreased by

4.31 kPa (27.9%). The frost heave amount at −10°C, −5°C, and

0°C was 18.52 mm, 12.61 mm, and 6.57 mm, respectively. The

frost heave amount decreased by 5.91 mm (26.7%) from −10°C

to −5°C and by 6.04 mm (27.2%) from −5°C to 0°C.

Compared to groups A and B, in the group with the No. 1 soil

stabilizer, the frost heave force was reduced by 15%–20%, and the

frost heave amount was reduced by 14%–21%. The difference

between groups B and C showed that the horizontal frost heave

force of the soil with Huaxia No. 1 added to it was 5% less than

that of soil with lignin fiber, and the variance of frost heave

amount was within 5%.

Validation of the model test results

The model test results are translated to the prototype results

by applying scale factors. To verify the reliability and safety of the

application of the test results in design, the force of the prototype

results and the force valued by the design method of the code for

anti-freezing design of hydraulic buildings GB/T 50662-2011

(2011) are compared. Since the frozen soil with stabilizers has not

been considered in the standard, only the results of group A are

discussed in this section. The standard divides the degree of frost

heave into five levels, and the corresponding frost heave amount

and force are given for each level. Due to the large interval

between the values given in the table, linear interpolation is

required to obtain accurate data. A comparison of the horizontal

frost heave force is shown in Table 4.

The table shows that the horizontal frost heave force of the

prototype results is slightly larger than the horizontal frost

expansion force calculated by the design method of the

standard, and the overall relative error is within 5%.

Therefore, the results from the tests can ensure safety and

applicability in design.

Fitting relation of frost heave

A reliable and simple relationship between frost heave force

and frost heave amount is significant to promote further

application of the test results in engineering. Referring to

previous experimental studies, power function can be used to

FIGURE 4
Change rules of frost heave force and amount in group B. (A) Section 1. (B) Section 2. (C) Section 3.
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fit the relationship between the horizontal frost heave force and

amount (Zhou, 1993). Therefore, the power function is selected

for the fitting curve. MATLAB was used to fit the frost heave

force and frost heave force under different conditions. The fitting

results are shown in Figure 6.

The fitting formula is F=axb, where F is horizontal frost heave

force, x is frost heave amount, and a and b are parameters to

determine.When no soil stabilizers are added, a is 0.022, b is 0.68,

and the fit error is 0.977, which meets the requirements. It can be

seen that the force increases nonlinearly with the increase of frost

heave, with the change rate gradually decreasing. When lignin

fiber and Huaxia No. 1 are added, a in the formula becomes

0.019 and 0.0018, respectively. The coefficient b remains

unchanged. Therefore, the relationship between frost heave

force and frost heave amount under the experimental

condition can be expressed by the equation F=ax0.68.

Discussion

The temperature effect of frost heave has been investigated in

model tests.

When ice crystals were formed via low temperatures, they

disrupted the linkage between soil particles and squeezed them

into a new skeleton. As the structure constrains the frost heave,

the frozen soil will exert frost heave force on the constrained

FIGURE 5
Change rules of frost heave force and amount in group C. (A) Section 1. (B) Section 2. (C) Section 3.

TABLE 4 Comparison of horizontal frost heave force.

Frost
heave amount (mm)

Frost heave force
of tests (kPa)

Frost heave force
of the standard
(kPa)

Relative error (%)

110.94 88.51 84.82 4.35

77.99 68.21 66.00 3.35

62.36 58.93 57.06 3.27

55.03 53.67 52.88 1.50

50.11 51.12 50.06 2.11

43.24 46.62 45.49 2.48

FIGURE 6
Relationship between frost heave force and frost heave
amount under different conditions.
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body. At the same time, the original small pores will also

penetrate each other due to the extrusion, forming larger

pores. The transition from ice crystals to free water increases

with the increase in temperature, objectively resulting in the lift

of pore water pressure and reduction of effective stress. Thus, the

horizontal frost heave force and amount decrease with the

increase in temperature. However, the expansion of pores

cannot be recovered immediately after the ice crystals thaw.

With the continuous increment of temperature, the soil skeleton

recovers faster. Therefore, horizontal frost heave force dissipated

faster with the increase in soil temperature.

After the lignin fiber is mixed with the soil, it is interlaced

into nets or clusters. The frost heave can induce dislocation

between the fiber and the soil. As a single fiber is pulled, the joint

force of the adjacent fibers will be affected, forming a three-

dimensional force structure so that the load can be evenly

dispersed to other areas. In this case, the interface forces are

mainly the friction and bonding force between the fiber and the

soil. In addition, the fiber can effectively limit the sliding of the

soil. This restriction effect is more significant when the fiber is

interlaced in a network structure. Therefore, lignin fiber can

redistribute the uneven frost heave force in the soil, thereby

inhibiting the local deformation caused by frost heave.

Huaxia No. 1 soil stabilizer consists of inorganic materials as

the main agent and a small amount of activator. The activator can

catalyze the hydration reaction between the inorganic stabilizer

and the soil to generate a reticulated C–S–H gel. The gel can

cement the dispersed soil particles, increase the viscosity of the

pore water, prevent the unfrozen water from migrating to the

freezing edge, and weaken the soil permeability and water

migration, inhibiting the frost heave.

For inner model tests, the boundary effect caused by the

model size will affect the accuracy of the test results. It should also

be noted that cable tunnels in engineering experience

complicated force conditions. In seasonal cold regions, cable

tunnels are affected by freeze–thaw cycles. Therefore, work on

horizontal frost heave force under different freeze–thaw cycles

should be carried out, and it is suggested that more in situ testing

should be conducted.

Conclusion

The experimental study on the effect of frost heave force on

the open-cut tunnel was carried out, and the frost heave

characteristics of frost heave with different freezing

temperatures and different soil stabilizers were investigated.

The main conclusions are as follows:

1) The frost heave force is closely related to the freezing

temperature. The transition from ice crystals to free water

increases with the increase in temperature, objectively

resulting in the lift/elevation of pore water pressure and

reduction of effective stress.

2) Soil improvement is an effective way to reduce horizontal

frost heave force and ensure the safety of the structures in

engineering. Lignin fiber, a representative of physical

improvement, can redistribute the uneven frost heave

force in the soil, thereby inhibiting the local

deformation caused by frost heave. Huaxia No. 1 soil

stabilizer can cement the dispersed soil particles,

increase the viscosity of the pore water, prevent the

unfrozen water from migrating to the freezing edge, and

weaken the soil permeability and water migration,

inhibiting the frost heave.

3) The fitting relation expression between horizontal frost heave

force and frost heave amount was obtained. A more accurate

value of frost heave force in the design of open-cut tunnels in

cold regions can be obtained by this expression than existing

value methods in standards.
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