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Abstract

Modern structural engineering increasingly relies on lightweight, high-performance materials designed with re-
duced safety factors to optimize performance, creating the need for reliable non-destructive testing (NDT). One of the most
challenging inspection scenarios is the detection of Barely Visible Impact Damage (BVID) in composite structures, which
combines subsurface delaminations with surface-breaking matrix cracks. This work introduces a quantitative, simulation-
based framework that replaces traditional trial-and-error procedures with FEM-based parameter selection for Laser Spot
Thermography (LST), to meet a user-defined Signal-to-Noise Ratio (SNR) while eliminating the risk of material overheating.

1. Introduction

Modern structural engineering increasingly relies on lightweight, high-performance materials designed with re-
duced safety factors. One of the most challenging inspection tasks is detecting Barely Visible Impact Damage (BVID)
in composite structures, where subsurface delaminations and surface-breaking matrix cracks form a complex multimodal
defect. Active Laser Spot Thermography (LST) addresses this challenge by generating a semi-spherical heat wave, pro-
viding the multi-directional thermal contrast necessary to reveal both vertical and horizontal discontinuities. Its diagnostic
capabilities can be further enhanced through data fusion with complementary techniques like vibrothermography [1]. Its
configuration depends on several coupled parameters: laser power (P ), heating time (T2), cooling recording time (T3), and
spatial scanning step (∆x). Conventionally, configuring these parameters relies on empirical trial and error. While scanning
with the finest possible pitch (∆x) ensures high sensitivity, it introduces an impractical time penalty for larger components.
To resolve this trade-off, this paper introduces a simulation-based framework that determines the necessary parameters to
meet a user-defined Signal-to-Noise Ratio (SNR) while maintaining a provided safe surface temperature. If the target SNR
cannot be reached even with the tightest safe settings, the framework provides information that the defect is undetectable
under the given conditions, preventing unnecessary scanning.

2. Materials and Methods

The proposed parameter selection framework operates in three sequential stages.
Stage 1 — Material Characterization. For specimens with unknown thermal properties, local orthotropic thermal

diffusivities are estimated from a preliminary low-energy LST measurement. The through-thickness component is obtained
by fitting an analytical decay model to the transient cooling curve, and the in-plane components by tracking the thermal
spot’s spatial expansion. With user-supplied density and specific heat, these diffusivities are converted into directional
thermal conductivities for the FEM model.

Stage 2 — Parameter Selection via FEM. A parameterized 3D FEM environment simulates the transient thermal
response to a Gaussian-shaped stationary heat source. The algorithm: (i) maximizes P below the surface temperature
safety limit Tsafe; (ii) extends T2 (to 0.5 s) if power limits are reached; (iii) computes T3 analytically; and (iv) iteratively
reduces ∆x (10 to 2 mm) until the defect’s SNR meets a user-defined threshold. If the minimum step does not reach the
required SNR, the defect is flagged as undetectable.

Stage 3 — Signal Processing. Synthetic and experimental thermograms use the same dual-path algorithm to
extract different damage features from measurement dataset. The first path applies Thermographic Signal Reconstruction
(TSR) [2] within a square ROI inside the laser spot, fitting a 9th-degree polynomial for noise reduction and data compres-
sion. The second path independently accumulates second-order spatial gradients over the cooling sequence to emphasize
surface-breaking cracks. Images from multiple scan points are then stitched into full-field diagnostic mosaics.

3. Results and Discussion

The framework was validated on two reference specimens with known defect geometries. For surface cracks,
a 3.5 mm thick aluminium plate with 3–9 mm long milled notches was inspected. The framework selected P = 26 W,
T2 = 0.5 s, and T3 = 3 s. Validation covered 16 combinations of defect length and scanning step (∆x = 4, 6, 8, 10 mm).
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Fig. 1. Simultaneous multi-modal defect visualization in CFRP from a single LST dataset: (a) Pulse Phase Thermography
(PPT) phase image at f1 = 0.331 Hz isolating the internal delamination, and (b) second-order optical spatial gradient map
highlighting surface-breaking cracks.

Simulated SNR values were consistently lower than experimental ones (relative errors of -1.9% to -34.1%) because wide
milled notches act as radiation cavity traps—an effect not captured by FEM. Thus, the framework yields conservative SNR
predictions. For subsurface defects, a CFRP plate with Flat-Bottom Holes (6 mm and 13 mm diameter, 50% depth) was
used. Simulations accurately reproduced the experimental trend where SNR increases monotonically as ∆x decreases.
For a 13 mm FBH at ∆x = 2 mm, the simulated SNRmax reached 7.48 versus the experimental 7.91, confirming the
model’s fidelity. The framework was applied to a CFRP panel with real BVID from a 3.9 J drop-weight impact, producing
a 326 mm2 delamination and surface cracks. Thermal conductivities, calculated from 10 diffusivity measurements using
assumed density and specific heat values, were used in the FEM model. Separate simulations were run for user-defined
defect shapes: a 6 mm FBH at 1 mm depth (subsurface defect) and a 6×0.01×0.5 mm notch (representing a 0.5 mm deep
surface crack). Given Tsafe = 55◦C and a target SNR of 5, the algorithm selected P = 12 W, T2 = 0.1 s, and T3 = 3 s. The
crack met the target at ∆x = 8 mm (SNR = 29.90), but the FBH required ∆x = 4 mm (SNR = 7.54), dictating the use of
the finer 4 mm grid. Post-processing the TSR-reconstructed mosaic with Pulse Phase Thermography (PPT) [3] isolated the
internal delamination with SNR = 8.46 at f1 = 0.331 Hz, confirming the simulation-based parameters. Concurrently, spatial
gradient maps revealed surface crack traces (Figure 1). However, experimental surface crack detection in CFRP yielded
lower SNRs than simulated. This discrepancy arises because the numerical model assumes a homogeneous material with
uniform emissivity, whereas the real composite exhibits texture heterogeneities that precluded the use of a single global
binarization threshold.

4. Conclusions

A simulation-based framework for LST parameter selection was developed. It eliminates empirical trial-and-error
calibration by reliably determining inspection parameters that ensure both material safety and required defect detectability.
Validation confirmed a conservative prediction bias, providing a built-in safety margin. While surface conditions in real
CFRP structures introduce additional noise that limits automated surface crack segmentation, the dual-path processing
pipeline successfully resolved the multimodal damage components. This methodology supports the creation of validated
digital twins for scalable inspection design.
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