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Abstract: Spent nuclear fuel (SNF) is nuclear fuel that has been irradiated and discharged from nuclear
reactors. During the whole management stages of SNF before it is, in the end, disposed in a deep
geological repository, the structural integrity of fuel rods and the assemblies should be maintained
for safety and economic reasons. In licensing applications for the SNF storage and transportation,
the integrity of SNF needs to be evaluated considering various loading conditions. However, this
is a challenging task due to the complexity of the geometry and properties of SNF. In this paper,
a simple and equivalent analysis model for SNF rods is developed using model calibration based
on optimization and process integration. The spent fuel rod is simplified into a hollow beam with a
homogenous isotropic material, and the model parameters thus found are not dependent on the length
of the reference fuel rod segment that is considered. Two distinct models with different interfacial
conditions between the fuel pellets and cladding are used in the calibration to account for the effect
of PCMI (Pellet-Clad Mechanical Interaction). The feasibility of the models in dynamic impact
simulations is examined, and it is expected that the developed models can be utilized in the analysis
of assembly-level analyses for the SNF integrity assessment during transportation and storage.

Keywords: Spent Nuclear Fuel; high burnup fuel; simplified model; model calibration; Pellet-clad
interfacial bonding; Finite Element Analysis

1. Introduction

The SNF (Spent Nuclear Fuel), which is the discharged nuclear fuel after irradiation in a nuclear
reactor, should be carefully managed due to its strong radioactivity and toxicity. In a so-called open
fuel cycle, which is also called a once-through fuel cycle [1], the management program of SNF consists
of several stages, namely the temporary storage in the SNF pool, interim storage in a dry storage cask,
transportation and final disposal in a deep geological repository, as depicted in Figure 1.Metals 2020, 10, x FOR PEER REVIEW 2 of 20 
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The nuclear fuel rod mainly consists of fuel pellets made from uranium oxide encapsulated by
tubular cladding made of zirconium-based alloys. The structural integrity of SNF, especially that of
the cladding, is important for the safe and economic management of SNF before its final disposal. The
cladding serves as the first barrier preventing the release of radioactive materials into the environment.
For this reason, the integrity of SNF and cladding should be carefully evaluated during the licensing
process of SNF transportation and storage, and it is enforced by safety regulations [2–4]. The purpose
of such regulations is to protect SNF cladding from any possible sources of degradations and to prevent
any gross rupture of SNF to guarantee retrievability and transportability [5].

The structural evaluation of SNF, however, is a very complicated process, due to several reasons.
First, the properties and geometry of an irradiated nuclear fuel are different from those of a fresh nuclear
fuel, and they possess essential uncertainties due to the random nature of the reactor core environment.
In the literature, there are models available for the prediction of cladding properties [6] as functions
of burnup, but it should be reminded that they are mostly empirical models based on experimental
data and may contain errors. The measurement of the material properties of irradiated claddings or
pellets is a very demanding task because it can be performed only in a hot cell environment due to the
high radioactivity of SNF. One phenomenon that has not been thoroughly investigated is the bonding
between the pellets and cladding, which forms during the irradiation, especially with a high burnup. It is
known that this bond makes significant differences in the flexural rigidity and load-bearing capability of
the SNF rod [7], but its mechanical properties and characteristics have not been fully understood until
now. The effect of the pellet-cladding interaction (PCI) in the reactor environment has been investigated
by numerous researchers [8–10]. Recently, reports and papers have been published on the effect of
PCI on SNF structural integrity under normal conditions of transportation [11,12]. Differences in the
impact resistance of high burnup SNF rods caused by PCI under vertical and horizontal drop conditions
were quantified [13], and the significance of PCI compared to other uncertain parameters of SNF was
analyzed with a parameter study using a design of experiments [14].

