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* This paper addresses the risk of fuel failures caused by stress corrosion crack of conventional PWR fuel cladding during certain  

Slow operational transients.  The authors previously addressed the risk of PCI fuel failures during BWR transients in a 2009 White Paper, titled 
“Pellet Cladding Interaction Fuel Failures during Anticipated Operational Occurrences in Boiling Water Reactors”. 
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SUMMARY 

      In an earlier paper (Reference 1) the authors reviewed the technical and regulatory history of the 
PCI phenomenon and provided a detailed description of the PCI failure mechanism and the fuel 
operating parameters that control its occurrence. The experimental methods used by researchers to 
quantify the PCI resistance of susceptible and resistant fuel designs were described, and key time-to-
failure data important to fuel integrity during anticipated operational occurrences (AOOs) were 
presented.  
      The paper presented the basis for the authors’ concern that large numbers of PCI fuel failures could 
occur during certain AOOs in BWRs operating with conventional fuel designs, and that this risk was not 
adequately addressed by NRC regulations.  The potential for fuel failures during BWR AOOs such as 
the loss of feedwater heater (LFWH) event was evaluated using data from high quality power ramp 
experiments. The paper provided data that demonstrated that two key assumptions in NRC review 
guidance documents were not valid for BWR fuel.  These assumptions are:  
 

 The durations of AOO power excursions are too short for PCI cracks to nucleate and propagate 
through the fuel cladding, i.e. in events where automatic systems are unavailable; there will be 
adequate time for operator action to detect and terminate the transient before failures can occur. 
 

 Current regulatory requirements limiting cladding strains during AOOs to less than 1% will 
protect the fuel from PCI failure, i.e. PCI cracks cannot nucleate and propagate through the 
cladding unless the strain is greater than 1%.   

 
     This paper extends the prior analysis to PWR fuel and presents an evaluation of power ramp data 
on PWR fuel rods from the SCIP international research program.   The NRC has been a member of this 
program and has provided the authors access to the data used in this report. This evaluation of the 
SCIP data shows that PWR fuel behaves in a manner very similar to BWR fuel.  In particular, the data 
demonstrates that: 
 

 PWR fuel rods can fail by PCI in times of one minute or less following power ramps. 
 

 PWR fuel rods routinely fail by PCI at cladding strain levels much lower than the 1% strain 
criterion currently accepted by the NRC.  

 
      Based on these findings we recommend that the NRC develop a FRAPCON model (applicable to 
both BWRs and PWRs) for use in regulatory analyses of fuel performance during AOOs.  Since post 
ramp cladding strain measurements are readily available for validation of code predictions, the 
FRAPCON PCI model should focus on the calculation of the peak nodal power increase during AOOs, 
the hold time at peak power, and the peak nodal strains imposed on fuel cladding. There is a wealth of 
data available in the SCIP data base to support this development.  Further, reliance on the Pellet 
Cladding Mechanical Interaction (PCMI) cladding strain criteria to protect fuel from PCI fuel from stress 
corrosion failures during AOOs should be discontinued.  New criteria appropriate to the PCI stress 
corrosion mechanism should be developed based on peak nodal powers, hold times, and cladding 
strains that can be produced during AOOs. 
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OBJECTIVE 

      The objective of this evaluation was to review the Studsvik Cladding Integrity Program (SCIP) 
experimental power ramp data base to determine if PCI failure characteristics of PWR fuel are 
comparable to BWR fuel. The following questions were addressed: 

 Can PCI failures occur within very short times after reaching powers achievable during AOOs? 
 

 Do PCI fuel failures occur at strain levels at or above the NRC’s 1% acceptable cladding strain 
criterion? 

BACKGROUND 

     During the 548th meeting of the Advisory Committee on Reactor Safeguards, December 6-8, 2007, 
the committee reviewed the Susquehanna Steam Electric Station (SSES) application for extended 
power uprate (EPU), and recommended approval.  In their report (2), the Committee also 
recommended that:  
 

“The staff should develop the capability and perform a thorough review and assessment of the 
risk of pellet-cladding interaction (PCI) fuel failures with conventional fuel cladding during 
anticipated operational occurrences (AOOs).” 

 
      ACRS members Armijo, Banerjee and Powers submitted added comments to the Committee report.  
They concurred with the recommendation that the SSES application for EPU be approved, but 
expressed concerns that the licensee’s plan to operate the two Susquehanna units with conventional 
(non-PCI-resistant) fuel cladding unnecessarily increased the risk of PCI fuel failures during anticipated 
operational occurrences at EPU conditions.  In these added comments they presented the basis for 
their concerns, and recommended various actions to the staff to properly assess the risk.   
 
