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a b s t r a c t

An integrated approach of model simplification for high burnup spent nuclear fuel is proposed based on
material calibration using optimization. The spent fuel rods are simplified into a beam with a homog-
enous isotropic material. The proposed approach of model simplification is applied to fuel rods with two
kinds of interfacial configurations between the fuel pellets and cladding. The differences among the
generated models and the effects of interfacial bonding efficiency are discussed. The strategy of model
simplification adopted in this work is to force the simplified beam model of spent fuel rods to possess the
same compliance and failure characteristics under critical loads as those that result in the failure of
detailed fuel rod models. It is envisioned that the simplified model would enable the assessment of fuel
rod failure through an assembly-level analysis, without resorting to a refined model for an individual fuel
rod. The effective material properties of the simplified beam model were successfully identified using the
integrated optimization process. The feasibility of using the developed simplified beam models in dy-
namic impact simulations for a horizontal drop condition is examined, and discussions are provided.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The structural integrity of spent nuclear fuel (SNF) is important
for safe and economic management of SNF before it is finally
disposed in a repository. Safety regulations enforce the evaluation
of the structural integrity of SNF during the transportation and
storage of SNF, to guarantee the transportability and retrievability
of SNF for further processing or disposal [1e3]. The main scope of
regulatory requirements is to avoid any gross rupture of fuel; in
case of rupture, the fuel must be confined in such a way that it will
not pose operational problems regarding its removal from wet or
dry storage [4].

The structural evaluation of SNF, however, is not straightforward
because of the uncertainties lying in its physical and mechanical
properties and the computational complexities involved in the
modeling of SNF assemblies in transport and storage casks. The
random nature of a reactor core environment makes the properties
of SNF inherently random, although some functional relationships
between the burnup and its properties are known. For instance, it is
a known fact that as burnup increases, cladding material is

susceptible to degradation as a result of oxygen and hydrogen up-
take, irradiation, and temperature change [5]. These effects could
alter the mechanical performance of the cladding andmay lead to a
transformation called cladding embrittlement that significantly
decreases the load-bearing capability of the cladding. Furthermore,
it was found in a number of reactors that bonds are formed be-
tween pellets and cladding due to the chemical and mechanical
interactions during the reactor operation. This is another phe-
nomenon that could greatly influence the stiffness of a fuel rod,
thereby increasing or decreasing the critical buckling load or
nominal bending stress under an impact loading as a result [6].
Numerous experimental and advanced modeling studies related to
pellet-cladding interaction (PCI) have been conducted to investi-
gate the major complex physical phenomena of nuclear fuel rods in
normal operation and power-transient conditions of reactors. Most
previous studies focused on local effects of fuel cladding interaction
based on thermo-mechanical aspects using two- or three-
dimensional finite-element (FE) models [7e10]. In addition, nu-
merical and experimental investigations on the impact of interfa-
cial bonding efficiency on SNF structural performance during
normal conditions of transportation have recently been conducted
[11,12]. The influence and significance of PCI characteristics in a
vertical and horizontal drop of a full-length spent fuel rod were
investigated [13].
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In many of the studies dealing with the structural evaluation of
SNF in a storage or transport cask [6,14e22], simplified numerical
models of SNF were used, due to the difficulties caused by the
complicated shape and properties of SNF assemblies. A SNF as-
sembly is often replaced by a dummy mass with a simple shape
when the evaluation of the fuel rods’ integrity in that assembly is
not necessary. This model is used to simulate the forces exerted on
the cask components, such as the force exerted on the fuel basket
by the inertia of the simplified assembly under impact conditions.
In higher-fidelity models, the SNF assembly is often modeled by
beams that simulate fuel rods and a minimal amount of skeletal
parts in a fuel assembly, such as spacer grids and top and bottom
nozzles. Using this model, the forces acting on each fuel rod can be
quantified that arise mostly from the interaction with the spacer
grid and fuel basket and to a lesser extent with the other fuel rods
in the assembly during impact. In some of the approaches, this
simplified beam is directly used for the assessment of fuel rod
failure [14,15,18], while in other approaches, it is used only for
characterizing the external forces acting on each fuel rod [6,16,21].
These forces are then applied to detailed single fuel rod models for
failure assessment. In most of the above-mentioned approaches,
the material properties of simplified fuel rods were obtained by
averaging the properties of pellets and cladding, or simply
considering the elastic properties of cladding while the stiffness of
pellets is ignored. The mass of pellets is lumped into the cladding,
in whole or in part. However, it should be noted that if the material
properties of the simplified beam model of the fuel rod are not
adequately determined, the resulting behavior and calculated
loads exerted on the fuel rods during the impact analyses might
not be correct. Furthermore, the sophisticated interfacial condi-
tions between the pellets and cladding were not adequately
considered while building the simplified beam model of fuel rods.
As revealed in the work of Almomani et al. [13] and Wang [11], the
interfacial condition of fuel rods results in significant differences in
the mechanical response and load resistance of fuel rods to an
impact load. In the above-mentioned approaches based on sub-
structural decomposition, i.e., modular approaches, the assess-
ment of fuel rod failure is only reliable when the forces acting on
each fuel rod and the boundary conditions are accurately charac-
terized. In addition, the necessity of a higher-fidelity model for
each fuel rod can add another layer of computational complexity to
the problem.

