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Abstract

Composite laminates offer a significant advantage over conventional materials due to their high strength-to-
weight ratio. However, they suffer from a critical shortcoming: susceptibility to barely visible impact damage (BVID),
typically caused by low-velocity impacts (LVI). Often undetected, these subtle but critical damages, with
delamination as main failure mode, reduce a structure’s load carrying capability. Experimental results have
indicated a strong correlation between ply-by-ply delamination morphology, and the reduction in compressive
strength. However, estimating the ply-by-ply damage morphology for BVID is challenging due to interaction of inter
and intra lamina fracture, and the dynamic nature of impact. This thesis proposes the integration of Discrete Crack
Finite Element Model (FEM) and Machine Learning (ML) to predict ply-by-ply damage morphology.

A modeling framework has been developed to simulate impact events by modeling inter and intra crack
initiation and progression using discrete placement of cohesive elements. The impact response is divided into four
segments: initial stiffness, pre-load-drop stiffness, load drop, and post-load-drop behavior up to the peak load. The
influence of boundary conditions on the initial stiffness was studied, revealing that laminates with high length-to-
thickness ratios are influenced by compliant boundary conditions. This phenomenon, often neglected in numerical
models, must be evaluated and accounted for to obtain correct deformation and damage behavior. The subsequent
portions of the force—displacement response in numerical simulations are governed by the behavior of cohesive
elements: the load drop is influenced by inter-ply cohesive elements and their maximum degradation limits, while
the pre- and postload- drop responses are controlled via intra-ply cohesive elements. A study examining the
influence of crack spacing and cohesive properties demonstrated that these have a substantial impact on the
damage morphology, while having a smaller influence on the force—displacement curve. Thereby highlighting that
different damage morphologies can give similar force-displacement plots. Consequently, careful trade-offs must be
made between achieving an accurate force—displacement response and replicating realistic damage morphology.

Dedicated automated model generation and post-processing scripts were developed to create FEM models
extract damage morphologies from FEM simulations, and format them for ML applications. This data is used to train
a model that segments visible delaminations into ndividual plies and infills the non-visible damage based on the
laminate stack-up. The proposed method enables ultrasonic scans to reveal insights previously only obtainable
through destructive testing or computed tomography. Statistical analysis and characterization of BVID in laminates
were performed to establish correlations between FEM predictions and damage observed in micro-CT images.
These characterized insights inform and guide the modeling approach.

This body of work aims to progress impact damage modeling and LVI damage prediction using high-fidelity
FEM models and Machine Learning approaches, in order to accurately estimate the risk associated with LVI in
aerospace composite structures.
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