The second difficulty in the structural evaluation of SNF loaded in a storage or transport cask
arises from the complexity in its shape. The use of a simplified numerical model of SNF is inevitable
to avoid excessive computational burden. For commercially utilized casks, around 30 assemblies
of PWR fuel can be loaded, and each assembly consists of hundreds of fuel rods. Thus, modular
approaches [7,15–23] have been utilized where models of SNF assemblies with fuel rods with different
levels of fidelity are built to quantify the forces exerted on the SNF assembly with fuel rods under design
basis accident conditions, and to finally obtain the detailed behavior of fuel rods. In assembly level
analyses, the SNF rods are often simplified into beams with degenerated section and material properties.
However, this model simplification procedure is not simple due to the complicated composite behavior
of fuel pellets and cladding with uncertain interfacial conditions. Thus, conventional approaches rely
on conservatism to neglect the structural resistance of fuel pellets, while their mass is solely included
in the calculation as a source of loading. In the work of Lee and Kim [24], the material properties of
the equivalent beam model of the SNF rod was found using optimization, considering two distinct
interfacial conditions. It was shown that the proposed approach produces more reasonable degenerated
models compared to the conventional approach. However, the approach shows a drawback insofar as
the calibrated material property of the beam depends on the length of fuel rods’ segments considered.

In this work, equivalent beam models of SNF rods are developed using parameter calibration
based on optimization. Efforts are made to make the models independent of the length of the reference
fuel rod segment. For this, detailed finite element models of SNF rods are constructed with the material
properties predicted by available models in the literature. Two different interfacial conditions are
implemented to account for the two extreme cases of PCMI. An integrated optimization is performed
to find the best setting of beam material and cross section parameters that minimize the discrepancies
in the structural response of the simplified beam model and the original detailed model. The beam
models thus found are examined in dynamic impact simulations to check their applicability in the
assessment of fuel rod failure under accident conditions.



Metals 2020, 10, 470 3 of 18

2. Material Properties of Target Fuel Rod

2.1. Reference Fuel

Table 1 describes important parameters of the reference fuel assembly considered in this work. This
fuel assembly is the same one that is considered in [24]. It is noted that the SNF with a burnup greater
than 45 GWd/MTU is categorized into high burnup fuel (HBF), whose characteristics are distinctively
different from those of low burnup fuels. In this work, only high burnup fuels are considered.

Table 1. Specifications of the fuel rod and assembly [24].

Parameter Value

Cladding length (L) 4.094 m
Outer diameter of cladding (OD) (ro) 4.75 mm
Inner diameter of cladding (ID) (ri) 4.178 mm

Diametral gap 165 µm
Distance between two sequent spacer grids 396.9 mm

Area moment of inertia for the cladding (Ic) 160.508 mm4

Area moment of inertia for the pellet (Ip) 239.291 mm4

Pellet diameter 8.191 mm
Pellet length 11.34 mm
Number of pellets in full fuel rod 350
Pellet hollow depth 0.3 mm
Pellet hollow radius 14 mm
Pellet hollow apparent radius 2.95 mm
Pellet edge chamfer radius 3.55 mm
Pellet edge chamfer depth 0.16 mm
Gap with adjacent pellets No gap
Total weight of single rod (W) 2.58 kg
Fraction of theoretical density of UO2 (%TD) 95%
Assembly weight 639 kg
Number of rods 236
Number of spacer grids 12

2.2. Mechanical Properties of Irradiated Fuel Rod

One important issue which has been extensively investigated in the field of SNF management
is the characterization of the material properties of HBF cladding. The properties are determined by
many factors related to the reactor operation and the environments to which SNF is exposed after
its discharge from the reactor. Researchers of PNNL (Pacific Northwest National Laboratory) [6]
developed a model which calculates the mechanical properties of irradiated cladding and fuel pellets
as functions of various factors such as temperature, neutron fluence, hydrogen contents, burnup, and
so on. This model is based on extensive data obtained from hot cell tests on the irradiated fuel and
cladding. In this work, the PNNL model is utilized for the calculation of the mechanical properties
of cladding and pellets of the reference SNF. A very routine management history starting from the
SNF pool in the reactor site to the dry storage of up to five years was considered. The peak cladding
temperature (PCT) is maintained at around 30 ◦C in the reactor pool and increases shortly up to 400 ◦C
during the vacuum drying stage. It gradually decreases during the storage period due to the reduction
of decay heat generation. In approximately five years of storage, the PCT of the reference SNF reaches
around 300 ◦C. Important parameters for the calculation of mechanical properties of fuel cladding are
summarized in Table 2 for reference.

