
A preliminary study on dynamic 
response of cold-region tunnel 
systems considering the frozen soil 
in plastic zone
Shuocheng Zhang1, Wenhua Chen2, Jie Li3 & Hua Liu4

The elasto-plastic dynamic response of tunnels surrounded by frozen soil under loads applied to 
the tunnel invert is investigated in this study. Special attention is paid to the frozen soil in plastic 
zones around the tunnel in cold regions where anisotropic frost heave occurs. Analytical solutions of 
displacement and stress distributions in the lining, plastic zone of frozen soil, elastic zone of frozen 
soil, and unfrozen soil layer under load are derived. Unknown parameters are determined by satisfying 
continuity and boundary conditions between contact surfaces of different media. The parametric 
analysis reveals that the radial and circumferential stresses experience the most significant decrease 
in the plastic zone and at the contact surfaces of different media. The thickness of the frozen soil layer, 
along with the development of its plastic zone, influences the dynamic response of the frozen soil 
around the tunnel. Furthermore, variations in soil and lining parameters also have an impact on stress 
and displacement distributions in each medium. The findings of this study aim to provide valuable 
insights for the numerical simulation, design, and construction of future tunnels in cold regions.
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China has implemented policies for economic development, such as “The Belt and Road Initiative” and “the 
New Silk Road,” which have connected numerous countries across Asia, Europe, and Africa. In order to further 
promote economic growth and cultural exchanges, it is crucial to continuously improve basic transportation 
facilities and upgrade technology. Various projects including the Qinghai-Tibet Railway, the China-Russia 
Oil Pipeline, the Lanzhou-Xingjiang High-Speed Railway, the Sichuan-Tibet Highway, and the Sichuan-Tibet 
Railway have been undertaken in China1. Among these infrastructure projects, the construction of tunnels has 
emerged as a crucial strategy to improve transportation and optimize routes. However, a significant challenge 
arises when these tunnels need to traverse large areas of permafrost or seasonally frozen ground. Permafrost 
and seasonally frozen ground cover approximately 50% of the Earth’s land area, with significant concentrations 
in Russia, Canada, China, the United States, and Northern Europe2–4. China, as the third-largest permafrost 
country, possesses a vast permafrost area of 1.591 km2, accounting for 15.8% of its land area, in addition to a 
seasonally frozen ground of about 5.361 km2, accounting for 53.5% of the country’s total area5. Permafrost is a 
critical component of the cryosphere and exhibits high sensitivity to global climate change and human activities6, 
with a unique geological formation shaped by geological history and climate change, making it highly influenced 
by regional geography, tectonics, lithology, hydrological conditions, and vegetation characteristics7. Permafrost 
is characterized by a heterogeneous microstructure comprising various minerals, as well as pores, pore ice, and 
ice lenses. These microstructural elements significantly impact the mechanical behavior and damage process of 
permafrost at a macroscopic level8, consequently affecting the maintenance and utilization of infrastructure9. 
When the temperature drops below freezing, water freezes, and soil particles bind together through ice crystals, 
resulting in a soil-ice mixture. The cohesion at the soil-ice interface enhances the microstructural strength 
of permafrost, while the size of soil particles influences this cohesion and ultimately affects the macroscopic 

1Department of Rural Safety, China Academy of Safety Science and Technology, No. 32 Beiyuanlu, Chaoyang 
District, Beijing 100012, People’s Republic of China. 2School of Civil Engineering, Beijing Jiaotong University, No. 
3 Shangyuancun, Haidian District, Beijing 100044, People’s Republic of China. 3School of Emergency Management 
and Safety Engineering, China University of Mining and Technology, Beijing, Ding No. 11 Xueyuan Road, Haidian 
District, Beijing 100083, People’s Republic of China. 4School of Civil Engineering, Xi’an University of Architecture 
and Technology, No. 13 Yanta Road, Yanta District, Xi’an, Shaanxi 710055, People’s Republic of China. email: 
elliotzhang0729@foxmail.com

OPEN

Scientific Reports |         (2025) 15:5893 1| https://doi.org/10.1038/s41598-025-89674-x

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-89674-x&domain=pdf&date_stamp=2025-2-18


deformation behavior10. Therefore, permafrost exhibits porous, ice-related, and particle-related properties11. 
The presence of ice alters the connectivity between phases in frozen soils, leading to mechanical properties that 
differ significantly from those of unfrozen soils. The phase change of frozen soil exacerbates soil instability as a 
foundation, mainly due to the highly temperature-sensitive mechanical properties of permafrost12.

