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This study developed an analytical methodology for the mechanical integrity of spent nuclear fuel (SNF) cladding tubes un-
der external pinch loads during transportation, with reference to the failure mode specified in the relevant guidelines. Special 
consideration was given to the degraded characteristics of SNF during dry storage, including oxide and hydride contents 
and orientations. The developed framework reflected a composite cladding model of elastic and plastic analysis approaches 
and correlation equations related to the mechanical parameters. The established models were employed for modeling the 
finite elements by coding their physical behaviors. A mechanical integrity evaluation of 14 × 14 PWR SNF was performed 
using this system. To ensure that the damage criteria met the applicable legal requirements, stress-strain analysis results 
were separated into elastic and plastic regions with the concept of strain energy, considering both normal and hypothetical 
accident conditions. Probabilistic procedures using Monte Carlo simulations and reliability evaluations were included. The 
evaluation results showed no probability of damage under the normal conditions, whereas there were small but considerably 
low probabilities under accident conditions. These results indicate that the proposed approach is a reliable predictor of SNF 
mechanical integrity.
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1. Introduction

Spent Nuclear Fuel (SNF) is one of the most sensitive 
physical and chemical properties that are difficult to deal 
with and to define its characteristics. It is challenging to 
prove the mechanical integrity and ensure other safety-
related elements required by law [1-3]. In addition, as the 
degree of burnup level increases, the material degradation 
escalates, which accelerates oxidation and hydrogen con-
centration of the fuel rod cladding acting as the front-line 
containment of radioactive materials in SNF regardless of 
its type. Especially during the dry storage, hydrogen and 
its hydride precipitation are concerned as the key material 
elements. From the perspective of mechanical integrity de-
pending on the stress and temperature environment, this hy-
dride is a weak element of cladding tube. The mechanical 
state of this precipitated hydride is relatively brittle com-
pared to zirconium alloy, the parent of the cladding tube. 
Particularly, it sensitively responds to the dynamic load 
expected in SNF transportation and storage management 
environment. Although limited to specific material proper-
ties (phases), the elastic coefficient of hydride is about 12–
25% and its hardness is about 40% of zircaloy base metal. 
And also, the fracture toughness is 50 to 100 times lower 
compared to the cladding mother material, which indicates 
that it is significantly weak and brittle properties [4]. The 
hydride contents and reorientation are considered as impor-
tant issues to be identified and evaluated technically for the 
long-term dry storage of SNF. In particular, the IAEA ex-
pects that dry storage will be implemented in many major 
nuclear countries in America, Europe and Asia for a very 
long period even beyond hundreds of years [5]. To keep 
up with this trend and support it technically, various kinds 
of evaluation methodologies were developed. However, 
researches nowadays mainly focus on hydride production, 
hydride rearrangement mechanism and its local behavior 
in SNF cladding tube. Existing assessment approaches 
reflecting the comprehensive mechanical response charac-
teristics of SNF are not detailed and systematic enough to 

