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ABSTRACT 
In this work, a finite element model was developed to 

simulate donut probe inspections in multilayer stackups fastened 

with bolts.  The model was developed to include the effect of 

adjacent fasteners, bolt angle/properties, and the geometry of the 

substructure.  Experiments were run using samples developed as 

part of a previous reliability assessment of low frequency 

electromagnetic techniques.  The model was found to be in good 

agreement with the experiments, and was transitioned to the 

HPC for large parametric studies.  The model development, 

verification and validation, and the results from the parametric 

studies accomplished to date are given here. 
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NOMENCLATURE 
LFEC low frequency eddy current 

POD probability of detection 

MR  magnetoresistance 

GMR giant magnetoresistance 

PEC pulse eddy current 

 

1. INTRODUCTION 
Low frequency ring probe (or donut probe) inspections are 

commonly used to find subsurface damage in multilayer 

stackups fastened by bolts.  The typical inspection scenario is 

shown in Fig. 1.  A coil with an OD larger than the bolt head is 

situated as close to concentric with the head as possible.  The low 

frequencies at which the coil is excited (<500 Hz) allow the 

fields to penetrate deeply into the stackup, giving sensitivity to 

damage in layers beneath the first layer.  This is an excellent 

alternative inspection to perform when ultrasound is not feasible 

due to poor coupling conditions.  However, the POD study 

performed in [1] showed that the “rule of thumb” capability of 

these inspections is typically on the order of the amount of 

material through which this inspection is performed (i.e. the 

distance from the surface to the damage).   

Multiple different technologies have been explored to 

improve the inspection capability of low frequency eddy current 

inspections around fasteners.  For instance, in [2], MR arrays 

were used to detect the magnetic fields excited by the coils.  This 

sensor had directionally dependent properties based on the sheet 

current excitation used.  In [3], a GMR array was used in 

conjunction with two sheet current sources excited 90º out of 

phase with one another.  This was shown to be effective in 

reducing the directionality of the sensor, improving the 

sensitivity to cracks of different orientations.  Other approaches 

have looked at improving the capability of typical donut probes 

by including magnetic field sensors and/or using transient 

excitations sources (i.e. PEC).  

These works have focused on probe design and made 

significant strides in improving the sensitivity of LFEC sensors.  

However, for effective implementation, a reliability study is 

needed that incorporates relevant sources of variability from real 

aircraft structures.  Unfortunately, incorporating every source of 

variability in this inspection is cost prohibitive.  In this work, a 

model was developed to predict the most relevant sources of 

variability for the purposes of a POD study.  The model (Fig. 2) 

was made in COMSOL Multiphysics and is parameterized to 

include the geometry of the surrounding bolts and structure, the 

properties of the bolt under inspection, as well as the geometry 

of the bolt and flaw under inspection.  The model calibration 

procedure is consistent with that of the actual inspection.  This 

model was validated using experimental data collected from 

FIGURE 1: IMAGE DEPICTING TYPICAL DONUT PROBE 

INSPECTION. 
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samples from a previous POD study [1].  The design of the model 

was driven donut probe inspections currently used in structures, 

but the modeling and simulation framework is adaptable to other 

sensors.  The results of the model verification and validation will 

be shown in this presentation.  Additionally, magnetic field 

sensors were simulated below the coil to understand the fields 

measured by the sensors and the effect of varying bolt 

conditions.   
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FIGURE 2: GEOMETRY AND MESH OF THE MODEL 

WITHOUT THE PLATE (TOP) AND WITH THE PLATE 

(BOTTOM).  THE BOLTS AND NUTS ARE SHOWN IN THE TOP 

IMAGE. 