The plastic zone in frozen soil surrounding tunnels is a critical factor in determining the stability of tunnels 
in cold regions. Tunnels surrounded by frozen soil are highly vulnerable to extreme environments. As the 
temperature fluctuates, the liquid phase in the soil freezes and expands, creating forces on the tunnel lining 
known as frost heave13. Zhou14 et al. pointed out that frost heave increases stress in the surrounding soil and 
leads to the formation of a plastic zone when the stress exceeds the yield stress. The development of the plastic 
zone in frozen soil compromises the stability of the tunnel structure. If the frost heave is significant enough, it 
can destroy the lining and further destabilize the tunnel. Thus, it is important to investigate the stress distribution 
and deformation in the plastic zone of the soil surrounding the tunnel in cold regions. Increasing the modulus 
of elasticity of frozen soil enhances the restraint on the frozen soil, resulting in greater frost heave and a higher 
likelihood of reaching a plastic state15. Additionally, the stress, modulus of elasticity, and shear modulus of the 
soil influence the development of the plastic zone by controlling the deformation. If changes in these parameters 
reduce the limiting deformation caused by frost heave, the plastic zone will expand. Besides, the angle of internal 
friction and shear modulus, which are connected to shear strength, are also affected, further impacting the 
plastic zone16. The thickness of frozen soil and the normal strain due to frost heave also control the deformation 
caused by frost heave, with increases in these parameters resulting in larger deformations and a wider range 
of the plastic zone17. Nearly half of the engineering problems and environmental disasters in cold regions are 
associated with frost heave18,19, which significantly affects the structural stability of tunneling projects and can 
even lead to accidents20. Finding effective measures to control engineering problems in cold regions is crucial for 
ensuring the stability, durability, and cost-effectiveness of frozen foundations18. Therefore, thermal insulation is 
one of the key and difficult point in the design and construction of tunnels in cold regions21,22. In recent years, 
active freeze-proof measures using solar energy, geothermal energy, electric energy, and wind energy as heat 
sources have developed rapidly, but have not yet been applied to engineering practice on a large scale. Among 
the various measures to prevent freezing and thawing problems affecting cold-region tunnels, heat preservation 
is still one of the most widely used and effective methods in engineering construction23,24.

Until now, the research on tunnels in cold regions primarily focuses on understanding the frost heave 
caused by climate change and implementing measures to mitigate it. Most of the existing studies of operational 
tunnels have used various models to describe the dynamic response of tunnels buried in unfrozen soil, including 
curved beams25,26, elastic shells27–29, Euler–Bernoulli beams30,31, and elastic or viscoelastic materials32. The 
theories widely accepted for describing the dynamic response of soil can be divided into elastic models, near-
saturation models, Biot’s theory, and mixed theories33. Some studies have investigated the coupled thermo-
hydro-mechanical dynamic response of tunnels lined with circular thin shells under the combined action of heat 
sources and external loads34. Others have expanded the tunnel lining model to three dimensions, considering 
it as an infinitely long thin cylindrical shell suitable for linear elastic, homogeneous, and isotropic materials35. 
Improved tunnel models have also been developed to evaluate dynamic stresses induced by trains in saturated 
soils, accounting for multiple moving loads, changes in the grouting layer, and pore water pressure36. Analytical 
solutions have been proposed for calculating vibrations of twin tunnels embedded in a half-space to assess the 
effect of adjacent tunnels on ground vibrations induced by underground railroads37. With more and more cold-
region tunnels in operation, there has been increasing attention paid to the dynamic response of the tunnel 
buried in frozen soil38. Some studies have identified soil temperature and ice content as two key factors affecting 
the dynamic properties of frozen soil39. Zhang and Chen40 considered unsaturated frozen soil as a porous elastic 
medium with a moving point load acting on an infinitely long beam (tunnel lining), and analyzed the critical 
velocity of unsaturated frozen soil in cold regions under different degrees of saturation and ice content. Although 
some preliminary studies have been conducted on the dynamic response of tunnels in cold regions based on 
existing research and the theory of frozen soil41,42, further investigation is needed.

Therefore, the study of the plastic zone caused by freezing of the soil around tunnels in cold regions is of 
great importance and research in this area is increasing. However, the presence of a load acting on the lining 
adds complexity to the problem. Taking into account the inevitable vibrations caused by trains, a preliminary 
study on the impact of plastic zone in frozen soil on the dynamic response of cold-region tunnel systems is more 
practical for engineering purposes. In order to investigate the elasto-plastic dynamic response of frozen soils 
with frost heave around tunnels in cold regions, this study focuses on the dynamic response of the lining, plastic 
zone of frozen soil, elastic area of frozen soil, and unfrozen soil under load in the frequency domain. Analytical 
solutions for the displacements and stresses of the lining, plastic zone of frozen soil, elastic area of frozen soil, 
and unfrozen soil under load are derived. The unknown parameters are determined based on the continuity 
condition and boundary condition. Furthermore, this study discusses the effects of the anisotropic frost heave 
coefficient, external load, and thickness of the elastic area of frozen soil on the dynamic response of tunnels in 
cold regions, taking into consideration the development of plastic zone of frozen soil.