be a general assessment approach. The US Department of 
Energy (DOE) was the first to conduct an extensive evalu-
ation of SNF damage under transportation and handling for 
dry storage against lower degree of SNF burnup [6], but did 
not take material behavior considering this kind of hydride 
effects. Damage criteria such as fracture strain and tough-
ness were also used in combination with deterministic and 
probabilistic treatments by establishing a correlation equa-
tion with insufficient database. As a follow-up study to the 
DOE’s research, Electrical Research Institute (EPRI) also 
conducted a mechanical integrity evaluation by introducing 
a new evaluation criterion called strain energy (SE) cov-
ering hydride degradation effects for the higher degree of 
SNF burnup [7]. Although this methodology was relatively 
complete study, some evaluation items were omitted and to 
be improved, and the technical background connected with 
the mechanistic theory was lacking in some level. In this 
study, existing systems were introduced and benchmarked 
to make the physical model of SNF cladding system with 
commercial codes, ABAQUS, and the mechanical charac-
teristics of cladding composite system with hydrides were 
sub-programmed and applied to this scheme. Various im-
provements have been also made to improve completeness 
of overall evaluation system. In modeling this methodology, 
the clad mixed with hydride was regarded as a composite 
material system, and was defined by linking the related the-
ory and hydride directions when establishing preliminary 
constraints for mechanical modeling. Elastic and plastic 
regions were separated with the concept of SE to ensure 
the damage criteria meet the applicable legal requirements. 
These two damage criteria can be applicable for normal and 
hypothetical accident conditions, respectively. In addition, 
the thickness of cladding tube was modeled after subtract-
ing the oxide film as thin as possible for a conservative 
evaluation when modeling the fuel rod geometry. Finally, 
by integrating all these works into the analytic system, the 
general mechanical evaluation system was completed re-
flecting SNF’s degraded characteristics. Then, the verifica-
tion was performed by comparing the results of the existing  
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verified evaluation. Using this development system, the 
practical evaluation on 14 × 14 SNF was performed with 
a probabilistic reliability approach. The boundary condi-
tions in the analysis considered the longitudinal pinch im-
pact load that is the highest potential failure in reaction with 
the radial hydride under normal and hypothetical accident 
conditions. This approach can be applied to evaluate other 
loading modes such as cladding lateral damage mode.

2. Materials and Methods

2.1  Mechanical Characterization of Cladding 
Tube With Hydride

A new mechanical material characteristic model that 
reflects the effects of hydride ought to accurately evaluate 
cladding tube that are subject to normal and accidental con-
ditions. In this study, the cladding is treated as a composite 
material composed of zirconium alloy matrix and the hy-
dride platelets. These have separate material phases with 
their own elastoplastic and fracture properties. The interact-
ing phenomena at their interfaces shall be simply defined 
with appropriate constraint conditions to ensure strain and 
stress compatibility. The developed model with the existing 
practices and the composite theory featured in multi-phase 
damage behavior which modeled the complex interaction 
between the hydride phases and the alloy matrix, and the 
coupled effect of radial and circumferential hydrides on 

Fig. 1. Analogy between general composite and SNF cladding tube with hydride embedded: 
(a) General composite; (b) SNF cladding tube with hydride embedded. 
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cladding stress-strain response. In this section, a more de-
tailed process deals with the study of the similarity between 
the composite structure and hydride morphology, and the 
modeling approach related to the elastoplastic behavior.

2.1.1  Analogy Speculation Between Cladding Tube 

With the Hydride-embedded Composite 

The first step is to set up an analogous composite sys-
tem which has vertical and horizontal embedded matters 
in matrix to simulate the material state field of cladding 
tube with circumferential and radial hydride platelets. In 
the case of common composite materials, the material stiff-
ness can be increased by inserting a reinforced fiber with 
high strength and rigidity for the purpose of artificially 
strengthening the parent metal [8]. Regarding to SNF clad-
ding tubes, the mechanical properties of the alloy mother 
material are relatively better than those of hydrides that 
are naturally produced as an inferior one. Hydrides make 
a degraded mixture by operating environmental factors 
such as temperature, stress, hydrogen, and so on. Thus, 
SNF cladding tube can be defined as the opposite concept 
of degraded composite or mixture, in this case, it makes 
the material's equivalent toughness lower. Fig. 1 shows the 
conceptual plot of clad-to-composite analogous for stress-
strain behavior of these two mixtures. 

Hydrides in the cladding tube have circumferential or 
radial direction as shown in Fig. 2, but there are also hy-
drides distributed in random directions. This can be defined 
in extreme dichotomous way in the circumferential and 
radial directions to enhance the usefulness of the damage 
evaluation by applying the rule of mixtures. This method-
ology is to create an analytical framework that vertically 
responds to each action load, and simultaneously results in 
conservatism and simplification of the analysis. The direc-
tion of the hydride is defined in longitudinal and transverse 
directions to simplify the mixture (the base of the mixture) 
and the hydride (embedded material) as shown in Fig. 2. 
Fig. 2(a) shows a simplified simulation of circumferential 
hydride, and it can be assumed that the interfacial coupling 

between the cladding parent and hydride is considered very 
high. The deformation is same as in the longitudinal direc-
tion based on the same length. These systems are consid-
ered as iso-strain model and can be represented as follows:

