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A parametric study of several parameters relevant to design safety on the spent nuclear fuel (SNF) rod
response under a drop accident is presented. In the view of the complexity of interactions between the
independent safety-related parameters, a factorial design of experiment is employed as an efficient
method to investigate the main effects and the interactions between them. A detailed single full-length
fuel rod is used with consideration of post-irradiated fuel conditions under horizontal and vertical free-
drops onto an unyielding surface using finite-element analysis. Critical drop heights and critical g-loads
that yield the threshold plastic strain in the cladding are numerically estimated to evaluate the fuel rod
structural resistance to impact load. The combinatory effects of four uncertain parameters (pellet-clad-
ding interfacial bonding, material properties, spacer grid stiffness, rod internal pressure) and the in-
teractions between them on the fuel rod response are investigated. The principal finding of this research
showed that the effects of above-mentioned parameters on the load-carrying capacity of fuel rod are
significantly different. This study could help to prioritize the importance of data in managing and
studying the structural integrity of the SNF.
© 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 one of the
most critical issues in SNF management [1]. The safety regulations
for transportation and storage of SNF require that the SNF be readily
transportable and retrievable from the storage systems for further
processing or disposal [2e4]. The objective of these regulations is to
ensure safe fuel handling and storage at all burnup levels and to
minimize operational safety problems with respect to the removal
of the fuel from storage. Thus, the cladding of SNF must be pro-
tected against degradation in physical and mechanical properties
that lead to gross rupture of the fuel and must be otherwise
confined such that degradation of the fuel during storage and post-
storage transportation conditions [5].
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due to aging effects and storage history with respect to a specific
accident condition is considered as an enormously complicated
case study due to uncertainties lying in its physical, chemical, and
mechanical properties as well as the computational complexities
involved in the modeling and simulation. During in-reactor duty,
the exposure to high temperature and irradiation environment
makes the properties of SNF inherently unpredictable even though
the functional relationships between the burnup and its properties
could be determined. For instance, it is a known fact that cladding
material is susceptible to burnup, irradiation, and temperature
change that could alter themechanical performance of the cladding
and may lead to a transformation from being a ductile material to a
brittle material, as so-called cladding embrittlement. Besides,
pellet-clad gap closes due to pellet swelling, pellet expansion, clad
creep-down, and the formation of the high burnup structure at the
surface of the fuel pellets as irradiation progresses during the
reactor operation. The pellet-cladding bonding efficiency could
highly influence on the stiffness of the fuel rod and the overall
deformation pattern due to significant differences in the flexural
rigidity [6]. In addition, it is estimated that springs and dimples
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 2. Clad-epoxy-pellet section model [9].
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properties for spacer grids (SGs), as one of the main structural
components to support the fuel rods, could be degraded due to the
exposure to high temperature and radiation environment. Degra-
dation of spring stiffness leads to the possibility of spring relaxation
or gap formation that could significantly influence the fuel rod
response as well as on the natural frequencies [7]. The rod internal
pressure (RIP) is another important parameter to be considered
regarding cladding mechanical performance for storage and sub-
sequent transportation. The RIP from fission gases drop propor-
tionally to the temperature drops during the storage period and
that could induce cladding degradation through its influence on
stress concentration between pellet-cladding interfaces [8].
Generally, these safety-related fuel degradation sources have a high
influence on the stiffness of a fuel rod, increasing or decreasing the
critical buckling load or nominal bending stress under an energetic
loading. Accordingly, the combined effects of these safety-related
fuel degradation sources and the interactions between them
should be investigated carefully as a major technical issue for the
safe handling and transport of SNF.

In this work, a parametric study of several uncertain parameters
relevant to design safety for a single SNF rod under two bounding
free-drop orientations is conducted. The combination effects for the
four uncertain parameters (pellet-cladding interfacial bonding,
material properties, SG stiffness, RIP) and the interactions between
them on the fuel rod response are rigorously investigated using
experimental design technique. This paper extends the work pre-
sented in authors' previous work [9] to investigate the cause-effect
relationship for SNF rod characteristics in load-carrying capacity,
considering post-irradiated fuel conditions. As this paper only
touches on the methods used in relationship between and influ-
ence of input parameters with discussions and results, readers are
referred to the authors' previous work [9] for further details on the
modeling procedures of the fuel rod, assumptions, and information
used in this study.

The remainder of this paper is organized as follows. Section 2
summarizes the modeling procedures of the fuel rod characteris-
tics. In Section 3, the analysis procedures of fuel rod response and
the implemented parametric study methodology are explained.
The simulation results of the single fuel rod response in vertical and
Fig. 1. Details of the fuel rod FE m
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horizontal drops are discussed in Section 4, followed by concluding
remarks in Section 5.

