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Frost protection mechanism based
on rubber airbag interlayered
composite lining system

for cold-region tunnels

Yuping Xu, Yang Liu & Wenge Qiu™*

To solve the problem of freezing damage in cold-region tunnels, this study proposed a rubber airbag
interlayered composite lining system, and tested its performance of buffering, pressure adjustment,
waterproofing, and heat preservation by simulating a low-temperature environment in an artificial
freezing chamber. The experiment results show that the frost-heaving force exerted on the lining can
always be lower than 1.69 kPa by constantly adjusting the airbag pressure, and the maximum frost-
heaving force can reach 28.25 kPa without the airbag. In addition, the airbag also has good waterproof
performance. Finally, the airbag can significantly improve the temperature field of the surrounding
rock and reduce the freezing depth (6.75 cm <17.25 cm). The insulation effect of the airbag is positively
correlated with its thickness and negatively correlated with the thermal conductivity of the filling gas.
The insulation effect of CO, is better than that of air. The rubber airbag interlayered composite lining
system provides a new scheme for freezing damage control in cold-region tunnels.

Keywords Cold-region tunnels, Rubber airbag, Composite lining system, Frost protection mechanism,
Experimental study

With the increasing demand for economic and social development, transportation infrastructure construction is
expanding into high-altitude and cold regions. Alongside the construction and opening of numerous cold-region
tunnels, various issues related to frost damage have emerged. These issues typically manifest as lining cracking,
brittle spalling, leakage, ice accumulation, and freezing-induced expansion at the tunnel invert, which severely
compromises the structural stability and traffic safety of the tunnels. Studies have indicated that groundwater,
low-temperature environments, and frost-heaving force are the main causes of tunnel frost damage. Frost-heaving
force is essentially the deformation pressure resulting from surrounding rock freezing, and the frost-heaving
constraint state is a crucial factor in determining the magnitude of frost-heaving force.

The mainstream approach for frost damage prevention and control in cold-region tunnels involves the instal-
lation of a waterproof layer to prevent groundwater infiltration, the incorporation of insulation layers or heating
systems to improve the temperature environment of the tunnel, and the utilization of flexible support systems to
dissipate the energy from surrounding rock frost heaving and reduce the risk of damage to the lining structure.

In recent years, waterproofing, insulation, and flexible support technologies have been widely discussed and
applied in cold-region tunnels'. Regarding frost protection, Liu et al.? analyzed the fundamental factors causing
frost damage in permafrost tunnels and the variation patterns of the freezing—thawing zone. They proposed a
waterproofing and insulation structure form of “waterproofing board + insulation layer + waterproof protection
layer” for permafrost tunnels of the Qinghai-Tibet Railway, which serves as a reference for similar engineer-
ing designs. Sun et al.? studied the technology of tunnel waterproofing and drainage through a case study of
Huashan Tunnel in Jilin Province, and results showed that multiple waterproofing measures (such as grouting
concrete, smooth drainage pipes in a round, lengthways and transverse direction, waterproof layer, waterproof
concrete lining and the center drainage pipe of buried deeply, etc.) must be integrated into water-control works
in tunnels in the high cold region. The frost damage caused by seepage becomes more pronounced when tunnel
construction is located in cold region environments. Cui et al.* made a study of the nano-modification effects
on the water multiscale transport behaviors of concrete in winter construction environments. Results indicated
that the addition of nano-materials can markedly increase the complexity of the pore structure and decrease the
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porosity, thereby enhancing the impermeability of concrete. Lai et al.’ found that the effect of the thermal insula-
tion door on heating the air in the tunnel is better than that of the anti-snow shelter, so the thermal insulation
doors installed at both ends of the tunnel are more suitable to prevent the tunnel from being damaged by frost
than the anti-snow shelters. Cui et al.® proposed a new off-wall insulation liner for high-speed railway tunnels
in cold regions. The off-wall insulation liner exhibits excellent insulation capacity, high construction efficiency,
and excellent economic benefits. Ji et al.” proposed several new technologies(such as the buried drainage water-
stop, the ring drainage pipe with a strip of the insulation layer, the plan of embedding pipes in the concrete
lining on both sides to form electric melting ice, and so on) to prevent frost damage of tunnels in cold regions.
Wang et al.8 put forward a new composite thermal insulation lining for the railway operational tunnel in cold
regions. Lai et al.” conducted long-term performance tests on tunnel waterproofing layer materials and found
that freeze—thaw cycles significantly degrade the material performance; however, the resistance of ethylene-vinyl
acetate to low-temperature cracking was minimally affected by these cycles, indicating its waterproofing effective-
ness. Huang et al.'’ conducted experimental research on the failure mechanism of tunnel waterproofing boards,
and the results indicated that the surrounding rock deformation pressure, shotcrete surface smoothness, and
material properties were the main factors causing damage and failure of waterproofing materials during construc-
tion and operation. The methods for installing insulation layers include the external insulation layer method,
intermediate insulation layer method, double insulation layer method, and off-wall insulation layer method"!.
Among them, the external insulation layer method was first applied in the Daban Mountain Highway Tunnel in
Qinghai Province, China'?, and the intermediate insulation layer method was successfully applied in the Kunlun
Mountain Tunnel in the same province', exhibiting excellent thermal insulation effect. Deng et al.'* investigated
the thermal insulation principle of tunnel lining structures with an off-wall insulation layer, demonstrating its
good thermal insulation and frost protection effects. The heating methods adopted for tunnel heating include
direct heating of the secondary lining, heating of the internal air of the tunnel, and heating of water channels".
According to the concept of energy underground engineering, Xia et al.'® proposed the application of energy
geotechnical engineering techniques to tunnel heating schemes, and Wu et al.’” proposed a construction joint
lining and back-source heating method using warm air and electric heating strips for tunnel heating. Lv et al.’®
suggested placing U-shaped electric heating strips between the waterproofing layer and the lining for tunnel heat-
ing, all of which were effective for frost prevention. Zhang et al.'-*! in their research on frost protection measures
in the Linchang Tunnel on Boya Highway in Inner Mongolia, China, utilized a ground-source heat pump heat-
ing system and derived the analytical solution for the thermal conduction of circular tunnel composite media,
successfully solving the frost protection problem in the tunnel. Gao et al.?? proposed an air curtain insulation
and heating system for cold-region tunnels that effectively solves the problem of frequent opening and closing
of cold protection doors, which affects vehicle traffic while providing insulation and frost protection. Regarding
surrounding rock support, K. Kovéri* pointed out that forcibly suppressing rock deformation can lead to exces-
sive deformation pressure. MH Mussa et al.** assessed the tunnel damage mechanism under impact load. SM
Anas et al.*>?° used FEM to study the mechanical response mechanism of high-performance reinforced concrete
slabs under impact load. Sun et al.?’ studied frost-heaving stress in saturated clay under different constraint
conditions through experimental methods and found that greater axial constraints result in higher frost-heaving
stress. Therefore, relying solely on increasing the strength or thickness of the lining is insufficient for enhancing
the frost-heaving resistance, as it may lead to increased frost-heaving forces. G. Anagnostou and L. Cantieni®®
proposed a support scheme that reduces the rock deformation pressure via the filling of a compressible layer
behind rigid support structures. Zhang et al.* suggested utilizing the excellent deformation properties of foam
concrete to absorb rock frost-heaving energy, this method is highly applicable to frost-heaving forces in the range
of 0.6-0.9 MPa, according to calculations.