In this work, a procedure is proposed to build a simplified beam
model of spent fuel rods, considering the interfacial condition be-
tween the pellets and cladding that mimics the behavior of the
detailed fuel rod model. Given a target model of a fuel assembly
with Zircaloy-4 cladding, the material properties of cladding and
pellets are calculated using the model proposed by Geelhood et al.
[5]. A finite element model of a fuel rod segment is constructed
with details in the interfacial conditions, and static analyses are
performed to obtain the force-displacement curve and critical load
that yield a fracture of the fuel rod. Then, a parameter calibration
procedure is utilized to find the effective material properties of the
simplified beam element that mimic the mechanical response of
the detailed fuel rod under the same load and boundary conditions.
The feasibility of using the material properties found in the dy-
namic simulations for fuel failure assessment is examined,
considering the horizontal drop impact of the fuel rod segment
onto a rigid surface.

In Section 2 of this paper, the target fuel assembly and its ma-
terial properties are explained. In Section 3, the parameter cali-
bration procedure is described in detail. The verification of the
proposed procedure using dynamic simulation is described in
Section 4, followed by discussions and conclusions in Section 5.

2. Target fuel rod and material properties

2.1. Target fuel

The design of the fuel assembly considered in this work is
referred from a CE16x16 assembly. The design specifications of the
fuel rod are summarized in Table 1. The fuel rod consists of uranium
dioxide (UO2) fuel pellets enclosed in a Zircaloy cladding tube, with
a small gap between them. In this work, only a high burnup spent
fuel (HBF) with burnup greater than 45 GWd/MTU is considered. It
is well-recognized from the work of Chun et al. [14] and Sander
et al. [15] that fuel assemblies are much weaker in the horizontal
drop than in any other drop orientations, and that the most
vulnerable part is the longest segment at the bottom side of the fuel
assembly.

2.2. Material properties of fuel rod

The material properties of HBF are a function of many param-
eters from its burnup history, storage conditions, and so on. The
important factors affecting the properties of HBF are the hydrogen
content, irradiation level, and the temperature. Based on the
numerous test data, Geelhood et al. [5] proposed sophisticated
models for predicting the mechanical properties of cladding and
pellets as a function of temperature, neutron fluence, hydrogen
contents, burnup, and so on. In this work, the mechanical proper-
ties of cladding and pellets are calculated using those models, with
the environmental conditions that HBF is exposed to after
discharge from reactors.

During the storage pool stage, the temperatures are roughly
maintained at 30 �C, while the initial temperature at the vacuum
drying stage is around 400 �C (the maximum fuel cladding tem-
perature) and decreases gradually during the dry storage period.
The temperature typically drops from 400 �C to 250 �C in the first
ten years. Fig. 1 [23] is an example of the calculated peak temper-
ature history of spent fuel rods from vacuum drying to disposal in
which the peak temperature at vacuum drying is assumed as
430 �C. It should be noted that the peak cladding temperature
during vacuum drying and dry storage is restricted to be below
400 �C in reality and the temperature profile during the vacuum
drying stage in the figure is just for a reference. The cladding

Table 1
Specifications of the fuel rod and assembly considered in this work.

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 mm
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
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fluence levels in high burnup fuel rods have very limited variability
for normal reactor operations. For example, at a local burnup of 60
GWd/MTU, the fast neutron fluence can vary between 10 and
11 � 1025 n/m2 for a pressurized water reactor (PWR) fuel,
depending on fuel management. For discharge burnup in the range
of 45e60 GWd/MTU, the average hydrogen concentration ranges
between 200 and 600 ppm [15,24]. Considering these ranges, the
parameters selected in this work and shown in Table 2 correspond
to HBF after approximately 5 years of dry storage.

The constitutive law adopted by Geelhood et al. [5] and Adkins
et al. [6] describes the stress-strain relationship of Zircaloy with a
power law in the plastic region and Hook's law in the elastic region,
as follows:

s ¼ K,εneþpð1000_εÞm (1)

sy ¼
�
K
En

ð1000_εÞm
�ð 1

1�nÞ
(2)

εeþp ¼ UE þ sy
E

(3)

Here, s is the true ultimate tensile strength (MPa), sy is the yield
strength (MPa), K is strength coefficient (MPa), _ε is strain rate (/s), m
is strain rate exponent, εeþp is true strain at maximum load, n is a
strain hardening exponent, UE is the uniform elongation, and E is
the Young's modulus (MPa). Among them, the Young's modulus,
strain hardening exponent, strain rate exponent, and strength co-
efficients are given as functions of neutron fluence, burnup,
hydrogen concentrations, oxide thickness, temperature, cold work

ratio, and strain rate. It is noted that this model can be applied to
cladding with circumferential hydrides, and is not applicable to
cladding with radial hydrides, spalling, or significant hydride
blisters.

