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ABSTRACT 

The increasing number, size, and complexity of nuclear facilities deployed worldwide are increasing the need to maintain 
readiness and develop innovative sensing materials to monitor important to safety structures (ITS).  In the past two 
decades, an extensive sensor technology development has been used for structural health monitoring (SHM).  
Technologies for the diagnosis and prognosis of a nuclear system, such as dry cask storage system (DCSS), can improve 
verification of the health of the structure that can eventually reduce the likelihood of inadvertently failure of a component.  
Fiber optical sensors have emerged as one of the major SHM technologies developed particularly for temperature and 
strain measurements. This paper presents the development of optical equipment that is suitable for ultrasonic guided wave 
detection for active SHM in the MHz range. An experimental study of using fiber Bragg grating (FBG) as acoustic 
emission (AE) sensors was performed on steel blocks. FBG have the advantage of being durable, lightweight, and easily 
embeddable into composite structures as well as being immune to electromagnetic interference and optically multiplexed. 
The temperature effect on the FBG sensors was also studied. A multi-channel FBG system was developed and compared 
with piezoelectric based AE system. The paper ends with conclusions and suggestions for further work. 
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1. INTRODUCTION 
Sensors and smart structures technologies for civil, mechanical, and aerospace are safety-critical components over 
prolonged periods of time. Structural health monitoring (SHM) is an emerging technology that aims at monitoring the 
state of a structure through the use of networks of permanently mounted sensors. SHM technologies have been developed 
primarily within the aerospace and civil engineering communities. However, SHM concepts and methodologies could be 
extended to other safety-critical systems. Many nuclear applications, as for example, nuclear power plants (NPP) and 
nuclear dry cask storage systems (DCSS) are safety-critical facilities in need of monitoring over prolonged periods of 
time. One of the key aspects of improving the reliability, sustaining the safety, and extending the life is to develop sensing 
technologies that can better diagnose their state of structural health. 

1.1 Dry Cask Storage system safety assessment Need 
Following the issuance of the Blue Ribbon Commission (BRC) on America’s Nuclear Future Final Report in 2012, interim 
storage of spent nuclear fuel from reactor sites has gained additional importance and urgency for resolving waste-
management-related technical issues. In total, there are over 1482 dry cask storage system (DCSS) in use at US plants, 
storing 57,807 fuel assemblies. On July 12, 2011, the Nuclear Regulatory Commission (NRC) issued recommendations 
on how to enhance “spent fuel makeup capability and instrumentation for the spent fuel pool”. This includes the 
recommendation to provide sufficient safety-related instrumentation (able to withstand design basis natural phenomena) 
to monitor from a control room the key parameters of the spent fuel pool (e.g., temperature, radiation level, etc.). 
Monitoring has been identified by DOE as a high priority cross-cutting need. Monitoring is necessary to determine and 
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predict the degradation state of the systems, structures, and components (SSCs) important to safety (ITS) and is required 
by regulation (10 CFR 72.122 and 10 CFR 72.128). Revisions to NUREG 1927 suggest requirements for monitoring and 
inspection of dry storage systems as part of aging management plans. To ensure that nuclear power remains clean energy, 
safe, long-term management of used nuclear fuel and high level radioactive waste “remains a national priority”. 
 Therefore, nondestructive structural material degradation and condition monitoring is in urgent need and must be 
integrated into the fuel cycle to quantify the “state of health”, and more importantly, to guarantee the safe operation of 
existing nuclear power plants (NPP) and radioactive waste storage systems (RWSS) during their predicted life span. 
Innovative approaches are desired to evaluate degradation and aging phenomena of used fuel containers and storage 
facilities under extended storage. To meet the ever-growing awareness of nuclear safety, a state-of-the-art nuclear 
structural health monitoring (N-SHM) system is necessary that uses in-situ sensing technologies to monitor material 
degradation and aging for DCSS canister and similar structures (e.g., wet storage pools), as conceptually illustrated in 
Figure 1.  
 

