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ABSTRACT 

A probabilistic assessment of the likelihood of PWR SNF rod failure considering hydride-related cladding 
embrittlement after dry storage cool-down of 300 years is presented. The investigated rod failure 
mechanism is cladding cracking caused by rod pinching at the SNF assembly spacer-grids due to 
transportation cask impacts. The goal of this study is to understand the effect of the pinching load amplitude 
on the diametric SNF deformations and the probability of failure. The offset strain is used to predict 
cladding cracking. The offset strain is defined as the diametric, plastic cladding deformation under pinching 
loading, normalized by the outer cladding diameter. The offset strain capacity OSC of the cladding is the 
achievable offset strain before cladding failure, and it is estimated from regression and interpolation models 
that consider hydrogen content, peak cladding hoop stress during SNF vacuum drying, and cladding 
temperature at the moment of load application. The OSC models are based on results of ring compression 
tests (RCTs) on empty, irradiated and un-irradiated PWR cladding, and reflect the effects of hydride 
embrittlement (HE) and radial hydride embrittlement (RHE) on the material ductility. The offset strain 
demand OSD was computed with finite element (FE) models, assuming boundary conditions similar to 
those of RCTs, but including fuel pellet support. In this study, a representative set of 3,000 pinching 
scenarios, developed by Eidelpes et al. (2019) using Latin Hypercube Sampling (LHS), was reassessed. 
The LHS populations were defined based on available SNF data, and a pseudo rod database that provides 
information such as cladding geometry, alloy type, burnup, hydrogen content, and vacuum drying peak 
cladding hoop stress of the PWR SNF in the U.S. inventory. Fuel pellet degradation like pellet cracking or 
porosity was modeled in the FE simulations by reducing the elastic pellet stiffness by a generic fuel pellet 
crumbling factor. Unlike the original assessment of Eidelpes et al. (2019), which evaluated a 9-m cask drop 
scenario followed by a horizontal impact, the pinching load amplitudes in this reassessment were estimated 
by adapting the pinching load amplitudes of the 3,000 original scenarios, considering data on the expected 
cask impact velocity and angle in more realistic train accident scenarios. Cladding failure was predicted for 
OSC < OSD. The probability of failure was computed as the number of predicted failures divided by the 
total number of realizations. The results of this study indicate that the consideration of more realistic 
accident scenarios has a small effect on the probability of cladding pinching failure and that the diametric 
cladding deformations are controlled by the pellet-cladding gap width, and to a smaller extent, by fuel pellet 
degradation. 

INTRODUCTION 

Eidelpes et al. (2019) presented a probabilistic methodology to assess the likelihood of PWR SNF pinching 
failure under a hypothetical SNF transportation accident, assuming fuel rod pinching loading resulting from 
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a 9-m cask drop followed by a horizontal impact on the unprotected cask shell (neglecting the mitigating 
effects of the impact limiter). The considered pinching loads were predicted in FE simulations by Rashid 
et al. (2005). The methodology of Eidelpes et al. (2019) evaluated effects related to hydride embrittlement 
of PWR SNF cladding, like embrittlement due to radial hydrides (i.e., RHE) or a large amount of hydrogen 
(i.e., HE), on the fuel rod integrity. These embrittlement effects are triggered by high cladding hoop stresses 
during SNF vacuum drying in combination with hydride precipitation during SNF dry storage cool-down. 
The magnitude of these effects on the cladding deformation capability was estimated using regression and 
interpolation models, which were developed with available RCT data on hydride-containing PWR cladding 
samples (Eidelpes et al. 2019). In total, Eidelpes et al. (2019) analyzed 3,000 different SNF pinching 
scenarios after a dry storage duration of 300 years, considering four different datasets that provide various 
expected SNF rod conditions. Each of the 3,000 scenarios was defined by a set of nine independent 
parameters obtained using LHS. Eidelpes et al. (2019) concluded that i) the probability of failure is strongly 
dependent on the assumptions made on SNF rod conditions, ii) the diametric cladding deformations are 
generally small, and iii) only highly embrittled cladding is at-risk of failure. 
 A 9-m cask drop is one of U.S. NRC’s hypothetical accident scenarios that a cask shell needs to 
withstand (U.S. NRC 1995). The FE simulation conducted by Rashid et al. (2005) showed that a horizontal 
cask impact causes high pinching loads at the SNF assembly spacer grids. Existing structural assessments 
(Rashid et al. 2006; Sanders et al. 1992) indicate that pinching failure of SNF cladding under accident 
conditions is theoretically possible, although it is important to acknowledge that a transportation cask is a 
multi-barrier system and cladding failure does not necessarily lead to a release of radioactive material to 
the environment (Sanders et al. 1992). Other SNF cask assessments indicate that the containment 
capabilities are likely upheld in extreme accident scenarios (Ammerman et al. 2005; Ammerman and Gwinn 
2004; U.S. NRC 2013). Then, the consequences of cladding failure are limited to a release of SNF rod 
internals into the cask cavity, which may affect post-accident handling procedures. 
 Nevertheless, the characteristics of real accidents occurring during, e.g., transportation of an SNF 
cask by train could differ significantly from those of a 9-m cask drop scenario. Therefore, the present study 
reassesses the investigations of Eidelpes et al. (2019), considering a different set of pinching load 
amplitudes, which is derived via estimation of possible cask impact velocities and impact angles in potential 
train accidents. The goal of this study is to better understand the effects of the pinching load amplitude on 
the diametric cladding deformations, and the probability of hydride-related cladding pinching failure. 
 