Using the entry data of the storage conditions listed in Table 2,
the material properties of the fuel rod are obtained, as listed in
Table 3. The recommended values from Ref. [5] for strain rate, cold
work (fraction of cross-sectional area reduction), and oxygen con-
centration were used in the calculation. The UO2 pellets are
modeled as an elastic material, of which the Young's modulus is
calculated by the model introduced in Ref. [6].

The obtained true stress-strain curve of Zircaloy-4 cladding is
shown in Fig. 2. The model does not predict the failure strain at
which the cladding ruptures or tears. In this study, the classical
strain criterion is utilized to predict a failure of cladding. It is known
that the failure plastic strain of HBF with circumferential hydride
ranges from 1% to 4% [25], and the lower bound value of 1% is
chosen as the failure strain limit for the fuel cladding, to be on the
conservative side.

3. Development of simplified beam model of spent fuel rod

3.1. Detailed model of fuel rod segment

A segment of the fuel rod with a length of 397 mm is taken for
the purpose of model simplification. As denoted in the previous
section, the longest segment at the bottom side of the fuel assembly
is the most vulnerable part within an assembly during horizontal
and vertical impacts [14,15]. The length of this segment is design-
specific, and a 397 mm segment with 35 fuel pellets is arbitrarily
chosen in this work. This length can be adjusted according to the
design of a specific fuel assembly. A detailed finite element model
of this segment was constructed using hexahedral elements, as
shown in Fig. 3. The pellets are modeled with dish-shaped ends
with an edge chamfer, and the cladding is modeled as a tube with
open ends at both sides. All the pellets and cladding are modeled by
C3D8I elements of ABAQUS, which have incompatible mode
shapes, to better capture the bending behavior. A total of 19808
elements with 27869 nodes are used in the model.

In a fresh fuel rod, there is a small gap between the pellets and
cladding, the size of which is 165 mm in diameter for the reference
fuel type. In HBF, the fuel pellets and clad are normally fused
together by chemical and mechanical interactions during reactor
operations, and the gap is filled with fused materials; otherwise,
the pellets and clad are compressed together by radial residual

Fig. 1. Temperature versus time over three storage stages [23].

Table 2
Input parameters for the mechanical models of fuel rod materials.

Parameter Value

Temperature (T) 300 �C
Neutron fluence (Ф) 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.

Parameters Mechanical properties

1. Zircaloy cladding (SRA Zry-4)
a. Mass density (rc)
b. Modulus of elasticity (E)
c. Strength coefficient (K)
d. Strain hardening exponent (n)
e. Strain rate exponent (m)
f. Shear modulus (G)
g. Poisson's ratio (v)
h. Uniform plastic elongation (UE)
i. Yield strength (sy)
j. Ultimate tensile strength (seþp)

6590 kg/m3

75.22 GPa
14.43 GPa
0.159
0.015
28.28 GPa
0.33
0.022
644.79 MPa
788.68 MPa

2. Fuel (Uranium dioxide (UO2))
a. Mass density (rp)
b. Modulus of elasticity (E)
c. Poisson's ratio (v) a

d. Yield strength (sy) a

10440 kg/m3

168.3 GPa
0.32
2146 MPa

a Values are referenced from Ref. [11].
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stresses resulting from the mechanical interaction of the pellets
and clad. The mechanical characterization of this bond between the
fuel pellets and cladding is a challenging work, and related data are
hardly available in the literature. The impact of the interface bond
was extensively investigated byWang et al. [11,12], and it was found
that the conditions of interfaces and the properties of the bonding
material can have a significant influence on the flexural rigidity of
the fuel rod. They considered the properties of Epoxy to simulate
the property of the fused area between the pellets and cladding.
From the experimental and numerical studies, it was found that the
load-path transition takes place as the breakage of interfacial bonds
progresses as a result of applied loads. In this work, model evalu-
ations only consider the effect of complete bonding versus fric-
tionless contact, which can be considered as two extremum cases
for pellet-clad interfacial conditions. The focus of this study lies in
the pellet-clad interface, and it is assumed that there is no bond in
the pellet-pellet interfaces. Thus, all the pellets are separated and
contact each other with zero friction. The effect of this pellet-pellet
bond will be investigated in a future study.

In the numerical simulations using ABAQUS, the perfectly-
bonded condition between pellets and cladding was simulated by
a tie constraint imposed on the inner surface of cladding and the
outer surface of the pellets. The de-bonded condition was simu-
lated by frictionless contact between the two surfaces using the
penalty method.

3.2. Model simplification strategy and results of static analyses

The purpose of this work is to develop a simplified beam model
of a spent fuel rod that can be used in a cask-level analysis to

evaluate the structural integrity of fuel rods and to calculate the fuel
damage ratio (FDR) under impact. For this purpose, static analyses
are performed using the model described in the previous section,
considering a 3-point bending condition as shown in Fig. 4.