      In their January 17, 2008 response to the ACRS recommendation concerning PCI, the Staff stated:  
 
“...the NRC staff will investigate current computational capabilities to model the complex phenomena 
associated with non-uniform fuel pellet expansion and stress-corrosion cracking (SCC).  As necessary, 
the staff will develop guidance related to an application methodology and regulatory approach for 
implementing PCI fuel failure criteria.” 
 
     A follow-up meeting on the PCI issue was held by the ACRS Subcommittee on Materials, Metallurgy 
and Reactor Fuels, on March 3, 2009.  The purpose of the meeting was to review the staff’s 
investigations, and to present relevant PCI time-to-failure data obtained by the subcommittee and its 
consultant (Reference 3), and to engage in collegial discussions with the staff. At that meeting, the staff 
presented reasoning for their position that the PCI safety significance did not warrant immediate action 
or higher priority in staff workload planning (Reference 4).   
 
     The vulnerability of conventional BWR fuel to PCI fuel failures, during AOOs was elaborated further 
by the authors in their June 29, 2009 White Paper “Pellet Cladding Interaction Fuel Failures during 
anticipated Operational Occurrences in Boiling Water Reactors”.  The document provided a description 
of the PCI phenomena, presented BWR ramp test data, and discussed various studies that addressed 
the potential for PCI failures during AOOs.   The document also provided an evaluation of the current 
NRC fuel design regulatory requirement and concluded that the 1% cladding strain fuel acceptance 
criteria did not meet the fuel design regulatory basis, established by General Design Criteria 10. Since 
the BWR fuel ramp test data showed that PCI failures occur at strains well below 1%, the authors 
concluded that the current Specified Acceptable Design Limit (SAFDL) does not provide adequate 
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protection against PCI fuel failures during AOOs. The document was provided to the staff for their 
consideration. 

PWR FUEL 

      Recently, the PCI issue was revisited during the review of a new PWR plant design, and a decision 
was made by the ACRS to pursue the question of the potential for PCI fuel failures during PWR AOOs 
on a generic basis.   

      Unlike BWRs, PWRs generally use conventional fuel designs which have not been developed or 
demonstrated to be PCI resistant.  Due to favorable characteristics of PWRs (higher operating 
pressure, higher cladding temperatures, and use of boron for reactivity control) PWR fuel is less 
vulnerable to PCI during normal operation than BWRs.  However, it is not clear whether this advantage 
carries over to AOOs in which large numbers of fuel rods are rapidly ramped to powers substantially 
higher than permitted during normal operation.  Absent ramp test data in the range of interest, or a 
validated analytical tool, the question remains open.   
 
       On June 17, 2013, the Materials, Metallurgy and Reactor Fuels Subcommittee met with the staff to 
discuss their White Paper on the subject matter, “PWR Susceptibility to PCI Cladding Failure,” 
(Reference 4). The NRR study screened the Chapter 15 AOOs for PCI susceptibility.  The staff 
selected potential AOOs, considering the “limiting combination of initial conditions and assumptions to 
either delay or avoid reactor trip(s) or maximize the over-shoot of the trip setpoint (to maximize power).” 
The staff also provided FRAPCON-3.4 fuel performance analyses of the inadvertent opening of turbine 
admission valve transients. The calculations were for two power ramp cases of fuel rods operated with 
different power histories.  In one case, the powers of the fuel rods at different burnups were increased 
by 12%, while in the second case, the rod powers were increased until the calculated cladding hoop 
stresses exceeded a 250 MPa. The staff asserted that 250 MPa represented a PCI threshold below 
which PCI failures would not occur on PWR fuel.  This threshold was derived from the staff’s 
preliminary analysis of the Studsvik Cladding Integrity Program data.  The staff concluded that the 
“FRAPCON-3.4 calculations of cladding stress demonstrated that existing safety-grade reactor trip 
functions are adequate to provide reasonable assurance against PCI cladding failure.” The choice of a 
cladding stress threshold was puzzling to some of the members since the SAFDL which is assumed to 
protect the fuel from PCI failure is not based on cladding stress, but on cladding strain.  

       RES staff presented their views regarding the susceptibility of PWRs to PCI stress corrosion 
cracking failures, and concluded that a 200 MPA hoop stress (somewhat lower than the 250MPA value 
selected by NRR) could be used as a threshold below which PCI failures would not occur. 

     There is an additional problem with the use of a generalized cladding hoop stress as a PCI failure 
threshold.  This calculation does not account for the stress concentration on the cladding inner surface 
produced during power ramping by axial cracks in the fuel at pellet-pellet interfaces. These are the 
locations where PCI cracks are known to be nucleated. These discontinuities produce biaxial tensile 
stresses substantially greater than the generalized hoop stresses calculated with FRAPCON.   
  