REVIEW – ASSESSMENT OF IMPACT FROM A 9-M CASK DROP 
 
Eidelpes et al. (2019) assumed the following LHS populations for the nine independent parameters that 
define each of the 3,000 scenarios: 
 

1) Fuel rod temperature at the moment of load application, TFR: Normal distribution (ND); mean = 
323.15 K, standard deviation (SD)= 25 K 

2) Cladding cold work ratio, CW: Uniform distribution (UD); minimum (min) = 0%, maximum (max) 
= 0.80% 

3) Strain rate in cladding during pinching, ε̇: UD; min = 0.004 s-1, max = 5.0 s-1 
4) Fuel pellet density, ρP: UD; min = 90%, max = 100% 
5) Fuel pellet crumbling factor, CP: Truncated ND; min = 0%, max = 100%, mean = 25%, SD = 25% 
6) Pellet-cladding gap, GPC: Truncated ND; min = 0 µm, max = 400 µm, mean = 80 µm, SD = 40 µm 
7) SNF rod sample number, RN: Random integer; min = 1, max = 100,000 
8) Pinching load amplitude, P9m: Truncated ND; min = 0 N, max = +∞, mean = 7562 N, SD = 4893 N 
9) Cladding oxygen uptake, ΔOxy: Constant; 0 ppm 

 
Details about the estimation of the sampling populations of parameters 1 to 9 can be found in Eidelpes et 
al. (2019). The ND used to describe parameter 8 was suggested by Rashid et al. (2005) and should match 
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the peak amplitudes of the pinching forces that were recorded at the spacer grids during the cask impact at 
different locations in the cask. Eidelpes et al. (2019) truncated the ND at 0 N and used it to select the 
pinching load amplitudes P9m in the 3,000 analyzed scenarios via LHS. Then, they used 3,000 FE models 
(Dassault Systèmes 2012) (Figure 1) to compute the deformations of PWR SNF cladding under P9m. In this 
study, a new and more representative pinching load sampling distribution PAS is developed based on Rashid 
et al. (2005)’s ND by considering information on possible SNF cask train transportation accident 
characteristics. 
 Eidelpes et al. (2019) also derived additional, dependent parameters from the parameters obtained 
with LHS. For instance, RN (parameter 7) was used to select a group of 3,000 SNF rods from a pseudo rod 
database (Eidelpes et al. 2018b, 2019). This database provided four different datasets with information on 
the conditions of PWR SNF rods in the current U.S. inventory, such as vacuum drying peak cladding hoop 
stress σθ, cladding hydrogen content CH, cladding alloy type CMAT, or geometrical cladding parameters, 
like wall thickness t and outer diameter DC. Eidelpes et al. (2019) adapted the geometry in each of the 3,000 
FE models to match the geometry of the selected rods RN. They also matched the material properties in the 
FE models, such as cladding yield stress, or elastic stiffness of the cladding and pellet, which were computed 
with temperature-dependent material models (Geelhood et al. 2008; Hagrman and Reymann 1979; Luscher 
and Geelhood 2010). Then, they applied P9m on the cladding. Further, Eidelpes et al. (2019) automatized 
the pre- and post-processing of the FE models, including LHS and model generation using the Python-
Abaqus interface (Figure 2). 
 Once the cladding deformations were simulated with the FE models, the OSD in each scenario was 
computed as: 
 

 OSD =  
utot − ue

DC
=

up
DC

 (1) 

 
where utot is the peak, diametric cladding deformation recorded in the FE simulations, ue is the diametric 
deformation in the last FE simulation time step in which the cladding behaved fully elastic, and up is the 
plastic, diametric cladding deformation. The parameter DC is the outer cladding diameter in each simulation. 
 