Both ends of the fuel rod segment are fixed in all directions, and
a concentrated force is exerted at the center of the fuel rod segment
in a lateral direction. In a real fuel assembly, both ends of the
segment are connected to other parts of fuel rods, and are sup-
ported by a spacer grid and bottom nozzle. The slope of the fuel rod
at the locations of support is ideally zero during a horizontal drop.
The boundary condition shown in Fig. 4 is meant to account for the
actual mode of deformation observed in the fuel assembly. During
an impact, the fuel rod is subject to an inertial load from impact
deceleration, together with external loads generated from the
interaction with other fuel rods and the fuel basket in the cask. The
concentrated force applied at the center of the segment is repre-
sentative of these loads. Because the load at the center generates
the biggest bending moments and resulting stresses, the model
described in Fig. 4 can be a conservative representative for model
simplification.

In this work, the spent fuel rod is simplified into a beam with
homogeneous isotropic material. It has a circular cross-section of
the same diameter as the original fuel rod. The strategy of model
simplification is to make the beam model possess the same failure
resistance and load transfer characteristics at a critical loading
situation as the original detailed model. It can be more clearly
stated as follows: 1) both the detailed model and the simplified
beam model should reach failure at the same lateral load, and 2)
under the critical load that yields failure, the two models should
possess the same compliance so that the interfacial forces can be
transferred accurately when the fuel rod contacts structural parts
or other fuel rods. As mentioned in the previous section, the failure
of fuel cladding is determined by the magnitude of the plastic
strain, and a 1% plastic strain criterion is chosen in this work. By
imposing the above requirements to the simplified model, it is
expected that the load-displacement characteristics of the two
models cannot match within the whole range of loading. In the
detailed model, pinch stress and resulting strain occurs in the
cladding due to the pellet-clad interaction as revealed in the work
of Wang et al. [11], and the stress concentration at the pellet-clad
interface cannot be simulated in a beam model with homogenous
material. In the beam model, the strain is determined solely by the
deflection curvature, and there are no degrees of freedom that can
account for the localized strain due to pellet-clad interaction. Thus,
to match the magnitude of plastic strain under the critical load,
deviation of the load-displacement characteristics from that of the
detailed model is inevitable in the current approach. However, it
would be possible using the simplified beam model to judge
whether the fuel rod reaches failure under a given load or to judge
whether the contact force applied to fuel rods is critical or not, as
the resulting strain and the compliance to the critical load must be
the same for both models. In this regard, the model simplification
strategy of this work is case-specific and object-oriented, and
cannot be applied to evaluate the response of fuel rod in a wide
range of loading conditions or under different types of loading such
as vibration.

From the arguments above, the necessary structural responses

Fig. 2. Estimated stress vs strain curve of Zircaloy-4 cladding at 573 K.

Fig. 3. Finite element model of fuel rod segment in detail.

Fig. 4. Boundary condition and load in the reference model.
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for the model simplification are 1) the magnitude of the lateral load
that generates the 1% plastic strain in the cladding and 2) the lateral
displacement of the fuel rod segment at the position of loading,
under the critical load that is a measure for the compliance. In the
calculation of the plastic strain, the maximum among the principal
components is chosen as a representative measure. The two re-
sponses were calculated using the detailed model described in the
previous section for both the fully-bonded pellet-clad interface
condition and the fully de-bonded pellet-clad interface conditions.
The analyses were performed using ABAQUS, and the critical loads
were found using a linear interpolation between the two cases with
different magnitudes of lateral load. The maximum displacement
was calculated under the load thus found. The results are sum-
marized in Fig. 5. It is observed that the load-bearing capacities of
the two cases differ significantly, and these are two extremum cases
of the pellet-clad interface conditions as mentioned earlier.

The simplified beam model that meets the requirements
described in this section will be determined by fine tuning the
material parameters of the beam. A detailed procedure is discussed
in the following section.

3.3. Calibration of effective material properties of simplified beam
model

In this work, the same material model used for the Zircaloy
cladding is adopted for the material of the simplified beam model.
It is an elastic-plastic material that can be described by Eq. (1)~(3).
The material parameters of the model are calibrated to meet the
requirements explained in the previous section. Among the mate-
rial parameters, the Young's modulus E, strength coefficient K, and
the strain hardening exponent n are chosen as parameters to be
calibrated. The optimal values of those parameters, which mini-
mize the discrepancy between the behaviors of the detailed model
and the simplified model, are sought for using an integrated opti-
mization process. The calibration procedure can be formulated as
follows:

Find E; n; K such that
minimize ðPEPmx s� PEPmx bÞ2 þ ðU s� U bÞ2 (4)

In the above,
PEPmx_s: Maximum principal plastic strain in detailed solid

model (¼ 0.01 ¼ 1%);
PEPmx_b: Maximum principal plastic strain in simplified beam

model;
U_s: Displacement calculated at the loading position in detailed

solid model (¼ 10.47 mm for fully bonded interface case, 13.37 mm
for fully de-bonded interface case); and

U_b: Displacement calculated at the loading position in
simplified beam model.

