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Abstract. This study presents a deep learning framework for predicting incremental crack propagation
in ductile materials using only surface displacement measurements. A synthetic dataset is generated
via the eXtended Finite Element Method (XFEM) [1], enabling the simulation of diverse crack paths
under various mixed-mode loading conditions (Fig. 1a). The Arcan specimen geometry is adopted to
impose controlled mixed-mode ratios on aluminum alloy 6061, capturing realistic ductile fracture
behavior. From each simulation, sequences of nodal displacement (ux, uy) are extracted over a regular
grid within the region of interest, along with the corresponding crack-path maps, constituting the
training data.
Three convolutional-recurrent architectures are developed in Python with the Keras library to exploit
the spatiotemporal nature of crack growth. Convolutional Neural Networks (CNNs) autonomously
extract spatial features such as displacement gradients and strain concentrations from the grid-like
inputs, while Long Short-Term Memory (LSTM) units model the temporal evolution of these features
across successive loading increments. The influence of input sequence length, number of convolutional
filters, kernel sizes, pooling strategies, and LSTM hidden units is systematically investigated.
Model 1 (TimeDistributed CNN + BiLSTM) processes displacement fields through a single CNN
branch followed by bidirectional LSTM layers. Model 2 (Dual-Branch CNN-BiLSTM) introduces an
explicit damage branch that receives the current crack-path map (downsampled via MaxPooling2D to
ensure spatial alignment) before late fusion with the displacement branch. Model 3 (ConvLSTM)
employs native spatiotemporal convolution (ConvLSTM2D) with Global Max Pooling, offering a
compact single-stream alternative. All models regress the next crack increment (Ax, Ay) at each step,
enabling iterative prediction of the entire propagation path. By feeding only sequences of surface
displacements, the proposed models eliminate the need for direct crack tracking or internal field
knowledge, offering a practical, non-intrusive alternative for real-time fracture monitoring and digital
twin applications. Comparative evaluation highlights the trade-offs between architectural complexity,
parameter efficiency, and generalization across mixed-mode scenarios (Fig. 1b).
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Figure 1: (a) XFEM simulation of Arcan specimen, (b) Crack propagation predictions with DL models.

References
[1] Moés, N., Dolbow, J., Belytschko, T.: A finite element method for crack growth without
remeshing. International journal for Numerical Methods in Engineering 46, 131-150, 1999