The PNNL model describes the stress-strain relationship of irradiated Zircaloy with Hook’s law
for elastic deformation and with the power law for plastic deformation, as follows:

σ = E·ε (1)
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σ = K·εn
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where σ is the true stress (MPa), ε is the true strain, and E is the Young’s modulus (MPa). In Equation
(2), K is the strength coefficient (MPa),

.
ε is the strain rate (/s), m is the strain rate exponent, and n is the

strain hardening exponent. The yield stress is given as the non-zero intersection of Equations (1) and
(2), as follows:
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The ultimate tensile strength can be obtained using Equation (1) by putting the summation of
the maximum elongation and elastic strain at yield into ε. All the parameters in Equations (1)–(3)
are provided in [6] as functions of various parameters. With the entry data, including those listed
in Table 2, the material parameters relevant for the reference SNF are calculated and summarized in
Table 3. Figure 2 is the generated true stress-strain curve of the reference SNF cladding. It is noted
that this model does not predict the failure of cladding and can be applied only to the cladding with
circumferential hydrides. The strain failure limit of HBF cladding ranges between 1% and 4% [25], and
1% is chosen in this work to be on the conservative side.

Table 2. Input parameters for the calculation of mechanical properties of irradiated cladding [24].

Parameter Value

Temperature (T) 300 ◦C
Neutron fluence (Φ) 11.4 × 1025 n/m2

Burnup (Bu) 60 GWd/MTU
Total hydrogen concentration (Htot) 352 ppm

Table 3. Mechanical parameters of the fuel rod model [24].

Parameters Mechanical Properties

1. Zircaloy cladding (SRA Zry-4)
a. Mass density (ρc) 6590 kg/m3

b. Modulus of elasticity (E) 75.22 GPa
c. Strength coefficient (K) 14.43 GPa
d. Strain hardening exponent (n) 0.159
e. Strain rate exponent (m) 0.015
f. Shear modulus (G) 28.28 GPa
g. Poisson’s ratio (v) 0.33
h. Uniform plastic elongation (UE) 0.022
i. Yield strength (σy) 644.79 MPa
j. Ultimate tensile strength (σe+p) 788.68 MPa

2. Fuel (Uranium dioxide (UO2))
a. Mass density (ρp) 10,440 kg/m3

b. Modulus of elasticity (E) 168.3 GPa
c. Poisson’s ratio (v) * 0.32
d. Yield strength (σy) * 2146 MPa

* Values are referenced from [11].

The irradiated UO2 pellets are considered as an elastic material, and their mechanical properties
are obtained from [7,11]. It is well-known that the imperfections in the UO2 pellets, especially cracks,
can make significant variations in the mechanical properties of pellets. Although the cracks are
not modeled explicitly in this study, their effects are considered in the estimation of the mechanical
properties of pellets, as stated in [11]. It is believed that the errors and uncertainties resulting from the
pellet properties can be quantified and reduced upon provision of more data.
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Figure 2. Stress-strain curve of Zircaloy-4 cladding obtained by the PNNL model [6].

3. Equivalent Beam Model of Spent Nuclear Fuel Rod

3.1. Objective of Model Simplification

The strategy of model simplification can vary depending on the usage of the model. For example,
the simplified model or equivalent model for the mechanical vibration analysis cannot be the same as
the one for the dynamic impact analysis even for the same target object. In this work, an equivalent
model of the SNF rod for the dynamic impact analyses is developed considering the conditions of
transportation accidents. The purpose of the model is the accurate prediction of fuel rod failure under
the same critical impact load derived from the detailed model, with a much lower computational
cost. For this, a detailed finite element model of the SNF rod is constructed and static analyses are
performed to capture the fuel rod response under a static load and to find the critical load that results in
the failure of fuel rods. Then, these results are utilized in the model calibration procedure to generate
an equivalent beam of SNF under a lateral impact load. Unlike the model developed in [24], it is
endeavored to develop an equivalent model whose properties are not dependent on the length of the
reference fuel rod segment.

3.2. Detailed Finite Element Model of Fuel Rod Segment

A segment of a fuel rod with 35 fuel pellets is taken as the reference for the model simplification.
The length is 397 mm. Finite element models for this fuel segment are constructed using hexahedral
elements, as shown in Figure 3. Since the interfacial behavior between pellets and cladding is
important, the pellets are modeled with enough geometrical details and mesh density. Element C3D8I
of ABAQUS/Standard [26] is used to better capture the bending behavior. To save computational time,
a half model with a symmetry boundary condition is utilized. A total of 418,906 elements with 346,080
nodes are used in the model.