PEPmx_b and U_b are calculated by static analyses using ABA-
QUS, with the same boundary condition as imposed to the detailed
model, and with the critical loads found in the previous section
applied at the center of beam model in the lateral direction. The
optimization process is implemented by integrating several com-
ponents as described in Fig. 6. ABAQUS is used to calculate the
PEPmx_b and U_b, which are necessary for the calculation of the
objective function in Eq. (4), and MATLAB generates a tabularized
stress-strain relationship to be input to ABAQUS for given E, n, and
K values. The optimization engine takes the PEPmx_b and U_b from
ABAQUS, and provides updated values of E, n, and K, which reduce
the value of the objective function. The optimization procedure
continues until a converged solution is found. This procedure of
material parameter calibration using optimization is implemented
using the process integration platform of iSight [26], and the
optimization was performed by the Target Solver in iSight.

The solutions were found in 38 iterations for the fully-bonded
case and in 18 iterations for the fully-de-bonded case. The itera-
tion histories of both cases are depicted in Figs. 7 and 8. It is seen
that the optimization process terminated successfully upon finding

Fig. 5. Results of static analyses using the detailed models.

Fig. 6. Flowchart of material property calibration using optimization process.
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the converged solutions in both cases.
The results of the optimization are summarized in Table 4. The

values of PEPm_b and U_b are from verification runs using ABAQUS
with thematerial properties calculated from the optimal parameter
values. The deformed shapes of the simplified models are shown in
Fig. 9. In the simulations, the whole length of the fuel segment is
modeled by 180 beam elements. It is observed that parameters
obtained by the optimization procedure produce exactly the same
plastic strain and displacement of the simplified beam model as
those of the detailed models under the critical load, and thus the
material parameter calibration was successful. The density of the
simplified beam is 9097 kg/m3 and was calculated by a volume
average of pellets and cladding.

The force-displacement characteristics of the simplified beam
models and detailed solid models are compared for fully bonded
and fully de-bonded cases in Figs. 10 and 11. It is observed that the
compliances of the fully-bonded fuel rod and fully de-bonded fuel
rod show a significant difference, implying that the pellet-clad
interfacial condition should be carefully considered in the model
simplification. For a 1000 N force, the generated maximum
displacement of the fully bonded fuel rod is smaller by 51% than the
that of the fully de-bonded fuel rod. Jiang et al. [11] showed that the
flexural rigidity of a fully bonded fuel rod with an epoxy interfacial
layer differs from that of a fully de-bonded one by as much as 19%,
but this discrepancy can grow up to 43.4% when the elastic
modulus of the interfacial material is increased by 10 times. In this
work, the bonded condition is idealized by a perfectly tied condi-
tion that should result in much stiffer response than that using an

intermediate material such as Epoxy. This is well-demonstrated
from the results shown in Figs. 10 and 11.

The behaviors of the simplified beam models do not match
exactly with those of the detailed solid models in the whole load
ranges. The stiffness of the beam model for the fully bonded fuel
rod is slightly overestimated before the applied force reaches the
critical load, while an opposite trend is observed for bigger loads.
However, the compliance under the critical load agrees perfectly
with that of the detailed model. The simplified beam model for the
fully de-bonded fuel rod shows a somewhat different trend. It
underestimates the stiffness of the fuel rod before the load reaches
the critical value. The compliance under the critical load is also
accurately calculated in this model.

3.4. Discussions on the effect of segment lengths

The simplified beam model developed in this study is for a
segment of fuel rod between adjacent spacer grids. The length of
the segment is arbitrarily chosen as 397 mm, and this section in-
vestigates the applicability of the proposed procedure of beam
material property calibration to fuel rod segments of various
lengths. Firstly, the material properties calibrated from a 397 mm
long segment are applied to fuel rod segments with different
lengths, ranging from 250mm to 500mm. Thematerial parameters
in Table 4 are used to generate the stress-strain behavior of the
simplified models. For each segment model with a different length,
a detailed model and a simplified model are built for comparison.
The critical loads are calculated using the detailed model and
applied to the simplified beam models, and the displacements and
maximum principal plastic strain under the critical loads are
calculated. The results are summarized in Tables 5 and 6.

It is observed that the discrepancy between the detailed model
and the simplified model tends to diminish as the length of the fuel
rod segment approaches the reference value, 396.9 mm. The errors
in the maximum displacement calculation amount are up to 11% in
the bonded case and 12% in the de-bonded case, respectively.
However, the errors in the maximum plastic strain calculation
reach 60% for both cases, which implies that the calibrated material
property from a specific length of fuel rod segment cannot be
applied to different lengths for failure assessment, even though the
discrepancy diminishes in the vicinity of the reference length.