2. Modeling of high burnup SNF rod

This study uses the previously developed finite element (FE)
model of a single full-length fuel rod as shown in Fig. 1; further
description of the modeling design features, boundary conditions,
impact analysis has been presented in the authors' previous work
[9]. The purpose of this model was to analyze the individual
behavior of the fuel rod with various characteristics, considering
the post-irradiation conditions under a given free-drop impact. The
FE analysis considers the spontaneous response of a single full-
length fuel rod under impact with the velocity calculated from
the fuel rod drop height. A nonlinear dynamic FE analysis is per-
formed by ABAQUS/explicit to evaluate the strain results and the
load-carrying capacity of the fuel rod. It is known that the
computation time of an explicit simulation increases drastically as
odel. FE, finite-element [9].
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Fig. 3. Pellet-clad bonding configurations along the length of the fuel rod for the vertical and horizontal drop orientations.

Table 1
The lower and upper input storage properties for the mechanical models of fuel rod
materials.

Parameter Value

Lower bound Upper bound

Temperature (T) 250 �C 400 �C
Neutron fluence (Ф) 7 � 1025 n/m2 12 � 1025 n/m2

Burnup rate (Bu) 45 GWd/MTU 60 GWd/MTU
Total hydrogen concentration (Htot) 200 ppm 600 ppm
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the mesh size decreases; it is impractical to use very fine mesh. For
this reason, the mesh density of fuel rod is reasonably determined
full-length in such a way that a single pellet is meshed with three
elements in length and the cladding is modeled with two layers of
1066 elements lengthwise. However, the location of resultant
plastic strain and the overall deformed shape are well predicted, as
Table 2
Mechanical properties of Zircaloy cladding and fuel as a function of the storage conditio

Parameters Mechanical properties of fuel rod as a fu

MAT-1 MAT-2 MAT-3

1. Zircaloy cladding (Zry-4)
a. Mass density, r (kg/m3) 6590 6590 6590
b. Modulus of elasticity, E (GPa) 77.64 77.64 77.64
c. Strength coefficient, K (GPa) 15.21 15.21 16.22
d. Strain Hardening Exponent, n 0.171 0.171 0.172
e. Strain Rate Exponent, m 0.015 0.015 0.015
f. Shear modulus, G (GPa) 29.22 29.22 29.22
g. Poisson's ratio, v 0.328 0.328 0.328
h. Uniform plastic elongation, UE 0.011 0.006 0.011
i. Yield stress, sy (MPa) 764.92 764.92 824.88
j. Ultimate tensile strength, seþp (MPa) 868.85 834.27 931.05
2. Fuel (Uranium oxide (UO2))
a. Mass density, r (kg/m3) 10440 10440 10440
b. Modulus of elasticity, E (GPa) 174.1 174.1 168.3
c. Poisson's ratio, va 0.32 0.32 0.32
d. Yield stress, sy (MPa)a 2146 2146 2146

a Ref. [6].
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previously investigated in the authors' previous work [9]. As a
result, this model will give an appropriate insight for the current
study, considering its purpose to show the relative effects of
different fuel rod characteristics on the overall response of fuel rod.
The total number of FEs in the model for this study is roughly
130,000. The various fuel rod characteristics of the four uncertain
parameters are described in the following sections.
2.1. Contact model of pellet-clad bonding

The pellets are modeled with dish-shaped ends with an edge
chamfer enclosed in the cladding tube, and the pellet-clad gap is
filled with an adhesive material, epoxy, supplying cohesion
bonding at the interfaces in order to mimic the behavior of the
composite fuel rod considering the chemical adhesive bonding that
may results from irradiation during reactor operation. This thin
ns.

nction of the storage condition

MAT-4 MAT-5 MAT-6 MAT-7 MAT-8

6590 6590 6590 6590 6590
77.64 68.43 68.43 68.43 68.43
16.22 11.1 11.1 10.41 10.41
0.172 0.127 0.127 0.127 0.127
0.015 0.015 0.015 0.015 0.015
29.22 25.58 25.58 25.58 25.58
0.328 0.337 0.337 0.337 0.337
0.006 0.009 0.022 0.009 0.022
824.88 685.04 685.04 637.28 637.28
895.36 744.97 794.378 696 743.42

10440 10440 10440 10440 10440
168.3 165.4 165.4 171.1 171.1
0.32 0.32 0.32 0.32 0.32
2146 2146 2146 2146 2146
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Fig. 4. Zircaloy mechanical model program interface [12].

Fig. 5. Estimated stress vs strain curves for several storage properties of Zry-4 cladding. YS, yield stress; UTS: ultimate tensile strength. MAT, Material property; T, temperature; Ф,
neytron fluence; Bu, Burbup rate; H, total hydrogen concentration.
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Fig. 6. Illustration of the two points of linear spring connectors between the cladding
surface and spacer grid.

Table 3
Mechanical properties of spacer grids (Zry-4 strap).