The relevant study has indeed achieved a lot of valuable results, but there are still many shortcomings, such
as single structure—function, repeated input of materials, high operation energy consumption, difficult manage-
ment and maintenance, and cannot be dynamically adjusted according to the actual situation. Therefore, this
study proposed a rubber airbag interlayered composite lining system to solve the problem of freezing damage
in cold-region tunnels. Using an artificial freezing chamber to simulate the low-temperature environment to
test the properties of buffering, pressure adjustment, waterproofing, and heat preservation, and compare with
traditional rigid lining. The study results will provide a new idea for the prevention and control of freezing dam-
age in cold-region tunnels and have important engineering application value.

Experimental preparation and methods

The rubber airbag interlayered composite lining system proposed in this paper for cold-region tunnels is a
novel lining structure that incorporates a rubber airbag structural layer between the initial support and second-
ary lining, as shown in Fig. 1. The rubber airbag structural layer, which is composed of airtight hollow rubber
bag units interconnected by their edge irregularities, uses water-expanding rubber in the irregular regions, as
shown in Fig. 2. The airbags are connected to an air supply system, including inflation and deflation devices and
monitoring instruments. They are filled with compressible gas with low thermal conductivity, and the extrusion
forces from the internal pressure and water expansion pressure seal the joint gaps in a watertight manner. This
structural layer provides pressure cushioning, monitoring, adjustment, waterproofing, and insulation functions,
effectively addressing cold-region tunnel frost-related issues from multiple dimensions. It compensates for the
shortcomings of traditional composite lining frost-heaving support and frost protection technologies and has
considerable theoretical innovation and engineering application value.
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Figure 1. Cross section of the rubber airbag interlayered composite lining system.
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Figure 2. Splicing method of the rubber airbag interlayered composite lining system.

Experimental models
Two experimental models were used: a circular tunnel with a rubber airbag interlayered structure (referred to
as the “airbag model”) and a circular tunnel without a rubber airbag interlayered structure (referred to as the
“airbag-less model”). Figures 3 and 4 present these models. The geometric similarity ratio of the models was 1:30,
and the dimensions of the models were 300 mm (tunnel diameter) x 2400 mm (tunnel length).

Diagram description: (D Inlet pipe; @ Temperature-controlled water tank; 3 Inlet valve; @ Heating strip and
Insulation layer; B Surrounding rock confinement; ® Surrounding rock; @ Rubber airbag; ® Secondary lining;
@ Air valve; O Pressure gauge; @ Vent valve; @ Inflation valve; @ Air pump; @ Drain valve; @) Drain pipe.

Experimental equipment and materials

Experimental equipment

The temperature of the freezing chamber, the boundary temperature of the surrounding rock, and the water
temperature were automatically controlled by a programmable logic controller control cabinet with an accuracy
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Figure 3. Experimental model.
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Figure 4. Cross sections of the experimental models. (a) Airbag model; (b) Airbag-less model.

of+0.1 °C. The dimensions of the freezing chamber were 4.0 m x 4.0 m x 2.5 m, and the minimum temperature
was — 35.0 °C. Electric heating strips were installed on the external surface of the model to regulate the bound-
ary temperature of the surrounding rock, with a maximum temperature of 20.0 °C. A temperature-controlled
water tank was used for water injection into the model’s surrounding rock, with a maximum temperature of
70.0 °C, as shown in Fig. 5.

Temperature measurement was performed using WZP-50AA waterproof thermal resistance temperature
sensors with a resolution of 0.01 °C. Temperature data were acquired using an R70B data logger. Precise pres-
sure gauges were used for measuring the pressure of the rubber airbag interlayered structure with a resolution
of 0.30 kPa, and pressure data were visually collected. The frost-heaving force was measured using an HNY-1
pressure sensor with a resolution of 0.30 kPa. A TST3826F dynamic-static strain testing and analysis system was
employed for frost-heaving force data acquisition.

