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INTRODUCTION 

Since the CIRFT tests reported in NUREG-7198 were generated, a number of factors that influence the 
recorded curvature measurement data were identified. In 2016, a data reanalysis task was undertaken to 
implement the lessons learned. This letter report provides the revised results of previous CIRFT tests, 
after implementing the following data reanalysis procedures: (A) experimental data smoothing and LVDT 
reset, (B) LVDT probe contact and sensor spacing correction for curvature data, and (C) LVDT probe 
dynamic vibration adjustment procedure development. 

 

CURVATURE MEASUREMENT AND CORRECTION 

Theoretically, the bending radius and maximum strain of a rod can be estimated on the basis of 
the traveling displacement at the loading points of the rigid arm. The displacement measured, 
however, contains the contribution of the compliant layers, depending on the materials used in 
the compliant layers and the level of loading.  

To address this issue, measurement of the specimen displacement at three adjacent points 
along the rod method was adopted and has been implemented to evaluate the curvature of a 
bending rod in this study.  

Given the deflections from three LVDTs, d1, d2, and d3, as shown in Figure 1, the curvature κ of 
the bending rod can be evaluated as follows: 
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and h is the sensor distance, 12 mm.  
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Figure 1. Determination of the bending curvature of the rod by use of deflections 
measured at three points. 

In the cyclic bending test, a disk shaped LVDT probe is used to ensure a reliable contact with 
the rod for online monitoring. The contact points of LVDTs on the left and right may change as 
shown in Figure 2, depending on bending direction and induced curvature. This results in the 
deviation of sensor spacing from the ideal condition.  

For positive curvature, actual sensor spacing h2 is 

hhh ∆+=2
,         (2a) 

and for negative curvature, actual sensor spacing h1 is 

hhh ∆−=1
.         (2b) 

In order to use Eq. (1) in the calculation of curvature, the sensor spacing correction ∆h needs to 
be determined. In this update, an adjustment procedure based on the equal gauge length is 
introduced. In fact, an effective half-gauge length of the rod, Lg/2, can be defined once the 
deflection d2 and curvature κ are given, or 

κ/22/ 2dLg = .        (3) 

In the current testing setup, the gauge length is considered the same if the rod is bent in positive 
or negative direction. By applying the Eq. (3) to the maximum and minimum deflection values, 
the equality of half-gauge length results in the following relation, 

hhhpphhhpp dd ∆−=
−−

∆+=
++ =

12
|/|/ 22 κκ .      (4) 
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The spacing correction ∆h can thus be obtained by resolving Eq. (4). 

The corrected curvature based on the equal gauge length concept has been demonstrated 
experimentally to be equal to the curvature based on the moment input and given rigidity; where 
a polycarbonate rod (11.11 mm diameter and 152.40 mm length) was tested under 
displacement control to ±6 mm at each loading point of U-frame.  

The data analysis is conducted with the probe spacing correction selected as follows: 

• In the monotonic test, ∆h = 2.50 mm as suggested by the calibration is used.  
• In the reversed cyclic bending test, the ∆h is obtained directly using Eq. (4) because the 

maximum and minimum deflections pair is available in the data block registered from the 
test time history data. 

 

 

 

(a) 

 

(b) 

Figure 2. Deflections measured by LVDTs may be at different points from initial positions 
in (a) positive and (b) negative curvature, and sensor spacing h needs to be corrected. 

 

DATA PROCESSING  

Measurement data and on-line monitoring data are converted into the applied moment and 
curvature, based on the load channel (load1 and load2) information, the loading arm length 
(101.60 mm), and LVDT data (LVDT1, 2, and 3). The moment was estimated by  
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M = F × L         (5) 

where F is the averaged value of applied loads (load1 and load2) from the Bose dual motors, 
and L is the loading arm length, 101.60 mm. The curvature κ was estimated as described 
above. Raw data are generally very noisy. The noise is removed in the time domain by using a 
MATLAB curve-fitting function SPAP2; an example of the de-noised moment-curvature curves is 
shown in Figure 3 in which a cubic 33-piece spline function was used. 