Parameters Mechanical properties

a Mass density (r) 6550 kg/m3

b Elastic modulus (E) 114 GPa
c Yield strength (sy) 379 MPa
d Poisson's ratio (v) 0.296
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epoxy layer is used in the model since the actual properties of
chemical adhesive bonding at the pellet-clad interface are difficult
to measure; the epoxy material was assumed to possess elastic
properties. It is known that the mechanical response of composite
fuel rod is significantly affected by the property of this thin epoxy
layer as discussed in Ref. [6]. Two generalized interface-bonding
conditions are considered as two extreme cases for pellet-clad
interfacial conditions, both with a de-bonded pellet-pellet inter-
face without gap: (1) a bonded pellet-clad interface, and (2) a de-
bonded pellet-clad interface. Fig. 2 illustrates the potential con-
tact area of pellets and cladding.

The bonding percentages and configurations along the fuel rod
can vary in numerous ways that lead to different response to
external loads. However, only three different distributions of the
two regionsdbonded area, de-bonded areadalong the length of
the fuel rod are examined to show the potential effect of the pellet-
clad interfacial bonding on fuel rod structural performance under
drop conditions. Fig. 3 shows three examined bonding configura-
tions of pellet-clad interfaces along the length of the fuel rod for the
vertical and horizontal drop orientations. The blue line represents
de-bonded pellet-clad interface, while the red line represents the
bonded pellet-clad interface. DeBOND (pellet-clad fully de-bonded)
Fig. 7. Illustration of a uniform distributed pres
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and BOND (pellet-clad fully-bonded) are considered as two
extreme conditions that may show the most possible lower and
upper influence on the fuel rod response. Besides, MixBOND (20%
de-bonding at the both ends, and 60% bonding at the center) is
selected as an intermediate condition that may represent an actual
condition; where the maximum axial power and temperature
distribution is usually observed at the center of the fuel rod and
thus the possibility of forming the bond between the pellet and
cladding at the center of the rod is higher than at the ends [10].
Selecting these three cases will give a sufficient insight to evaluate
the fuel rod response with respect to the pellet-clad bonding con-
ditions for this case study.

2.2. Material models

The material properties of the fuel cladding and pellets are a
function of several parameters from its storage conditions, decay
heat, and time. The Geelhood et al. [11] have compiled data from
the literature and experiments of yield strength, ultimate tensile
strength, and uniform elongation to calibrate and to develop a
mechanical material models of Zircaloy and to predict the true
stress and true strain as a function of temperature, neutron fluence,
hydrogen contents, burnup, and so on. In this work, the material
properties of cladding and pellets are calculated using those
models, with the storage conditions that SNF is exposed after
discharge from reactors. The material property is described by the
Hook's law and the power law, which are frequently used for the
description of metallic materials. Considering the storage condition
from vacuum drying to disposal to typical design storage period,
the parameters ranges selected in this work are shown in Table 1
correspond to high-burnup fuel (HBF) within the first forty years
of dry storage. The temperature, neutron fluence, hydrogen con-
centration, and burnup variables have a high degree of correlation,
but it may be difficult to interpret because of large uncertainty.
Therefore, eight combinations of lower and upper bounds storage
conditions, listed in Table 1, have been applied to get several me-
chanical material properties of cladding and pellet as shown in
Table 2. These variables significantly influence the structural
integrity of SNF associated with material degradation and failure
criteria. Therefore, the effect of lower and upper bounds storage
conditions has been studied in the parametric analysis to show a
wide range of discrepancy of the fuel rod behaviour to impact load.

A program that has a graphical user interface was developed
using MATLAB to easily calculate the mechanical properties of the
cladding by data entry of the storage condition parameters, as
shown in Fig. 4 [12]. The obtained true stress-strain curves for the
eight combinations are illustrated in Fig. 5. The material is given in
a perfectly plastic response beyond the ultimate tensile strain value
sure on the inner surface of the cladding.

uctural response of a high burnup spent nuclear fuel rod under drop
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Table 4
Test matrix for fuel rod response analysis.

Test # F1: Pellet-clad bonding interface (PCI) F2: Material property (MAT) F3: spring and dimple stiffness (k) F4: Rod internal pressure (RIP)

1 DeBOND SD NonIRR L
2 DeBOND SD NonIRR U
3 DeBOND SD IRR L
4 DeBOND SD IRR U
5 DeBOND HB NonIRR L
6 DeBOND HB NonIRR U
7 DeBOND HB IRR L
8 DeBOND HB IRR U
9 MixBOND SD NonIRR L
10 MixBOND SD NonIRR U
11 MixBOND SD IRR L
12 MixBOND SD IRR U
13 MixBOND HB NonIRR L
14 MixBOND HB NonIRR U
15 MixBOND HB IRR L
16 MixBOND HB IRR U
17 BOND SD NonIRR L
18 BOND SD NonIRR U
19 BOND SD IRR L
20 BOND SD IRR U
21 BOND HB NonIRR L
22 BOND HB NonIRR U
23 BOND HB IRR L
24 BOND HB IRR U

DeBOND: de-bonded; MixBOND: mixed bonding; BOND: Bonded; SD: soft and ductile; HB: hard and brittle; NonIRR: non-irradiated; IRR: irradiated; U: upper limit; L: lower
limit.