In a fresh fuel rod, there is a small gap between the pellets and cladding filled with inert gas such
as Helium. The size of the gap is 165 µm in diameter for the reference fuel type. During the reactor
operation, this interfacial condition changes due to chemical and mechanical interactions caused by
high temperature, pressure, and irradiation. This change becomes more prominent as the burnup
increases, and normally the gap is filled with fused material in HBF as the pellets and cladding are
fused together during the reactor operation [8–10]. In the work of Wang et al. [11,12], cyclic loadings
were applied to the irradiated fuel rod specimens in the hot cell, and numerical simulations were
performed to characterize the behavior of composite fuel rods under mechanical loadings. It was
revealed that the interfacial bond makes a significant contribution to the flexural rigidity of fuel rods
and the external bending load, and the bond breaks as the loading cycle progresses. Unfortunately,
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the characteristics of this bond have not been well investigated, and there is no data with enough
details that can be referred to in order to describe the behavior of this bond in a quantitative manner.
For this reason, two extreme cases are considered in this study as shown in Figure 4. In one case,
all the pellets are bonded to the inner surface of the cladding, and in the other case the pellets are
separated from and in contact with the cladding. These conditions are implemented by imposing
different surface-to-surface interactions in finite element analyses. To simulate the condition where the
outer surfaces of the pellets are boned to the inner surface of the cladding, the degrees of freedom of
the mating surfaces are tied together. In the other case, surface-to-surface contact with zero friction is
assigned between the pellets and cladding. These conditions are implemented with relevant keywords
in ABAQUS/Standard. In real HBF, bonds also form between fuel pellets, but these bonds are not
considered in this work. Thus, all the pellets are in contact with each other without friction.
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3.3. Loading, Boundary Conditions for Static Analyses of Fuel Rod Segments

Pure bending, as shown in Figure 5, is imposed onto the reference fuel rod segment for the static
analysis. The ideal scenario is that the loading is representative enough of the actual loading that a
SNF rod experiences in reality. In a lateral impact, the fuel rod experiences complicated loadings such
as distributed shear force due to inertia, pinch load exerted by the supporting grids, pinch load which
results from the collision with other fuel rods, and so on. However, the deformation mostly incurred
by the above-mentioned loading conditions is the bending, and it is well known that the bending
moment dominates the bending behavior for long and slender members. In a pure bending, the loading
condition is consistent throughout the length of the fuel rod, and it is expected that material properties
derived from this loading can be independent of the length of the fuel rod segment considered. The
nodes at both sides of the end cross sections are connected to reference points by rigid beams (Figure 5).
Bending moment are imposed onto these two reference points, and the critical value of their magnitude
is sought, which results in the failure of the cladding. A detailed discussion of this is provided in the
following section.
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The degree of freedom of one reference point is constrained except in the x directional rotation,
and for the other reference point the z directional translation is additionally permitted, so that the fuel
rod can bend freely without rigid body motions, as shown in Figure 5.

3.4. Results of Static Analyses for the Fuel Rod Segments

Through static analyses using detailed models, the force-displacement curves of the fuel rod
segments and the critical bending moments that yield the failure of the cladding are obtained for
bonded and de-bonded interfacial conditions, respectively. It is known from numerous experimental
data that the cladding of high burnup SNF fails under plastic strain between 1% and 4% [25]. The tests
used to generate those data are the pressurized tube tests, and the stress states of cladding under those
experiments are uniaxial or biaxial tension. The fuel pellets were all removed by defueling operations
before the tests, and the complicated stress states which occur in real SNF rods due to the PCMI could
not be reflected in those test data. The data regarding the failure criteria of irradiated cladding under
more complicated 3-D stress states is hardly available. For this reason, the plastic bending strain
computed from the centerline curvature of the fuel rod is utilized as a measure to determine the failure
of cladding. The curvature κ can be calculated from the coordinates of three points located along the
centerline of the fuel rod by solving Equation (4), and the total strain εt and the plastic bending strain
εp can be calculated using Equations (5)–(6):

R =
1
κ
=

√
(y1 − yc)

2 + (z1 − zc)
2 =

√
(y2 − yc)

2 + (z2 − zc)
2 =

√
(y3 − yc)

2 + (z3 − zc)
2 (4)

εt = κ·
d
2

(5)

εp = εt − εe = εt −
σy

E
(6)

In the above equations, (y1, z1), (y2, z2), and (y3, z3) are the coordinates of three points located
along the centerline of the fuel rod, and (yc, zc) denotes the coordinates of the center of the curvature.
d is the outer diameter of the fuel rod.