εc = εm = εh (1)

where εm and εh are the clad matrix and hydride strain 
respectively, then εc is the composite mixture strain. In this 
model, the total load (Fc) of the mixture can be expressed by 
resultant stress corresponding to the matrix load (Fm) and 
the hydride load (Fh) respectively. Equation (2) represents 
each phase as an area fraction of the entire mixture and the 
equivalent volume fraction (V) if the length is the same as 
the following:

Fc = Fm + Fh → σc = σm Am

Ac
 + σh Ah

Ac
 = σmVm + σhVh

(2)

where the subscriptions c, m and h are the composite 
(clad/hydride), matrix (clad) and implanted hydride respec-
tively. Assuming that each element of the mixture is elastic 
deformation, it can be expressed as an elastic modulus, E, 
using the condition of Equation (2) as follows:

σc
εc

 = σm
εm

 ∙ Vm + σh
εh

 ∙ Vh → Ec = Em Vm + Eh Vh 
= Em (1 − Vh) + Eh Vh (3)

where equation Vh + Vm = 1 is used. On the other hand, 
Fig. 2(b) can be regarded as an simplified model equivalent 
to radial hydride. This can be represented by an iso-stress 
model since it can be assumed that the sectional area could 
be same in each phase. So the model condition can be ex-
pressed as follows:

σc = σm = σh (4)

Similar to the equivalent strain model, the strain equi-
librium state can be expressed as follows:
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εc = εm ∙ Vm + εh ∙ Vh → 
σc

Ec
 = σm

Em
 Vm + σh

Eh
 Vh (5)

Rearranging the Equation (5), equivalent elastic modu-
lus can be expressed as Equation (6).

Ec = 
Em Eh

Em Vh + Eh Vm
 = 

Em Eh

EmVh + Eh (1 − Vh) 
 (6)

The equivalent elastic models of equations (3) and (6) 
are a series of linear combination of materials and a paral-
lel combination of properties, respectively. These expres-
sions indicate the upper and lower bounds of the theoretical 
equivalent elastic coefficients, respectively, depending on 
the function of volume fraction of each phase. This means 
the structural response characteristic may be a weaker prop-
erty when stress is applied vertically to a hydride compared 
to the parallel one. The following equations are added to 
express the relation between overall stress and strain.

εij
c = εij

c1 ∙ Vm + εij
c2 ∙ Vh  (7)

σij
c = σij

c1 ∙ Vm + σij
c2 Vh (8)

C1 and C2 stand for matrix and hydride platelet condi-
tions (phases), and “ij” are local coordinate system basis 
axis i.e. ij = 12, 23, 33 for Equation (7) and 11, 22, 12 for 
Equation (8) in Fig. 3, respectively. The overall stress-strain 
relations for each phase and mixture are represented by lo-
cal and global coordinate systems, respectively, as follows:

σij
c1 = Dijkl      

∙ εkl
(c1), σij

(c2) = Dijkl
      ∙ εkl

(c2)EP(c1) EP(c2)  (9)

where DEP is elastoplastic constitutive tensor in each 
phase and ijkl, each index has 1, 2 and 3.

σij
C = Dijkl    ∙ εkl

(C)EP(C)  (10)

Dijkl EP(C) derived for individual phases is a single material 
elasticity configuration matrix introduced from the stan-
dard elastoplastic scheme composed of equivalent elastic 

moduli in Equations (3) and (6). Equation (10), the global 
mixture reconstruction, is constructed by merging Equa-
tion (9) according to expressions (7) and (8) of the iterative 
computation process. Each phase is taken to J2-elastoplas-
tic process, with an isotropic hardening material. 