B. Almomani et al. / Nuclear Engineering and Technology xxx (xxxx) xxx6
because of unknown ductile damage behavior, and to avoid nu-
merical instability. In addition, the model does not predict the
failure strain at which the cladding ruptures or tears. It is noticed
that the MAT-4 has the highest strength and the lowest toughness
caused by the effect of low temperature, high neutron fluence
exposure, and high hydrogen concentration. This causes the clad-
ding to have high stiffness while undergo bending, then it will have
lower failure rupture criteria due to brittleness. On the contrary,
MAT-8 shows the lowest strength and highest toughness owing to
elastic moduli decrease with temperature rising and due to low
hydrogen concentration. In this study, the MAT-4 and MAT-8 are
examined in the model as two extreme cases that represent a hard-
brittle material (HB), and soft-ductile material (SD) behavior of the
cladding, respectively.
2.3. Spacer grid stiffness

The SGs play an important role in supporting the fuel rod. In the
Fig. 8. Pareto chart of critical drop height and critical g-load during vertical drop condit
stiffness; RIP, Rod internal pressure; DeBOND, de-bonded; MixBOND, mixed bonding; BO
irradiated; U, upper limit; L, lower limit.
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current model, a simple grid box model was made with equivalent
stiffness values for the springs and dimples connectors as illus-
trated in Fig. 6. Themechanical properties of Zircaloy-4 strap for the
SGs used in the model are shown in Table 3. In addition, spring
stiffness values (k) of 99.1 kN/m and 494.45 kN/mwere used for the
analysis, which are measured values for a non-irradiated Zr-4
spring and dimple of the SG considered in this work, respectively.
The degradation of springs and dimples material and the variance
of supporting characteristics under irradiation effect are hardly
found in the literature. Therefore, 50% stiffness reduction percent-
age of the non-irradiated springs and dimples has been examined
for this study representing the radiation-induced changes.
2.4. Rod internal pressure

The RIP has been estimated using the ideal gas law (Eq. (1)),
using data from Refs. [13,14] for the upper and lower temperatures
values mentioned in Table 1.
ion. PCI, Pellet-clad bonding interface; MAT, Material property; k, spring and dimple
ND, Bonded; SD, soft and ductile; HB, hard and brittle; NonIRR, non-irradiated; IRR:
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Fig. 9. Illustration of fuel rod deformations for Test 2 and 22 under a 5-m vertical drop.
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RIP¼nRT
V

(1)

Where the common void volume (V) for the standard pressurized
water reactor fuel (14.5 cm3) is used as themost common discharge
void volume for standard rods [13]. The parameter R refers to the
Ideal Gas Constant (8.314 J K�1 mol�1). The parameter n equals
0.02 mol, which represents the number of gas moles of the initial
rod pressurization inclusive the number of moles of any additional
gas in the rod void volume released during irradiation of the rod.
Thus, the lower limit 6 MPa at temperature 250 �C and the upper
limit 7.72 MPa at temperature 400 �C are used for this study. The
RIP is applied in the model as uniformly distributed along the
cladding inner surface as illustrated in Fig. 7.
Please cite this article as: B. Almomani et al., Parametric study on the str
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3. Analysis procedures

3.1. Structural resistance analysis

The FE analysis estimates the inertia load on the fuel rod that
comes from deceleration due to impact. For this study, the FE
simulation determines the stress and strain states at the in-
terspaces between grid locations of the fuel cladding right after
impact. In addition, the analysis determines the acceleration of a
rigid body that is reasonably taken at the top nozzle for a vertical
drop and at the midsection of the guide tube for a horizontal drop.
Through this, the maximum principal strains at the interspaces and
the g-load for each impact condition are calculated.

In general, the critical g-load at a certain drop height (critical
uctural response of a high burnup spent nuclear fuel rod under drop
and Technology, https://doi.org/10.1016/j.net.2019.10.022



