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1. Introduction

After the earthquake in Gyeongju (2016) and Pohang
(2017) in South Korea, the concerns about the seismic
safety of NPPs (Nuclear Power Plants) has increased.
Accordingly, it is necessary to re-evaluate the existing
fragility analysis on structures and equipment of NPPs,
and additionally, the seismic fragility analysis of fuel
assembly is also required.

Since the fuel assembly is directly related to safety,
securing the seismic safety of the fuel assembly is
considered an important issue. The beyond design basis
earthquake may cause buckling of the spacer grid,
deformation of nuclear fuel, and impact between
components of the fuel assembly, which may lead to
structural damage to the fuel assembly. In addition, if the
beyond design basis earthquake occurs and key operating
parameters exceed the safe operating limits, a reactor trip
occurs. When a reactor trip occurs, the control rods that
control fission are dropped into the core within the
required time to prevent related accidents. The control
rod is inserted into the core through the CRDM (Control
Rod Drive Mechanism), the control rod cluster guide
tube and the guide thimble of the fuel assembly. At this
time, the components included in the control rod
insertion path may be damaged by the earthquake,
thereby the control rod insertion can be failed. Therefore,
both the structural integrity of the fuel assembly and the
possibility of control rod insertion should be considered
in the seismic fragility assessment of the fuel assembly.

In this paper, seismic fragility assessment of fuel
assembly was performed according to the EPRI (Electric
Power Research Institute) SOV (Separation Of Variable)
approach [1, 2]. First, failure modes related to the
structural damage of the fuel assembly and control rod
insertion mentioned above were derived, and a
preliminary evaluation of seismic fragility according to
the EPRI methodology was performed for the most
vulnerable failure modes.

2. Defined Failure Mode

In order to evaluate the seismic fragility of the fuel
assembly, the relevant failure modes were first defined.
The failure modes of the fuel assembly were derived by
considering the structural damage of the fuel assembly
and the possibility of control rod insertion. And among
them, the critical failure mode judged to be the most
vulnerable was selected for preliminary seismic fragility
analysis.

2.1 Potential failure modes

The failure modes of the fuel assembly were mainly
defined for the components of fuel assembly and the
components related to the control rod insertion. In
addition, the damage mode was defined for control rod,
and the components of the RVIs that could affect the
damage to the aforementioned components.

First, the representative components of the fuel
assembly related to the failure mode are as follows; 1)
Spacer grid 2) Fuel rod 3) Guide thimble tube. And, the
components included in the control rod insertion path
related to the failure mode are as follows; 1) CRDM 2)
Control rod guide tube 3) Guide thimble tube.

The failure modes related to each component are
summarized in the table below. Not only the direct
failure of the components related to fuel assembly, but
also the case where the control rod insertion path is
restricted or the insertion time is delayed from required
time were considered as failure mode.

Table I: Potential failure modes related to fuel assembly
[3, 4, 5]

Component Failure mode

Damage to upper end plug

Control rod Damage to cladding

Bending of CRDM housing

Damage to CRDM housing

CRDM support

Deformation of / Damage to
CRDM tubes

Deformation of / Damage to

Control rod guide tube guide tube

Damage to core support

RPVIs Damage to core shroud
Damage to lower support
Spacer .
grid Damage to spacer grid
Fuel Fuel rod Bending of fuel rod
Detachment of fuel rod
Assembly -
Guide .
. Deformation of / Damage to
thimble . .
tube guide thimble tube

2.2 Critical failure mode

Among the failure modes defined above, if the seismic
margin is large, or the occurrence probability is low, or
it does not significantly affect the structural and
functional failure of the fuel assembly and control rod



Transactions of the Korean Nuclear Society Virtual Autumn Meeting
October 21-22, 2021

insertion, it can be screened out. In the domestic
licensing procedure, it is judged whether fuel is failed
when an earthquake occurs, by the impact load from the
spacer grid and damaged to the guide thimble tube. In
particular, the guide thimble tube is a component of the
fuel assembly as well as a component of the control rod
insertion path. If the guide thimble tube is damaged due
to damage to other components of fuel assembly, the
control rod insertion may be delayed or impossible. In
addition, the NRA(Japan Nuclear Regulation Authority)
identified that damage to the guide thimble tube of the
fuel assembly was the biggest factor that limits the
control rod insertion [5]. Accordingly, loss of control rod
insertion function due to plastic deformation of guide
thimble tube was selected as a critical failure mode.

3. Preliminary seismic fragility analysis

The preliminary seismic fragility analysis of the fuel
assembly based on EPRI SOV fragility approach was
performed by considering the damage of the guide
thimble tube as a failure mode. An accurate value for
fragility analysis has not yet been obtained as the
associated tests and analyses are currently being carried
out. For this reason, an evaluation was performed
preliminary using arbitrary values.

The assumptions in the preliminary analysis are as
follows; 1) For reference earthquake, assuming the UHS
(Uniform Hazard Spectrum) of NPP sites as a GMRS
(Ground Motion Response Spectrum), and applying the
scaling approach 2) Assuming the natural frequency of
the fuel assembly as a 3 Hz.