Governing equations for the cold-region tunnel system
The soils surrounding tunnels buried in cold regions are primarily composed of permafrost or seasonally frozen 
soils, which are highly susceptible to the effects of low temperatures. As a result, a portion of the soil may 
deteriorate. In order to address this issue, a simplified model of elasto-plastic dynamic response of the frozen soil 
surrounding the tunnel in cold regions has been developed (see Fig. 1). This model consists of several distinct 
zones, namely the lining Zone I, the plastic zone of frozen soil Zone II, the elastic zone of frozen soil Zone III, 
and the unfrozen soil Zone IV, arranged in order from the innermost to the outermost layer. R1, R2, R3, and R4 are 
the distances from the center of lining O to the inner surface of the tunnel lining, the contact surface between the 
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lining and the plastic zone of frozen soil, the contact surface between the plastic zone of frozen soil and the elastic 
zone of frozen soil, and the frozen surface, respectively. d1 = R2 − R1, d2 = R3 − R2, and d3 = R4 − R3 
represent the thickness of the lining, the thickness of the plastic zone of frozen soil, and the thickness of the 
elastic zone of frozen soil, respectively. The lining invert is subjected to a uniformly distributed load q0eiωt, 
where ω is circular frequency, q0 is amplitude of the load, i2 = −1, and t represents time. Additionally, σf, σp
, σu, and p0 are radial stresses between the lining and the plastic zone of frozen soil, between the plastic zone of 
frozen soil and the elastic zone of frozen soil, between the elastic zone of frozen soil and the unfrozen soil, and 
the initial ground stress, respectively. p0 can be expressed as the ground stress, and the model can be adjusted 
accordingly (see Fig. 1), where α is the vertical pressure coefficient related to the self-weight of the overlying 
soil. The subscripts L, u, and f are associated with the lining, plastic and elastic zones, respectively. The model 
proposed in this paper is based on the following assumptions:

	(1)	� The cross-section of tunnel is circular. The soil is treated as elasto-plastic media, and the lining is an elastic 
isotropic material.

	(2)	� The model is considered as a plane strain problem and the process of the frost heaving is not taken into 
account.

	(3)	� The effects of water migration and energy loss at the interface between two different media on dynamic 
response are ignored.

Governing equation of frozen soil
Considering the variation of temperature in the soil with freezing direction, the anisotropic frost heave coefficient 
of frozen soil during freezing can be approximated by the ratio of horizontal frost heaving strain to vertical 
frost heaving strain 

(
α///α⊥

)
 to the ratio of radial frost heaving strain to circumferential frost heaving strain 

(αr/αθ)43. The relationship between volumetric frost heaving strain, anisotropic frost heave coefficient k, radial 
frost heaving strain, and circumferential frost heaving strain of frozen soil around a tunnel in cold regions can 
be expressed as αr = kεv/ (k + 2) and αθ = εv/ (k + 2).

To solve the problems related to the elasto-plastic dynamic response of a tunnel in cold regions surrounded 
by frozen soil experiencing frost heave, the tunnel’s cross-section is assumed to be circular, and the problem is 
considered as a plane strain problem. The lining is considered as an isotropic elastic material, and the frozen soil 
is considered as an ideal elasto-plastic material.

The strains of the frozen soil in the plastic zone satisfy the following compatibility equation

	
∂εθ

∂r
= εr − εθ

r
� (1)

where εr  and εθ  are radial and circumferential strains of the frozen soil, respectively. r is the radius.

Based on the plastic flow rule and the Mohr–Coulomb criterion commonly used for geomaterials, the linear 
relationship between the change in volume of the frozen soil in the plastic zone and the change in axial strain 
under axisymmetric conditions satisfies44

	
sin ψ = εp

v

−2εp
r + εp

v
� (2)

where ψ = dilatancy angle. εp
r  and εp

v  represent the radial strain and volumetric strain of the frozen soil in plastic 
zone.

Fig. 1.  Schematic of the physical model.
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Meanwhile, the volumetric strain could be given by

	 εp
v = εp

r + εp
θ � (3)

where εp
θ  is the circumferential strain of frozen soil in the plastic zone.

Therefore, Eq. (2) can be simplified as

	
sin ψ =

εp
r + εp

θ

εp
r − εp

θ

� (4)

The distortion of Eq. (4) yields

	 βfε
p
θ + εp

r = 0� (5)

where βf = 1+sin ψ
1−sin ψ .

The strains in the plastic zone take the following forms

	 εII
r = εp

r + εe
r � (6)

	 εII
θ = εp

θ + εe
θ � (7)

in which εe
r  and εe

θ  are radial and circumferential strains of the frozen soil in the elastic zone, respectively.

Then, substituting Eqs. (5)–(7) into Eq. (1) yields

	
dεp

θ

dr
+

(1 + βf) εp
θ

r
= −dεe

θ

dr
− εe

θ − εe
r

r
� (8)

The equation of motion for the frozen soil in the plastic zone can be expressed as

	
∂σII

r

∂r
+σII

r − σII
θ

r
= ρf

∂2uII
r

∂t2
� (9)

where σII
r  and σII

θ  are the radial and circumferential stresses of the frozen soil in the plastic zone, respectively; 
uII

r  is the radial displacement of the frozen soil in the plastic zone.

For frozen soils in the plastic zone, the following geometrical conditions need to be met

	
εII

r = ∂uII
r

∂r
� (10)

	
εII

θ = uII
r

r
� (11)

Based on the theory of anisotropic frost heave and elasticity of frozen soil, the constitutive equations for the 
frozen soil in the elastic zone take the following forms45

	
εe

r = 1 − ν2
f

Ef

[
(σr − p0) − νf

1 − νf
(σθ − p0)

]
− (αr + νfαθ)� (12)

	
εe

θ = 1 − ν2
f

Ef

[
(σθ − p0) − νf

1 − νf
(σr − p0)

]
− (αθ + νfαr)� (13)

in which Ef and νf represent Young’s modulus and Poisson’s ratio of the frozen soil, respectively. The 
relationship between Young’s modulus, Poisson’s ratio, and shear modulus of frozen soil µf can be obtained by 
µf = Ef/2(νf + 1).