 
Figure 1: Sensor cluster on typical dry cask storage system (http://www.nrc.gov/waste/spent-fuel-

storage/diagram-typical-dry-cask-system.html) 

1.2 Structural health monitoring under nuclear environment 
 SHM is an emerging technology that uses in-situ sensory system to perform rapid nondestructive detection of 
structural damage as well as long-term integrity monitoring. The permanently installed (embedded) sensors can probe the 
structures at any time over the entire service life, which is superior to the handheld conventional ultrasonic nondestructive 
testing (NDT) techniques. Combined with appropriate data analysis algorithms, SHM can further provide timely 
information regarding the structural integrity for condition assessment and diagnosis of components important to safety 
(ITS) at any time. Hence, the integration of a nuclear SHM system into a nuclear spent fuel storage system will facilitate 
the evaluation of degradation and aging of used nuclear fuel containers and storage facilities over extended storage 
periods. Eventually, it will ensure a systematic methodology for assessing and monitoring nuclear waste storage systems 
without incurring human radiation exposure. The primary goal of in-situ sensing of structural components is to reliably 
interrogate large areas and detect structural anomalies. However, when applied to nuclear environment, even the relatively 
less harsh DCSS situation, prolonged exposure to nuclear radiation as well as elevated temperature may introduce 
measurement artifacts and significant damage to both sensors and the sensing system. In fact, the effects of nuclear 
environments on this technology are not yet well addressed and understood. The nuclear radiation on SHM systems with 
sensors exposed to irradiation effects has not been fully tested. The analytical model of SHM sensor and sensing system 
has not been developed with adequate solutions and guideline. It is of paramount importance to assess and understand 
how SHM systems are affected by nuclear radiation and high temperature factors; thus to protect them when necessary. 

Sensor 
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1.3 Acoustic emission with FBG strain sensors 
 Fiber Bragg grating (FBG) sensors have been applied for a variety of SHM application including spacecraft, aircraft, 
and fiber reinforced polymer composite, etc. FBG sensors have many advantages for strain sensing including: (a) small 
size, the potential to multiplex hundreds of sensors with a single fiber; (b) immunity to electromagnetic interference; (c) 
corrosion resistance; (d) compatible with composite material; (e) high temperature measurements. In recent years, FBG 
sensors have been investigated as an alternative to piezoelectric sensors for the detection of ultrasonic waves. However, 
there is no commercially available product that uses this promising technology for the detection of ultrasonic guided 
waves because: (a) the frequency is high (hundreds of kHz); (b) the strain is very small (nano-strain); (c) the operational 
loads may also induce very large quasi-static strains (the superposition of very small ultrasonic strains and very large 
quasi-static strain presents a very significant challenge).  
 The purpose of the paper is to develop optical ultrasonic guided wave sensing equipment with accurate low-amplitude 
acoustic emission at high sampling rate. FBG-AE sensor’s sensitivity and frequency response were considered as the most 
important criteria in our development. We used one configuration setup to achieve AE sensing with high sensitive (nano-
strain) and high sampling rate. Comparative measurements and calibration were done including FBG AE sensor, 
traditional AE transducers, and piezoelectric wafer active sensors (PWAS). The performance improvements for the optical 
interrogation system are also discussed.  

