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Accurately quantifying the time-dependent reliability of complex nonlinear stochastic systems remains a major challenge

in modern reliability engineering. Traditional methods - such as sampling- or moment-based approaches - often suffer

from high computational cost or limited ability to capture nonlinear, non-stationary dynamics. The probability density

evolution method (PDEM), governed by the Li-Chen equation, has emerged as a promising alternative due to its solid

theoretical foundation in the principle of preservation of probability. This study introduces a path-integral framework for

solving the integral form of the Li-Chen equation, which provides a mathematically equivalent yet numerically more stable

representation than its classical differential form. The proposed formulation enables accurate and efficient computation of

transient probability density functions (PDFs) for high-dimensional stochastic systems without violating conservation

properties. Compared with traditional numerical schemes, the path-integral approach exhibits improved tail accuracy, grid

flexibility free from Courant-Friedrichs-Lewy (CFL) constraints, and enhanced robustness to numerical parameters.

Furthermore, by coupling the integral-form Li-Chen equation with a time-variant extreme process model, a new

methodology is developed for evaluating global dynamic reliability under multiple correlated failure modes and time-

varying thresholds. This approach allows the entire reliability evolution curve to be obtained through a single density

evolution analysis, eliminating the need for repeated simulations. Numerical demonstrations on nonlinear hysteretic frame

structures under seismic excitations verify the proposed method’s accuracy, computational efficiency, and capability to

capture system-level time-dependent reliability. The results highlight the potential of the integral-form Li-Chen equation

as a unifying and physically interpretable framework for time-dependent reliability analysis of complex engineering

systems.
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