As a second approach to study the applicability of the proposed
approach to various lengths of fuel rod segments, the effective
material properties of simplified beams are derived for fuel rod
segments with different lengths. The stress-strain curves from the
calibrated parameters are generated and compared in Fig. 12 for
bonded cases and in Fig. 13 for de-bonded cases, respectively. From
the graphs, it is observed that the proposed procedure of calibration
produces different stress-strain curves according to the length of
the segment under consideration. For each one, the generated
material property satisfied the requirements described in Section
3.3 exactly, but the dependence on the length of the target segment
is a drawback of the proposed approach. As the length of the
segment increases, there is a tendency for the calibratedmaterial to
become more compliant.

Fig. 7. Iteration history of material parameter calibration for fully bonded case.

Fig. 8. Iteration history of material parameter calibration for fully de-bonded case.

Table 4
Results of simplified beam material parameter calibration.

Case Optimal parameter values Critical load PEPm_b U_b

E (GPa) n K (MPa)

Fully bonded 105.2 0.098 903.7 2473 N 1.00% 10.47 mm
Fully de-bonded 26.7 0.2 556.6 1126 N 1.00% 13.36 mm
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4. Feasibility of using simplified beam models in dynamic
impact simulations

4.1. Impact model and conditions

In this section, the feasibility of using the simplified beammodel
in dynamic impact simulations is investigated, using the same fuel

rod segment considered in previous sections. Two finite element
models of the fuel rod segment are constructed for impact
analyses using solid elements and beam elements with effective
properties found in the previous section (Fig. 14 and Fig. 15). Two
blocks made of Zircaloy are artificially attached at both ends of the
fuel rod segment to impose a clamped boundary condition to
the fuel rod segments. The size of the Zircaloy blocks are
207 mm � 207 mm � 18 mm, and the same material properties are
assigned as those of cladding. The motions of the blocks are con-
strained in such a way that they can only have a vertical trans-
lational degree of freedom. In the detailed model, tie conditions are
imposed between the surfaces of the Zircaloy blocks and the end
surfaces of fuel rod, while rigid beams are utilized to impose the
clamped boundary condition in the simplified model. The same
interfacial conditions between pellets and between pellet and
cladding are assigned as in Section 3.

The impacting surface is modeled as a rigid body. Under the
horizontal impact, the fuel rod segment is subject to a lateral in-
ertial load due to deceleration. In dynamic explicit simulations
using ABAQUS/Explicit, a number of drop heights ranging from
0.1 m to 6.0 m are attempted, to examine the correlation of the
behaviors of the simplified model and the detailed model in a wide
range of impact loads. In those simulations, the initial velocities (v)
are calculated from the drop heights (h) as in Eq. (5), and are
imposed as an initial condition of the simulations.

mgh ¼ 1 =2mv2; v ¼
ffiffiffiffiffiffiffiffi
2gh

p
(5)

In all cases, the maximum principal plastic strain and the lateral
displacement of the fuel rod segments with respect to the clamped
ends are calculated for all time steps, and the maximum values are
recorded for comparison. The results are discussed in the following
section.

4.2. Analyses results and discussions

The results of impact simulations are summarized in Tables 7
and 8 for fully bonded and fully de-bonded cases, respectively. It
is recognized that the simplified beam models predict the
displacement more accurately than the plastic strain in the whole

Fig. 9. Deformed shape of simplified beam models under critical loads.

Fig. 10. Comparison of force-displacement characteristics of detailed and simplified
models (fully bonded case).

Fig. 11. Comparison of force-displacement characteristics of detailed and simplified
models (fully de-bonded case).
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range of impact loads. The error of the displacement prediction of
the simplified beam model is less than 3.5% in the bonded case,
while it ranges up to 21% in the de-bonded case. The error in the
strain ranges up to 62% in the bonded case, and 80% in the de-
bonded case. As in the static analyses, the difference in the be-
haviors of the fully bonded fuel rod and the fully de-bonded fuel
rod is noticeable. Comparing the maximum displacement gener-
ated under a 1.0 m drop, the difference is as much as 34.8%, which
implies that the interfacial condition between fuel pellets and
cladding should be carefully considered in simulations of fuel rod
behavior under impact.

In the simulations using the detailed model of the bonded case,
the critical drop height that yields the critical plastic strain in the
cladding is found to be 0.753m.When this drop height is applied to

the simplified model, the maximum displacement is calculated
very accurately with 0.11% error, but the maximum plastic strain is
underestimated by 26.7% compared to the value calculated by the
detailed model. In the de-bonded case, the critical drop height that
yields the critical plastic strain in the cladding is found to be
0.394 m. Under that drop height, the error in the displacement
calculation using the simplified model was 14.2% and the error in
the strain calculation is 15.8%. It is supposed that the error in the
strain calculation is caused by the inertia effect, which was not
considered in the static analyses for material calibration. The pel-
lets are heavier than the cladding, and the inertia of the fuel pellets
amplifies the localized contact stress that is generated by the
contact between the edge of pellets and the cladding inner surface
(Fig. 16). The movements of pellets are more constrained in the

Table 5
Application of effective material properties to segments with different length (bonded case).