3.1 Fragility model

The fragility model for the SSC (System, Structure,
and Component) corresponding to a particular failure
mode can be expressed by the median ground
acceleration capacity, Am, and two parameters
representing the variabilities, Br and Bu. The Brand Pu
are the logarithmic standard deviations for randomness
and uncertainty, respectively. In the SOV approach, it is
required to evaluate the median factors of safety and the
corresponding logarithmic standard deviations for each
variable that affects the response and capacity of the SSC
by earthquakes. From the SOV approach, realistic
median ground acceleration capacity is estimated first,
and the variabilities in the ground acceleration capacity
are quantified. The ground acceleration capacity is
expressed as the product of several random variables as
shown in Equation 1. The variables Frc, Fer, and Frs are
the equipment capacity factor, equipment response factor
and structure response factor, respectively. The PGARe is
peak ground acceleration of reference earthquake.

Ap = Fg¢ * Fgg * Frs * PGAgg 1)

Fec, Fer, and Frs are the products of a series of factors.
And the logarithmic standard deviations for randomness
and uncertainty are the SRSS of logarithmic standard
deviations for the corresponding variables. In the
following sections, the values of the corresponding
factors and logarithmic standard deviations are estimated.

3.2 Equipment response factor

Fer, depends on the response characteristics of the
equipment and is affected by the following variables;
Qualification method, damping, modeling(equipment
frequency and mode shape), equipment response phasing
(mode combination) and earthquake component
combination. For each variable, the value of factor and
variabilities were arbitrarily estimated, and the
equipment  response factor and  corresponding
variabilities were calculated. The arbitrary values were
selected conservatively. Since it was regarded as the
analysis is performed using realistic response analysis
procedure and material properties, the variability due to
uncertainty in qualification method (B, ou) is zero. And
the variability due to uncertainty in damping (By_amp)
was arbitrarily considered as 0. The calculated Fer and
Ber are as follows.

FER=FQM*dep*Fmod*ch*FEcc 2
=10%x1.0%x1.0%x1.0+x1.0=1.0

Br gr = \/.BR_mcz + BR_ECCZ (3)

=40.15%2 4 0.182 = 0.234

Bu gr = \/ﬂU_QMZ + :BU_dmpz + ﬂU_modZ (4)

=/0.02 4 0.02 + 0.3352 = 0.335

3.3 Equipment capacity factor

Fer, is evaluated according to the failure mode of the
equipment. In the ductile failure mode, it is calculated
based on the capacity up to yield, and the additional
capacity due to the nonlinear response is considered as
inelastic energy. In this study, the capacity factor was
calculated based on the failure of the guide thimble tube.
The variabilities due to uncertainty and randomness in
nonlinear response (Buy and PBry) are arbitrary
considered as zero.

Fpe =Fs x E, 5)
= 6.087 * 1.0 = 6.087
ﬁR,EC = lBRJL (6)

=0.0
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By kc = ’ﬂu_yz + BU_SZ (7)

=+0.02+0.22=0.2

3.4 Preliminary seismic fragility of fuel assembly

The HCLPF (High Confidence of Low Probability of
Failure) is defined as the capacity level at which there is
95% confidence that less than 5% of actual capacity
levels will fall below. The HCLPF is defined as Equation
8.

HCLPF = A,, * exp[—1.65(8z + By)] (8)

In order to calculate HCLPF, Am and Br and Bu were
calculated from the previously obtained values. For the
structure response factor, the existing fragility
assessment results were referred to PGAge is 0.273.

Ay, = 6.087 x 1.0 * 0.86 * 0.273 = 1.429 9)

Br = \[ﬁR_Ecz + ﬂR_ERZ + .BR_RSZ (10)

= \/0.02 + 0.2342 + 0.2212? = 0.322

By = \/ﬁU_ECZ + ﬁU_ERZ + ﬁU_RSZ (11)

=,/0.22 + 0.3352 + 0.2182 = 0.447

By substituting the calculated values of Am and Br and
Bu were into Equation 8, the HCLPF capacity of 0.402
can be derived.

4. Conclusion

In this paper, the preliminary seismic fragility analysis
of fuel assembly was performed according to the EPRI
SOV approach. Prior to performing the seismic fragility
analysis, the failure mode of the fuel assembly by
considering the structural failure of the fuel assembly and
the possibility of control rod insertion was defined.
Among the defined failure modes, damage to the guide
thimble tube was considered as a critical failure mode,
and a preliminary seismic fragility analysis of the fuel
assembly was performed. Finally, the HCLPF capacity
of 0.402 was derived.

In this study, the accurate value for fragility analysis
has not yet been obtained as the associated tests and
analyses are currently being carried out. For this reason,
the analysis was performed preliminary using an
arbitrary value. After obtaining actual values later, it is
expected that the seismic fragility can be analyzed
according to the procedure presented in this paper.
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