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Abstract: The construction of immersed tunnels across deep, soft seabeds and ensuring their seismic
safety represents a major engineering challenge. The coupled action of vertical (P-wave) and horizontal
(SV-wave) ground motions induces complex fluid-solid interaction in the seabed soil, where the soil is
subjected to three-dimensional coupled shear effects of deviatoric stress and shear stress. This leads to
transient excess pore water pressure exhibiting two growth patterns—oscillation and accumulation—
which trigger cyclic softening of the soil. The viscoelastic-plastic stress-strain hysteresis curve was con-
structed based on the extended Masing rule. Based on the Biot dynamic consolidation equation and

mathematical description of irreversible volumetric strain induced by the coupling of shear stress and
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deviatoric stress, an effective stress constitutive model for saturated sand was established. A second-
ary development of this constitutive model was then implemented on the FLLAC3D platform. Numeri-
cal simulation results of laboratory element tests demonstrated that the proposed effective stress consti~
tutive model could reflect the pore pressure growth and liquefaction process of saturated sand. Using
actual borehole data from the Bohai Sea as site conditions, an immersed tunnel-sandy seabed interac-
tion model was established. Numerical simulations were conducted to investigate the dynamic stability
of the immersed tunnel under coupled vertical-horizontal ground motions. The simulations revealed
the dynamic interaction mechanisms of the tunnel-seabed system and the progressive liquefaction pat-
terns of the seabed under bi-directional ground motions. It was determined that controlling factors for
immersed tunnel instability were the reduction of anti-buoyancy and the increase in uplift force. The
findings provide references for the seismic design of submarine immersed tunnels.
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Table 3 Calculation parameters of seabed soil
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