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Abstract 
Safe storage of nuclear waste is a concern faced by the nuclear industry.  Proper planning and continuous 
monitoring are important aspects of successful nuclear waste management programs.  Containers and storage cells 
are often made of carbon steel, which possesses good structural properties and acts as a neutron absorber.  Although 
designs of long-term storage cells are robust, they may necessitate inspections to assure that the aging process has 
not affected storage container integrity.  Tile holes are concrete in-ground containment cylinders lined with a 5 m 
long 250 mm Schedule 40 carbon steel pipe, with 9.3 mm wall thickness.  They are placed in engineered storage 
arrays, in which sealed containers of fissile waste are stored for decades.  An inspection of ten tile holes was 
performed for general wall-thickness measurements using a custom probe head that combined ultrasonic testing 
(UT) and transient eddy current (TEC) testing.  The focus of this paper is the TEC probe design, data acquisition, 
and analysis.  
Two sets of four coil-pairs with differing coil arrangements, in transmit/receive and reflection modes, were 
incorporated in the final product and were alternately placed at 45° intervals circumferentially on the probe head.  
All TEC measurements were non-contact, performed with 12.7 mm nominal lift-off.  Three analysis methods were 
applied to collected waveforms to estimate wall thickness: single-crossing voltage threshold, power law curve 
fitting, and a quantitative multi-frequency analysis technique adapted to TEC.  These methods were performed by 
three analysts independently.  Results were found to be in good agreement internally, and externally with UT 
thickness measurements.  No regions of local thinning were identified, but a helix of minor wall thickness changes, 
attributed to the pilgering manufacturing process, was observed in the data by all parties.  This application 
demonstrates the capability of TEC to accurately estimate steel wall thickness with moderate probe lift-off. 
 
Keywords: Electromagnetic Testing, Transient Eddy Current, Data Analysis, Probe Development, Steel 
Degradation  
 
1.  Introduction 
 
Safe storage of nuclear waste is a concern faced by nuclear operators world-wide.  Proper 
planning and continuous monitoring are critical components of safe and effective nuclear waste 
management programs.  In many cases, nuclear waste is placed in medium-term temporary 
storage systems, awaiting licensing and construction of more permanent repositories.  Tile holes 
are one such system used for waste storage.  Tile holes are vertical concrete in-ground storage 
locations, with additional integrity and neutron absorption provided by a lining of 
Schedule 40 carbon steel pipes, in which sealed waste containers are stored.  
Nondestructive evaluation (NDE) is an important aspect of life management for nuclear waste 
storage systems.  Eddy current testing (ET) and ultrasonic testing (UT) are two commonly 
employed techniques for in-service inspections, relying on electromagnetic induction and 
mechanical wave reflection, respectively.  For ferromagnetic material inspections, conventional 
ET has very limited depth of penetration due to decreased electromagnetic skin depth [1].  
Transient eddy current (TEC), an inspection technique which utilizes a broadband pulse instead 
of discrete frequencies for eddy current induction, has been shown to outperform sinusoidal ET 
for estimating ferromagnetic plate thickness [2]. 
Analysis of TEC signals is a continuously developing area, with no widely accepted method.  
Current analysis techniques for TEC data vary based on application, with different approaches 
focusing on different aspects of the data.  A lift-off intersection (LOI) point has been identified 
as a time-domain feature for estimating material thickness largely insensitive to lift-off 
variations [3].  Thicknesses of ferromagnetic pipes have been estimated in the presence of 
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lift-off and conductive cladding by analyzing the slope of TEC signal decay [4].  Power-law 
curve fitting has been applied to estimate trefoil carbon-steel support-structure thinning from 
within steam-generator tubes [5].  Principal components analysis (PCA) has been applied to 
TEC responses to measure corrosion of mild steels [6], and estimate material loss of steam 
generator tube, and carbon-steel drilled-support structures [7], [8].  Power-spectrum densities 
of Fourier transformed TEC responses have been examined for the detection of thickness 
variations in stainless steel [9].  TEC spectral responses have also been related to lift-off 
measurements, and analysis of material conductivity and permeability changes [10]. 
Ten tile holes were inspected with a series of TEC and UT probes, mounted on a common 
inspection head.  The two techniques were complimentary in this application.  While UT is an 
excellent thickness-measurement tool for thick materials, analysis becomes more difficult for 
thinner regions.  TEC has been shown to be sensitive over a wide range of thicknesses, and 
would prove more reliable in situations of surface corrosion as surface coupling is not an issue.  
The focus of this work was the comparison of three TEC analysis methods: voltage threshold, 
power-law fit, and a patented transient eddy-current multi-frequency analysis (TEC MFA) [11].  
Good agreement with UT thickness measurements demonstrates the quality of results 
obtainable from field applications of TEC.  
 
