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Abstract – The increasing number, size, and complexity of nuclear dry cask storage system 
(DCSS) put an increasing need of developing innovative sensing materials and methodologies for 
monitoring these important to safety structures (ITS). Technologies for the diagnosis and 
prognosis of DCSS integrity and performance can monitor the structural degradation, improve 
verification of the health status of the structure, and eventually reduce the likelihood of 
inadvertently failure. The past two decades have witnessed an extensive sensor technology 
development using permanently installed piezoelectric wafer active sensors (PWAS) for structural 
health monitoring (SHM). PWAS have emerged as one of the major SHM technologies developed 
particularly for generating and receiving acousto-ultrasonic waves for the purpose of continuous 
monitoring and diagnosis. The primary goal of continuous sensing of structural components is to 
reliably interrogate large areas and detect structural anomalies. The PWAS acousto-ultrasonic 
technologies, however, when applied to nuclear environment, even the relatively less harsh 
situation in DCSS, face the challenges caused by prolonged exposure to nuclear radiation and 
elevated operational temperature which may introduce significantly affect the performance of the 
sensors as well as their sensing capabilities.  
    This paper presents a combined modeling and experimental study on assessing nuclear effects 
on the PWAS acousto-ultrasonic system. Our aim is to identify and quantify the possible influences 
of the nuclear environment typical of DCSS (temperature and radiation) to the PWAS based sensor 
and sensing system, and to develop adequate solutions and guidelines accordingly. We studied the 
effect of the temperature on the guided wave propagation through analytical modeling. In the 
governing ultrasonic dispersion equations, the ultrasonic waves depend on both density ρ and 
modulus E. We found that the temperature effect is principally due to the modification of the 
elastic modulus, E, rather than the geometrical expansion contraction. We also examined a short 
term irradiation effects. During the study, PWAS were exposed to high energy Co-60 gamma 
radiation maintained their piezoelectricity in a series of 2-h, 4-h, 8-h, 24-h tests. The visual 
inspection indicates degradation in the electrodes after irradiation. A statistical study in the PWAS 
capacitance change was performed. The electromechanical impedance spectrum (EMIS) 
measurement showed that majority of the irradiation effect in the PWAS was developed during the 
first 8 hours in both free and wired PWAS groups. This preliminary exploratory work has shown 
that the irradiation decreased electrical capacitance, decreases the Curie point, and increased the 
thickness mode resonant frequencies. The paper ends with conclusions and suggestions for further 
work. 
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I. INTRODUCTION 

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 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 based on in-situ sensing technologies 
that monitors material degradation and aging for nuclear 
spent fuel DCSS and similar structures (e.g., wet storage 
pools), as conceptually illustrated in Figure 1.  

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. It has been extensively studied in aerospace 
engineering over the past two decades. 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 am an 

N-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. 

 

 
Fig 1: Dry cask storage system for spent nuclear fuel 

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. 
There is no study to date on the effects of nuclear radiation 
on SHM systems except our preliminary work on PWAS 
exposed to irradiation effects. It is of paramount 
importance to assess how the piezoelectric ultrasonic SHM 
systems are affected by nuclear radiation (alpha, beta, 
gamma, neutrons, etc.) and high temperature factors; thus 
to protect them when necessary. 

 

II. PIEZOELECTRIC WAFER ACTIVE SENSORS 

The past two decades have witnessed an extensive 
development of SHM sensor technology [1-3]. A wide 
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range of sensors have been developed particularly for 
generating and receiving acousto-ultrasonic waves. 
Piezoelectric wafer active sensors (PWAS) have emerged 
as one of the major SHM technologies. A variety of 
damage detection methods can be applied to this type of 
sensor [1]: (a) propagating ultrasonic waves, both acoustic 
emission (AE) and guided ultrasonic waves (GUW);  and 
(b) standing ultrasonic waves, i.e., electromechanical 
impedance spectroscopy (EMIS) as illustrate in Fig 2 and 
Fig 3. 

� AE for crack initiation has been shown to enable 
the detection of crack initiation and crack 
progression; AE provides earlier warning of 
impending damage than any other methods. 
Because it is very sensitive to damage events, the 
AE method has been used for many applications 
in aerospace and civil engineering applications. 