For steady state vibration, we set uII
r = R1U II

η eiωt, U II
η  represents the dimensionless radial displacement of the 

frozen soil in the elastic zone. To facilitate calculations, the following dimensionless quantities are introduced
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η = r

R1
, λ = R1ω

Vs
, Vs =

√
µL

ρL
, δ1 = d1

R1
, δ2 = d2

R1
, δ3 = d3

R1
, µLf = µL

µf

ρfL = ρf

ρL
, µuf = µu

µf
, ρfu = ρu

ρL
, p0 = µup0e

iωt

� (14)

The dimensionless form of Eqs. (10) and (11) could be rewritten

	
εe

r =
∂U III

η

∂η
eiωt� (15)

	
εe

θ =
U III

η

η
eiωt� (16)

Furthermore, substituting Eqs. (15) and (16) into Eq. (8) yields

	
dεp

θ

dη
+

(1 + β) εp
θ

η
= 0� (17)

And the solution to Eq. (17) takes the following form

	 εp
θ = B1η−(1+βf)� (18)

where B1 is the unknown parameter to be determined.

Substituting Eq. (18) into Eq. (5) yields

	 εp
r = −βfB1η−(1+βf)� (19)

Then, by substituting Eqs. (44), (45), (47), and (48) into Eqs. (6) and (7), the strain of the frozen soil in the plastic 
zone can be obtained

	
εII

r =
{

A4

[
h3J0 (h3η) − 1

η
J1 (h3η)

]
− A5

[
h3K0 (h3η) + 1

η
K1 (h3η)

]
− 1

η2
(αr − αθ) (2νf − 1)

νf − 1

}
eiωt − βfB1η−(1+βf)� (20)

	
εII

θ =
[

A4J1 (h3η) + A5K1 (h3η) + 1
η

(αr − αθ) (2νf − 1)
νf − 1

]
eiωt

η
+ B1η−(1+βf)� (21)

By substituting Eqs. (6), (7), (20), and (21) into Eqs. (12) and (13), the stresses of the frozen soil in the plastic 
zone can be obtained

	

σII
r = Ef

(ν2
f − 1) (1 − 2νf) η2

{[
A4υ1J1 (h3η) + A5υ1K1 (h3η) − A4υ2J0 (h3η) + A5υ2K0 (h3η) + (αr − αθ) (2νf − 1)2]

eiωt

+B1 [(1 + βf) νf − βf] (νf − 1) η1−βf − [(αr − 2αθ) νf − αr] (νf − 1) η2} � (22)

	

σII
θ = Ef

(ν2
f − 1) (2νf − 1) η2

{[
A4υ1J1 (h3η) + A5υ1K1 (h3η) − A4υ3J0 (h3η) + A5υ3K0 (h3η) + (αr − αθ) (2νf − 1)2]

eiωt

+B1 [(1 + βf) νf − 1] (νf − 1) η1−βf − (νfαr + αθ) (νf − 1) η2} � (23)

where υ1 = (2νf − 1) (νf − 1) η; υ2 = h3 (νf − 1)2 η2; and υ3 = h3 (νf − 1) νfη
2.

For steady state vibration, we set uII
r = R1U II

η eiωt, U II
η  is the dimensionless radial displacement of the frozen 

soil in the plastic zone. As a result, the solution to Eq. (9) can be expressed as follows by combing with Eqs. (15), 
(16), and (20)–(23)

	
U II

η = 2
(νf − 1) h2

3 [A4J1 (h3η) − A5K1 (h3η)] eiωt + B1 (νf − 1)
(
1 − β2

f

)
η−(1+βf) − (αr − αθ) (2νf − 1)

ηλ2µufρfu (2νf − 1)
� (24)

Similarly, the equation of motion for the frozen soil in the elastic zone can be expressed as

	
∂σIII

r

∂r
+σIII

r − σIII
θ

r
= ρf

∂2uIII
r

∂t2
� (25)

where σIII
r  and σIII

θ  are the radial and circumferential stresses of the frozen soil in elastic zone, respectively; uIII
r  

is the radial displacement of the elastic zone in frozen soil and ρf is the density of the frozen soil in elastic zone.
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For the frozen soil in the elastic zone, the following geometric conditions need to be satisfied

	
εe

r = ∂uIII
r

∂r
� (26)

	
εe

θ = uIII
r

r
� (27)

The expression for stresses of the frozen soil in the elastic zone can be rewritten as follows

	
σIII

r = Ef

1 + νf

[
νf

1 − 2νf

(
εIII

r + εIII
θ

)
+ εIII

r

]
+ Ef [(1 − νf) αr + 2νfαθ]

(1 + νf) (1 − 2νf)
+ p0� (28)

	
σIII

θ = Ef

1 + νf

[
νf

1 − 2νf

(
εIII

r + εIII
θ

)
+ εIII

θ

]
+ Ef (νfαr + αθ)

(1 + νf) (1 − 2νf)
+ p0� (29)

Then, substituting Eqs. (26)–(29) into Eq. (25) yields

	
∂2uIII

r

∂r2 + 1
r

∂uIII
r

∂r
− 1

r2 uIII
r + (2νf − 1) (αr − αθ)

νf − 1 = 2νf − 1
2µL (νf − 1)ρf

∂2uIII
r

∂t2 � (30)

For steady state vibration, we set uIII
r = R1U III

η eiωt, U III
η  is the dimensionless radial displacement of the frozen 

soil in the elastic zone. Therefore, the equation of motion of the frozen soil in the elastic zone under dynamic 
loading can be given

	
∂2U III

η

∂η2 + 1
η

∂U III
η

∂η
− 1

η2 U III
η − h2

3U III
η + (αr − αθ) (2νf − 1)

νf − 1
1
η

= 0� (31)

where h2
3 = − λ2(2νf−1)

2(νf−1) ρfLµLf.