 
 

Figure 1. Exemplary FE model used in the assessment (Eidelpes et al. 2019). 
 

 
 

Figure 2. Flowchart — Probabilistic assessment (Ibarra et al., 2018). 
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 Note that TFR (parameter 1) is the fuel rod temperature at load application, and the LHS population 
in the list above represents a probability density function (pdf) for the SNF temperatures after 300 years of 
dry storage, which was estimated from available numerical simulation data of SNF temperature 
development during long-term dry storage (Cuta et al. 2013). The parameter TFR is, besides σθ and CH, an 
input parameter of the regression and interpolation models that were used by Eidelpes et al. (2019) to 
compute the OSC in the 3,000 scenarios. These models were developed based on available RCT data 
(Billone et al. 2012, 2013a; b; Billone and Burtseva 2016; Eidelpes et al. 2018b) and should estimate the 
effects of HE [Figure 3 (a)] and RHE [Figure 3 (b), only the model for Zircaloy-4 cladding is shown] on 
the cladding ductility. The overall OSC in a specific realization was taken as the minimum of the RHE- and 
HE-related OSC. Table 1 summarizes the statistical parameters of the OSC results of the 3,000 scenarios, 
indicating that the controlling embrittlement effect is rather RHE than HE (Eidelpes et al. 2019). 
 After the OSD and OSC results for each of the 3,000 realizations were computed, Eidelpes et al. 
(2019) compared the two parameters. Cladding failure was predicted in realizations in which: 
 

 OSC < OSD (2) 
 
Then, they computed the probability of failure PF as: 
 

 PF =  
nF
n

 (3) 

 
 Eidelpes et al. (2019) estimated that the PF is below 0.2%, for the most conservative dataset of SNF 
conditions provided by the pseudo rod database of Eidelpes et al. (2018a, 2019). 
 

  
(a) (b) 

 
Figure 3. (a) Regression model to estimate the HE-related OSC, and (b) interpolation model to compute 

the RHE-related OSC for Zircaloy-4 cladding (Eidelpes et al. 2019). 
 

Table 1: Offset strain capacity OSC (Eidelpes et al. 2019). 
 

Offset Strain Capacity OSC 
[%] 

Radial Hydride Embrittlement 
(RHE) 

Hydride Embrittlement 
(HE) 

Mean 5.51 17.07 
Median 5.83 16.04 

Standard Deviation 2.37 8.29 
Min 0.00 0.02 
Max 11.50 40.61 
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METHODOLOGY 
 
Free Fall Velocity of Cask 
 
Possible accident scenarios for SNF transportation via train were investigated, including cask impacts on 
obstacles or the ground. The 9-m drop scenario investigated by Rashid et al. (2005) corresponds to cask 
impact with a free fall velocity v9m of approximately 48 km/h: 
 

 v9m =  �2gh ≈ 48 km/h=13.33 m/s (4) 
 
However, in a real accident event, the impact velocity of the cask may significantly differ from the velocity 
a cask reaches in a free fall from 9-m. Presumable controlling parameters are the train velocity at the 
moment of the accident, or the cask drop height (e.g., if the cask drops from the railcar to the highway or 
falls from a bridge). 
 
Linearization of the System 
 
This study normalizes the distribution of P9m used by Eidelpes et al. (2019) by the corresponding v9m and 
scales it by the effective impact velocity vn of estimated train accident scenarios: 
 

 
PAS 
P9m

=
vn 
v9m

 (5) 

 
The distribution PAS describes the scaled pinching loads under consideration of assumed train accident 
scenarios. 
 Note that the ND of P9m was obtained in a nonlinear FE simulation (Rashid et al. 2005). Thus, no 
statement can be given regarding the conservativeness of PAS. However, Rashid et al. (2005) also neglected 
the mitigating effects of the impact limiters and assumed an impact on a rigid surface, which are very 
conservative assumptions. 
 
Train Collision Velocity 
 
The train collision velocity vCol was estimated based on available statistical data (Borener et al. 2006; U.S. 
NRC 2013), and the corresponding pdf (generated with 100,000 empirical samples) is shown in Figure 4. 
The data included only accidents that led to railcar derailments assumed a maximum transportation velocity 
of 193 km/h and considered a 5% probability that an accident at a speed above 113 km/h occurs between 
145 and 193 km/h (U.S. NRC 2013). 
 

