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Abstract

Asymmetric frost heave caused by localized water accumulation behind tunnel linings is a critical
issue for shallow-buried, unsymmetrically loaded tunnels in cold regions. To investigate this, se-
quential thermo-mechanical coupled simulations were conducted using the Suotongpo Tunnel as a
case study. A 2D cohesive element was introduced to equivalently model the localized water accu-
mulation zone. Additionally, a temperature-dependent regularized thermal expansion coefficient
was proposed to accurately capture the volumetric expansion during the water-ice phase transition.
The structural responses over 10 freeze-thaw cycles were systematically evaluated under three
conditions: no water accumulation, vault accumulation, and sidewall accumulation. Results indicate
that localized frost heave exerts a pronounced “asymmetric leverage failure effect” on the tunnel
lining. Specifically, water accumulation at the sidewall poses a significantly greater threat of struc-
tural degradation than at the vault. Unilateral expansion at the sidewall not only causes lateral bulg-
ing on the affected side but also drives overall structural deflection, resulting in tensile stress con-
centrations of up to 1.62 MPa on the contralateral side and vault. Over multiple freeze-thaw cycles,
the residual deformation and peak tensile stresses initially accumulate before reaching a stabilized
state. Nevertheless, the high-amplitude periodic unsymmetrical loading still exposes the sidewall
to long-term fatigue risks. These findings offer a theoretical reference for targeted waterproofing,
drainage, and frost-resistance designs in similar tunnels.
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Figure 1. Thermal-mechanical coupled numerical model and boundary conditions for the shallow-buried bias section of Su-
otongpo tunnel
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Table 1. Physical and mechanical properties of primary materials for the tunnel
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Figure 2. Contour plot of the overall temperature field in the tunnel under extreme cooling conditions
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Figure 3. Schematic diagram of the maximum penetration depth of the freezing front (0°C isotherm) and localized phase
change triggering in the water accumulation zone
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Figure 4. Contour plots of stress and displacement under conditions without water accumulation
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Figure 5. Displacement contour plots under conditions of sidewall water accumulation (left) and crown water accumulation
(right)
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Figure 6. Contour plots of maximum and minimum principal stresses under conditions of sidewall water accumulation (left)
and crown water accumulation (right)
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