2.  Theory 
 
2.1 Transient Eddy Current 
 
Transient eddy current is an emerging NDE technique that relies on the principle of 
electromagnetic induction.  This phenomenon can be described by Faraday’s law for a coil with � turns of wire [12]: 
 

 = −� �� , (1) 

 
where � is magnetic flux, and � is the induced electromotive force.  By passing a time-varying 
current through a coil of wire, a change in flux can be produced.  This induces an opposing 
electromotive force, and therefore currents, in nearby conducting materials.  These currents are 
called eddy currents due to their circular nature.  By measuring the effects of magnetic fields 
produced by induced eddy currents, information such as material thickness and the presence of 
defects can be ascertained.  Electromagnetic waves decay with increasing depth in conducting 
materials.  Under steady-state conditions (as in conventional ET), the depth at which the eddy 
currents diminish to ⁄  (37%) of their surface value is called the skin depth, and is 
approximated in mm as [1]: 
 

 = ��√ ���  , (2) 

 
where � is the material resistivity in µΩcm,  the frequency of eddy currents in Hz, and �� is 
the relative magnetic permeability.  While conventional ET utilizes one or more discrete 
frequencies for eddy current induction, TEC generally uses a square-wave broadband pulse.  
This method helps overcome skin depth limitations encountered by conventional ET, and 
results in eddy currents that decay according to a diffusion process.  This becomes particularly 
important for ferromagnetic materials such as carbon steels, which have �� much greater than 1, 
significantly reducing depth of penetration for conventional ET frequencies.  Diffusion of 



                            
 

 

magnetic flux �⃑  at low frequencies (less than 8 ��) can be described by Maxwell’s equations 
as [12]: 
 

 ���⃑⃑ = ����⃑⃑ �� , (3) 

 
which has general solutions of the form [13]: 
 

 �⃑⃑ = −� ��⁄ . (4) 

 
The characteristic diffusion time, � , governs the rate at which transient eddy currents decay 
within conducting media, and is approximated as [13]: 
 

 ��~����, (5) 
 
where � and � are material conductivity in S/m and permeability in H/m, respectively, and ℓ is 
the characteristic length of the specimen in m, such as thickness.  Eddy currents take longer to 
decay in ferromagnetic materials due to this diffusion time.  Currently, there is no single 
accepted analysis method for TEC, comparable to impedance plane analysis commonly used in 
ET.  In the work described herein, three different analysis techniques were applied to the TEC 
field measurements for wall thickness inspection: voltage threshold, logarithmic fit, and 
multi-frequency analysis for TEC.  
 
2.2 Voltage Threshold 
 
Signal amplitude measurements at a specific time slice, such as the LOI point, have been used 
to extract material thickness information from TEC data [3].  Similarly, zero-voltage crossing 
times have been shown to correlate to material thickness in reference-subtracted TEC data [14].  
An analysis technique was proposed, which used a late-time voltage threshold to discriminate 
carbon steel material thickness.  It was confirmed, experimentally, that the later time decay 
region of TEC signals were relatively insensitive to lift-off variations.  By measuring the 
crossing time of TEC signals for multiple wall thicknesses on a known specimen, a calibration 
curve could be generated and applied to signals of similar material. 
 