The relation between the uniaxial stress-strains for each 
phase is shown below [9-11]:

Y = Y0 { 1 + ( ε
ε0

 )n
 } (11)

where Y and Y0 are the current and initial yield stresses 
respectively, and ε is the equivalent plastic strain. Y0, ε0, 
and n are the material constants and determined indepen-
dently for each phase. Stress calculations for each phase are 
performed using a radial-return method with the constraints 
in Equations (1) and (4) enforced iteratively at the consti-
tutive level. These constraints are employed to define the 
construction equations considering the equivalent material 
system to obtain the load response characteristics. In addi-
tion, existing damage assessments performed with the fo-
cused combination of radial hydride-to-hoop stress induced 
by the pinch load may be reasonable [11]. However, in the 
case of circumferential hydride, there are no obvious differ-
ences from the perspective of the system strength as identi-
fied in equations (3) and (6). Thus, any systems of vertical 
direction loads to hydride shall be identified and evaluated 
generally unlike the existing evaluation approach. These 

Fig. 3. Global and local coordinate system for the circumferential and 
radial hydride in the cladding tube.
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findings are to be used as the basic elements of composing 
the material constitution and failure evaluation approaches 
addressed in the following sections.

2.1.2  Modeling Approach of Cladding Strength 

Analysis

The implementation of the elastoplastic constitutive re-
lations in a finite element context requires the finite element 
discretization in the usual way [12, 13] with the equation 
system as follows: 

K u = f (12)

where f is the applied force and K is the stiffness matrix 
given by

K = ∫Ω 
BT Dijkl   B dΩEP(C)  (13)

where B is the strain-displacement and DEP is the elas-
toplastic constitutive matrix defined in Equations (9) and 
(10) respectively.

Multi-phase configuration model was established on a 
mixed theory of typical hydride features of high degree of 
burnup cladding tubes in Ref. [9, 10]. This can enable di-
rect prediction of cladding damage by external forces, and 
add damage to each material considering the interaction 
between each phase so that material damage can be simu-
lated in the model. Connecting this model with constitu-
tive matrix in Equation (13), the described stress and strain  

relation of the cladding containing hydride, and the dam-
age modification defined the calculation of the damage 
volume fraction of the composite containing hydride. 
Using the constitutive and damage models, the cladding 
tube strength analysis can be evaluated as overall process 
shown in Fig. 4. 

2.2 Structural Integrity Evaluation Approach 

The overall approaches for structural evaluation of 
cladding tube reflecting hydride characteristics were con-
structed as shown in Fig. 5, which was implemented by 
synthesizing the previous proven cases and theories. The 
first step is to define the cladding damage mode stated in the 
mechanical response analysis under the lateral drop event 
during the SNF transportation causing the pinch load be-
tween fuel rod-to-rod and fuel rod-to-space grids. The SNF 
cladding structural response can be classified into three 
potential damage modes depending on the drop events as 
shown in Fig. 6 [15]. Mode I damage can occur when the 
strain exceeds the material's ductility limit, but it does not 
mean it reaches failure. This destruction mode could occur 
under a variety of drop impact conditions (vertical, hori-
zontal, edge, and inclined) and is most likely to occur under 
horizontal fall conditions as bending occurs dominantly in 
the supporting lattice areas in contact with the cladding dur-
ing the impact. Mode II damage can be seen as an exten-
sion of Mode I's lateral crack fracture mode. A small lateral 
crack such as a hairline and pinhole shape in mode I caused 
a complete fracture of the entire section. Mode III damage 
is a load condition caused by contacting fuel rods and is 
the main route of longitudinal break. In particular, pinch 
loading occurs due to collisions of fuel rods and support 
grids, fuel rods and fuel rods, fuel rods and internal struc-
tures of transportation, which are dominant in horizontal 
and inclined fall conditions. This study mainly deals with 
the Mode III damage evaluation.