Based on the boundary conditions, the solution of Eq. (31) can be calculated

	
U III

η = A4J1 (h3η) + A5K1 (h3η) + 1
η

(αr − αθ) (2νf − 1)
νf − 1 � (32)

where A4 and A5 are the unknown parameters to be determined.

The soil in the unfrozen zone is influenced by soil stress (considering both frozen and unfrozen soil). The frozen 
soil can be visualized as a cylindrical structure surrounded by unfrozen soil. As the frozen and unfrozen soil 
operate independently at the interface, there are no corresponding shear stresses. Therefore, the equilibrium of 
forces at the interface can be expressed as follows46

	 pu
1 + pf

1 = 0� (33)

	 pu
2 + pf

2 = σf
r � (34)

	 qu
2 + qf

2 = 0� (35)

where 1 and 2 = uniform and deviatoric components of the deformation, respectively. pu and qu are the radial and 
circumferential stress of the unfrozen soil; pf and qf are the radial and circumferential stress of the frozen soil.

The following dimensionless equations could be given based on the steady-state vibration47

	
Ud

2 = (α − 1) (3 − 4νu) p0
4 η� (36)

	
V d

2 = − (α − 1) (3 − 4νu) p0
4

� (37)

where Ud
2  and V d

2  are the tangential and circumferential displacements of the frozen interface, and νu is the 
Poisson’s ratio of the unfrozen soil.

Similarly, the dimensionless deformation of frozen and unfrozen soil could be expressed by41

	
U f

2 = 1 − νf

18I
η4P f

2 − 1 − νf

36I
η4Qf

2� (38)
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V f

2 = −1 − νf

36I
η4P f

2 +
( 1

72I
η4 + 1

2A
η2

)
Qf

2� (39)

	
Uu

2 =5 − 6νu

6 ηP u
2 +−2 − 3νu

3 ηQu
2 � (40)

	
V u

2 =−2 − 3νu

3 ηP u
2 + 5 − 6νu

6 ηQu
2 � (41)

where U f
2 and V f

2  are the deviatoric components of the frozen soil’s radial and circumferential displacements; 
Uu

2  and V u
2  are the deviatoric components of the unfrozen soil’s radial and circumferential displacements; P f

2 
and Qf

2 are the deviatoric components of the frozen soil’s radial and circumferential stresses; P u
2  and Qu

2  are the 
deviatoric components of the unfrozen soil’s radial and circumferential stresses. I = I/R3

1 and A = A/R2
1, 

where I is the rotational inertia and A is the cross-sectional area of frozen soil.

Governing equation of unfrozen soil and lining
According to the theory of elasticity, the zone of unfrozen soil and lining can be regarded as ideal elastic materials, 
and the equation of motion can be provided

	
∂σr

∂r
+σr − σθ

r
= ρ

∂2ur

∂t2
� (42)

in which σr  and σθ  are the radial and circumferential stresses, respectively; ur  is the radial displacement, and 
ρu is the density.

Similarly, the constitutive equations can be written as

	
εr = 1 − ν2

E
[(σr − p0) − ν

1 − ν
(σθ − p0)]� (43)

	
εθ = 1 − ν2

E

[
(σθ − p0) − ν

1 − ν
(σr − p0)

]
� (44)

where εr  and εθ  are the radial and circumferential strains, respectively; E and ν are the Young’s modulus and 
Poisson’s ratio, respectively. The relationship between Young’s modulus, Poisson’s ratio, and shear modulus µ can 
be expressed

	
µ = E

2 (ν + 1) � (45)

Substituting Eq. (45) into Eqs. (43) and (44), the stresses of the zone of unfrozen soil and lining can be obtained

	
σr = E

1 + ν

[
ν

1 − 2ν
(εr + εθ) + εr

]
+ p0� (46)

	
σθ = E

1 + ν

[
ν

1 − 2ν
(εr + εθ) + εθ

]
+ p0� (47)

The following geometrical conditions need to be met

	
εr = ∂ur

∂r
� (48)

	
εθ = ur

r
� (49)

Then, substituting Eqs. (46)–(49) into Eq. (42) yields

	
∂2ur

∂r2 + 1
r

∂ur

∂r
− 1

r2 ur = 2ν − 1
µ (ν − 1)ρ

∂2ur

∂t2 � (50)

For steady state vibration, we set uI
r = R1U I

ηeiωt and uIV
r = R1U IV

η eiωt, where U I
η  and U IV

η  are the 
dimensionless radial displacement of the lining and soil in the unfrozen soil, the following dimensionless 
quantities and constants are introduced to facilitate the calculation

	
µLu = µL

µu
, ρuL = ρu

ρL
� (51)

The dimensionless equation of motion of the unfrozen soil and lining can be provided
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∂2U IV

η

∂η2 + 1
η

∂U IV
η

∂η
− 1

η2 U IV
η − h2

4U IV
η = 0� (52)

	
∂2U I

η

∂η2 + 1
η

∂U I
η

∂η
− 1

η2 U I
η − h2

1U I
η = 0� (53)

where h2
4 = − λ2(2νu−1)

2(νu−1) µLuρuL and h2
1 = − λ2(2νL−1)

2(νL−1) .