2. STATE OF THE ART 
Bragg gratings reflect light over a narrow wavelength range and transmit all other wavelength based on the principle of 
Bragg reflection [[2]]. When a broad spectrum of wavelengths passes through the FBG, the FBG acts as a “wavelength-
dependent filter”. The central wavelength of reflection is referred to as the Bragg wavelength. The Bragg wavelength 
varies based on the strain and temperature that are applied to the FBG. As axial strain is applied to the fiber, the FBG 
pitch is modified and the Bragg wavelength shifts to lower wavelengths (compression), or higher wavelengths (tension). 
The shift in Bragg wavelength is linearly related to the applied axial strain. Multiple gratings which are designed to reflect 
at different wavelengths can be spatially distributed along the length of the optical fiber.  
 The methods for FBG interrogation include wavelength division multiplexing (WDM), time division multiplexing 
(TDM), optical frequency domain reflectometry (OFDR) which rely on various types of wavelength dependent filtering. 
Based on the light source used in the system, FBG system can be classified as two types: (1) broadband light emitting 
diode (LED) source; (2) narrow linewidth laser source. In broadband LED source FBG systems, a wavelength detection 
subsystem is required to demodulate the FBG sensor signal. In recent years, many commercial off-the-shelf (COTS) FBG 
interrogators have come to market but typically, regardless of the demodulation approach, they tend to compromise 
between speed, multiplexing capability, and strain resolution. Most FBG interrogation system uses broadband laser 
sources because of the high cost of scanning laser source. In narrow-linewidth laser source FBG systems, the narrow-
linewidth laser reflected intensity is modulated by the FBG spectrum. If a narrow-linewidth laser is tuned to a wavelength 
positioned within the FBG reflective spectrum, the reflected amplitude is modified based on the FBG spectrum. A tunable 
laser source provides more capacity for multiplexing and less system noise than a broadband source; however, it is more 
expensive.  
 A summary of the available commercial FBG interrogators for dynamic sensing applications is given in ref [[3]]. Lin, 
et al. [[4]] evaluated several new versions of FBG interrogation systems available on the market (Micron Optics SM690 
and Redondo Optics M200) for SHM applications. These studies focused on the frequency ranges, strain resolutions, and 
noise. From previous comparative study, it was apparent that most commercial FBG systems were based on WDM and 
were not good for low-amplitude ultrasonic measurements. The demodulation method used for the detection of such small 
strains is based on up and down excursions from the midpoint of spectral slope. This so-called FWHM (full-width half-
maximum) intensity modulation method [7] uses a narrow-band tunable laser source precisely positioned on the FWHM 
point of the spectrum and several optical components to direct the reflected optical signal to a low-noise photo detector 
where is converted into an electrical signal that can be fed into an oscilloscope for display and digitization. Recent 
developments in high-resolution tunable laser sources and the FWHM principle have opened the possibility of using FBG 
sensors for active SHM and AE applications, [6] [9] [10] [11]. Fomitchov and Krishnaswamy [5] studied the use of a 
FBG for the detection of ultrasonic waves in liquids and solid structures. Their system uses a tunable laser tuned to the 
full width half maximum (FWHM) point of the FBG, and a photodetector to measure the reflected intensity. They report 
sensitivity over a broad frequency range from 10 kHz to 5 MHz. Norman et al. [[3]] developed an automated intensity-
based system using the same method as the one Fomitchov used. Their system was capable of scanning of FBG arrays 
across several fibers using a fiber optical switch. Their system exhibited good strain sensitivity (<1 microstrain) and 
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frequency response. Research has shown that the experimental investigation of fatigue crack in stainless with a FBG 
ultrasonic sensor determine the location of crack tip more precisely than piezoelectric sensors. Significant advances have 
been made such that optical FBG sensors are now able to detect guided wave of nano-strain amplitude up into the MHz 
range [8]. 

3. FBG FWHM INTENSITY METHOD 
For ultrasonic optical sensing applications, especially in SHM with PWAS excitation, the FBG ultrasonic sensing system 
should have the following performance: (a) nano-strain sensitivity; (b) high sampling rate demodulation; (c) multiplex of 
multiple FBGs on a single fiber.  
 The FBG sensor is a permanent periodical perturbation in the index of refraction of the optical fiber core. The Bragg 
wavelength, Bλ , is determined by the condition: 

 2B effnλ = Λ  (1) 

where effn  is the effective refractive index of the grating in the fiber core and Λ  is the grating period. A typical value of 
FBG effective refractive index is 1.46. For 1550B nmλ = , the typical grating period is 530nmΛ = . 
With a given FBG length ( Gl ), the fringe count N can be calculated as, 
 Gl N= Λ  (2) 
For the specific case of pure axial loading, the shift in Bragg wavelength is linearly related to the applied axial strain that 
can be written as  
 (1 )B B epλ λ ε∆ = −  (3) 

where ep  is the effective photoelastic constant for axial strain with a typical value 0.22. This yields the strain sensitivity 
coefficient 1.2 pm/με for a 1550-nm FBG. The temperature sensitivity coefficient is about 14 pm/K [[2]].  
 

 
Figure 2: Basic setup of intensity-based FBG interrogation system 

 The broadband LED source is not suitable for high frequency high sensitivity ultrasonic wave sensing because it is 
hard to detect nanostrain (fm spectrum shift). Previous research [[3], [5]] has indicated that the intensity based FBG 
interrogation is promising for ultrasonic sensing. The basic setup of intensity-based FBG system (Figure 2) consists of a 
tunable laser source (TLS), a circulator, FBG sensors, and a power detector (PD). A circulator is an optical three-port 
device designed such that light entering any port exits from the next. This means that if light enters port 1 it is emitted 
from port 2, but if some of the emitted light is reflected back to the circulator, it does not come out of port 1, but instead 
exits from port 3. Because of their high isolation of the input and reflected optical powers and their low insertion loss, 
optical circulators are widely used in fiber-optic sensor applications. The TLS connects to the circulator port 1 to provide 
a narrow-linewidth constant power to the fiber. The FBG sensors connect to the circulator port 2. When the TLS is tuned 
at different wavelength within FBG spectrum, the FBG reflects the narrow-width laser with intensity corresponds to its 
reflected spectrum. The reflected light goes through the circulator to the PD connected on port3. PD detects the reflected 
intensity.  
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Figure 3: Principle of an operation of intensity-based (FWHM) FBG interrogation system 