Cases Length (mm) Critical load (N) Model Displacement PEP

Value (mm) Error (%) Value (mm) Error (%)

1 249.5 3351 Detailed 5.633 10.9 1.000 59.9
Simplified 6.325 1.599

2 294.9 3054 Detailed 7.328 6.5 1.000 45.4
Simplified 7.836 1.454

3 340.2 2474 Detailed 8.121 1.3 1.000 3.4
Simplified 8.232 0.966

4 396.9 (reference) 2473 Detailed 10.47 0.0 1.000 0.0
Simplified 10.47 1.000

5 408.3 2615 Detailed 11.43 0.7 1.000 15.2
Simplified 11.52 1.152

6 499.0 2751 Detailed 15.47 1.8 1.000 27.4
Simplified 15.18 1.274

Table 6
Application of effective material properties to segments with different length (de-bonded case).

Cases Length (mm) Critical load (N) Model Displacement Max. Principal. Plastic Strain

Value (mm) Error (%) Value (mm) Error (%)

1 249.5 3351 Detailed 7.186 12.0 1.000 59.9
Simplified 6.325 1.599

2 294.9 3054 Detailed 9.453 3.9 1.000 43.3
Simplified 9.833 1.433

3 340.2 2474 Detailed 10.34 2.9 1.000 7.9
Simplified 10.65 0.921

4 396.9 (reference) 2473 Detailed 13.36 0.0 1.000 0.0
Simplified 13.36 1.000

5 408.3 2615 Detailed 14.88 2.2 1.000 23.4
Simplified 14.55 1.234

6 499.0 2751 Detailed 19.30 4.2 1.000 18.3
Simplified 18.49 1.183

Fig. 12. Comparison of material properties calibrated for different segment lengths
(Bonded case).

Fig. 13. Comparison of material properties calibrated for different segment lengths
(De-bonded case).
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bonded case, and this causes the pinch effect of pellets to contribute
more to the longitudinal extension of the cladding. In the de-
bonded case, the movements of pellets have more freedom than
in the bonded case, and more out-of-plane strain components are
generated at the local contact area. Under the critical drop height,
0.753 m, the maximum equivalent plastic strain in the detailed
model of the bonded case was calculated as 1.015%, which is very
close to the maximum principal plastic strain, 1.00%. Meanwhile in
the de-bonded case, the maximum equivalent plastic strain
generated under a 0.394 m drop was 1.116%, which shows a greater
discrepancy from the maximum principal strain, 0.994%. In both
cases, it should be noted that the plastic strain is magnified during
the dynamic impact simulation, and determination of fuel rod
failure with the simplified models might not be credible unless
some measures to deal with the dynamic effect are developed
together with the static material model calibration.

Table 9 compares the time history of the maximum displace-
ments calculated from the detailed models and the simplified
models. It is observed that the simplified model for the bonded fuel
rod predicts the displacement history accurately under smaller

loads, while it deviates from that of the detailed model as the
impact load increases. The frequency of oscillation is well-captured
in whole load ranges, and this means that the Young's modulus as
found is close to the actual Young's modulus of the bonded fuel rod.

Fig. 14. Detailed solid element model of fuel rod segment for impact analyses.

Fig. 15. Simplified beam model of fuel rod segment for impact analyses.

Table 7
Results of impact analyses using detailed and simplified models (fully bonded case).

Drop height (m) Model Max. displacement Max. principal
plastic strain

Value (mm) Error (%) Value (%) Error (%)

0.1 Detailed 3.139 2.8 0 0.0
Simplified 3.226 0

0.3 Detailed 5.053 3.5 0.239 36.8
Simplified 5.234 0.151

0.5 Detailed 6.415 2.2 0.700 47.7
Simplified 6.557 0.366

0.753 Detailed 7.213 0.11 0.990 26.7
Simplified 7.205 0.726

1.0 Detailed 8.721 1.7 1.509 45.5
Simplified 8.873 0.823

2.0 Detailed 11.660 1.3 4.421 62.0
Simplified 11.815 1.682

3.0 Detailed 13.739 1.4 7.488 49.6
Simplified 13.938 3.771

4.0 Detailed 15.394 1.4 10.570 47.8
Simplified 15.609 5.522

5.0 Detailed 16.803 1.7 13.650 48.7
Simplified 17.098 6.996

6.0 Detailed 18.078 1.2 16.630 50.6
Simplified 18.292 8.212

Table 8
Results of impact analyses using detailed and simplified models (fully de-bonded
case).