According to the properties of the Bessel function (η → ∞), the solution of Eqs. (52) and (53) can be expressed

	 U IV
η = A3K1 (h4η)� (54)

	 U I
η = A1J1 (h1η) + A2K1 (h1η)� (55)

where A3 and A1 are the unknown parameter to be determined. Jv(∗) represents the order-ν Bessel function of 
the first kind, and Kv(∗) represents the order-ν Bessel function of the second kind.

Boundary condition
It is assumed that there is complete contact between the lining and the frozen soil, and there is a relative 
movement between frozen soil and unfrozen soil. Thus, the continuity conditions and boundary conditions of 
displacement and stress are satisfied at all the contact surfaces.

At the tunnel invert (r = R1), the external load q0eiωt is equal to the radial stress of the lining, i.e.,

	 σI
r = q0eiωt� (56)

At the contact surface between the lining and the frozen soil in the plastic zone (r = R2), the radial stresses and 
radial displacements of the lining and the plastic zone of frozen soil are the same, i.e.,

	 σI
r = σII

r � (57)

	 uI
r = uII

r � (58)

At the contact surface between the frozen soil in the plastic zone and the frozen soil in the elastic zone (r = R3), 
the radial displacement of the frozen soil in the plastic zone is the same as that of the frozen soil in the elastic 
zone, i.e.,

	 uII
r = uIII

r � (59)

At the contact surface between the frozen soil in the elastic zone and the unfrozen soil (r = R4), the equilibrium of 
interface displacements and stresses between frozen and unfrozen soil can be given by Eqs. (33)–(35).

The unknown parameters A1 ~ A5, and B1 in Eqs. (18), (32), (58), and (59) can be obtained from the above 
continuity conditions and boundary conditions. Then, by substituting the unknown parameters back into the 
relevant equations, the specific expressions for the steady-state responses of the different zones in Fig. 2 can be 
obtained.

Verification of the solution and case study
Model validation
To validate the accuracy of the calculations, the model neglects the uniformly distributed load acting on the 
tunnel invert. Therefore, the tunnel in frozen soil is only affected by the environment, i.e., only the effect of frost 
heave on the tunnel and its surrounding soil in different frozen states needs to be considered. As shown in Fig. 2, 
the radial and circumferential stresses after degradation in this study are consistent with the conclusions of 
reference48. The selected parameters for model validation and parametric analysis are listed in Table 1.

Analysis of factors affecting stresses of medium surrounding the tunnel
In order to investigate the frozen soil in plastic zone on dynamic response of tunnels surrounded by soil with frost 
heave in cold regions, the changes in radial and circumferential stresses in the tunnel lining and its surrounding 
soil are shown in Fig. 3. The loads q0 acting on the tunnel invert are 1, 2, and 3, respectively. It can be seen that 
the greater the external load, the greater the radial stress as well as the circumferential stress in the lining and 
the plastic zone of frozen soil. As the distance from the loading surface increases, the radial and circumferential 
stresses gradually decrease. This stress reduction is particularly evident in the plastic zone and at the contact 
surface between the two media with different properties. When q0 is 1, the radial and circumferential stresses 
at the interface between the lining and the plastic zone decrease by 4.83% and 47.51%, respectively; the radial 
and circumferential stresses in the plastic zone decrease by 28.48% and 62.50%, respectively; the radial and 
circumferential stresses at the interface between the plastic zone and the elastic zone decrease by 84.10% and 
11.80%, respectively. When q0 is 2, the radial and circumferential stresses at the interface between the lining 

Scientific Reports |         (2025) 15:5893 8| https://doi.org/10.1038/s41598-025-89674-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and the plastic zone decrease by 28.68% and 47.33%, respectively; the radial and circumferential stresses in the 
plastic zone decrease by 38.76% and 62.69% respectively; the radial and circumferential stresses at the interface 
between the plastic zone and the elastic zone decrease by 74.32% and 11.50%, respectively. When q0 is 3, the 
radial and circumferential stresses at the interface between the lining and the plastic zone decrease by 36.76% 
and 47.27%, respectively; the radial and circumferential stresses in the plastic zone decrease by 44.00% and 
62.75%, respectively; the radial and circumferential stresses at the interface between the plastic zone and the 
elastic zone decrease by 67.96% and 11.40%, respectively (shown as Table 2). The stresses also decrease at the 
frozen surface, but it is not significant and tends to stabilize. Additionally, the circumferential and radial stresses 
become closer in unfrozen soil.