Fig. 10. Main effects plot for critical drop height and critical g-load under vertical drop condition. PCI, Pellet-clad bonding interface; MAT, Material property; k, spring and dimple
stiffness; RIP, Rod internal pressure; DeBOND, de-bonded; MixBOND, mixed bonding; BOND, Bonded; SD, soft and ductile; HB, hard and brittle; NonIRR, non-irradiated; IRR:
irradiated; U, upper limit; L, lower limit.
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drop height) imposed on the fuel rod under a drop condition is
defined as the one that exceeds the critical axial buckling in case of
a vertical drop or bending stresses in case of a horizontal drop that
could result in the rupture strain. Fuel rod failure is determined by
comparing the maximum principal plastic strain (PEPM) in the
cladding during a given dynamic impact to a strain limit related to
the measured material properties. It is known that the rupture
strain of rod failure is decreased when the burnup rate is increased.
The typical failure plastic strain that would induce a cladding
rupture are expected to range from 1.0% to 3.0% as stated in the
NUREG-1864 report [15]. For the purpose of our analysis, a 1% strain
is assumed as the failure plastic strain limit for the fuel cladding,
which is a lower bound value for HBF with circumferential hy-
drides, to be on the conservative side. In this study, the critical g-
load, which is defined as the value of impact deceleration that
yields the threshold plastic strain of 1% in the cladding, is calculated
using the procedure proposed in the author's pervious work [9].
The critical g-loads are computed to compare the load-bearing
capacity of fuel rods with different possible uncertain input pa-
rameters. This proposed analysis provides a more realistic estima-
tion of critical g-load and its bounds than the conventional analytic
methods as explained in the author's pervious work [9].

3.2. Parametric analysis

The experimental design technique, which is a common tool
used by many researchers for statistical studies, is employed in this
study as a systematic method to investigate the interactions (pos-
itive or negative) between the factors (independent variables)
affecting a process and the output of that process (the response, or
dependent variable). Here, the response is the load-carrying ca-
pacity expressed in terms of the critical drop height and critical g-
load, which is analyzed using a multilevel full-factorial design of
Please cite this article as: B. Almomani et al., Parametric study on the str
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experiment (DOE) for four factors that include a combination of the
levels. The factors selected for investigation are:

� Factor 1: Pellet-clad bonding interface (PCI). The three levels of
factor 1 are: DeBOND (pellet-clad fully de-bonded), MixBOND
(20% de-bonding at the both ends, and 60% bonding at the
center), BOND (pellet-clad fully-bonded).

� Factor 2: Material property of the fuel rod (MAT). The two levels
of factor 2 are: SD (soft-ductile material behavior, MAT-8), and
HD (hard-brittle material behavior, MAT-4).

� Factor 3: spring and dimple stiffness for the spacer grids (k). The
two levels of factor 3 are: NonIRR (non-irradiated Zr-4 condi-
tion, kspring¼ 99.1 kN/m and kdimple¼ 494.45 kN/m), and IRR
(irradiated Zr-4 condition, kspring¼ 49.55 kN/m and kdimple¼
247.225 kN/m).

� Factor 4: Rod internal pressure (RIP). The two levels of factor 4
are: L (lower limit at T ¼ 250 �C, 6 MPa), and U (upper limit at
T ¼ 400 �C, 7.72 MPa).

The full factorial experiment would require 24 observations for
each impact orientation, listed in Table 4. Each observation needs
two simulation runs (upper drop height, and lower drop height) to
estimate the critical drop height and critical g-load using a linear
interpolation between the two cases with different magnitudes of
impact load. The CPU time of each run is approximately 3 h
(Computer performance: Intel core i7 CPU, 3.4 GHz, 32GBRam,
Windows 7 (64bit)), which requires an intensive work and time to
get such a set of data. This study is based on a priori requirement to
analyze and estimate the main factor effects of each of the four
factors, and to evaluate how the factors interact and what effect
such interactions have on the response using the analysis of vari-
ance procedure (ANOVA).
uctural response of a high burnup spent nuclear fuel rod under drop
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Fig. 11. Interaction plots for critical drop height and critical g-load under vertical drop condition. PCI, Pellet-clad bonding interface; MAT, Material property; k, spring and dimple
stiffness; RIP, Rod internal pressure; DeBOND, de-bonded; MixBOND, mixed bonding; BOND, Bonded; SD, soft and ductile; HB, hard and brittle; NonIRR, non-irradiated; IRR:
irradiated; U, upper limit; L, lower limit.
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4. Analysis results

4.1. Vertical impact analysis

Fig. 8 depicts the estimated critical drop heights/g-loads for all
Please cite this article as: B. Almomani et al., Parametric study on the str
impact considering post-irradiated fuel conditions, Nuclear Engineering
test runs. It found that Test 2 and 22 show the lowest structural
resistance and highest structural resistance among the other cases,
respectively. A 5-m drop onto a rigid body has been selected
because it can generate a severe impulse load that exceeds the
critical axial buckling load for Test 2 but not reaches the critical
uctural response of a high burnup spent nuclear fuel rod under drop
and Technology, https://doi.org/10.1016/j.net.2019.10.022



Table 5
ANOVA for load bearing capacity of fuel rod corresponding to four safety-related fuel degradation sources in a vertical drop accident.