Experimental materials

The secondary lining (referred to as the “inner steel cylinder” in the model) was made of low-carbon steel sheets
with a thickness of 1.5 mm. It had a diameter of 300 mm and a length of 2400 mm, as shown in Fig. 6a. The
rubber airbag was made of synthetic rubber, forming a sealed hollow cylindrical structure. Water-expanding
rubber components were mixed into both ends of the airbag. The airbags were available in three specifications:
30, 40, and 50 mm. The thickness of the bag wall was 2 mm, and the thickness of the bag cavity was 26, 36, and
46 mm, respectively. The rubber airbag had an inner diameter of 306 mm and a length of 2400 mm, as shown in
Fig. 6b. The inflation gas inside the rubber airbag interlayered structure was either air or CO, gas, as shown in
Fig. 6¢ and d, respectively. At 0 °C, the thermal conductivity (A) of air was 0.024 W/(m-K), and for CO, gas, it

()

Figure 5. Experimental temperature control system. (a) Freezing chamber; (b) Electric heating strips; (c)
Temperature-controlled water tank.
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Figure 6. Experimental materials. (a) Inner steel cylinder; (b) Rubber airbag; (c) Air; (d) CO,; (e) Soil mixture;
(f) External steel cylinder.

was 0.015 W/(m-K). The surrounding rock was prepared by mixing clayey soil and sand at a mass ratio of 15% to
85%. It exhibited a good water retention capacity and sensitivity to frost heaving, as shown in Fig. 6e. The outer
steel cylinder (used for the confinement of the surrounding rock) was made of high-carbon steel sheets with a
thickness of 5 mm. It had a diameter of 840 mm and a length of 2400 mm, as shown in Fig. 6f.

Experimental methods and procedures

Buffering and pressure adjustment tests

The frost-heaving support function of the rubber airbag interlayered composite lining system primarily involves
its reduction of the frost-heaving force of the surrounding rock. This is achieved through the pressure buffering
and adjustment functions of the rubber airbag interlayered structure. The influence of the buffering function
on the frost-heaving force is examined by adjusting the initial pressure of the airbag to alter the restraint state
of the surrounding rock. During the freezing of the surrounding rock, the pressure was released promptly by
deflating the airbag to study its effect on the frost-heaving force. The objective was to investigate the frost-heaving
support mechanism and the effectiveness of the rubber airbag interlayered composite lining system. In contrast,
the airbag-less model lacked the pressure adjustment function and did not reduce the frost-heaving force of the
surrounding rock. This led to the accumulation of a significant amount of frost-heaving force. A comparison test
was performed using the airbag-less model under the same conditions to highlight the functional advantages
of the rubber airbag interlayered composite lining system. The test conditions designed according to the above
ideas are presented in Table 1.

(1) Test conditions

(2) Test sequence

(1) A buffering test was conducted to examine the influence of the rubber airbag interlayered structure’s buffer-
ing function on the frost-heaving force.

(2) A pressure adjustment test of the rubber airbag interlayered structure was conducted to examine its influ-
ence on the frost-heaving force. Additionally, the frost-heaving force was measured for the airbag-less
model under the same conditions.
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Category Buffering test Pressure adjustment test

With/without airbag With With Without

Airbag thickness (mm) 30 30 -

Internal gas Air Air -

Test temperature Air ten:perature - 20 °C, boundary temperature of surrounding Air temperature -30 °C, boundary temperature of surrounding rock
rock 6 °C 3°C

Surrounding rock water content Saturated state

Initial pressure (kPa) 18 ‘ 13 ‘ 8 |13 -

Pressure adjustment time interval (h) - 15 -

Table 1. The buffering and pressure adjustment tests for the surrounding rock.

(3) Experimental procedures

(1)  Setup and calibration of measurement devices: For the airbag model, the frost-heaving force measurement
instrument was installed on the inflation line of the rubber airbag to measure the equilibrium value of the
surrounding rocK’s frost-heaving force, as shown in Fig. 7. For the airbag-less model, the frost-heaving
force measurement instruments were arranged in four directions (A, B, C, D) on the cross-section of the
model’s surrounding rock. The average value of the frost-heaving force was calculated, as shown in Fig. 8.
The specific procedure involved inserting the pressure sensor through small holes in the secondary lining
(inner steel cylinder) to contact the base point of the surrounding rock. The sensor was securely supported
by a bracket, and waterproofing was applied at this location. Before the start of the experiment, calibration
and initial reading recording of the instruments and acquisition devices were performed to ensure the
accuracy of the test data.

(2) The water temperature in the water tank was adjusted according to the boundary temperature values of the
surrounding rock, and then water was injected into the model.

Heating strip Surrounding rock Rubber airbag  Secondary lining

L A

Pressure gauge

Longitudinal section Cross section

Figure 7. Monitoring method for the frost-heaving force in the airbag model’s surrounding rock.

Heating strip Surrounding rock Pressure sensor Secondary lining

Longitudinal section Cross section

Figure 8. The layout of frost-heaving force measurement points in the airbag-less model’s surrounding rock.
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(3) Once the surrounding rock reached the design moisture condition, with the heating element in the model
not powered, the temperature in the freezing chamber was reduced to the boundary temperature of the
surrounding rock. The model was maintained at this temperature for an adequate period.

(4) When the temperature of the model’s surrounding rock (including the water) reached the boundary tem-
perature value and the temperature distribution was uniform, the temperature of the heating element was
set to the boundary temperature of the surrounding rock. Then, the power supply was connected to the
heating element to maintain a constant boundary temperature of the surrounding rock throughout the
test, using the heating element and insulation layer.

