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Early and accurate detection of structural anomalies is essential for maintaining the safety and durability of engineering
assets, yet subtle damage signatures are often obscured by environmental and operational variability. This study presents
a semi-supervised anomaly detection framework, termed PCA-DeepAE Ensemble (PDE), for vibration-based Structural
Health Monitoring (SHM), which leverages both baseline and a limited subset of damaged data to improve sensitivity to
incipient structural damage. Multichannel vibration signals are transformed into multi-domain features, including spectral
modal indicators, band-limited energy, and statistical descriptors, to capture the intrinsic structural dynamics and
highlight anomalies. Principal Component Analysis (PCA) and a deep Autoencoder (AE) are trained on predominantly
baseline data, with a small proportion of damaged samples incorporated in a semi-supervised manner, allowing
deviations in reconstruction and subspace projections to serve as anomaly scores. A variance-weighted fusion of PCA and
AE scores in the PDE framework enhances detection of subtle anomalies while mitigating environmental and operational
noise. Resilient statistical thresholds, complemented by Extreme Value Theory (EVT) tail modelling, ensure reliable
anomaly identification under distributional shifts. Validation on the Z24 bridge dataset demonstrates that the PDE
framework outperforms conventional methods across precision, recall, F1-score, and accuracy, providing interpretable
fusion weights and strong generalization to temperature and load-induced modal variations. These results establish a
robust foundation for real-time anomaly detection, predictive maintenance, and digital twin integration in SHM
applications.
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