� GUW quantitative damage detection and 
evaluation relies on in interrogative ultrasonic 
waves propagating and reflecting within the 
structure to identify wave field disturbances due 
structural damage and flaws. An N-SHM system 
using interrogative GUW would be able to cover 
large areas from one single location, thereby 
being cost-effective and time-efficient. Research 
on embedded PWAS GUW-SHM has been 
conducted nationally and internationally for 
damage detection on both metallic and composite 
thin-walled structures. 

� EMIS for local material degradation monitoring: 
is considered a promising approach for PWAS 
structural NDE. This method utilizes high 
frequency structural excitations, which are 
typically higher than 30 kHz through surface-
bonded PWAS to monitor changes in the 
structural E/M impedance. Previous studies have 
confirmed that EMIS is sensitive to very small 
amounts of material changes, suggesting that 
EMIS offers the potential for detection of the 
progression of small damage at the material-level 
in a metallic material. 

Our previous research considered the durability and 
survivability of the PWAS transducers under various 
exposures (cryogenic and high temperature, temperature 
cycling, freeze-thaw, outdoor environment, operational 
fluids, large strains, fatigue load cycling). In most cases, 
the PWAS survived the tests successfully. The cases when 
the PWAS did not survive the tests were closely examined 
and possible cause of failure was discussed. The test results 
indicated that PZT PWAS can be successfully used in 
cryogenic environment; however, it does not seem to be a 
good candidate for high temperature. Repeated differential 
thermal expansion and extended environmental attacks can 
lead to PWAS failure. This emphasizes the importance of 
achieving the proper design of the adhesive bond between 

the PWAS and the structure, and of using protective 
coating to minimize the ingression of adverse agents.  

 
Fig 2: The PWAS are used for structural sensing with 
propagating ultrasonic guided waves. The propagating 
wave methods include: pitch-catch; pulse-echo; thickness 
mode; and passive detection of impacts and acoustic 
emission (AE). 

 
Fig 3: The PWAS are used for structural sensing includes 
standing waves and phased arrays.  

III. IRRADIDATION EFFECTS ON SENSORS  

A survey of irradiation effects on piezoelectric materials 
and fiber optics sensors revealed some early studies on 
radiation effects on sensors and electronics (especially for 
space applications) but no systematic study exists on the 
effect of nuclear radiation on piezoelectric materials. 
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Preliminary studies have been performed in collaboration 
with the Savanah River National Laboratory on the effect 
of irradiation on PWAS transducers. A number of free PZT 
PWAS resonator samples were irradiated using a Co-60 
gamma source with a maximum dose rate of 62.5 10�
rad/hr. The samples were irradiated for 2, 4, and 8 hours. 
The absorbed dose was calculated by Monte Carlo 
modeling (MCNP5), simulating 61 10�  interaction and 
average specimens density of 2. The predicted dose rate is 

51.5447 10�  Rads/hr. The electrical and piezoelectric 
properties after irradiation was measured and compared 
with the non-irradiated readings.  
The electrical capacitance was measured with a standard 
instrument before and after irradiation. It was observed that 
the electrical capacitance decreased after irradiation. The 
electromechanical impedance was measured with an 
impedance analyzer before and after the irradiation. The 
real part of the measured impedance spectrum represents 
the resonances of the PWAS resonator. Fig 5 shows 
impedance spectrum measured after 8 hours of irradiation 
as well as the initial spectrum before irradiation. It is 
apparent from Fig 5 that a frequency shift in the resonance 
peaks occurred due to irradiation; this shift seems to be 
more pronounced especially above 600 kHz. Moreover, the 
thickness-mode resonant frequency also increased after 
irradiation (Fig 5d). The 8-h frequency shift is bigger than 
the frequency shifts obtained after 2 and 4 hours of 
irradiation. This preliminary exploratory work has shown 
that the irradiation decreased the electrical capacitance and 
the Curie point, increased the thickness mode resonant 
frequencies. The observed effects were attributed to a 
change in the electrode bonding and a reduction in the 
polarization of the ceramic, as suggested by Brommsfield 
[4]. 

 
Fig 4: Free PWAS after irradiation 

This exploratory work has shown that the irradiation 
decreased electrical capacitance, decreases the Curie point, 
and increased the thickness mode resonant frequencies. 