(5) The temperature of the freezing chamber was set according to the design conditions, and the freezing test
was initiated. In the airbag model test, the air in the freezing chamber exchanged heat with the secondary
lining-the rubber airbag interlayered structural layer and the surrounding rock. In the airbag-less model
test, the air in the freezing chamber exchanged heat with the secondary lining and the surrounding rock.

(6) For the buffering function test on the frost-heaving force, the frost-heaving force was measured after the
freezing of the surrounding rock reached equilibrium. For the pressure adjustment function test of the
frost-heaving force, frost-heaving force data were collected at intervals of 3 h starting from the beginning
of the freezing of the surrounding rock.

(7)  After the experiment was completed, the operation of the test system was stopped, and inspection and
closure procedures were conducted.

Waterproofing and frost protection tests

The frost protection effect of the rubber airbag interlayered composite lining system primarily manifests in the
prevention of groundwater in the surrounding rock and thermal insulation of the rock. It relies on the water-
proofing and thermal insulation functions of the rubber airbag interlayered structure. Tests were conducted to
investigate the frost protection mechanism and effectiveness of the rubber airbag interlayered composite lining
system, including tests of the waterproofing function, thermal insulation performance, and impact of thermal
insulation on the temperature field of the surrounding rock. The airbag-less model without waterproofing or
insulation is expected to result in severe frost damage. Thus, a comparison test was conducted using the airbag-
less model without waterproofing or insulation to highlight the advantages of the rubber airbag interlayered
composite lining system for frost protection. The experimental conditions designed according to these consid-
erations are presented in Table 2.

(1) Experimental conditions

(2) Test sequence

(1) A waterproofing test of the rubber airbag interlayered structural layer was conducted, and a seepage and
freezing test of the airbag-less model was conducted under the same conditions.

(2) A thermal insulation performance test of the rubber airbag interlayered structural layer was conducted.

(3) The impact of the thermal insulation function of the rubber airbag interlayered structural layer on the
temperature field of the surrounding rock was tested, and simultaneously, the temperature field of the
surrounding rock in the airbag-less model was measured under the same conditions.

(3) Experimental procedures

(1) Installation and calibration of measurement devices: The layout of the temperature measurement ele-
ments in the surrounding rock was identical between the airbag and airbag-less models. The measurement
points were set in four directions (A, B, C, D) on the cross-section of the model’s surrounding rock, with
temperature measurement elements placed at intervals of 1.5 cm between measurement points. Addition-
ally, temperature measurement elements were placed inside and on the outer side of the rubber airbag
interlayered structural layer in the airbag model to measure the temperature difference between the inner
and outer sides. Details are presented in Figs. 9 and 10. Before the start of the experiment, the temperature
measurement elements and the acquisition system were calibrated to ensure the accuracy of the test data.

(2) The water temperature in the water tank was adjusted according to the boundary temperature values of the
surrounding rock, and then water was injected into the model.

Category Waterproofing test Thermal insulation performance test Thermal insulation test
With/without airbag Without With | With With
Airbag thickness (mm) - 30 30\40\50 30
Internal gas - Air Air, CO, Air
T Temperature -15 °C, Surrounding rock boundary Temperature — 20 °C, Surrounding rock Temperature - 25 °C, Surrounding rock
est temperature ° o °
temperature 3 °C boundary temperature 3 °C boundary temperature 3 °C

Surrounding rock water content

Seepage state

Saturated state

Initial pressure (kPa)

‘13

13

‘13

Table 2. Frost protection test for the surrounding rock. For the waterproofing test, a small number of fine
holes were drilled in the inner steel cylinders of both the airbag and airbag-less models to simulate the
secondary lining joints.
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Figure 9. The layout of temperature measurement points in the surrounding rock of the airbag model.
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Figure 10. The layout of temperature measurement points in the surrounding rock of the airbag-less model.
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Once the surrounding rock reached the design moisture condition, with the heating element in the model
not powered, the temperature in the freezing chamber was reduced to the boundary temperature of the
surrounding rock. The model was allowed to remain at this temperature for an adequate period.

When the temperature of the model’s surrounding rock (including the water) reached the boundary tem-
perature value and the temperature distribution was uniform, the temperature of the heating element was
set to the boundary temperature of the surrounding rock. Then, the power supply was connected to the
heating element, and the heating element and insulation layer were used to keep the boundary temperature
of the surrounding rock unchanged throughout the test.

The temperature of the freezing chamber was set according to the design conditions, and the freezing test
was initiated. In the airbag model test, the air in the freezing chamber exchanged heat with the secondary
lining-the rubber airbag interlayered structural layer and the surrounding rock. In the airbag-less model
test, the air in the freezing chamber exchanged heat with the secondary lining and the surrounding rock.
During the waterproofing test, the phenomenon of water seepage and freezing in the model was exam-
ined. In the thermal insulation performance test and the test of the impact of thermal insulation on the
temperature field of the surrounding rock, after the freezing of the surrounding rock reached equilibrium,
data on the temperature difference between the inner and outer sides of the rubber airbag interlayered
structural layer and the temperature field of the surrounding rock were collected at measurement point A,
for example.

The experiment was concluded, the operation of the test system was stopped, and inspection and closure
procedures were conducted.

Results and discussion

Results of the buffering and pressure adjustment tests

For the airbag-less model, the frost-heaving force caused by the low-temperature frozen volume expansion of
the saturated water-containing surrounding rock acts directly on the secondary lining. For the airbag model, the

frost-

heaving force caused by the low-temperature frozen volume expansion of the saturated water-containing

surrounding rock first acts on the airbag, and then transfers to the secondary lining. The frost-heaving force data
from the buffering and pressure adjustment tests are presented in Tables 3 and 4.
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Airbag initial pressure (kPa) 18 13 8
Frost-heaving force (kPa) 4.65 2.63 1.37

Table 3. Results of the frost-heaving buffering test on the surrounding rock.