Usually, there are multiple factors influencing ground stress, resulting in variations at different locations. To 
study the effect of ground stress on the elasto-plastic dynamic response of frozen soil with frost heave around 
tunnels, the changes in radial and circumferential stresses of the tunnel lining and its surrounding soils are 
analyzed with different p0 of 0.1, 0.5, 1, and 2 (shown as Fig. 4). When the ground stress is low, the radial and 
circumferential stresses generally decrease with increasing distance from the loading surface. As the ground 
stress increases, the reduction of radial stress slows down. Furthermore, there is an increase in stress in the 
frozen soil, including the elastic zone and plastic zone, and the increase becomes more significant with higher 
ground stress. The radial stress starts to decrease gradually again in the unfrozen soil. As for the circumferential 
stress, the higher the ground stress, the greater the stress in different zone. However, the stress shows different 
trends with increasing distance from the loading surface in different zone: the circumferential stress gradually 
decreases in the plastic zone, decreases significantly at the interface between the plastic zone and the elastic zone, 
then it increases in the elastic zone and decreases significantly again at the frozen surface. Finally, it decreases 
slowly in the unfrozen soil.

Analyzing the effect of changes in volumetric frost heaving strain on the elasto-plastic dynamic response 
of frozen soil with frost heave can approximate the effect of frost heave on frozen soil (Zhang et al., 2023d). 
As shown in Fig. 5, the volumetric frost heaving strain of frozen soil does not change the trend of radial and 
circumferential stresses in different zones, but it has a greater effect on circumferential stresses than on radial 

Item Parameter value Item Parameter value

Thickness of tunnel lining, δ1 0.03 Poisson’s ratio of unfrozen soil, νu 0.35

Thickness of frozen soil in plastic zone, δ2 4 Poisson’s ratio of frozen soil, νf 0.3

Thickness of frozen soil in elastic zone, δ3 4 Poisson’s ratio of tunnel lining, νL 0.25

Rotational inertia of frozen soil, I 2.25 × 10–3 Anisotropic frost heave coefficient, k 1 ~ 4

Cross-sectional area of frozen soil, A 0.3 Vertical pressure coefficient, α 0.5

Initial stress in the horizontal direction, P 0 0.004 Uniformly distributed load, q0 1

Volumetric frost heaving strain, εv 0.0135 Circumferential angle of the tunnel, θ 0

Density ratio of tunnel lining to frozen soil, ρLf 1.5 Density ratio of frozen soil to unfrozen soil, ρfu 1.19

Shear modulus ratio of frozen soil to tunnel lining, µfL 0.05 Shear modulus ratio of unfrozen soil to frozen soil, µuf 0.94

Coefficient of relative displacement at frozen interface, β 0.5 Shear modulus ratio of tunnel lining to unfrozen soil, µLu 1.06

Density ratio of unfrozen soil to tunnel lining, ρuL 0.67

Table 1.  Dimensionless physical and mechanical properties of the mediums.

 

Fig. 2.  The comparison of degradation between the current study and existing studies: (a) radial stress; (b) 
circumferential stress.
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stresses. With an increase in frost heave, the circumferential stress increases in the lining, plastic zone of frozen 
soil, elastic zone of frozen soil, and unfrozen soil. The radial stress also increases with an increase in frost heave, 
but the increase is not as significant as that in circumferential stress.

Analysis of factors affecting displacement in cold-region tunnels
Figure 6 illustrates the effect of changing the thickness of the plastic zone on the radial displacement of soil, 
while keeping the thickness of the elastic zone constant. When the thickness of the plastic zone reaches 0.7, the 
effect on the radial displacement of soil in the plastic zone at low frequencies becomes very noticeable. Overall, 
as the thickness of the plastic zone increases, the radial displacement of frozen soil in the plastic zone increases, 
while the radial displacement of frozen soil in the elastic zone and unfrozen soil gradually decreases. The effect 
of changing the thickness of the plastic zone on the radial displacement of frozen soil in the plastic zone is less 
pronounced compared to the radial displacement of frozen soil in the elastic zone.

Figure 7 demonstrates the effect of changing the thickness of the plastic zone on the stress-displacement 
of soils with anisotropic frost heave. The radial displacement of the plastic zone slightly decreases and then 
gradually increases with an increase in the thickness of the plastic zone. The elastic zone and unfrozen soil 
experience an increase in radial displacement as the thickness of the plastic zone increases. When the thickness 
of the plastic zone reaches 2, the changes in radial displacement of each medium will gradually stabilize. The 

Zone

q0 = 1 q0 = 2 q0 = 3

Radial stress (%) Circumferential stress (%) Radial stress (%) Circumferential stress (%) Radial stress (%) Circumferential stress (%)

Zone I → Zone II 4.83 47.51 28.68 47.33 36.76 47.27

Zone II 28.48 62.50 38.76 62.69 44.00 62.75

Zone II → Zone III 84.10 11.80 74.32 11.50 67.96 11.40

Table 2.  Degree of stress reduction in different zones.

 

Fig. 3.  Effect of external loads on stresses in cold-region tunnel systems: (a) q0 = 0; (b) q0 = 1, (c) q0 = 2; (d) 
q0 = 3.
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radial stress of each medium decreases with an increase in the thickness of the plastic zone. Similarly, when the 
thickness of the plastic zone reaches 2, the changes in radial stress of different media are not significant.

