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Spent fuel rack is the key equipment for the storage of spent fuel after refueling. In order to investigate the performance of the
spent fuel rack under the earthquake, the phenomena including sliding, collision, and overturning of the spent fuel rack were
studied. An FEMmodel of spent fuel rack is built to simulate the transient response under seismic loading regarding fluid-structure
interaction by ANSYS. Based on D’Alambert’s principle, the equilibriums of force and momentum were established to obtain the
critical sliding and overturning accelerations. Then 5 characteristic transient loadings which were designed based on the critical
sliding and overturning accelerations were applied to the rack FEM model. Finally, the transient displacement and impact force
response of rack with different gap sizes and the supporting leg friction coefficients were analyzed. The result proves the FEM
model is applicable for seismic response of spent fuel rack.This paper can guide the design of the future’s fluid-structure interaction
experiment for spent fuel rack.

1. Introduction

Free standing spent fuel storage racks are submerged in
water contained in a pool. During a postulated strong
motion earthquake, the water surrounding the racks and fuel
assemblies is accelerated and the so-called fluid-structure
hydrodynamic interaction is significantly induced between
the water and the fuel assemblies, the racks and the pool
walls [1]. Fluid-structure interaction (FSI) problems have
attracted a great deal of attention because of their wide range
of applicability [2, 3]. Axisa and Antunes [4] have classified
FSI effect by fluid inertia effects, sloshing effect, fluid elasticity
effect, and damping effect. According to the report [5] by
NRC, for the evaluation of fluid effect for spent fuel rack, as a
basic assumption, the inertial effect of water on the vibrating
structures is considered while fluid damping and sloshing
effects are generally ignored.

The verification of structural integrity and functionality
is performed in two steps [6]. In the first phase, the motional
behavior of single racks is simulated by excitation with

time histories under consideration of the fluid-structure
interaction (FSI), which will be described in the next section.
In the second phase, the loads from the first phase are utilized
as input data for the structure analysis to substantially get
stress analyses. The analytical method for second phase is
just a basic quasistatic analysis; moreover, the detailed design
data of steel channels, welds, baseplate, and support structure
are hard to obtain; therefore, this paper only focuses on the
nonlinear analysis for the rack and the structural analysis was
not included.

Much attention was paid to the time history analysis of
free standing rack. Due to inertia effects and friction, the
rack legs may lift off or slide on the pool floor. Such seismic
response of the fluid-structure-coupling system may cause
the impact between the rack cells and the fuel assemblies
that are freely standing inside the rack cells. The complex
rack’s movement includes not only the impact between rack
and pool wall, but also the impact between rack supporting
legs and pool floor.Themathematical models usually used to
describe such impact and friction phenomena are materially
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Table 1: AP1000 spent fuel storage racks data.

Rack Region Array size Storage cell center-to-center pitch (in) Cell length (in) Weight (lb)
𝐴1, 𝐴2, 𝐴3 Region 1 9 × 9 0.277 5.07 13200
𝐵l, 𝐵2, 𝐵3, and 𝐵4 Region 2 12 × 11 0.229 5.07 11200
𝐶1 12 × 10 (−2) Region 2 12 × 10 (−2) 0.260 5.07 11400

and geometrically nonlinear, respectively. A 3D nonlinear
dynamic time history analysis method is usually needed to
solve such nonlinear problems [2]. Analyses of 3D whole
pool multiple rack model are much more complicated and
computationally costly than a 3D single rack or a 2Dmultiple
rack problem [1, 7]. Lee et al. [8] performed a transient
analysis of 3D rack using ANSYS codes. As a result of
the adequacy study, the method of time history analysis is
suitable for the seismic analysis of highly nonlinear structure
such as spent fuel rack but it is not appropriate to use
displacement time history of seismic input. Iwasaki et al.
[9] reflected test result to analysis method and developed
the dynamic response analysis model of 3D single rack.
The results verified the effectiveness of analysis evaluation
method of the free standing rack.

According to a report by Westinghouse [10], the friction
coefficient proves to be random values ranging from 0.2 to
0.8. In the report, different values of friction coefficients
were utilized to simulate the time history response of rack;
therefore, influence of friction coefficient is still required to
be studied to guide the design of the rack.

The FSI is characterized by flat structures with large
surfaces (area of one rackwall in the order of 10m2) separated
by relatively small water gaps (down to the order of 10mm).
Motion of neighboring racks can consequently lead to a large
fluid pressure on the rack walls. Stabel and Ren [11] compared
and evaluated different FSI formulations commonly used,
namely, two coaxial cylinders in 3D fluid, and two coaxial
squares two coaxial rectangle solids in 2D and 3D fluid. It was
shown that a proper and consistent formulationwhich has the
potential to account for 3D flow fields and large amplitude
displacements of the racks is necessary to avoid errors in the
determination of the structural loads.