In order to assess the damage phenomena, the degrada-
tion conditions of the cladding after long-term dry storage  

Fig. 4. Overall process of cladding strength analysis.
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Fig. 6. Spent fuel rod failure modes under cask drop in horizontal orientation [15].
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shall be considered conservatively. Especially, the rear-
rangement of hydride can reduce ductility and cause a 
longitudinal damage to the cladding due to the pinch load 
reacted with the radial hydride, which forms the iso-stress 
mode in Fig. 2. The strain energy density (SE) is used to 
evaluate the probability of break as an assessment measure. 
The reason for using the scalar parameter of the energy 
concept is to rationally define the mechanical properties 
depending on the hydride distribution. This is independent 
path unlike vector and tensor physical quantities such as 
stress and strain that are path-dependent with non-repeat-
ability and with many uncertainties.

The concentration of hydrogen in circumferential di-
rection is a by-product of oxide corrosion of cladding tube, 
and the radial hydride is determined by the pressure and 
temperature through reorientation mechanism in cladding 
tube. The critical strain energy density (CSE) can be cal-
culated by using the defined circumferential and radial hy-
dride concentrations and the mentioned models hereafter. 
The SE due to a drop event can be calculated by using the 
global model composed of a cask and SNFs [14] and the de-
tailed fuel rod model that has elements of cladding, urani-
um pellet, and the gap between cladding and pellet having 
a significant effect on longitudinal damage. Once the prob-
ability distribution of the CSE and SE under impact loads is 
defined, the damage probability can be calculated using the 
probabilistic analysis and the reliability evaluation. 

2.3  Finite Element Modeling of Hydrided Clad-
ding Tube

The finite element (FE) model for the cladding integ-
rity evaluation was developed by using the methodology of 
mechanical characteristic behavior in multi-phase cladding 
as mentioned in the previous section for 14 × 14 SNF with 
commercial FE program, ABAQUS. The FE model used 
in the analysis was a 1/4 fuel rod cross-sectional symme-
try model, as shown in Fig. 7, and the cladding material 
property is defined [16] in Table 1 conditions. For conser-
vative evaluation of material properties, a specific tempera-
ture condition was applied to reflect a long-term dry stor-
age degradation over 40 years by the cladding tube. The 
cladding-to-pellet clearance was set very small to simulate 
the end-of-life conditions of the nuclear fuel. The SE was 
calculated due to the change in a pinch load of mode III and 

Parameters Values

Temperature [℃] 181.58 (453.73 K)

Fast neutron fluence [n‧m−2] 7.5 × 1025

Circumferential hydride concentration 
[ppm]

0–2,000 (0 only for SE)

Radial hydride concentration [ppm] 0–200 (0 only for SE)

Table 1. SE and CSE analysis conditions for the definition of material 
properties

Fig. 7. FE model for longitudinal failure of cladding tube and maximum corresponding SE.
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cladding-to-pellet gap ranged from 0 μm to 200 μm. In order 
to calculate the SE according to the pinch load, at first, a 
rigid line was applied to the upper surface of the cladding 
tube for compulsory displacement in the direction of com-
pression, and the reaction force was checked corresponding 
to the displacement. 

The SE can be calculated depending on the specific 
concentrations of circumferential and radial hydrides, but 
hydrogen-free conditions were applied to generate a maxi-
mum SE for conservative evaluation. The SE was calcu-
lated based on the tensile stress and strain in the circumfer-
ence of the cladding tube, as the following equation:

εθ
SE = ∫0    

σθ dεθ  for σθ ≥ 0 (only tension) (14)

where σθ, εθ are the hoop stress and strain respectively 
in the cladding tube.

