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Development of a Defect Estimation Method for CFRP Structures

Using Finite Element Analysis and Infrared Stress Measurement

Thesis Summary

This study proposes a novel method to estimate three-dimensional defect structures inside
carbon-fiber-reinforced plastic (CFRP) components by utilizing the distribution of the sum of principal
stresses on surfaces obtained from finite element analysis (FEA) and infrared stress measurements,
combined with machine learning techniques. As a first step, a physical verification of the consistency
between infrared stress measurements and FEA-derived stress distributions was conducted. A hybrid
analysis combining structural analysis and transient heat conduction analysis, based on thermoelastic
theory, revealed that the consistency between the two depends on the defect location and its distance
from the measurement surface. Based on this finding, defect estimation using machine learning was
performed on specimens under conditions where the effect of heat conduction can be reasonably
neglected. Subsequently, a method was proposed to estimate internal three-dimensional defect
information using a convolutional neural network (CNN) trained on stress distributions obtained from
FEA. By generating diverse defect patterns and using a large simulation dataset, the CNN successfully
learned to capture subtle variations in stress distribution and accurately predicted defect positions,
depths, and shapes. To overcome the scarcity of experimental data, transfer learning was introduced. A
CNN model pre-trained on simulation data was fine-tuned using a limited amount of infrared stress
measurement data. This enabled accurate defect estimation even under data-scarce experimental
conditions. Furthermore, as an extension toward more practical application, the methodology was
applied to a CFRP prosthetic component with complex geometry. A graph neural network (GNN) was
introduced to handle the non-Euclidean mesh structure and predict 3D defect information from the
three-dimensional stress distributions. To convert the experimentally measured 2D stress distributions
into the 3D stress distributions required by the GNN, a dimensional transformation model combining
principal component analysis, CNN, and multilayer perceptron was developed, demonstrating the
extensibility of the framework to connect simulations and experiments. Through these studies, this
research establishes a novel nondestructive defect estimation framework that integrates FEA and
infrared stress measurement. Its applicability to complex structures and physical consistency between
simulation and experiment have been demonstrated. The proposed method offers a promising approach
for reliable defect estimation and structural health monitoring, contributing to the development of

next-generation nondestructive testing technologies.