Source of
variation

Degree of
freedom (DF)

Critical drop height (m) Critical g-load (g)

Sum of
squares
(SS)

Mean
squares
(MS)

Measure of relative
importance (F-Value)

Probability of
significance (P-
Value)

Sum of
squares
(SS)

Mean
squares
(MS)

Measure of relative
importance (F-Value)

Probability of
significance (P-
Value)

PCI 2 431.284 215.642 663.23 0.002 161.326 80.6628 429.81 0.002
MAT 1 0.06 0.06 0.18 0.709 0.039 0.0389 0.21 0.694
k 1 36.655 36.655 112.74 0.009 11.275 11.2751 60.08 0.016
RIP 1 0.104 0.104 0.32 0.629 0.031 0.0312 0.17 0.723
PCI*MAT 2 3.994 1.997 6.14 0.14 0.272 0.136 0.72 0.58
PCI*k 2 116.366 58.183 178.95 0.006 30.39 15.1951 80.97 0.012
PCI*RIP 2 0.527 0.263 0.81 0.552 0.191 0.0954 0.51 0.663
MAT*k 1 0.154 0.154 0.47 0.563 0 0.0002 0 0.979
MAT*RIP 1 0.807 0.807 2.48 0.256 0.42 0.4198 2.24 0.273
k*RIP 1 1.717 1.717 5.28 0.148 0.644 0.6435 3.43 0.205
PCI*MAT*k 2 0.525 0.262 0.81 0.553 0.036 0.0179 0.1 0.913
PCI*MAT*RIP 2 4.276 2.138 6.58 0.132 1.492 0.746 3.97 0.201
PCI*k*RIP 2 2.62 1.31 4.03 0.199 0.788 0.3939 2.1 0.323
MAT*k*RIP 1 0.194 0.194 0.6 0.52 0.258 0.2575 1.37 0.362
Error 2 0.65 0.325 0.375 0.1877
Total 23 599.932 207.536

The effect is significant when P less than 0.05.

Fig. 12. Pareto chart of critical drop height and critical g-load during horizontal drop condition. PCI, Pellet-clad bonding interface; MAT, Material property; k, spring and dimple
stiffness; RIP, Rod internal pressure; DeBOND, de-bonded; MixBOND, mixed bonding; BOND, Bonded; SD, soft and ductile; HB, hard and brittle; NonIRR, non-irradiated; IRR:
irradiated; U, upper limit; L, lower limit.
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buckling load for Test-22 to illustrate a different deformation
pattern with respect of input factors as shown in Fig. 9. In Test-2, a
severe deformation is observed throughout the thickness of the
cladding between the bottom SGs near the impact end as a result of
the post buckling behavior. In Test 22, it can be seen no buckling
behavior at bottom regions under the 5-m drop due to a high
stiffness of the fuel rod owing to the input parameters that makes
the fuel rod behave like a solid composite beam. Due to the
generated compressive (pinch) forces concentered between the
pellets corners and clad tube, the maximum PEPM results are
appeared at the corresponding localized contact stress between the
fuel pellets and cladding. Thus, Test 22 requires a higher drop
height to compare with Test 2 in order to reach the strain limit
criterion of the cladding. All the other tests have a different location
and magnitude of the PEPM with similar responses of Test 2 and 22.

The main effects plot is made as shown in Fig. 10 to show the
relative importance of the four factors and its effect on the variation
of the response variables (critical drop height/g-load). It can be seen
that the PCI is ranked as the most significant factor due to the large
difference on the load-carrying capacity of the fuel rod. Then, k is
Please cite this article as: B. Almomani et al., Parametric study on the str
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found as the second most important factor, and the remaining
factors (MAT; RIP) do not show a significant influence on the fuel
rod response when compared to the other two factors (PCI; k).
Fig. 11 shows the plots of the significant 2-factor interactions, and
Table 5 shows the ANOVA table at 95% confidence level of this
experiment. The mean of critical drop heights/g-loads is tested, and
the levels of significance (p-value) are calculated and compared to a
value 0.05 that commonly used as a cutoff for significance in the
typical statistical analyses. If the p-value of the test statistic is less
than 0.05, the null hypothesis is rejected and concludes that a
significant difference does exist between the sample variance. From
Table 5, the two-factor interaction (PCI*k) effect is statistically
significant and all the other interactions are observed to be insig-
nificant. The nature of the interaction between PCI and k on the
critical drop height/g-load can be identified in Fig. 11. During
DeBOND condition, the effect of the k (whether it is IRR or NonIRR)
is not significant, whereas in case of the BOND condition the effect
of changing the k is significant. In addition, the effects of k are much
greater as moving from the DeBOND to BOND conditions. It can be
noticed that the interfacial interaction between the pellets and
uctural response of a high burnup spent nuclear fuel rod under drop
and Technology, https://doi.org/10.1016/j.net.2019.10.022



Fig. 13. Illustration of fuel rod deformations for Test 1 and 23 under a 2.5-m horizontal drop.