 
 The principle of operation of an intensity-based FBG interrogation system is shown in Figure 3. The FBG reflected 
intensity spectrum is monitored with a sweep of the TLS. For wavelength division multiplexed FBGs, all FBG spectra 
can be detected individually in a single sweep. When there is no strain loading on FBG sensor, the reflected intensity 
spectrum is measured with a sweep. The analysis of the reflected intensity (reflected FBG spectra) gives the FBG numbers, 
spectrum peak amplitude, bandwidth, FWHM wavelength, FWHM point reflected intensity, and slope ratio. Then the 
TLS is tuned to a wavelength corresponding to the FWHM point of the leading or trailing slope. Figure 3 shows the TLS 
is tuned to the trailing slope as the middle position (zero strain). If a tension strain is applied to the FBG sensor, the FBG 
spectrum shifts to its right. Because the laser is still tuned to its non-strained FWHM point, the reflected intensity 
increases. The slope of the FBG spectrum works as an intensity filter. It is approximately linear around the FWHM point. 
Similarly, a compression strain shifts the FBG spectrum to its left and reduces the reflected intensity. The reflected 
intensity then converts back to the wavelength shift based on the slope ratio. The actual strain change can be obtained 
using the strain sensitivity coefficient. Since the laser is static, rather than sweeping as with the WDM interrogation 
systems, the frequency response can be very high and is limited only by the mechanical strain transfer to the fiber, the 
photodetector, and the sampling instrument.  
 Although this method provides the sensitivity and frequency response that were lacking in the WDM systems, it 
comes at a cost. Given that there is only one laser source and one power detector, only a single grating can be interrogated 
at a time. Therefore if multiple sensors are to be interrogated, human interaction is required to locate and tune to the 
desired wavelengths for each grating, and to connect each array in turn. In order to make interrogation of multiple gratings 
practical, this human interaction must be minimized as much as possible. An automated wavelength scanning and 
automatic FWHM point detection is necessary.  
 In our optical AE system setup, the FBG was 10-mm long with more than 90% reflectivity supplied by from 
AtGrating Technologies (http://www.atgrating.com/en/productview.asp?id=63). It is made from acrylate fiber (SMF-28e) 
with acrylate recoating. FBG sensor is located at the customized position (1-meter from one FC/APC connector, another 
1-meter as pigtail). The FBG is apodized with a center wavelength at 1550nm. Since the FBG at our disposal had a length 
of 10 mm it seemed appropriate to bond it to the test structure. The measurement equipment for the FBG optical sensor 
consisted of a LUNA Phoenix 1400 tunable laser source (TLS), an optical circulator (AFW Technologies Pty Ltd, #CIR-
3-15-L-1-2), a 50/50 optical splitter (AFW Technologies Pty Ltd, #FOSC-1-15-50-C-1-S-2), and a PDA10CF 
photodetector. The output signal from the photodetector was sent to a Tektronix TDS5034B digital oscilloscope and 
Mistras Micro II AE system as system digitizer. 
 

4. ACOUSTIC EMISSION SENSING  
The detection of acoustic emission (AE) on a steel specimen included two parts: 1) detection of AE raw signals; 2) 
detection of AE events using Mistras PAC equipment.  
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Figure 4 Experimental Setup for comparison of vibration sensing of FBG, PWAS, and AE R15 on steel 

block specimen 

4.1 Acoustic emission signals 
Pencil lead breaks (PLB) are widely used as a reproducible source for test signals in AE applications. AE on the steel 
specimen (Figure 4) was simulated by PLB. PWAS and FBG were connected to the oscilloscope to record AE event. 
Figure 5 shows the raw signals without analog filter and preamplifier which is normally used in the AE data collection. 
The purpose of the test is to understand how AE propagate through the beam. FBG and PWAS are close to the PLB and 
used as a trigger for the PLB. Both signals were strong.  
 