 
 

Figure 4. Pdf of train collision velocity (U.S. NRC, 2013). 
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Note that the data of Figure 4 originates from historical records on accidents of freight trains that were not 
specifically dedicated to SNF cask transportation (Borener et al. 2006). Dedicated trains could have lower 
velocities, leading to lower accident velocities. 
 
Cask Drop Height 
 
In the event of a cask drop, the potential drop height is dependent on the terrain at the accident location, but 
a detailed assessment of the terrain along a hypothetical SNF transportation route exceeds the scope of this 
study. Nevertheless, a distinction was made between on- and off-bridge accidents. For both scenarios, pdfs 
of lognormal distributions that describe the free fall velocity vDrop due to cask or railcar drops were 
developed (Figure 5), based on assumptions on railcar and mounting cradle heights, as well as statistical 
data on train route bridge clearance heights in California (Borener et al. 2006). The medians of the assumed 
lognormal distributions of the cask drop heights are 1.5 and 5 m, and the SDs of the corresponding normal 
distributions of the log of the data are 0.22 and 0.41, for off- and on-bridge accidents, respectively. 
 
Impact Angle and Orientation 
 
The cask velocity vCask was computed as: 
 

 vCask = �vDrop2 + vCol2 (6) 

 
Due to, e.g., general energy-dissipating mechanisms, and under the assumption of negligible friction 
between the impacted surface and the cask, the effective impact velocity vImp is lower than vCask, and is, 
e.g., dependent on the angle between vCask and the impact surface. Further, only the decelerations in the 
direction of the velocity vn, which acts perpendicular to the SNF rod longitudinal axes, are expected to 
cause pinching loads during an impact. These effects were included in the assessment using a sinusoidal 
function: 
 

 vn = vImp sinα ≈ vCask sinα (7) 
 
where the impact angle α describes the angle between the vImp and the fuel rod axis in longitudinal rod 
direction (Figure 6). 
 

 
 

Figure 5. Pdfs of free fall velocity from cask drop vDrop, on- and off-bridge accident 
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Figure 6. Impact angle α. 
 
A triangular pdf, ranging from 0 to 90°, with a peak at 0° was used to sample α in case of an off-bridge 
accident, based on the low expected drop height, the assumption of an obstacle orientation along a 
transportation route that is most likely rather parallel than orthogonal to vCol (U.S. NRC 2013), and the 
assumption of transportation of the cask with an SNF rod axis oriented parallel to vCol. However, in case 
of an on-bridge accident, no assumptions can be made and thus, a UD, ranging from 0 to 90° was used to 
select α randomly. 
 
Parameter Sampling and Reassessment of the 3,000 Pinching Scenarios 
 
A Monte Carlo Simulation was implemented to sample 100,000 data points of vCol, vDrop, and α for off- 
and off-bridge accident events. From the sampled data, two distributions of vn were computed using Eqs. 
(6) and (7), for off- and on-bridge accident events. Under consideration of statistical data on off- and on-
bridge train accident frequencies [i.e., 98.87% and 1.13%, respectively (U.S. NRC 2013)], Eq. (5) was used 
to scale P9m according to the distributions vn to derive the new distribution PAS (Figure 7). The mean of 
PAS is 3,637 N, about 56% lower than the mean of P9m, and the SD is 3983 N about 8% lower than the SD 
of P9m. 
 The 3,000 quantiles that were selected by Eidelpes et al. (2019) via LHS of P9m in the original 
assessment were reused to sample 3,000 new pinching load amplitudes from PAS. The loading parameters 
in the FE models were adapted, and the cladding deformations under the consideration of the new loads PAS 
were reassessed. 
 

 
 

Figure 7. Comparison of the pdfs of PAS and P9m. 
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RESULTS 
 
Cladding Deformations 
 
The statistical parameters of the newly computed cladding deformation demands caused by PAS are 
summarized in Table 2, including a comparison with the original demands computed under consideration 
of P9m (Eidelpes et al. 2019). 
 As can be seen from the data, the total cladding deformations utot are only marginally affected by 
the pinching load amplitude. The mean, median, and max results decrease by less than 10%. The elastic 
cladding deformations ue show similar differences, and control utot. However, the effect of the load 
amplitude on the plastic cladding deformations up is more pronounced. The mean drops by more than 50%, 
the SD by more than 30%, and max up in the 3,000 realizations drops by almost 40%. Also, only 101 out 
of 3,000 realizations indicate plastic cladding deformations, less than the 250 realizations that indicate 
plastic cladding deformations when loaded with P9m. 
 Table 3 compares the statistical parameters of OSD for P9m and PAS, which typically decreases 
under consideration of PAS. The mean drops by 44%, the SD by 30%, and the max OSD by almost 40% to 
a value below 2%, which is the currently established embrittlement offset strain threshold for SNF under 
RCT conditions (Billone et al. 2011). 
 