Fig. 14. Main effects plot for critical drop height and critical g-load under horizontal drop condition. PCI, Pellet-clad bonding interface; MAT, Material property; k, spring and dimple
stiffness; RIP, Rod internal pressure; DeBOND, de-bonded; MixBOND, mixed bonding; BOND, Bonded; SD, soft and ductile; HB, hard and brittle; NonIRR, non-irradiated; IRR:
irradiated; U, upper limit; L, lower limit.
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Fig. 15. Interaction plots for critical drop height and critical g-load under horizontal drop condition. PCI, Pellet-clad bonding interface; MAT, Material property; k, spring and dimple
stiffness; RIP, Rod internal pressure; DeBOND, de-bonded; MixBOND, mixed bonding; BOND, Bonded; SD, soft and ductile; HB, hard and brittle; NonIRR, non-irradiated; IRR:
irradiated; U, upper limit; L, lower limit.
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cladding in the DeBOND condition is the dominant factor that de-
termines the buckling load and resulting critical plastic strainwhile
the overall deflection of fuel rod becomes more important for the
BOND condition, which is strongly influenced by the stiffness of
support. This high influence is disclosed because the springs and
Please cite this article as: B. Almomani et al., Parametric study on the str
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dimples of SGs play an important role to support the fuel rod,
especially in the BOND condition; where the fuel rod becomes
much stiffer than the DeBOND condition and behave like a solid
composite beam restricted with lateral contact. Thus, relaxation of
the springs and dimples (stiffness reduction) due to irradiation
uctural response of a high burnup spent nuclear fuel rod under drop
and Technology, https://doi.org/10.1016/j.net.2019.10.022



Table 6
ANOVA for load bearing capacity of fuel rod corresponding to four safety-related fuel degradation sources in a horizontal drop accident.

Source of
variation

Degree of
freedom (DF)

Critical drop height (m) Critical g-load (g)

Sum of
squares
(SS)

Mean
squares
(MS)

Measure of relative
importance (F-Value)

Probability of
significance (P-
Value)

Sum of
squares
(SS)

Mean
squares
(MS)

Measure of relative
importance (F-Value)

Probability of
significance (P-
Value)

PCI 2 19.5261 9.76305 423.79 0.002 3.44576 1.72288 237.94 0.004
MAT 1 3.3078 3.30784 143.58 0.007 2.11108 2.11108 291.55 0.003
k 1 0.0126 0.0126 0.55 0.537 0.0036 0.0036 0.5 0.554
RIP 1 0.0273 0.02734 1.19 0.39 0.0016 0.0016 0.22 0.685
PCI*MAT 2 0.9438 0.47191 20.48 0.047 0.69356 0.34678 47.89 0.02
PCI*k 2 0.069 0.0345 1.5 0.4 0.00575 0.00287 0.4 0.716
PCI*RIP 2 0.0482 0.02411 1.05 0.489 0.06024 0.03012 4.16 0.194
MAT*k 1 0.0392 0.0392 1.7 0.322 0.033 0.033 4.56 0.166
MAT*RIP 1 0.0063 0.00634 0.28 0.652 0.00002 0.00002 0 0.966
k*RIP 1 0.0092 0.0092 0.4 0.592 0.00007 0.00007 0.01 0.932
PCI*MAT*k 2 0.009 0.00448 0.19 0.837 0.02537 0.01268 1.75 0.363
PCI*MAT*RIP 2 0.0046 0.00229 0.1 0.91 0.00767 0.00384 0.53 0.654
PCI*k*RIP 2 0.0088 0.00438 0.19 0.84 0.00104 0.00052 0.07 0.933
MAT*k*RIP 1 0 0.00004 0 0.971 0.00602 0.00602 0.83 0.458
Error 2 0.0461 0.02304 0.01448 0.00724
Total 23 24.0581 6.40926
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would be then reduce the natural frequency of the rod span and
possibly excite a greater response (lateral displacements) between
SGs to impact loading; as a result, it would generate spontaneous
residual pinch stress and resulting strain occurs at the internal
surface of the cladding due to exciting further mechanical in-
teractions between the pellets and clad. For the other factors (MAT;
RIP), it can be seen a little interaction effect because the two lines
are close to parallel; as a result, their interactions are not necessary
to be considered in the structural response evaluation of the fuel
rod.

In conclusion, the pellet-cladding interfacial bonding and SG
stiffness are the most significant parameters in case of vertical drop
accident that should be considered in the fuel rod response eval-
uation; however, additional care should be taken in regards of the
failure criteria of cladding tube for HBF when its transformer from
SDmaterial to HB material behavior. Furthermore, it is necessary to
have a sophisticatedmodeling of the SG that includes actual springs
and dimples geometries to provide further accurate evaluation
rather than using an equivalent spring properties in simplified
geometry.

4.2. Horizontal impact analysis

Fig. 12 shows the estimated critical drop heights/g-loads for all
test runs for the horizontal drop condition. It can be seen that the
fuel rod in the horizontal drop is more susceptible to failure
compared to the vertical drop since the critical drop height and g-
load are much smaller than those of vertical drop case.