2.3 Power law curve fit 
 
The shape of TEC pickup coil responses can be described by a sum of decaying exponentials.  
When multiple decay processes are present in a complex system, the series of exponential 
decays can be approximated by a power law [15].  The power law decay coefficient of TEC 
signals has been found to be related to material thickness [5].  By windowing decay signals and 
obtaining power coefficients for known samples at upper and lower bounds for thicknesses of 
interest, calibration curves can be produced.  Given similar acquisition conditions, calibration 
curves can then be applied to field measurements. 
 
2.4 Transient Eddy Current Multi-frequency Analysis 
 
Multi-frequency analysis (MFA) is a technique employed in ET inspections that uses data from 
two or more discrete excitation frequencies to improve flaw detection and subsequent 
characterization.  It relies on the fact that characteristic parameters of the signal (such as 



                            
 

 

amplitude and phase) change with excitation frequency, material type, and flaw type.  By 
performing a Fourier transform on TEC signal decay regions, a series of amplitudes and phases 
can be produced for a specific measurement condition.  Using samples with known 
characteristic parameters, theoretical amplitude and phase for a set of frequencies are calculated 
to generate a set of constants.  Amplitudes and phases of experimental data obtained from a 
Fourier transform are compared to those obtained from analytic expressions, floating 
characteristic parameters of interest.  A least-square minimization routine is performed to 
determine what characteristic parameter values correspond to that experimental measurement.  
This patented analysis technique taps into the understanding of discrete frequency eddy current 
behaviour, and can be modified for different parameters of interest [11].  This technique is 
presented in more detail in this conference [16]. 
 
 
3.  Experimental Technique 
 
3.1 Tile Holes 
 
Inspection targets for wall thickness measurements were a series of ten tile holes.  Tile holes 
are vertical concrete in-ground containment cylinders placed in engineered storage arrays, in 
which containers of fissile waste are stored.  Each tile hole is lined by a 5 m long, 250 mm 
Schedule 40 ASTM A53 steel pipe, with 9.3 mm nominal wall thickness. 
A 600 mm long, 250 mm Schedule 40 carbon steel pipe sample was procured for laboratory 
testing.  Outer diameter (OD) and inner diameter (ID) concentric grooves, both 100 mm in 
length axially, were machined on the pipe, providing known thickness variations for calibration 
purposes.  The pipe was annealed after machining to eliminate cold-work effects.  For every 
tile hole inspection, the calibration pipe was placed on top of the tile hole to provide in-situ data 
for calibration. 
 
3.2 Probe 
 
The inspection head combined both UT and TEC surface probes, allowing them to follow the 
contour of the inspection surface while remaining within 10 mm of the inner pipe wall.  TEC 
probes were located 130 mm above the inspection head base, and 65 mm above UT probes.  A 
total of 12 coils constituted the eight TEC probes for the inspection.  The four transmit coils 
were placed every 90°, with four receive coils each placed coaxial with a transmit coil 
(reflection mode, odd numbered), and a further four receive coils 45° offset from a transmit coil 
(transmit/receive mode, even numbered), shown schematically in Figure 1.  Nominal coil 
parameters are shown in Table 1. 
 
3.3 Data Acquisition 
 
The driving waveform was a 7 V amplitude step function at 8 Hz and 20% duty cycle, controlled 
by an InspectionWare1 workspace and output through an NI PCA-5402 function generator.  An 
Eddyfi prototype TEC system amplified the driving signal to 10 V and supplied the necessary 
current for the transmit coils.  Receive coils were connected to a fixed 10X gain pre-amplifier, 
and the resulting signals were digitized by an NI 6353 USB DAQ at 100 kHz.  Receive-coil 
responses were averaged over 5 cycles by the software.  When scanning tile holes, a 
position-based encoder was used to monitor probe location.  The probe head was driven at 

                                                 
1 InspectionWare is a software platform from UTEX scientific 



                            
 

 

10 mm/s down the tile hole, pausing every 100 mm to collect data.  Figure 2 shows calibration 
waveforms as collected by the Eddyfi prototype TEC system. 