Probability of Failure 
 
Cladding failure according to Eq. (2) was predicted in four out of 3,000 realizations, which corresponds to 
PF = 0.1333%, and is less than the five failures, or PF = 0.1667%, predicted by Eidelpes et al. (2019) under 
consideration of P9m. In all of these four realizations, RHE controlled the OSC, leading to highly embrittled 
cladding that retained an OSC of less than 1%. The highest OSD in the four realizations was 1.14%. 
 

Table 2: Deformation demands and comparison considering PAS and P9m (Eidelpes et al. 2019). 
 

 
Elastic Deformation ue [µm] Plastic Deformation up [µm] Total Deformation utot [µm] 

PAS P9m ∆ [%] PAS P9m ∆ [%] PAS P9m ∆ [%] 
Mean 166 181 -8.33 1 2 -51.34 166 182 -8.72 

Median 163 179 -8.79 0 0 0.00 163 179 -8.97 
SD 77 75 3.32 8 11 -32.13 78 77 1.64 
Min 1 13 -90.37 0 0 0.00 1 13 -90.37 
Max 421 428 -1.59 181 298 -39.13 450 496 -9.27 

 
Table 3: Statistical parameters of OSD and comparison considering PAS and P9m (Eidelpes et al. 2019). 

 

 
Offset Strain Demand OSD [%] 

PAS P9m ∆ [%] 
mean 0.01 0.02 -43.79 

median 0.00 0.00 0.00 
SD 0.08 0.12 -29.94 
min 0.00 0.00 0.00 
max 1.90 3.14 -39.35 
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Controlling Parameters 
 
The assessment of the controlling parameters indicates that the amplitude of the applied pinching load in 
the FE models affects the OSD. However, the OSD, and more general, the diametric cladding deformations 
under pinching loading decrease under consideration of more realistic train accident scenarios. The peak 
cladding deformation is 0.450 mm, which is less than the 0.496 mm estimated for an extreme SNF 
transportation accident described by a 9-m cask drop (Table 2). Thus, solely highly embrittled cladding is 
at-risk of hydride-related pinching failure when subjected to P9m or PAS, and for appropriate rod conditions, 
basically any significant load amplitude in a realistic range could be sufficient to trigger cracking of the 
cladding. 
 The results of the present study suggest further that the cladding deformations are mainly controlled 
by the pellet-cladding gap width (i.e., GPC) and to a smaller extent, by the fuel pellet degradation (i.e., CP). 
Out of the 100 realizations with the highest utot, 98 included a gap larger than 140 µm, which corresponds 
to the mean plus 1.5 times the SD of the ND that was used to select GPC via LHS. Two of these 100 
realizations included a highly degraded pellet with a CP above 90%. The simulations showed further that 
in SNF rods with a large pellet-cladding gap, the cladding deforms significantly until pellet-cladding contact 
is established. Such conditions can lead to diametric cladding deformations that initiate cracking of highly 
embrittled cladding, even under relatively low pinching loads. 
 
SUMMARY AND CONCLUSIONS 
 
A distribution PAS was developed that describes potential pinching loading of fuel rods under accidental 
SNF cask train transportation conditions. The distribution was incorporated into a methodology developed 
by Eidelpes et al. (2019) to compute the probability of hydride-related cladding pinching failure and to 
investigate the controlling parameters for cladding deformations and the probability of failure. The results 
indicate that the probability of failure drops slightly from 0.1667 to 0.1333%, compared to the probability 
of failure for a load distribution that describes pinching loading on SNF rods in an extreme accident 
scenario, i.e., a 9-m cask drop followed by a horizontal cask impact. The investigations suggest that solely 
highly embrittled cladding is at-risk of failure and that under appropriate rod conditions, these claddings 
fail relatively independent from the pinching load amplitude. The cladding deformations under pinching 
loading are mainly controlled by the assumptions on the geometrical rod boundary conditions such as the 
pellet-cladding gap width. 
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