        During the meeting, some members were skeptical of any conclusions based on calculated 
cladding stresses, since such stresses cannot be measured during, or after, power ramp testing.  
Cladding strains however, are routinely measured, and the members requested that the staff compare 
strains predicted from FRAPCON 3.4 with measured strains in the SCIP data base. The members also 
requested that the staff provide the SCIP experimental data base. The RES staff provided both the 
SCIP experimental power ramp database as well as their comparisons of the FRAPCON predicted 
strains against the SCIP measured strains for the selected tests.  In addition, the staff submitted the 
slides for the Full Committee, which is currently scheduled for March 2014. 
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EVALUATION OF PWR RAMP TESTS 

 
      The SCIP Project has assembled a large and well organized power ramp data base.  The principal 
programs from which the data used in this analysis were obtained were Trans-Ramp II and IV, Super-
Ramp, the Super-Ramp Extension, and Over-Ramp. This collection of experimental data includes both 
BWR and PWR ramp test data.  The data base includes sets of power ramp data conducted over a 
wide range of conditions.  The data base includes variations in; ramp type, ramp rate, initial 
conditioning power level, terminal ramp power level, burnup, hold times, cladding and fuel pellet 
designs, and post ramp measurements of cladding strain and fission gas release. In addition to 
standard failure power versus burnup data, there are several experiments in which careful 
measurements have been made of times-to-failure.  The data of greatest interest were: 

 PCI time-to-failures as a function of ramp terminal power, and 

 Post ramp cladding strains. 
 

Data Screening   

   
     In view of the many variables in the data base, the SCIP ramp test data were screened to exclude 
data from fuel rods that are not representative of commercial fuel. For example, data from tests on rods 
containing, recrystallized cladding, Zr-lined cladding, mixed oxide pellets, annular pellets, large grained 
pellets, fuel additives or other potential PCI remedies were not included in the evaluation. The data 

used are representative of commercial PWR fuel with stress relief annealed (SRA) cladding, UO2 fuel, 

and burnups in the range of 8 to 62 MWd/ kgU.    

PCI Resistance 

 
     Figure 1 shows a plot of failed and nonfailed PWR fuel rods after ramp testing. The data show the 
peak powers achieved on the test rods during rapid power increases from lower powers as a function of 
burnup.  Failed rods are designated by red symbols and non-failed rods by blue symbols.  As shown, a 
significant fraction of the test rods failed when ramped to powers in the range of interest for AOOs.  
With the exception of a higher failure threshold, this PWR data set is very similar to well established 
PCI characteristics of BWR fuel.  
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Figure 1  PCI Resistance of PWR Fuel Rods as Function of Power and Burnup 

      The measured times-to-failure for test rods from the same population are plotted as a function of 
peak power in Figure 2.   As shown, a large fraction of the ramp tested PWR rods that failed by PCI in 
the power range of interest for AOOs, failed in very short times.  Several rods failed in less than one 
minute and a significant fraction failed within 10 minutes.  It should be noted that the reported failure 
times (red symbols) in this figure are based on sensitive measurements of fuel rod elongation during 
the ramp test. 

      In these tests, measurements were also made of the time required to detect coolant activity.  This 
method is commonly used, but is subject to uncertainty depending on the dimensions of the PCI cracks 
and the characteristics of the test loop.  As shown in Table 1, there was generally a delay between the 
times measured by using on-line fuel rod strains and those measured by coolant activity.  However, 
there were several tests in which both the strain detection and coolant detection times were identical, or 
nearly so.   
 
     Although several PWR segmented test rods failed in less than one minute, the preponderance of 
failures at times shorter than one minute occurred on refabricated fuel rods (Table 1).  Unlike 
segmented rods, refabricated rods are cut from full length power reactor fuel rods and rewelded into 
lengths required for ramp testing. Refabrication causes the loss of the fission gas generated during 
normal operation, and exposes the fuel and cladding inner surface to potential chemical contamination.  
Also, the various operations required for cutting, refilling with simulated fission gasses and rewelding 
can cause atypical relocation of the fuel.  Although refabricated rods are widely used in ramp test 
programs, these data indicate that very short (less than one minute) failure times could be the caused 
by the refabrication process. Although there was only one PWR segmented rods which failed by PCI in 
1.6 minutes, several failed within 10 minutes. Also, failure times as short as one minute, are supported 
by test results from BWR ramp tests of GE segmented rods Figure 2.          
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Figure 2  Measured Times to Failure of PWR Rods as a function of Peak Power. Blue data points are 
measured times to activity release from the failed rods. 