  

 

Figure 3. Moment-curvature curves with raw data and de-noised data. 

 

An equivalent strain-stress curve can be obtained under the assumption that the SNF rod can 
be idealized as a linear elastic homogeneous material without consideration of the effects 
induced by pellet-clad interaction. The equivalent stress was calculated using:  

σ = M × ymax/I          (6) 

where I is the moment of inertia, I = Ic+Ip, Ic and Ip are moments of inertia of cladding and pellet, 
respectively, and ymax is the maximum distance to the neutral axis of the test rod of the section 
and is measured by the radius of the cladding. And the equivalent strain is given by:  

ɛ = κ × ymax.         (7) 

 

STATIC TESTING RESULTS 

Four static tests were conducted.  
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S1 (606C3C, 66.8 GWd/MTU burnup, 70–100 µm oxide layer) survived four static loading 
cycles without failure. The moment-curvature curve for the initial cycle is presented in Figure 4 
(the curves of subsequent cycles overlay one another to a great extent and for clarity are not 
plotted). The maximum moment achieved in this loading cycle was 85.5 N·m. Both the old 
curvature dat and the corrected curvature data with 2.5 mm spacing adjustment were provided. 
in Figure 4 for comparison purpose. 

There is a significant effect of probe spacing on the curvature measurement. The maximum 
curvature was decreased from 3.2 to 2.2 m-1 after the correction was applied. The distinctive 
slope changes of the moment-curvature curves were observed near 17 and 60 N∙m, 
respectively. The deflection points indicate that the flexural rigidity might be changed in the SNF 
rod system. The moment-curvature curve and equivalent stress-strain curve for the initial cycle 
are presented in Figure 5.  

Since the machine capacity was reached and no failure occurred to the specimen, a follow-up 
dynamic test was conducted under ±25.40 to 30.48 N∙m at 5 Hz to fracture the specimen for 
further postmortem examination. The rod failed around 1.4 × 104 cycles.  

 

Figure 4. (a) Curve of moment versus curvature for S1 (606C3C) with spacing 2.5 mm 
adjustment and without spacing correction applied. Based on a static loading cycle in which 
the maximum relative displacement was 24 mm and the rates at the loading points of the U-
frame were set at 0.1 and 0.2 mm/s for loading and unloading, respectively. 
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(a) (b) 

Figure 5. (a) Moment -curvature curve, and (b) equivalent strain–stress curve for S1 
(606C3C).  

Specimens S2 and S3 were both tested under static condition for three cycles without any sign 
of failure. They fractured in follow-up dynamic tests under ±30.48 N∙m at 5Hz. The amplitude of 
applied moment in the dynamic tests was 35 to 36% of the maximum applied moments used in 
the respective unidirectional bending process, located in the early second stage of moment-
curvature curves. S4 was tested under static conditions for three cycles and fractured during the 
fourth cycle. Details of these static tests can be found in Appendix A.  

A summary of the curvature-moment curves is shown in Figure 6 for the four static tests. The 
four tests reveal relatively similar elastic behavior. 

The failures of the test specimens occurred within the gage sections in all of the tested rods. 
The majority of the rod fractures involved the PPIs (pellet-to-pellet interfaces). S3 was 
exceptional in that the fracture location seemed away from pellet-pellet interface, as no end face 
of the pellet can be identified from the fracture surface of the fuel. 
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(a) (b) 

 

Figure 6. Curvature-moment curves based on three-LVDT measurements in static tests. 
(Note: This figure will replace Figure 14 provided in NUREG-7198) 

 

DISCUSSION 

Characteristics of Moment-Curvature Curve 

The responses of the rods are characterized by two linear constituent behavior responses, 
followed by a nonlinear response during the loading stage and linear unloading stage. If 
reloaded, the rod would follow the unloading curve and proceed with the nonlinear curve after 
passing the previous maximum load level. 