Freezing time/h | Airbag model/kPa | Remarks Airbag-less model/kPa
0 0.00 0.00
3 0.12 0.60
6 0.21 1.50
9 0.39 The full release of the frost-heaving force at 1.46 kPa | 2.35
12 0.79 3.32
15 1.46 4.16
0.00
18 0.13 5.50
21 0.23 6.73
24 0.42 8.71
po- 083 The full release of the frost-heaving force at 1.57 kPa 054
30 1.57 13.32
0.00
33 0.15 16.52
36 0.26 19.56
39 0.41 22.83
" 086 The full release of the frost-heaving force at 1.69 kPa 632
45 1.69 28.25
0.00 28.25

Table 4. Results of the frost-heaving force adjustment test on the surrounding rock.

The frost-heaving support effect of the rubber airbag interlayered composite lining system is mainly reflected
in the positive effects of the cushioning function and pressure adjustment function of the rubber airbag inter-
layered structural layer on the frost-heaving force of the surrounding rock.

The results of the buffering test indicated that after the freezing equilibrium of the surrounding rock, the
airbag model with an initial pressure of 18 kPa generated a frost-heaving force of 4.65 kPa, the airbag model
with an initial pressure of 13 kPa generated a frost-heaving force of 2.63 kPa, and the airbag model with an
initial pressure of 8 kPa generated a frost-heaving force of 1.37 kPa. A lower initial pressure of the rubber airbag
interlayered structural layer corresponded to a weaker frost-heaving force generated by the surrounding rock.
The pressure cushioning function of the rubber airbag interlayered structural layer significantly affected the
frost-heaving force of the surrounding rock, as shown in Fig. 11.

The underlying mechanism is as follows: when the water-containing surrounding rock undergoes frost-
heaving deformation at low temperatures, it exerts pressure on the rubber airbag interlayered structural layer.
Owing to the compressibility of the rubber material and the internal inflation gas, the rubber airbag interlayered
structural layer relaxes the constraint on the frost heaving of the surrounding rock, changing the rigid constraint
of the secondary lining on the frost heaving of the surrounding rock. Thus, the frost-heaving energy can cause
the surrounding rock to undergo deformation and displacement toward the secondary lining. According to the
principle of energy transformation through work done on an object, a lower initial pressure of the rubber airbag
interlayered structural layer corresponds to a more relaxed frost-heaving constraint on the surrounding rock.
The deformation and displacement of the surrounding rock caused by the frost-heaving energy will be larger,
leading to more consumption of frost-heaving energy and effectively releasing the frost-heaving energy. This sig-
nificantly weakens the frost-heaving force acting on the secondary lining and achieves the stability of the lining.

The results of the pressure adjustment test indicated that in the airbag model, during a freezing process lasting
45 h at an air temperature of - 30 °C, the frost-heaving force was released by three instances of pressure relief,
totaling 4.72 kPa. Eventually, the secondary lining bore no frost-heaving force (0 kPa). In contrast, the airbag-less
model accumulated a frost-heaving force of 28.25 kPa under the same conditions, with the entire force acting
on the secondary lining. The pressure adjustment function of the rubber airbag interlayered structural layer
significantly affected the frost-heaving force of the surrounding rock, and this model exhibited outstanding
functional advantages over the airbag-less model.

The underlying mechanism is explained as follows. Owing to the pressure adjustment function of the airbag
model, it can actively intervene in the frost-heaving force during the freezing process through pressure adjust-
ments of the rubber airbag interlayered structural layer. By conducting three instances of pressure relief, the
frost-heaving force is consistently controlled within a certain range. The frost-heaving force curve exhibits a

Scientific Reports|  (2024) 14:6806 | https://doi.org/10.1038/s41598-024-57531-y nature portfolio



www.nature.com/scientificreports/

5
E o465 [ o— Frost-heaving force of surrounding rock]
< \,
% \
g \.
o 4T N\
g \
] N,
£ N
O 3F \.\
. '\02.63
3 o
e ~\
i «
%D N
E 2Lk <
> .
g >
< N
- N
§ ..1.37
= 1 1 i 1 i 1
18 kPa 13 kPa 8 kPa

Airbag initial pressure (kPa)

Figure 11. Relationship between the frost-heaving force of the surrounding rock and the initial pressure of the
airbag.

wave-like fluctuation, eventually decreasing sharply to zero, indicating a complete release of the frost-heaving
force. This provides excellent protection to the secondary lining. In contrast, the airbag-less model lacks pressure
adjustment capability, resulting in the accumulation of a significant amount of frost-heaving energy. The trend
of the frost-heaving force curve remains consistently high compared with the airbag model, which is highly
detrimental to the secondary lining. Figure 12 shows the variation trends of the frost-heaving force in the airbag
and airbag-less models during the pressure adjustment test.

Results of the waterproofing test
The test results for the waterproofing of the airbag and airbag-less models are shown in Fig. 13.

In the test, the airbag-less model exhibited severe water seepage and ice formation. This is because no water-
proof measures were taken. When water infiltrated the secondary lining (inner steel cylinder) through fine pores
in the surrounding rock, it froze at low temperatures, accumulating as ice at the bottom of the tunnel, as shown
in Fig. 13a and b.