As shown in Fig. 12, Test 1 has the lowest structural resistance,
while Test 23 has the highest structural resistance. A 2.5-m drop
has been implemented since it can generate a large bending load
that the PEPM results exceed the strain limit (1%) for Test 1 but less
than the strain limit value for the Test 22 as shown in Fig. 13. In Test
1, it can be seen that the pellets carry a considerable portion of the
bending moment resistance through pinching their corners; how-
ever, the cladding has carried a portion of the bendingmoment that
extends the yielding throughout the entire section of cladding
because the pellets cannot provide an internal support to the
cladding in DeBOND condition. In Test 23, the pellets carry most of
the bending moment resistance at the compression-side interface;
however, the pellets are still within the elastic range at maximum
stress due to their high yield strength.

Similar to the vertical drop, the main effects plot is made for the
Please cite this article as: B. Almomani et al., Parametric study on the str
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horizontal drop as shown in Fig. 14. However, it is found that the
two significant factors are PCI and MAT, while the other two factors
(k; and RIP) are insignificant. The critical drop height/g-load re-
sponses to the interactions of the four factors are further subjected
to ANOVA test, as summarized in Fig. 15 and Table 6. The two-factor
interaction (PCI*MAT) is considered significant and all the other
interactions are observed to be insignificant. As seen in Fig. 15, the
effect of the MAT variation is reasonably significant within the two
extreme bonding conditions and it is emphasized in case the fuel
rod is in BOND condition It is because for the DeBOND and Mix-
BOND conditions the unrestricted pellets produce more significant
pinch stress in cladding with inertia loading, while in BOND con-
dition this effect is limited due to the bonding between the pellets
and cladding. Thus, the cladding material property becomes more
important in BOND condition in the evaluation of critical drop
height or g-load. In this regards, the greatest source of variability
response is the state of the fuel cladding and it is associated
physical/mechanical properties that greatly influence the dynamic
characteristics of the fuel rod.

Overall, it is concluded that the pellet-clad interfacial bonding
can greatly alter the location and magnitude of the PEPM with a
significant effect on fuel rod response under drop conditions, and
thus affects the probability of fuel rod failure. However, it is
believed that the strain failure limit of cladding corresponding to
the material behavior and burnup rate should be included as an
important uncertain parameter for the following analysis.

5. Concluding remarks

An intensive systematic parametric study was presented in or-
der to rigorously investigate the cause-effect relationship for SNF
rod characteristics in its load-carrying capacity using a multilevel
full-factorial DOE. The critical drop height/g-loads for several HB-
SNF rod conditions were calculated to capture an insight into
how uncertain parameters relevant to design safety affect the load-
carrying capacity of a single fuel rod in drop impact conditions.
Through this study, a significant difference of the fuel rod charac-
teristics with respect to the overall responsewas detected due to SG
stiffness for the vertical drop condition, mechanical properties of
the fuel cladding for the horizontal drop, and pellet-cladding
interfacial bonding in both drop conditions. Besides, variance of
RIP values has a negligible influence on the fuel rod structural
integrity compering to the other parameters. This investigation
uctural response of a high burnup spent nuclear fuel rod under drop
and Technology, https://doi.org/10.1016/j.net.2019.10.022
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gave an insight into the importance of pellet-clad interfacial
bonding to fuel rod integrity in the drop accident condition.

The current detailed single fuel rod model that incorporates
three-dimensional solid elements for the cladding and pellets can
determine a realistic and descriptive prediction of fuel rod behavior
with consideration of variations of rod properties. However, addi-
tional care of the cladding material degradation properties and
failure strain at which the cladding ruptures or tears considering
burnup rate, radial hydrides, spalling, or significant hydride blisters
should be taken. Moreover, developing data supported by experi-
mental results regarding the nature of fuel pellet-clad bonding
would help to figure out a realistic configuration and characteristic
between the cladding and pellets. In the contact model of pellet-
clad bonding, the strength of the interface bonding material,
weak bonding which can be broken with interfacial shear stress as
an intermediate state between bonding and de-bonding conditions,
and friction effect between cladding and pellets need to be
considered in the future work since these parameters effects on the
dynamic response of the fuel rod composite. Furthermore, devel-
oping a detailedmodel of SGs that includes geometrical springs and
dimples design that restrain movement of fuel rod with realistic
material properties under irradiated condition is recommended to
be considered. Another important data necessary to simulate actual
fuel behavior is its geometrical uncertainty such as bowing of fuel
rods. It is believed that such uncertainty greatly affects the buckling
resistance of the fuel rods in vertical impact condition and should
be carefully taken into account to be one the safer side. All these
issues will be considered and further elaborated in the authors'
future research. It is believed that once factual data is determined
with further modeling improvements, a comprehensive integrity
evaluation methodology for SNF can be implemented based on the
current study approach.
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