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Abstract

To address the problems of continuous geometric boundary changes during the staged construction
of high slopes, highly repetitive preprocessing in finite element modeling, and the difficulty of rapid
stability calculation under multiple excavation stages and disturbance conditions, an automatic fi-
nite element modeling and stability analysis method for slopes based on a digital twin geometric
framework is proposed. According to the maturity levels of digital twins, this work is positioned at
the “digital model-digital shadow” stage within the slope stability analysis digital twin system. It
focuses on the three-dimensional geometric model and the finite element simulation workflow to
achieve automatic mapping from engineering geometric information to computational models, but
does notyet include field monitoring inversion and real-time closed-loop control. Based on contour
lines, borehole stratification, excavation benches, and support design parameters, this method uti-
lizes the OpenCascade geometric kernel to construct a three-dimensional geometric model of the
ZK16 high slope. The slope surface evolution during the construction stage is represented by Bool-
ean subtraction operations between the excavation envelope bodies and the slope entity. Once a
control section is specified, the system automatically updates the section geometry and extracts
data according to the construction steps, generating two-dimensional section data readable by
Abaqus. It further completes material assignment, boundary constraints, equivalent support mod-
eling, mesh generation, and strength reduction calculations. Numerical analysis is conducted on a
typical section of the ZK16 high slope, and the results show that the safety factors of the 1st to 4th
construction steps all reach the search upper limit of Fs = 2.00, while those of the 5th and 6th con-
struction steps drop to 1.88 and 1.56, respectively, indicating that the later excavation stages are
the stability-controlling stages. Under conditions where the strength softens by 20% and 30%, the
safety factors decrease to 1.22 and 1.10, respectively, demonstrating that the degradation of rock
and soil shear strength has a significant impact on slope stability. Excluding the calculation time of
the Abaqus solver, the proposed workflow can significantly reduce the repetitive preprocessing in-
teraction time in multi-stage and multi-condition analysis. Furthermore, based on 400 sets of finite
element simulation samples, a preliminary validation of a 1D-CNN surrogate model is conducted.
The coefficient of determination on the validation set is Rz = 0.8071, indicating that the automated
finite element sample database has the potential to assist in rapid assessment.
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Figure 1. Technical route of the proposed automatic finite element analysis method
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Figure 2. Typical computational section and boundary conditions of the ZK 16 slope
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Figure 3. Automatic section geometry updating and Abaqus mesh model
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Figure 6. Displacement and PEEQ contours under different disturbance conditions
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