In contrast, the airbag model exhibited no water seepage or ice formation, demonstrating a significant water-
proof effect. This is because when water infiltrated the rubber airbag interlayered structural layer within the
surrounding rock, the impermeability of the rubber material prevented water from flowing toward the second-
ary lining (inner steel cylinder). When water infiltrated the gaps at the ends of the model, the inflation pressure
inside the rubber airbag structural layer and the expansion and compression of the rubber material upon contact
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Figure 12. Trends of the frost-heaving force of the surrounding rock in the airbag and airbag-less models
during the pressure adjustment test.
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Figure 13. Comparison of waterproof performance between the airbag and airbag-less models. (a) Water
seepage in the airbag-less model; (b) Ice formation in the airbag-less model; (c) No water seepage or ice
formation in the airbag model.

with water sealed the gaps, preventing water from passing through. Therefore, no water seepage or ice formation
occurred inside the tunnel, as shown in Fig. 13c.

Results of the insulation test
The temperature differences between the inner and outer sides of the rubber airbag structural layer with different
thicknesses and different internal gases are presented in Tables 5 and 6, respectively.

The test results indicated that under the same internal gas in the rubber airbag structural layer, the tempera-
ture difference between the inner and outer sides varied significantly with different thicknesses. The temperature
difference was 9.26 °C for a thickness of 30 mm, 12.77 °C for a thickness of 40 mm, and 16.80 °C for a thickness
of 50 mm. Similarly, under the same thickness of the rubber airbag structural layer, the temperature difference
between the inner and outer sides differed significantly for different internal gases. The temperature difference
was 9.26 °C for air and 15.22 °C for CO,.

The test results indicated that the rubber airbag structural layer had good thermal insulation performance.
Additionally, a larger thickness and lower thermal conductivity of the internal gas corresponded to better insula-
tion performance, as shown in Figs. 14 and 15. Therefore, in practical applications, the thickness and internal gas
of the rubber airbag structural layer should be selected appropriately according to the temperature of the cold-
region tunnel environment and the dimensions of the tunnel cross-section to ensure that the thermal insulation
performance satisfies the requirements for insulation and frost protection in the tunnel.

Results of the surrounding rock temperature field test
The experimental data for the surrounding rock temperature field are presented in Tables 7 and 8.

The frost protection effect of the rubber airbag interlayered composite lining system is primarily reflected in its
positive effects on the initial freezing time, temperature field distribution, and freezing depth of the surrounding
rock through its thermal insulation function. The test results indicated the following.

Under the same conditions, the time at which the surrounding rock started freezing differed significantly
between the airbag-less and airbag models. In the airbag-less model, freezing occurred after 16.2 h, whereas in

Thickness (mm) 30 40 50
Temperature difference (°C) 9.26 12.77 16.80

Table 5. Temperature differences between the inside and outside of the structural layer of rubber airbags with
different thicknesses.

Internal gas Air CO,
Temperature difference (°C) 9.26 15.22

Table 6. Temperature differences between the inside and outside of the rubber airbag structural layer with
different internal gases.
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Figure 14. The thermal insulation performance of the rubber airbag structural layer with different thicknesses.
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Figure 15. The thermal insulation performance of the rubber airbag structural layer with different internal

gases.
Model Without With
Initial freezing time (h) 16.2 52.0

Table 7. Initial freezing time of the surrounding rock in the airbag and airbag-less models. The freezing

of the surrounding rock is marked by the appearance of 0 °C at the base point on the outer surface of the
secondary lining/rubber airbag structural layer. The initial freezing time refers to the time interval between the
appearance of 0 °C at the base point and the start of the freezing test.

the airbag model, freezing occurred after 52.0 h. The surrounding rock in the airbag model froze later than that
in the airbag-less model.

After the freezing equilibrium of the surrounding rock was reached, the temperature at the measurement
point 1 (base point) in the airbag-less model was - 11.78 °C, at point 5 was - 6.17 °C, at point 10 was - 1.85 °C,
that at point 15 was 1.54 °C, and that at point 17 was 2.66 °C. In the airbag model, the temperature at the meas-
urement point 1 was — 2.85 °C, at point 5 was — 0.46 °C, at point 10 was 2.05 °C, at point 15 was 2.96 °C, and at
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The measured temperature of the airbag-less model | The measured temperature of the

Measurement points Depth of measurement (cm) (°C) airbag model (°C)
1 0 -11.78 -2.85

2 1.5 -10.13 -2.20

3 3.0 -8.67 -1.58

4 4.5 -7.38 -1.00

5 6.0 -6.17 -0.46

6 7.5 -5.20 0.08

7 9.0 -4.31 0.60

8 10.5 —3.44 1.10

9 12.0 -2.59 1.59

10 13.5 -1.85 2.05

11 15.0 -1.12 2.38

12 16.5 -0.42 2.67

13 18.0 0.27 2.85

14 19.5 091 291

15 21.0 1.54 2.96

16 22.5 213 298

17 24.0 2.66 3.00

Table 8. Measurement results for the temperature field of the surrounding rock in the airbag and airbag-less

models (direction A).

point 17 was 3.00 °C. Both models exhibited an increase in the temperature of the surrounding rock along the
radial direction of the tunnel, but the temperatures at various measurement points were higher for the airbag
model than for the airbag-less model, as shown in Fig. 16.

The position of the 0 °C line (freezing surface) after the freezing equilibrium of the surrounding rock was
reached differed significantly between the two models. In the airbag model, it stopped between measurement
points 5 and 6, whereas in the airbag-less model, it stopped between measurement points 12 and 13. This indi-
cated that the maximum freezing depth of the surrounding rock in the airbag model was between 6.0 and 7.5 cm,
which was significantly smaller than that (between 16.5 and 18.0 cm) in the airbag-less model.