(a)  

(b)  

(c)  

(d)  
Fig 5: Effect of irradiation on PZT PWAS resonators: (a) 
Cobalt 60 decay; (b) Real part of the impedance spectrum 
for corresponding to in-plane vibration for a PWAS 
resonator irradiated for 8-h with 71.24 10�  Rads total in the 
100 to 1300 kHz range; (c) same for 1500 to 3500 kHz 
range; (d) the 11 to 13 MHz range corresponding of the 
thickness mode.  
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IV. NUCLEAR EFFECTS MODELING  

Our aim is to identify and quantify the possible 
influences of the nuclear environment typical of DCSS 
(temperature and radiation) to the PWAS based sensor and 
sensing system, and to develop adequate solutions and 
guidelines accordingly. Environmental variability includes 
the effect of nuclear environmental changes on PWAS and 
also on the ultrasonics waves. Environmental variability 
includes the effect of environmental temperature changes 
and radiations.  

In preliminary results, we have studied the analytical 
model for the effect of the temperature on the guided wave 
propagation. The analytical modeling of the pitch-catch 
process between two PWAS transducers separated by a 
distance x  was carried out in frequency domain in four 
steps [5,6]: (i) Fourier transform the time-domain 
excitation signal ( )eV t  taken into the frequency domain 

spectrum, ( )eV �( )V ) ; (ii) Calculate the frequency-domain 
structural transfer function at the receiver location, ( , )G x �
; (iii) Multiply the structural transfer function by 
frequency-domain excitation signal to obtain the frequency 
domain signal at the receiver, i.e., 
� � � � � �, ,r eV x G x V� � �� �� � � � � �V x G x V� � � �, �� �G x V� � �,� �G x� � ; (iv)Perform inverse Fourier 

transform to obtain the time-domain receiver signal,  
( , ) { ( , )} { ( , ) ( )}r r eV x t IFFT V x IFFT G x V� � �� � �( , )} { ( , ) ( )}( , )} { ( , )( , )} { ( , ) ( )))} { ( , ){ ( , ))} { ( , )(( )} { ( ){ ()} { ( ){ ( )  

The software program WaveFormRevealer (WFR) has 
been developed in Matlab graphical user interface (GUI) 
environment to predict the waveform of the analytical 
modeling. The WFR software is described in detail in ref. 
[7]. This software allows users to get the desired analytical 
solution by inputting material properties, specimen 
geometry, excitation signal count number, excitation signal 
frequency, and time range.  
In the dispersion equations, the guided waves are functions 
of temperature through the elastic modulus and density. 
The elasticity of metal depends on its temperature. 
According to published data [8] the relationship between 
Young’s modulus and the temperature of aluminum can be 
represented as 
                        0.00333.9 79TE e	� 	 
          
Where E is Young’s Modulus in GPa, and T  is 
temperature in Kelvin. Using our WFR software, we 
presented that the temperature effect is majorly due to the 
modification of the Young modulus instead of the 
geometrical expansion/contraction of the material as shown 
in Fig 6. 

For the future research, we will study the 
environmental variability of an N-SHM system includes 
changes in both the sensors and the sensing methodology 
(AE, GUW, and EMIS).  

 

 
Fig 6: Temperature effects on the symmetric mode of 
propagation when the (a) geometry variation and (b) 
Young’s modulus variation. 

 

V. IV. CONCLUSIONS 

This paper presents a combined modeling and 
experimental study on assessing nuclear effects on the 
PWAS acousto-ultrasonic system. We examined a short 
term irradiation effects. During the study, PWAS were 
exposed to high energy Co-60 gamma radiation maintained 
their piezoelectricity in a series of 2-h, 4-h, 8-h, 24-h tests. 
The visual inspection indicates degradation in the 
electrodes after irradiation. A statistical study in the PWAS 
capacitance change was performed. We found that the 
irradiation decreased electrical capacitance, decreases the 
Curie point, and increased the thickness mode resonant 
frequencies. The electromechanical impedance spectrum 
(EMIS) measurement showed that majority of the 
irradiation effect in the PWAS was developed during the 
first 8 hours in both free and wired PWAS groups. 

We also studied the effect of the temperature on the 
guided wave propagation through analytical modeling. In 
the governing ultrasonic dispersion equations, the 

E change

Geometry change
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ultrasonic waves depend on both density ρ and modulus E. 
We found that the temperature effect is principally due to 
the modification of the elastic modulus, E, rather than the 
geometrical expansion contraction. This preliminary work 
provides the guidance for PWAS N-SHM. We will 
continue to develop adequate solutions and guidelines 
accordingly. 
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