           
           Whether the powers and durations capable of causing PCI failures can occur during PWR AOOs 
prior to automatic termination will require careful analysis.  However, the ramp test data show that PCI 
risk is significant absent rapid detection and termination by automatic systems.  Whether operators are 
capable of rapidly analyzing and terminating transients manually in such short time should be 
investigated.   
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Table 1.  PWR fuel PCI  times to failure and times to coolant activity release.  

 

 
Figure 3  Measured times to failure of BWR Rods as a function of peak power. The circular symbols are 

from tests of GE segmented rods. 

Ramp Terminal Power (kW/ft) Refab/Segment Time to Failure [min] Time to Activity Release [min] 

14.4 refab 0.6 2.8 

15.2 refab 0.7 11.1 

13.5 refab 0.7 3.1 

13.6 refab 0.7 12.2 

18.4 refab 0.8 0.8 

13.8 refab 1.0 3.5 

13.5 refab 1.2 1.7 

13.9 refab 1.3 2.6 

13.0 refab 1.3 3.0 

15.2 segment 1.6 3.0 

13.3 refab 2.0 3.9 

13.2 refab 2.0 10.0 

12.5 refab 4.0 7.0 

14.4 segment 5.3 15.6 

13.0 segment 6.0 19.0 

14.0 segment 9.3 11.3 

14.0 segment 10.0 25.0 

14.3 segment 10.6 17.1 

13.4 segment 13.0 73.0 

13.8 refab 14.7 28.8 

12.3 segment 16.0 20.0 

13.7 segment 16.0 19.0 

13.7 segment 19.0 57.0 

Failed rods --- red circles and 
diamonds 
Damaged rods – magenta  
Nonfailed rods -- white 
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Maximum Cladding Strain 

 
      Measured PWR cladding strains following ramp tests are shown in Figure 4.  Although there is 
considerable scatter, the SCIP data shows that all of the PWR fuel rods failed by PCI at strains well 
below the regulatory acceptance criterion of 1% strain. This is consistent with BWR failure strains. 

 

 
 

Figure 4  Measured Cladding Strains on PWR fuel rods following power ramp tests 

 
           The fact that BWR and PWR PCI failures occur at strain levels below the 1% SAFDL 
demonstrates the inadequacy of this criterion.   The staff should look to other approaches to assure that 
large numbers of fuel rods will not fail by PCI during rare, but expected, AOOs.  The BWR and PWR 
test data have provided valuable information about the characteristics of the AOOs of concern.  These 
are transients in which fuel power can rapidly increase to 12-16 kW/ft, and be held at these powers for 
times as short as one minute 

     Most BWRs are protected by the use of PCI resistant fuel cladding as well as automatic systems to 
detects and terminate many AOOs.  PWRs do not use PCI resistant fuel designs, but may still be 
protected if they do not have AOOs with the necessary power and hold time characteristics that cause 
PCI failure.  Also they may have rapid automatic detection and mitigation systems capable of 
terminating such AOOs before damage occurs.  However, it is unlikely that operator action would be 
adequate to detect, diagnose and terminate such a transient in times as short as one minute.  
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CONCLUSIONS AND RECOMMENDATIONS  

 

 PCI is a known, unique, and potent stress corrosion cracking mechanism capable of failing large 
numbers of fuel rods during normal operation and during certain AOOs.  Both the mechanism 
and the fuel operational parameters controlling the phenomenon are well understood.  

 

 PCI crack nucleation and propagation rates are fast enough to cause fuel failures during AOOs 
unless the transients are terminated by automatic systems. Unlike PCI-resistant designs, 
conventional fuel used in PWR cores could fail or be damaged in minutes if ramped to power 
levels of 12 to16 kW/ft. 
 

 Current thermal-mechanical regulatory criteria provide adequate protection against fuel failure 
by pellet clad mechanical interaction but do not protect fuel from the PCI stress corrosion 
cracking mechanism.  New criteria based on peak power, hold times, and cladding strains 
should be developed and implemented in the regulatory process. 

 

 The staff should develop a FRAPCON model applicable to both BWRs and PWRs for use in 
regulatory analysis of fuel performance during AOOs. Since post ramp cladding strain 
measurement are readily available for validation of code predictions, the FRAPCON PCI model 
should focus on the calculation of  the peak nodal power increase during the transient, the hold 
time at peak power, and the peak nodal strains imposed on fuel cladding during AOOs. There is 
a wealth of data available in the SCIP data base to support this development.  
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