This is because the rubber airbag structural layer in the airbag model, which is filled with air, had a low
thermal conductivity and high thermal resistance. It formed a thermal insulation layer between the model’s
surrounding rock and the secondary lining, which impeded heat transfer between the surrounding rock and the
air inside the tunnel. This reduced the rate of temperature decline in the surrounding rock, delaying the onset of
freezing. In addition, it inhibited the heat exchange between the surrounding rock and the air inside the tunnel,
reducing the heat loss from the surrounding rock. This improvement in heat retention enhanced the distribution
of the surrounding rock temperature field and reduced the depth of freezing in the surrounding rock.

Based on the present study results, the next step will be to study the frost protection performance of the
rubber airbag interlayered composite lining system under different tunnel section types and surrounding rock

porosity conditions.
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Figure 16. Temperature field distribution law of the surrounding rock in the airbag and airbag-less models.

Scientific Reports |

(2024) 14:6806 |

https://doi.org/10.1038/s41598-024-57531-y

nature portfolio



www.nature.com/scientificreports/

Conclusions

To address the frost-heaving problem of surrounding rock in cold-region tunnels, this paper proposed a rubber
airbag interlayered composite lining system, whose buffering, pressure adjustment, waterproofing, and heat
preservation properties were tested through laboratory experiments. The conclusions are as below.

1

(2)
3)

(4)

(5)

The frost-heaving force of surrounding rock transferred to the secondary lining can be kept at a low level
(<1.69 kPa) by adjusting the airbag pressure several times during the freezing process, which is much lower
than the 28.25 kPa of the airbag-less model.

Compared with the airbag-less model, the airbag model showed good waterproof performance without
water seepage and icing.

The thermal insulation performance of the rubber airbag interlayered composite lining system improves
with an increase in the airbag thickness and a reduction in the thermal conductivity (CO, < Air) of the
filling gas.

Compared with the airbag-less model, the airbag model has obvious advantages in delaying the initial
freezing time (52 h>16.2 h) of surrounding rock and reducing the freezing depth after freezing equilibrium
(6.75cm<17.25 cm).

Suggesting to apply the rubber airbag interlayered composite lining system in the cold-region tunnels
freezing damage control, and continue to improve its anti-freezing performance.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon
reasonable request.

Received: 7 September 2023; Accepted: 19 March 2024
Published online: 21 March 2024

References

1.

2.

3.

16.

17.

18.

19.

20.

21.

22.

23.
24.

Zhou, Y., Liu, M. & Zhang, X. Frost mitigation techniques for tunnels in cold regions: The state of the art and perspectives. Atmos-
phere 14(2), 369. https://doi.org/10.3390/atmos14020369 (2023).

Liu, X. G. Study on thermal insulation of tunnels in permafrost soil on Qinghai-Tibet railway. Tunnel Constr. 30(3), 225-230
(2010).

Sun, H., Shi, Z.H. et al. Technology of waterproofing and drainage of Huashan tunnel in high cold region. In Progress in Safety
Science and Technology (Vol IV) B Proc. of the 2004 International Symposium on Safety Science and Technology, 1093-1098 (Science
Press, 2004).

. Cui, S. A. et al. Nano-modification effect on the pore characteristics and the water multiscale transport properties of concrete in

winter construction of tunnel engineering. Cement Concr. Compos. 137, 1-15. https://doi.org/10.1016/j.cemconcomp.2023.104933
(2023).

. Lai, Y. et al. Study of methods to control frost action in cold regions tunnels. J. Cold Reg. Eng. 17(4), 144-152. https://doi.org/10.

1061/(ASCE)0887-381X(2003)17:4(144) (2003).

. Cui, G. Y. et al. A new oft-wall insulation liner for high-speed railway tunnels in cold regions. Case Stud. Therm. Eng. 28, 1-11.

https://doi.org/10.1016/j.csite.2021.101652 (2021).

. Ji, Z., Lv, K. C. & Ma, C. Classification, causes of tunnel frost damages in cold region and several new technologies to prevent them.

Appl. Mech. Mater. 170, 1504-1510. https://doi.org/10.4028/www.scientific.net/ AMM.170-173.1504 (2012).

. Wang, L. B. et al. Study on the performance of the new composite thermal insulation lining for the railway operational tunnel in

cold regions. Case Stud. Therm. Eng. 36, 1-13. https://doi.org/10.1016/j.csite.2022.102098 (2022).

. Lai, H. P,, Bao, W. X. & Liu, M. Study of long-term behaviors of water proofer in cold region tunnel. J. Glaciol. Geocryol. 34(3),

632-637 (2012).

. Huang, P. Experimental research on failure mechanism of waterproof board in highway tunnel. Chongqing Jiaotong Univ. https://

doi.org/10.27671/d.cnki.gcjtc.2022.000605 (2022).

. Zhang, S. & Liu, Z. N. State-of-art of antifrozen design of tunnels in cold region. J. Highw. Transport. Res. Dev. 3, 204-208 (2011).
. Wang, Y. K. Tunnel construction technique in cold plateau zone. World Tunnel. 01, 32-35. https://doi.org/10.13807/j.cnki.mtt.

2000.01.008 (2000).

. Jiang, Y. Temperature control and countermeasures during the construction of Kunlunshan Tunnel. Mod. Tunnel. Technol. 06,

56-58. https://doi.org/10.13807/j.cnki.mtt.2002.06.011 (2002).

. Deng, G. Investigation of Frost Protection Design for Tunnels in High Altitude Cold Regions (Southwest Jiaotong University, 2012).
. Yao, W. Study on the Freezing Damage Mechanism and Prevention of Tunnels in Cold Regions (Chongging Jiaotong University,

2011).