Figure 8 shows the impact of changes in the elastic zone thickness on the stress-displacement of frozen soil. 
The influence of elastic zone thickness on the radial displacement and stress of each medium is similar to that of 

Fig. 5.  Influence of volumetric frost heaving strain on stresses in cold-region tunnel systems: (a) εv = 0.01; (b) 
εv = 0.03; (c) εv = 0.05; (d) εv = 0.07.

 

Fig. 4.  Effect of ground stress on stresses in cold-region tunnel systems: (a) p0 = 0.1, (b) p0 = 0.5, (c) p0 = 1, (d) 
p0 = 2.
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plastic zone thickness. When the elastic zone thickness is small, particularly around 1, the radial displacement 
of each medium stabilizes. Additionally, the radial displacement of the elastic zone itself stabilizes at a smaller 
thickness. This indicates that increasing the thickness of the elastic zone can enhance the stability of dynamic 
impacts on tunnels in cold regions, given a certain thickness of frozen soil in the plastic zone. The effect of elastic 
zone thickness on the radial stress of different media varies significantly. The radial stress of frozen soil in the 
plastic zone rapidly increases with increasing elastic zone thickness, reaches a peak, then rapidly decreases and 
stabilizes. In contrast, the radial stress of frozen soil in the elastic zone increases with elastic zone thickness and 
tends to stabilize without decreasing. The radial stress of unfrozen soil first increases and then decreases with 
increasing elastic zone thickness,

Discussion
At present, for the relevant engineering problems produced by operational cold-regions tunnel in China, 
the main measures can be divided into two categories, i.e., vibration damping technology and freeze-proof 
technology. Existing methods have been conducted to solve the problems about tunnel vibration, such as the 
use of vibration dampers, rubber roadbed, steel-spring floating slab track, elastic short damping track, and 
sound barriers, etc. The above methods are not applicable to reduce the vibration of operational tunnel due 
to the adaptability or cost, so it is necessary to reduce the tunnel vibration with a stable structure, convenient 
construction, low cost, and obvious effect. In the vibration sensitive areas of the tunnel, using emulsion treated 
base layer, graded gravel, rubber sheet to attenuate the vibration energy generated by the tunnel operation48. So 
far, the frost prevention and control technology of cold-region tunnels in China can be summarized into active 
measures and passive measures. Active measures are to artificially increase the tunnel structure, surrounding 
rock, cave air, and groundwater heat; passive measures are to reduce the tunnel structure, surrounding rock, 
cave air, and groundwater heat21. Tunnels buried in seasonal frozen ground can choose both active measures and 

Fig. 6.  Effect of thickness change in plastic zone on radial displacement of soil when the thickness of elastic 
zone is certain: (a) δ2 = 0.2, δ3 = 1; (b) δ2 = 0.5, δ3 = 1; (c) δ2 = 0.7, δ3 = 1; (d) δ2 = 0.9, δ3 = 1.

 

Scientific Reports |         (2025) 15:5893 12| https://doi.org/10.1038/s41598-025-89674-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


passive measures; tunnels buried in permafrost are mainly passive measures, and active measures can be chosen 
for the drainage system24.

This study theoretically explores the impact of plastic zone in frozen soil on the dynamic response of cold-
region tunnel systems. Since the theory of frozen soil is still in the process of development, the dynamic response 
of the cold-region tunnel systems needs to rely on more advanced theoretical foundations. In addition, although 
the current analytical method is as close as possible to the practical engineering under the premise of ensuring 
the accuracy of the calculation, it is still in an ideal state. The transfer of energy and the impact of the movement 
of the load and other factors will be further considered by experiment, numerical simulation, and in-situ testing, 
to gradually enrich the theory of the dynamic response of cold-region tunnel systems.

Conclusion
Taking into account the complexity of frozen soil configuration and the limitations of analytical solvability, this 
study proposes a novel approach to divide the frozen soil into two distinct zones: elastic and plastic. By doing 
so, we establish an elasto-plastic dynamic model for the incompletely frozen soil-tunnel system, allowing us to 
derive analytical solutions for the displacements and stresses of both the tunnel lining and the different layers of 
each medium. The pertinent conclusions and suggestions for engineering are as follows:

	(1)	� Increased external loads result in greater radial and circumferential stresses in the lining and plastic zone. 
As distance from the loading surface increases, these stresses gradually decrease. Rapid stress reduction 
occurs at contact surfaces between media with different properties, with different effects on radial and cir-
cumferential stresses.

	(2)	� Ground stresses have varying effects on radial and circumferential stresses in different zones surrounding 
the tunnel. Generally, these stresses increase with higher ground stress, but the trends change as ground 
stress increases.

	(3)	� Higher volumetric frost heaving strain in frozen soil leads to more pronounced frost heave and increased 
radial and circumferential stresses in different zones. The change in circumferential stress is greater than 
that of radial stress. However, as frost heave increases, the radial and circumferential stresses in different 
zones stabilize.

Fig. 7.  Effect of thickness change in plastic zone on stress-displacement of soils with anisotropic frost heave: 
(a) Zone II, k = 1; (b) Zone III, k = 1; (c) Zone IV, k = 1.
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	(4)	� Varying thicknesses of soil in the plastic and elastic zones affect displacement and stress in different zones. 
Changes in thickness of frozen soil in plastic zone and elastic zone result in different changes in displace-
ment and stress in different zones of the soil.

Data availability
All data, models, and code generated or used during the study appear in the submitted article.
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