An effort was made to characterize the moment-curvature response based on the characteristic 
points to facilitate understanding test results.  The flexural rigidities R1, R2, and R3 were 
obtained, corresponding to the slopes of the first and second linear segments and of the 
unloading segment, by using curve fitting with the first order polynomial (Figure 7). The 
characteristic values at the deflection points A and B were then identified. In addition, the 
moment at point C corresponding to a 0.37 m−1 irreversible curvature, or 0.2% equivalent plastic 
strain, was found by using a line with the same slope as that of unloading and horizontal axis 
intercept 0.37 m−1. The quantities corresponding to points A, B, C, D are designated by κA, κB, 
κC, κD, and MA, MB, MC, and MD. The results are summarized in Table1. For a given specimen, 
R1, R2, and R3 are generally in decreasing order with a marginal difference between the latter 
two.  

The characteristics derived from equivalent strain-stress curves are provided in Table 2. The E1 
in the initial stage of the stress-strain curve was 101 to 125 GPa, and the 0.2% yield strength 
(σC) was 702 to 737 MPa. The ranges of the elastic modulus and the 0.2% yield strength appear 
consistent with the range of HBU HBR clad.1 However, the observation should not be 
overemphasized, for the results observed here reflect a comprehensive global response of fuel 
rods with both pellets and cladding included. Moreover, substantial simplifications were made 



 

8 
 

with regard to the elasticity and contributions of individual components, where the localized 
stress riser in clad at the pellet-pellet interface region was not considered.  

 

 
 

Figure 7. Characteristic points of curvature-moment curve. 
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Table 1. Characteristic points and quantities based on curvature-moment curves 

Spec 
label Seg. ID 

R1 R2 R3 κA κB κC κD MA MB MC MD 
N∙m2 N∙m2 N∙m2 m−1 m−1 m−1 m−1 N∙m N∙m N∙m N∙m 

S1 606C3C 78.655 57.33 51.027 0.202 0.968 2.009 2.166 16.695 60.599 83.595 85.413 
S2 605D1E 73.016 60.848 52.699 0.32 1.009 2.001 2.154 20.18 62.133 85.914 87.294 
S3 609C5 71.517 59.369 47.101 0.311 0.933 2.149 2.308 22.338 59.288 83.728 85.235 
S4 609C6 63.117 54.849 41.704 0.503 0.862 2.329 2.507 28.54 48.244 81.656 85.02 

 (Note: This table will replace Table 4 in NUREG-7198. 
 

Table 2. Characteristic points and quantities based on equivalent strain-stress curves 

Spec 
label Seg. ID 

E1 E2 E3 ɛA ɛB ɛC ɛD σA σB σC σD 
GPa GPa GPa % % % % MPa MPa MPa MPa 

S1 606C3C 125.337 91.355 81.312 0.109 0.521 1.081 1.166 143.13 519.514 716.662 732.246 
S2 605D1E 116.704 97.255 84.23 0.172 0.542 1.075 1.157 173.206 533.284 737.397 749.247 
S3 609C5 114.654 95.178 75.511 0.167 0.501 1.154 1.239 192.306 510.412 720.813 733.788 
S4 609C6 101.069 87.83 66.781 0.27 0.463 1.251 1.346 245.417 414.854 702.162 731.089 

 (Note: This table will replace Table 5 in NUREG-7198. 
  



 

10 
 

ACKNOWLEDGEMENT 

This research was sponsored by jointly funded by the Fuel Qualification Program of the US Department 
of Energy and Nuclear Reactor Research of U.S. Nuclear Regulatory Commission, and was carried out at 
Oak Ridge National Laboratory under contract DE-AC05-00OR22725 with UT-Battelle, LLC.  

 

REFERENCE 

                                                
1 R.S. Daum, S. Majundar, and M. C. Billone, Experimental and analytical investigation of the 
mechanical behavior of high-burnup Zircaloy-4 fuel cladding, J. ASTM Internal, 5, Paper ID 
JAI101209. 


	INTRODUCTION
	CURVATURE MEASUREMENT AND CORRECTION
	DATA PROCESSING
	STATIC TESTING RESULTS
	DISCUSSION
	Characteristics of Moment-Curvature Curve