The SE can be calculated by using the stress and strain 
of each element integration point. Fig. 7 shows that the 
maximum SE caused by the upper cladding tube deforma-
tion is generated from the inside of the element. The maxi-
mum SE was selected for conservative evaluation among 
nine integration points of SE values. Fig. 8 shows the hoop 
stress, hoop strain, and SE distribution of the cladding tube 
of top surface at a displacement of 0.000375 meter when 
the cladding-to-pellet gap was 70 μm, indicating that the 
maximum SE occurred inside the cladding tube. Here, only 
the SE considered the tensile load component in the hoop 
direction, which affected cladding damage to the radial  

Fig. 8. SE analysis results for 70 μm gap: (a) Hoop stress [Pa]; (b) Hoop strain [m‧m−1]; (c) SE [Pa].
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hydride vertically. The hoop stress at 12 o'clock direction 
inside the cladding tube was caused by the tensile force 
while the external stress was due to the compression. Fig. 
9 shows the maximum SE with increasing pinch load, in-
dicating that the SE under all gap clearance conditions in-
creased the load to 20,000 N and remained almost constant. 
The calculation results were compared to EPRI’s result [11] 
for verification of the model indirectly. Although the com-
parison was with different types of SNFs, almost similar 
values and trends are shown when the unit conversion is 
considered. This calculated SE is to be used as a basis for 

determining longitudinal and penetrating damage to the 
cladding with hydrides hereafter.

 Another FE model was developed to calculate CSE as 
a structural integrity criterion. The model used axial sym-
metry tubes and was applied with the same material prop-
erties with the SE analysis. To consider the irradiation ef-
fect of the cladding, the neutron fluence in the end-of-life 
conditions was employed, and the hydride concentration 
was varied under the assumption that the distribution was 
uniform in the thickness direction as mentioned in Table 1. 
The displacement was applied to the inner wall of the tube 

Fig. 10. Stress-strain and CSE response for various hydride conditions: (a) Stress-strain curve for various circumferential hydride at 10 ppm of radial 
hydride; (b) Stress-strain curve for various radial hydride at 300 ppm of circumferential hydride; (c) CSE-circumferential hydrides for various radial 

hydrides; (d) CSE-radial hydrides for various circumferential hydrides.
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model. The Zircaloy and hydride hardening behavior was 
defined using the MATPRO [16]. The stress-strain fields 
and their CSE response are shown in Fig. 10. According 
to the variation of hydride conditions, the yield stress in-
creased slightly as the concentration of its augments, but 
the CSE decreased noticeably. The increased concentration 
of hydride was to reduce the ductility of the cladding. It 
was found that the concentration of a radial hydride had a 
greater effect on the CSE than the circumferential one as 
shown in Figs. 10(c) and 10(d). This is the phenomenon 
in line with the maximum and minimum equivalent me-
chanical properties of the composite in iso-stress and strain 
conditions as previously mentioned. This, in theory, proved 
the reason why a radial hydride shall be considered and a 
dominant factor for under the longitudinal failure mode of 
the cladding behavior. In other words, a high concentration 
of radial hydride led to a sharp decrease in CSE and was 
not affected by circular hydride at a high concentration of 
radial hydride.

Fig. 11 is a three-dimensional surface plot of the CSE 
according to the radial and circumferential concentrations 
for elastic and plastic regions, this can be expressed as be-
low equation: 

UCSE = U e + U p = ∫0

ε el
 

σij dεij + ∫εel

ε el
 + ε p

σij dεij (15)

where UCSE, U e and U p are total, elastic and plastic 

CSEs, respectively.
Unlike the previous approaches [6, 11], this intends to 

perform an integrity evaluation separately under the normal 
and hypothetical accident conditions specified in relevant 
laws and regulations. Two CSEs were determined by each 
fraction of circumferential and radial hydride. The CSE 
decreased as the radial hydride concentration increased. 
The CSE in the elastic region, there is a little change for 
the same circumferential hydride when the radial hydride 
is less than 60 ppm because the CSE in the plastic region 
changes greater than that in the elastic region. That was, at 
60 ppm and above, only the elastic region of CSE existed, 
and the elastic region of CSE decreased as the hydride in-
creased. And also, it was confirmed that the CSE decreased 
as the hydride increased, reducing the resistance capacity 
due to load, especially the effect of the radial hydride. The 
total trend of CSE showed similar results as the previous 
analysis [11] as shown in this figure even though the CSE 
values were slightly different due to dissimilarity in fuel de-
sign feature and reactor irradiation conditions. 