Drop height (m) Model Max. displacement Max. principal
plastic strain

Value (mm) Error (%) Value (%) Error (%)

0.1 Detailed 4.828 21.7 0 0
Simplified 6.168 0

0.3 Detailed 8.070 16.1 0.648 80.4
Simplified 9.623 0.127

0.394 Detailed 8.912 14.2 0.994 15.8
Simplified 10.179 0.837

0.5 Detailed 9.792 16.0 1.394 29.1
Simplified 11.657 0.988

1.0 Detailed 13.384 10.4 3.423 30.0
Simplified 14.931 2.396

2.0 Detailed 17.910 6.2 7.834 4.4
Simplified 19.087 7.507

3.0 Detailed 21.189 4.1 12.260 6.9
Simplified 22.100 11.420

4.0 Detailed 23.819 3.3 21.330 34.7
Simplified 24.621 13.920

5.0 Detailed 26.026 2.7 28.560 45.7
Simplified 26.747 15.500

6.0 Detailed 27.981 2.2 33.270 49.5
Simplified 28.615 16.800

Fig. 16. Effect of pellet-pellet contact and pellet-clad interaction on the cladding strain.
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Table 9
Time history of maximum displacement under horizontal impact.

Drop height (m) Fully bonded cases Fully de-bonded cases

0.1

0.3

0.5

1.0

2.0
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In the de-bonded case, the maximum displacement is well-
captured for the higher impact load, but the vibration character-
istics deviate as the impact load increases. The Young's modulus of
the simplified beam of the de-bonded case is smaller than the
actual value as shown in Fig.10, and this makes the difference in the
vibration characteristics of the simplified beam from that of the
detailed model. Although the correlations of the overall behavior or
vibration characteristics were not intended in themodel calibration
procedure discussed in Section 3, the above-mentioned results
provide some insight for a better strategy of model simplification.

5. Discussions and conclusions

An integrated approach for model simplification of a high
burnup spent fuel rod is proposed in this work. The purpose of this
work is to develop a simplified model of a fuel rod that can be used
in an assembly-level analysis, enabling the evaluation of the

structural integrity of fuel rods under horizontal impact without
resorting to detailed models at the fuel rod level. It is well-
recognized by previous research reported in the literature that
the interfacial bonding efficiency between fuel pellets and cladding
causes significant differences in the flexural rigidity of the fuel rods.
However, a modeling technique considering these interfacial
characteristics is not well established, and the most up-to-date
approach utilizes substructural decomposition using models of
different fidelity for the assembly level and for the fuel rod level. It
was shown that the dynamic and static behavior of the fuel rod
becomes significantly different according to the interfacial condi-
tions, and this emphasizes the observation that a careful tuning of
the material properties of a simplified beammodel considering the
interfacial bonding efficiency is crucial for the evaluation of fuel rod
integrity, whether a modular approach is used or not. It was suc-
cessfully demonstrated in this work that by utilizing a sophisticated
material calibration process based on optimization, it is possible to

3.0

4.0

5.0

6.0
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find effective material properties of the simplified model that meet
the modeling requirements.

The feasibility of the proposed approach was investigated with
respect to various lengths of fuel rod segments and to dynamic
impact situations. The findings and issues that need to be addressed
for application of the proposed approach are as follows:

- It was shown that the proposed approach results in different
material properties for different lengths of fuel rod segments.
The idea behind the approach was that building an accurate
model for the weakest part of the fuel rod would suffice for the
evaluation of fuel rod failure. In practical applications, the
effective material properties calibrated from the longest seg-
ments can be assigned to the entire fuel rod for a conservative
assessment. However, the dependence on the target segment
length can be a drawback of the proposed approach, and a
method that can produce effective material properties inde-
pendent of the length of the fuel rod segment would be
preferable.

- The proposed approach can only be applied to horizontal or
lateral loading cases. It is well-understood that the two
bounding cases for fuel assembly drop are the horizontal drop
and the vertical drop. As demonstrated in Refs. [13,14], the
behavior of fuel rod under the vertical drop can be explained by
buckling characteristics and post bucking behavior, whereas
under a horizontal impact, bending resistance is the dominating
characteristic. Thus, to build a simplified model for a vertical
drop condition, a differentmodeling strategy should be adopted.

- It was observed in this work that the calibrated material prop-
erties based on the static analyses cannot be directly utilized in
dynamic impact situations for fuel rod integrity evaluation. Due
to the inertia effect, the localized contact stress and corre-
sponding strain between the fuel pellets and cladding are
amplified, but these aspects are not captured in the simplified
beam models, although they were matched perfectly with
reference values in the static analyses. To address this issue,
other measures can be considered such as the introduction of a
dynamic amplification factor or calibration using dynamic
models, and these measures also need a profound investigation.

- In this work, the material property of the simplified beam is
described by the Hook's law and the power law, which are
frequently used for the description of metallic materials. Those
models possess limited number of parameters which, in turn,
limits the choice of design variables of calibration process. It is
expected that by utilizing a model with more degrees of
freedom, more accurate model calibration would be enabled
taking advantage of the enlarged design variable space in the
calibration process.

- Model simplification approaches different from the one pro-
posed in this paper are worth further investigation. These
include consideration of structural performance of fuel rods at
multiple points in the load-displacement curve, diversification
of calibration parameters, and utilization of dynamic analyses
instead of static ones, and so on. These will be considered in the
authors' future research.
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