Xia, C., Zhang, G.Z., Cao, S.D. et al. Antifreeze and warmth retention technology and development trend of road tunnel in frigid
areas. In 2009 National Conference on Road Tunnel, 13-19 (2009).

Wu, Y. M. & Wang, H. Y. Drain antifreeze heating method in construction joint backing in cold region tunnel. In 2009 National
Conference on Highway Tunnel (eds Wu, Y. M. & Wang, H. Y.) (Chongqing University Press, 2009).

Lv, K. C. et al. Temperature and seepage variation law and frost damage prevention for tunnels in cold regions. Mod. Tunnel.
Technol. 49(01), 33-38. https://doi.org/10.13807/j.cnki.mtt.2012.01.008 (2012).

Zhang, G. Z. et al. Calculation of insulation layer thickness and heating load of heating section of tunnel heating system using heat
pump. Chin. J. Rock Mech. Eng. 31(04), 746-753. https://doi.org/10.3969/j.issn.1000-6915.2012.04.013 (2012).

Zhang, G. Z. et al. Temperature fields analysis of absorbing section of tunnel heating system using heat pump in cold region. Chin.
J. Rock Mech. Eng. 31(S2), 3795-3802 (2012).

Zhang, G. Z. et al. The construction of a geothermal energy-based tunnel heating system. Mod. Tunnel. Technol. 52(06), 170-176.
https://doi.org/10.13807/j.cnki.mtt.2015.06.025 (2015).

Gao, Y. Study on temperature field theory and thermal insulation technology of high-speed railway tunnel in cold region. Southwest
Jiaotong Univ. (2017).

Kovari, K. Tunnelling in squeezing rock. Rock Mech. Rock Eng. 5(98), 12-31. https://doi.org/10.1007/BF01032648 (1996).
Mussa, M. H., Mutalib, A. A. & Hamid, R. Assessment of damage to an underground box tunnel by a surface explosion. Tunnel.
Undergr. Space Technol. 66, 64-76. https://doi.org/10.1016/j.tust.2017.04.001 (2017).

Scientific Reports |

(2024) 14:6806 | https://doi.org/10.1038/s41598-024-57531-y nature portfolio


https://doi.org/10.3390/atmos14020369
https://doi.org/10.1016/j.cemconcomp.2023.104933
https://doi.org/10.1061/(ASCE)0887-381X(2003)17:4(144)
https://doi.org/10.1061/(ASCE)0887-381X(2003)17:4(144)
https://doi.org/10.1016/j.csite.2021.101652
https://doi.org/10.4028/www.scientific.net/AMM.170-173.1504
https://doi.org/10.1016/j.csite.2022.102098
https://doi.org/10.27671/d.cnki.gcjtc.2022.000605
https://doi.org/10.27671/d.cnki.gcjtc.2022.000605
https://doi.org/10.13807/j.cnki.mtt.2000.01.008
https://doi.org/10.13807/j.cnki.mtt.2000.01.008
https://doi.org/10.13807/j.cnki.mtt.2002.06.011
https://doi.org/10.13807/j.cnki.mtt.2012.01.008
https://doi.org/10.3969/j.issn.1000-6915.2012.04.013
https://doi.org/10.13807/j.cnki.mtt.2015.06.025
https://doi.org/10.1007/BF01032648
https://doi.org/10.1016/j.tust.2017.04.001

www.nature.com/scientificreports/

25. Anas, S. M., Alam, M. & Umair, M. Experimental and numerical investigations on performance of reinforced concrete slabs under
explosive-induced air-blast loading: A state-of-the-art review. Structures 31, 428-461. https://doi.org/10.1016/j.istruc.2021.01.102
(2021).

26. Anas, S. M., Sharig, M. & Alam, M. Influence of supports on the low-velocity impact response of square RC slab of standard con-
crete and ultra-high performance concrete: FEM-Based computational analysis. Buildings 13(5), 1220. https://doi.org/10.3390/
buildings13051220 (2023).

27. Sun, B, Qiu, W. G. & Zhou, C. Experimental investigation on triaxial frost heaving stress-strain relationship of saturated clay. J.
Southwest Jiaotong Univ. 44(2), 178-180 (2009).

28. Anagnostou, G., Cantieni, L. Design and analysis of yielding support in squeezing ground. In 11th ISRM Congress (2007).

29. Zhang, L., Sun, K.G. Frost heaving mechanism and prevention measures of the tunnel with ample water in cold areas. In Proc. of
the 12th Cross-Strait Tunnel and Underground Engineering Academic and Technical Seminar (2013).

Acknowledgements
The authors gratefully acknowledge the financial support of the Big Data-driven Structural Disasters Prediction
and Maintenance in Hazardous Geological Regions of Subsea Tunnels (51991395).

Author contributions

All authors participated in the research design and methodology; Y.X. and Y.L. collected and analyzed data;
Y.X., W.Q., and Y.L. wrote the manuscript; all authors provided revisions and comments on the final version of
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to W.Q.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:6806 | https://doi.org/10.1038/s41598-024-57531-y nature portfolio


https://doi.org/10.1016/j.istruc.2021.01.102
https://doi.org/10.3390/buildings13051220
https://doi.org/10.3390/buildings13051220
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Frost protection mechanism based on rubber airbag interlayered composite lining system for cold-region tunnels
	Experimental preparation and methods
	Experimental models
	Experimental equipment and materials
	Experimental equipment
	Experimental materials

	Experimental methods and procedures
	Buffering and pressure adjustment tests
	Waterproofing and frost protection tests


	Results and discussion
	Results of the buffering and pressure adjustment tests
	Results of the waterproofing test
	Results of the insulation test
	Results of the surrounding rock temperature field test

	Conclusions
	References
	Acknowledgements