2.4  Probabilistic Integrity and Damage Evalu-
ation

Probabilistic and reliability evaluation methodologies 
were introduced to consider the scatterability of the dam-
age contributors such as an external load, oxide thickness, 

Fig. 11. CSE as functions of circumferential and radial hydride concentrations: (a) 14 × 14 SNF CSE for elastic; 
(b) 14 × 14 SNF CSE for elastic and plastic; (c) 17 × 17 SNF CSE EPRI [11].
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hydride contents, etc., and to draw a reasonable evalua-
tion. 

At first, we calculated the probability density distribu-
tions of SE and CSE of 14 × 14 fuel rods using Monte Carlo 
Simulation (MCS) methodology with the commercial pro-
gram EXCEL and its Visual Basic function under normal 
and accident drop modes during the SNF transportation 
conditions to evaluate the fuel rod longitudinal damage 
probability under normal and hypothetical accident condi-
tions respectively. For the implementation of MCS, a ran-
dom number generation function in EXCEL and reliable 
probability distributions of the examination and test data 
such as internal pressure, oxide thickness, and temperature 
of cladding tube were used. As shown in Fig. 5, in order 
to generate a probability distribution of CSE, the circum-
ferential and radial hydride concentrations must be calcu-
lated using the initial conditions of the SNF fuel rods. The 
circumferential hydride concentration is determined by the 
hydrogen contents due to corrosion of the cladding tube 
[11]. The radial hydride concentration is determined by the 
hoop stress which depends on the internal pressure and the 
dry storage temperature history of the fuel rod [17]. The ra-
dial hydride concentration was calculated using the hydride 
reorientation model in reference 17. Unlike laboratory test 
results under conservative and artificially simulated tem-
perature and stress conditions, the calculations were exe-

cuted with a practical model assuming that the hoop stress 
decreases due to decay heat for more than 40 years. The 
CSE was calculated using the defined circumferential and 
radial hydride concentrations and Fig. 11. Fig. 12 shows the 
probability distributions of the hydride concentrations gen-
erated using MCS by applying the initial conditions of 14 × 
14 SNF fuel rods in dry storage. Although the concentration 
of radial hydride is very small compared to that of circum-
ferential hydride, as shown in Fig. 10(d), a small amount of 
radial concentration affects the CSE on a small scale and 
this should be considered in the evaluation.

The SE due to the impact force can be calculated using 
the pinch force from the SNF drop analysis, the pellet-clad-
ding gap and Fig. 9. The pellet-cladding gap is calculated 
by considering the creep that depends on the history of the 
cladding temperature and internal pressure. Fig. 13 shows 
the probability distributions of pellet-cladding gap and 
pinch force under normal and hypothetical accident condi-
tions form drop analysis.

Next, the damage probability was evaluated by apply-
ing a reliability assessment method with the stress-strength 
model, which was defined as follows [18]:

R = ∫0

∞

ƒSE (r) ∙ [1 − FCSE (r)] dr

= 1 − ∫0

∞
ƒSE (r) ∙ FCSE (r) dr (16)

= 1 − Pƒ

Fig. 12. Probability distributions of hydride concentrations for 14 × 14 SNF cladding tube: (a) Circumferential hydride concentration; 
(b) Radial hydride concentration.
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Fig. 14. Probability distributions of SE for 14 × 14 SNF: (a) 0.3-m-drop normal condition; (b) 9-m-drop accident condition.
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Fig. 15. Probability distributions of CSE for 14 × 14 SNF: (a) 0.3-m-drop normal condition; (b) 9-m-drop accident condition.
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Fig. 13. Probability distributions of pinch forces and pellet-cladding gap for 14 × 14 SNF: (a) Pinch force 0.3-m-drop normal condition; 
(b) Pinch force 9-m-drop accident condition; (c) Pellet-cladding gap.
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where Pƒ
 denotes the failure probability. ƒ and F are 

probability density function (PDF) and cumulative density 
function (CDF) for SE and CSE, respectively.