The threshold value of plastic strain is chosen as 1% to be on the conservative side. From the
static analyses using ABAQUS, the critical bending moment for the fuel rod segment with a fully
bonded interface is calculated as 31,919 N·mm, while that of the fully de-bonded case is calculated as
27,975 N·mm. The deformed shape and stress contours are shown in Figures 6 and 7. Different patterns
of stress distribution are observed for the two cases. The bending moment versus maximum deflection
of the fuel rods is plotted in Figures 8 and 9. The flexural rigidity of fuel rods can be calculated from
these moment-deflection curves, and the effective Young’s moduli are obtained assuming that the fuel
rods are solid circular beams. The effective Young’s modulus of the fully bonded fuel rod is 110 GPa,
while that of the fully de-bonded fuel rod is 35 GPa.
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3.5. Calibration of Material and Section Parameters of Simplified Beam Model

For numerical simplicity, the spent fuel rod is degenerated into a beam made of homogeneous
isotropic material with an annular cross section. The material properties and cross section parameters
of this beam should be carefully chosen to make the mechanical responses of this beam close enough to
those of the original detailed model discussed in Section 3.4. The ideal situation is that the behavior of
this beam is identical to that of the detailed model throughout the whole ranges of loading. However,
to find such model parameters may not be practically possible, and the existence of such a solution
is not guaranteed. Thus, it is aimed in this work to have the simplified model fail under the critical
load for the detailed model derived in Section 3.4, and the failure should be predictable with the same
criteria as the detailed model. Because the failure criterion adopted is the plastic strain calculated from
the curvature and the curvature is calculated from the displacement of three points along the centerline
of the fuel rod, it is endeavored to make the equivalent beam model have the same displacement as
with the detailed model for given moment loadings. By doing this, it is also expected that the load
transferred from the collision with other fuel rods or a fuel basket in a cask can be simulated accurately
because the beam model possesses the same flexural rigidity as with the detailed model. Three points
along the moment-deflection curves are chosen for calibration, as depicted in Figures 9 and 10 as
squares with their coordinates. The leftmost point is chosen in the elastic region, and the rightmost
point corresponds to the critical moment that yields a 1% plastic strain along the length of the fuel rod.
The center point is arbitrarily chosen in the plastic region between the leftmost point and the rightmost
point. The values of moments at these points are denoted by ME, MP, and MC, respectively, for future
reference. The subscripts E, P, and C mean elastic, plastic, and critical. The material model introduced
in Section 2.2 is utilized to describe the material property of the equivalent beam.

The calibration parameters considered are the thickness T of the annulus in the beam cross section,
strength coefficient K, and the hardening exponent n in the material model. The calibration procedure
is formulated into an optimization problem as follows:

Find T, K, n that
Minimize (UE,S −UE,B)

2 + (UP,S −UP,B)
2 + (UC,S −UC,B)

2

Subject to T, K, n > 0
(7)

where UE, UP, and UC mean the maximum displacement of the model under ME, MP, and MC,
respectively. The subscripts S and B denote the detailed model with solid elements and the equivalent
model with beam elements, respectively. The values of UE,S, UP,S, and UC,S are predetermined as
discussed in the previous section for both fully bonded and fully de-bonded cases (Figures 8 and 9).
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The solution of the above problem is found by integrating several software. ABAQUS is used for
the calculation of UE,B, UP,B, and UC,B for the given beam parameters T, K, and n. An optimization
algorithm, adaptive simulated annealing (ASA) [27], is used to find optimal values of the calibration
parameters, and MATLAB is used to generate a stress-strain table from the calibrated parameter values
found by ASA. It is then input into ABAQUS for static analyses of the beam model. The Young’s modulus
is pre-determined from the moment-curvature curves obtained by the detailed models in advance of the
calibration procedure, and the density of the beam is determined in such a way that the beam model
possesses the same mass as the detailed model. The flowchart of the solution procedure is illustrated in
Figure 10. The commercial software iSight [28] is utilized for the process integration and optimization.
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The optimization procedure successfully found the solutions, and the results are summarized
in Table 4. In the Table, the (dev. %) means the percentage difference between the values of the
displacement calculated from the detailed models and those calculated from the simplified beam
models. The moment-curvature curves of the beam models compared with those of the detailed
solid models are shown in Figure 11. It is observed that the curves of the simplified beam models
match well with those of the detailed model in the elastic region and at the critical points for both the
fully-bonded and fully de-bonded cases. On the other hand, they show considerable discrepancies in
the intermediate plastic region. This happens because the ASA puts more priority in reducing the
discrepancy of the displacement under the critical loading, since the difference in UC,B and UC,S is
dominant in the calculation of the objective function in Equation (7).