 
     Table 1: Nominal coil parameters. 
 

 
 
 
 
 
 
 
 
 

Figure 1: Coil arrangement on 
             inspection head. 
 

 
 

Figure 2: Semi-log plot of sample signals collected by coil R1 for in-situ calibration. 
 
4.  Results and discussion 
 
The completed tile hole inspections were targeting regions of local pipe thinning, as well as 
overall wall loss.  To compare the effectiveness of different TEC analysis techniques, the results 
were directly compared  with UT measurements collected during the same inspection campaign.  
Data was collected every 1 mm with UT probes, as described in Section 3.  To compare with 
TEC results, the reported UT thickness values were averaged over 50 measurements about the 
TEC collection location, corresponding to the TEC probe footprint.  For all analysis methods, 
responses from each receive coil were calibrated independently due to the slight eccentricity of 
the calibration-pipe grooves.  Thickness results from TEC analyses of the first tile hole are 
shown in Figure 3(a)-(c). UT results are shown in Figure 3(d) for comparison. 
A voltage threshold of 10 mV was used to analyze field data, resulting in crossing times 
between 15 and 30 ms.  The 10 mV threshold was a compromise between sensitivity to 
thickness and low-voltage noise.  Thickness results from voltage threshold analysis of the first 
tile hole inspected are shown in Figure 3(a).  Time-window selection was required for proper 
fitting of acquired TEC data using the power law method.  A window range from 3 ms to 30 ms 
was used based on laboratory data to produce the best power-law fit.  Decay coefficients of 
power-law fits for in situ calibration pipe measurements were used to generate a 3-point 
calibration line.  Thickness results from power-law analysis of the first tile hole inspected are 
shown in Figure 3(b).  Laboratory measurements were also processed using TEC MFA to fit a 
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number of constant parameters that could then be applied to field data.  Thickness results from 
TEC MFA of the first tile hole inspected are shown in Figure 3(c).  The ripple structure seen in 
Figure 3 has been attributed to a pilger manufacturing process as opposed to pipe degradation.  
Seven of the ten pipes exhibited this pilger structure to varying degrees.  The remaining three 
tile holes looked considerably smoother.  It has been postulated that those pipes were seam-
welded during manufacturing.  An interpreted thickness increase along one channel in these 
pipes suggests the location of the weld.  Mean values from each TEC analysis technique were 
calculated for each tile hole inspected, shown in Table 2.  Standard deviations calculated from 
TEC results represent the spread inherent in the data.  Percent differences between TEC and 
UT means are indicative of the extent of over- or under-sizing for each analysis technique.  The 
voltage threshold technique results deviated the most from UT results.  Power law and 
TEC MFA results were comparable to UT results, exhibiting 50% lower standard deviations 
compared to the voltage threshold.   
 
 

 
  
Figure 3: Pipe thickness estimates from (a) UT, (b) voltage threshold analysis, (c) power law 

analysis, and (d) TEC MFA.  Internal ripple structure is apparent in all results. 
 
 



                            
 

 

The root-mean-square error (RMSE) was calculated for each TEC analysis technique for two 
of the ten tile hole scans: one of each type of pipe (pilger and seam-welded).  RMSE calculations 
were based on the locally averaged (over the TEC footprint) UT thickness values.  The results 
are compared in Table 3 for each analysis method.  
 

Table 2: Overall pipe thickness mean and standard deviation (in mm) as determined by 
different analysis methods.  Tile hole class indicates pilger (P) or seam-welded (S).  Percent 

differences were determined by comparing mean thicknesses of TEC with UT. 
 