 
Figure 5 Pencil lead break experiment AE signal of FBG and PWAS  

4.2 Acoustic emission events 
Both FBG and PWAS were connected to Mistras PAC AE equipment for data acquisition. Each sensor was connected to 
a PAC preamplifier with 100 kHz-1200 kHz band-pass filter and a fixed 40 dB gain amplifier. Three PLB events on the 
surface of the block were recorded. Figure 6 shows the amplitude in dB of the AE event. Both FBG and PWAS sensors 
performance were consistent. PWAS has higher amplitude than FBG sensors. 
 

 
Figure 6 AE event recorded  
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5. AE SIGNAL PROCESSING FOR DCSS APPLICATION 

5.1 Literature review 
Guided wave NDE/SHM applications to structures with a high density of reflectors such as edges, joints, welds, rivets, 
etc. are substantially more challenging since reflections from these benign elements overlap in time, creating signals that 
can no longer be easily interpreted in their raw format (Clarke and Cawley, 2010). The interfering reflections from 
structural feature will also mask any reflection from a defect. Additionally, in aerospace structural sensing environment, 
there are many factors that can affect the ability of a system to detect fatigue cracks (Lindgren et al., 2009).  
Soni et al. presented the use of guided wave concept in localizing small cracks in complex lug joint structures (Soni et al., 
2008). A lug joint is one of the several “hot spots” in an aerospace structure that experiences fatigue damage. Active 
health monitoring with piezoelectric sensors was performed. Damage was detected by monitoring the amplitudes of 
certain frequencies of interests from the sensory data combined with outlier analysis.  
Doyle et al. used several active sensing techniques for assessing bolted joint integrity including the acousto-elastic phase 
change, electromechanical impedance, pulse-echo, and nonlinear ultrasonics methods (Doyle et al., 2008). Though 
scientifically successful in certain cases, these approaches have significant implementation challenges, such as confusion 
between changes in structural configuration and actual structural flaws (cracks or debonding for example) and poor 
resolution. Often only large size of damage can be detected.  
Model based strategy has been considered for transitioning the SHM principles from laboratories into actual systems 
(Lindgren et al., 2009). The major difficulty of the model based modeling is related to the macro-scale structural features 
and relatively smaller scale flaw/damage. Research is needed to develop a methodology for modeling of structural sensing 
in complex structures.  
Reference subtraction has been often used as a way to suppress the interference caused by geometric features while 
indicating changes to the state of the structures such as the presence of damage (Clarke and Cawley, 2010; Croxford et 
al., 2009; Fromme, 2008; Ihn and Chang, 2008; Michaels and Michaels, 2005; Yu, 2011). References are signals taken 
from the structure early in life to be used as a benchmark against which the results of later inspections are compared. 
When references are subtracted from a current signal, the coherent noise caused by the presence of geometric features can 
be minimized, ideally being reduced to a level low enough to allow identification of a previously embedded reflection 
from a defect. The sensitivity of this method relies on the quality of the reference subtraction process. The amplitude of 
the coherent noise that is not eliminated by the reference subtraction will remain in the form of a residual signal and will 
influence the subsequent data analysis. 

5.2 Denoising the AE Signal 
The noise of raw AE signal may hide the useful information. The source of noise for FBG sensors includes the tunable 
laser noise, power detector noise, etc. The noise level is close to 20 mV mainly due to the power detector. A discrete 
wavelet transform is used to perform the signal denoising as shown in Figure 7. Comparing the signal before and after 
denoising, we can see the improvement for the signal to noise ratio. 
 

 
Figure 7 AE signal denoising with discrete wavelet transform 

5.3 Filtering on AE Signal 
Because the noise is mainly white noise, a band-pass filter with only the center frequency around the AE will reduce the 
noise. Figure 8 shows the raw FBG signal before and after a band-pass filter to reduce the noise.  
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Figure 8 Comparison of raw FBG AE signal and through a band-pass filter.  

6. CONCLUSION AND FUTURE WORK 
An automated optical acoustic emission sensing system with accurate nano-strain reading at high sampling rate has been 
developed for acoustic emission detection for dry cask storage. The developed optical AE system exhibited good strain 
sensitivity and an excellent frequency response. However, considerable further work is still needed to bring it to 
commercial use. 
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