Table 4. Results of the beam model parameter calibration.

Case
Optimal Parameter Values Critical

Moment
UE,B

(dev. %)
UP,B

(dev. %)
UC,B

(dev. %)
Density
(kg/m3)T (mm) n K (MPa)

Fully
bonded 0.73 0.043 2000.0 31.9 N·m 18.17

(0.0)
56.88
(18.5)

75.71
(0.3) 1653.39

Fully
de-bonded 2.04 0.629 5101.4 28.0 N·m 24.40

(1.8)
58.73
(10.6)

76.98
(1.3) 694.84

3.6. Applicability of Simplified Models in Analyses of Fuel Rods with Various Lengths

The beam properties obtained in the previous section are applied to fuel rod segments with
different lengths to check the validity of the calibrated parameters in the analyses of fuel rods with
different lengths. Separate models for fully bonded cases and fully de-bonded cases are constructed,
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and the same boundary condition and loading are applied as those for the reference fuel rod segments
(Figure 5). The results are summarized in Table 5. It is observed that the behavior of the detailed models
match exactly with those of the simplified models using the parameters found in Section 3.5, regardless
of the lengths of the fuel rods. Although the behavior of the fuel rods varies according to their lengths,
it can be predicted, using simplified models with a single set of parameters. Thus, the applicability of
the simplified model found in Section 3.5 to fuel rods with various lengths is well demonstrated.
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Table 5. Application of the calibrated beam parameters to different lengths of fuel rod segments.

Cases Number
of Pellets

Length
(mm)

Critical
Moment
(N·mm)

Model
Displacement (UC,B) Plastic Strain

Value
(mm)

Dev.
(%)

Value
(%)

Dev.
(%)

Bonded

1 15 170.1

31,919

Detailed 15.27
1.2

1.0
0

Simplified 15.08 1.0

2 20 226.8
Detailed 25.27

1.3
1.0

0
Simplified 25.60 1.0

3 25 283.5
Detailed 40.12

0.1
1.0

0
Simplified 40.09 1.0

4 30 340.2
Detailed 56.64

0.1
1.0

0
Simplified 56.67 1.0

5
35

(reference) 396.9
Detailed 75.91

0.3
1.0

0
Simplified 75.71 1.0

De-bonded

1 15 170.1

27,975

Detailed 15.17
0.9

1.0
0

Simplified 15.03 1.0

2 20 226.8
Detailed 26.27

0.7
1.0

0
Simplified 26.08 1.0

3 25 283.5
Detailed 40.23

0.7
1.0

0
Simplified 39.96 1.0

4 30 340.2
Detailed 56.85

0.6
1.0

0
Simplified 56.49 1.0

5
35

(reference) 396.9
Detailed 76.98

1.3
1.0

0
Simplified 75.97 1.0
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4. Applicability of Developed Models in Dynamic Impact Simulations

4.1. Models for Impact Simulation and Impact Conditions

In Section 3, simplified models of high burnup SNF were developed using static analyses. The
feasibility of using those models in dynamic simulations considering the accident conditions involving
impact is examined in this section. For this, the same fuel rod segment in Section 3 is considered, and
models for impact analyses are constructed using solid elements for the detailed models and using
beam elements for the simplified models. The solid model of the fuel rod segment is identical with that
used in the previous section, and blocks of Zircaloy are attached to both ends of the segment to impose
the simply supported boundary condition (Figure 12). The simplified model using beam elements
is constructed in the same manner (Figure 13). The motions of the Zircaloy blocks are constrained,
allowing only the vertical translation. For the detailed model, the symmetry boundary condition is also
imposed in order to use the half model. The reference points in the detailed model (Figure 5) are tied
to nodes of Zircaloy blocks, while the end nodes of the simplified beam model share the translational
degree of freedom with nodes of Zircaloy blocks, as shown in Figures 12 and 13.
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The ground to which the fuel rod models are impacting is a rigid body. To check the correlation of
simplified model and detailed model under a range of impacting forces, a number of drop heights
from 0.5 m to 4.0 m are tried. The drop height is converted into impact velocity, as in Equation (8) and
then input into ABAQUS/Explicit as the initial condition of the dynamic analyses:

mgh = 1/2mv2, v =
√

2gh (8)

In all cases, the maximum vertical deflection of the fuel rod segments and the plastic strain are
calculated by analyzing the time history of the displacements of three locations on the fuel rod segments
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with Equations (4)–(6). The plastic strain is calculated from the maximum curvature of the fuel rod
during the impact.