3. Results and Discussion

To calculate a failure reliability, CDF terms of Equation 
(16) must be calculated using the PDFs for each SE and 
CSE. Fig. 14 shows the probability distribution of SE using 
the fuel rod FE analysis in Fig. 9, the pinch force and gap 
information in Fig. 13. Fig. 15 shows the probability distri-
bution of CSE using the hydride information of Fig. 12, and 
the relation between hydrides and CSE in Fig. 11. 

Fig. 16 shows the calculated CDF for SE and CSE under 
normal (0.3-m drop) and accident conditions (9.0-m drop) 
respectively. Under the normal condition, Fig. 16(a) repre-

sents that the minimum CSE is greater than the maximum 
SE meaning that no damage has occurred. On the other 
hand, Fig. 16(b) shows the behavior of 9-m drop accident 
condition. This configuration is similar to the normal con-
ditions. The integral of Equation (16) is approximated with 
trapezoidal rule by dividing SE values into sub-intervals. 
The final calculated damage probability Pƒ is 1.2 × 10−9.  
Table 2 summarizes evaluation results including the 
previous evaluation results of DOE and EPRI. As 
shown in the table, EPRI did not perform the evalua-
tion with statistical methodology but in a rather deter-
ministic way as a simple load comparison method un-
der the normal condition [19]. In addition, the reason 
that this accident condition result is smaller than the 
existing ones is mainly caused by the smaller weight 
and design differences of 14 × 14 SNF compared the  
referenced SNFs 15 × 15 and 17 × 17 array, which have 

Fig. 16. Cumulative distribution functions of SE and CSE for 14 × 14 SNF: (a) 0.3-m-drop normal condition; (b) 9-m-drop accident condition.

(a) (b)

Conditions Failure probability
(Failure type)

Existing evaluation

DOE [6]* EPRI [11, 19]**

Normal (0.3 m drop) 0.0 3.0 × 10−8 Null

Accident (9 m drop) 1.2 × 10−9

(Partial failure)
2.0 × 10−5 1.0 × 10−5

(* B&W 15 × 15 PWR fuel, **17 × 17 PWR fuel)

Table 2. Longitudinal failure probability of 14 × 14 spent fuel rod under transportation
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the effect of reducing the drop impact energy. In conclu-
sion, the evaluation results demonstrated in this paper are 
deemed reasonable.

 

4. Conclusions

In this study, a series of evaluation methodologies has 
been developed systematically by analyzing the existing 
approach and synthesizing various items affecting the 
cladding mechanical behavior as a mixture composite with 
embedded hydrides. The evaluation scheme of defined 
mechanical characteristics was employed in commercial 
FE modeling through a process of making codes with the 
user-defined subprogram. The composite of elastic and 
plastic theories, correlation equations related to a vari-
ous of mechanical behavior parameters were incorporated 
into these general approaches. The model verification was 
also conducted by comparing the previous evaluation re-
sults. This developed model was applied to the 14 × 14 
commercial SNF rods. In order for the damage criteria 
to meet the applicable regal requirements, the analysis 
results were separated into elastic and plastic areas with 
the energy concept parameters, i.e. CSE and SE and those 
were set up as damage criteria which can be applicable to 
normal and accident conditions, respectively, whereas the 
existing practice was not performed with normal condition. 
The probabilistic analysis results were used with Monte 
Carlo simulation and the reliability assessment theory for 
the longitudinal load mode that affects damage through 
interaction with radial hydrides during SNF transporta-
tion. The result of this work for 14 × 14 commercial SNF 
showed that there is no damage probability under normal 
conditions. DOE’s evaluation result was also very close 
to zero-damage probability under the same condition. Re-
garding the accident condition, however, the result was 1.2 
× 10−9. This evaluation result of accident condition is small 
enough to be ignored. Therefore, it is reasonable to accept 
that the proposed approaches be practically and reliably to 

predict behavior and response of SNF cladding tube integ-
rity reflecting dry-storage degradation effects.
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