Tile Hole UT Voltage Threshold Power Law TEC MFA 

Number Class Mean Mean SD % diff Mean SD % diff Mean SD % diff 

1 P 9.3 8.2 0.5 -12 8.8 0.3 -5 9.1 0.4 -2 

2 P 9.2 7.4 0.9 -19 8.8 0.4 -4 9.5 0.4 3 

3 P 9.8 8.2 0.6 -16 9.2 0.4 -6 9.6 0.4 -2 

4 P 9.6 7.6 0.7 -20 9.4 0.4 -3 9.4 0.3 -2 

5 P 9.6 8.7 1.1 -10 9.2 0.3 -5 9.3 0.4 -3 

6 P 9.5 8.5 1.1 -11 8.7 0.3 -8 9.3 0.4 -2 

7 S 9.3 7.8 0.9 -16 9.5 0.2 2 9.7 0.3 5 

8 S 9.3 7.7 0.7 -17 9.5 0.4 2 9.7 0.3 4 

9 P 9.6 8.4 0.5 -13 9.2 0.3 -5 9.6 0.4 0 

10 S 9.4 7.4 0.7 -21 9.3 0.3 -1 9.6 0.2 2 

Average 9.5 8.0 0.8 -15 9.2 0.3 -3 9.5 0.4 0 

 
Table 3: RMSE (in mm) for all TEC analysis methods for a pilger pipe (1) and seam-welded 

pipe (8). 
 

Tile hole 
Voltage 

Threshold 

Power 

Law 
TEC MFA 

1 1.22 0.65 0.43 

8 2.07 0.29 0.26 

 
No regions of local wall thinning were indicated by either UT or any of the TEC analyses.  
Additionally, wall thicknesses reported by UT, power law, and TEC MFA mean wall 
thicknesses were within 10% of nominal, indicating no overall degradation. 
Voltage threshold analysis was the simplest technique applied to the tile hole TEC data, but 
was also the least accurate and precise, under-sizing thickness by an average of 15%.  Of the 
three analysis techniques, TEC MFA thickness estimates were most accurate, with an average 
percent difference of 0%.  Quantitatively, TEC MFA mean thickness estimates were on average 
3% and 15% more accurate than power law and voltage threshold analyses, respectively.  
It is suspected that the two classes of pipes, pilgered and seam-welded, had slightly different 
electromagnetic properties.  According to manufacturing specifications all pipes inspected were 
of the same steel type, but slightly different shape responses were observed.  It should be noted 
that for seam-welded pipes, power-law precision was similar or better than TEC MFA.  
Electromagnetic material properties were entered as fixed variables in the TEC MFA algorithm, 
leading this technique to be slightly more susceptible to calibration errors due to material 
differences. 
 
5.  Conclusion 
 
An inspection campaign was completed in which ten tile holes with 5 m long, 250 mm 
Schedule 40 liner pipes with 9.3 mm nominal wall thickness were scanned by a combination 



                            
 

 

UT and TEC inspection head.  The maximum lift-off encountered by the probe was 10 mm 
during inspection.  Three TEC analysis methods were employed: voltage threshold, power law 
analysis, and TEC MFA.  In general, there was good agreement between UT and TEC results.  
No regions of local wall thinning were identified, and reported thickness values indicated no 
overall degradation.  Power law and TEC MFA proved to be more accurate and robust methods 
for estimating thickness.  These two techniques utilized more of the available information, and 
are more directly linked to underlying electromagnetic principles than the voltage threshold 
technique, which was more empirical in nature.  TEC MFA produced the most accurate and 
precise wall thickness estimates in almost every case, in comparison with UT measurements.  
Wall thickness of ferromagnetic steel pipes has been successfully estimated by TEC with 
moderate lift-off.  The field-ready inspection system and analysis methods can be easily 
modified to accommodate different ferromagnetic materials and structure sizes for future 
inspections. 
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