4.2. Results and Discussions

Dynamic impact simulations are performed using ABAQUS/Explicit with models described in
the previous section. Eight drop simulations with different initial velocities are carried out for a fully
bonded case and fully de-bonded case, respectively, and the results are summarized in Tables 6 and 7.
The critical drop heights, which result in a plastic strain of 1.0% in the detailed models, are calculated
with additional simulations based on linear interpolation. The critical drop height for the fully bonded
fuel rods is calculated as 3.05 m, while that of the fully de-bonded fuel rods is 2.63 m. For all the
simulation cases, the results of the simplified beam model are compared with those of the detailed
models, and it is recognized that the displacement prediction shows a good correlation while the plastic
strain prediction contains considerable deviations. The deviations in the maximum displacement for
the fully bonded fuel rod are less than 4.5% in the whole range of drop heights, while those for the
fully de-bonded fuel rod are up to 18%. The deviation of the plastic strain prediction under the critical
drop height is 27% for the fully bonded case and 16.3% for the fully de-bonded cases. It is noted that
these deviations were eliminated in the static analyses through beam parameter calibration. During
the impact, the deformation is transient and caused by mechanical vibration and stress waves as well
as by rigid body deceleration. This dynamic effect was not considered in the calibration procedure,
and it is supposed that this nature of static and dynamic deformation is the major reason for the
differences in the behavior of the detailed model and the beam model. The pellets are much heavier
than the cladding, and the different mass distributions of the detailed model and the beam model can
be another source of the deviations. The pellets in the fully de-bonded fuel rods have more degrees of
freedom relative to the cladding than in the fully bonded case, and their inertia effect makes a bigger
difference in the behavior of the simplified model and the detailed model. Since the plastic bending
strain contains considerable deviations from those calculated by the detailed model, a new measure
such as a dynamic amplification factor might be necessary for the simplified model to be used in the
prediction of fuel rod failure.

In Table 8, the time history of the maximum deflection is plotted under various drop heights,
including the critical ones. Differences in the dynamic behavior caused by the different interfacial
conditions are well observed. The simplified models capture such differences well, although they
do not show a perfect correlation with the results of the detailed models. As explained beforehand,
the displacement prediction is more accurate for the fully bonded case than for the fully de-bonded
case. However, the vibration characteristics of the detailed models, such as the vibration period and
damping, are not well captured by the beam models for both cases. To calibrate the model parameters
for vibratory responses, a different strategy is necessary, taking into account a different set of calibration
parameters, such as material damping and so on. In the current scope of this work, an accurate
prediction of the maximum displacement during the impact is most important. The discrepancy in the
dynamic behavior of the simplified models and the detailed models is also attributed to the different
mass distributions within the cross section of the models. Because the simplified models are made of
one homogeneous isotropic material, the mass distribution in the cross section cannot be made the
same as that of the detailed models. This makes no difference in the static analyses, while it does in the
dynamic simulations. To overcome this, a different strategy of model calibration might be necessary,
such as calibrating material parameters using dynamic simulations.
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Table 6. Results of the impact analyses for the fully bonded case.

No. Drop Height
(m) Model

Max.
Displacement

Plastic Bending
Strain

Value
(mm)

Dev.
(%)

Value
(%)

Dev.
(%)

1 0.5
Detailed 2.85

2.3
0.24

0.0
Simplified 2.91 0.24

2 1.0
Detailed 4.08

1.0
0.27

7.4
Simplified 4.12 0.25

3 1.5
Detailed 5.03

0.0
0.30

6.0
Simplified 5.03 0.28

4 2.0
Detailed 5.88

1.2
0.52

23.3
Simplified 5.81 0.40

5 2.5
Detailed 6.57

2.0
0.73

12.1
Simplified 6.44 0.64

6 3.0
Detailed 7.26

4.1
0.99

36.4
Simplified 6.96 0.63

7
3.05

(Critical)
Detailed 7.32

1.0
1.00

27.0
Simplified 7.40 0.73

8 3.5
Detailed 7.72

2.8
1.11

27.6
Simplified 7.50 0.80

9 4.0
Detailed 8.26

4.4
1.19

37.8
Simplified 7.90 0.74

Table 7. Results of the impact analyses for the fully de-bonded case.

No. Drop Height
(m) Model

Max.
Displacement

Plastic Bending
Strain

Value
(mm)

Dev.
(%)

Value
(%)

Dev.
(%)

1 0.5
Detailed 4.12

10.1
0.00

5
Simplified 3.70 0.05

2 1.0
Detailed 5.78

15.0
0.66

81.4
Simplified 4.91 0.12

3 1.5
Detailed 6.93

16.8
0.75

55.0
Simplified 5.77 0.34

4 2.0
Detailed 7.83

16.5
0.85

35.4
Simplified 6.54 0.55

5 2.5
Detailed 8.44

16.7
0.96

30.7
Simplified 7.03 0.66

6
2.63

(Critical)
Detailed 8.62

6.0
1.03

16.3
Simplified 8.11 0.86

7 3.0
Detailed 8.93

17.5
1.12

35.0
Simplified 7.36 0.73

8 3.5
Detailed 9.51

17.0
1.33

34.3
Simplified 7.89 0.87

9 4.0
Detailed 9.86

17.9
1.42

39.4
Simplified 8.11 0.86
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Table 8. History of the maximum deflection of fuel rods calculated by dynamic impact simulations.

Drop Height (m) Fully Bonded Fuel Rod Fully De-Bonded Fuel Rod

0.5
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rod integrity under drop impact accidents without resorting to detailed models of SNF rods. Two
separate models are utilized in the calibration procedure to account for two extreme conditions of
interfaces between the fuel pellets and cladding because it was well revealed by previous research that
the interfacial condition makes a significant difference in the fuel rod behavior and resistance to failure.
It was demonstrated that the simplified models thus developed successfully reproduced the distinct
behavior of fuel rods caused by the different interfacial conditions. It was also shown that the proposed
models were applicable irrespective of the length of the fuel rod segments under consideration.

The calibration procedure is based on static analyses, and the applicability of the proposed models
in a dynamic impact simulation is examined. Overall, the simplified models mimic the dynamic
behavior of the detailed models, but they do not show a perfect correlation, especially in the calculation
of the plastic strain, which is important for the failure prediction. Issues including this problem are
discussed below:

- In this work, only the horizontal or lateral loading cases are considered. It is known that the
horizontal and vertical drops are two representative drop orientations of the SNF transportation
cask and that the horizontal drop is more bounding than the vertical one [14,15]. Thus, the use of
the developed models in other drop orientations would produce rather conservative results. The
applicability of the proposed method and models in other drop orientations needs to be carefully
investigated in order to demonstrate the usefulness of the current work for SNF transportation
applications. This is the topic of the authors’ future research.

- The calibration procedure is based on an assumption that the fuel rod failure can be predicted via
the plastic strain calculated by the curvature rather than via the local strain components. The
validity of this assumption cannot be checked right away due to the lack of supporting data.
However, the procedure proposed in this work can be used with minimal modifications with a
different measure of fuel rod failure.

- In this work, two extreme cases of interfacial conditions were considered. The actual behavior of
the interfacial bonding might be intermediate; the bond may break during the loading processes.
It is expected that the results of this study provide the bounds of the effective properties of the
high burnup fuel rods.

- Although the proposed simplified models show perfect agreements with the detailed models in
predicting the maximum displacement and plastic strain in static analyses, they show considerable
discrepancies in dynamic impact simulations. To overcome this issue, a compensating factor
can be introduced for the accurate prediction of fuel rod failure. This is a topic which needs
further investigations.

- There exist many types of uncertainties in the properties and geometries of SNF rods, and
they need to be adequately considered for a more realistic and reliable prediction of fuel rod
behavior. The approach proposed in this work is purely deterministic but can be combined with
well-established uncertainty propagation methods in the literature to quantify the uncertainties
in the calibrated model parameters and the resulting behavior of SNF rods and to find their
error bounds.
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