Although much effort has been paid to the seismic
behavior of free standing fuel rack, additional research
could provide greater confidence in the analysis methods
by reducing the levels of uncertainty. In order to assess the
sensitivity of response to variations in model parameters,
this paper built a simplified mechanical model of spent fuel
rack regarding the fluid-structure interaction. The transient
response of rackwith different values of fluid gap sizes and the
supporting leg friction coefficient were analyzed to estimate
the most important factor influencing the rack displacement
and impact forces.

2. The Description of the Rack Model

2.1. Rack Design Description. As reviewed by Ashar and
DeGrassi [5], the honeycomb construction type of fuel rack
module as shown in Figure 1 is a common design config-
uration. Design and fabrication details vary with different
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Figure 1: A typical fuel rack module.

vendors but the overall design can be described as follows.
The module is a welded honeycomb structure which consists
of square cross-section stainless steel storage cells. Each cell
is designed to accommodate a single spent fuel assembly.The
honeycomb structure is welded to a base support assembly
which may consist of a base plate with four or more support
legs.

A high density spent fuel rack installation may include
several modules in a pool.Themodules could vary in size and
storage capacity. To maximize fuel storage, they are arranged
in close proximity to each other and to the pool walls. Gaps of
zero to two inches are common. A typical AP 1000 spent fuel
pool contains three Region 1 rack modules and five Region 2
rackmodules. As reported byWestinghouse [10], the detailed
dimension data of spent fuel racks are listed in Table 1.

2.2. Description of Seismic Analysis Methods. According to
the design ofAP1000, free standing rack is supported by 4 legs
as shown in Figure 1. The leg of the rack and the floor of the
pool cause friction, and seismic force along with inertia acts
as friction force on the rack.When friction increases, rocking
behavior which lifts up the legs occurs, and the rack receives
fluid force by the fluid around the rack.

The simplified rack analysis model is assembled in one
uniform cross-section beam having the same mass of the
rack.The parameter of the beam can be obtained by adjusting
the equivalent sectionmoment of inertia of the beam tomake
natural frequency of the simplified model equal to a detailed
FEM rack model.The bottom plate is made of relatively thick
stainless steel; consequently, it ismodeled by a rigid X-shaped
frame.
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Figure 2: Model of free standing fuel rack.

The contact between the leg and the floor is simulated by
Coulomb friction model. The static friction coefficient and
kinetic friction coefficient were equal.The friction coefficient
was set to 0.3 in the water obtained by the vibration test [12].

The impact between the rack and the wall is simulated
by gap spring model. This element behaves like a stiff
spring until the force reaches a limiting value equal to the
specified friction coefficient times the normal force. The
spring stiffness can be derived by Hirtz contact theory, which
could be automatically calculated by the ANSYS.

When the rack is placed in water, the FSI have to be taken
into consideration. According to Ashar and DeGrassi’s study
[5], the inertial effects of water on the vibrating structures
are considered while fluid damping and sloshing effects are
generally ignored. The fluid added mass of the rack can be
expressed by fluid added mass of a parallelepiped illustrated
in Figure 3 [1], which, therefore, denotes
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The main aim of the paper is to study the sliding,

overturning, and impact of the rack. The gaps between the
assemblies and the rack are only about 5mm, relatively
smaller than the gaps between the rack and the wall. Con-
sequently, the authors think if the assemblies and the rack
are merged together, the sliding distance will be larger and
more conservative than that of the coupling one because the
distributed mass model ignores the impact and the friction.
Consequently, the fuel assemblies are simplified into three
distributed masses attaching on the beam of rack illustrated
in Figure 2.

Table 2: Parameters of rack adopted in the simulation.

Rack size 𝑎
1
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Figure 3: Fluid added mass.

2.3. FEM Model. In this paper, the AP1000 rack in Region II
is chosen as an example to validate the model. The rack data
are listed in Table 2.

Corresponding to the model illustrated in Figure 2, the
FEM model by ANSYS codes is illustrated in Figure 4.
Conta178 elements are adopted to simulate friction and the
impact between leg and the pool. Conbin40 elements are
adopted to simulate the impact between rack and the wall.
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Figure 4: FEMmodel of free standing fuel rack.

The Mass21 elements are used to simulate the distributed
mass of the rack, assemblies, and the fluid added mass. The
beam21 element is used to simulate the rack structure.

In the analysis, the spent fuel pool is fixed so it is
represented by several nodes which are connected with the
conta178 elements and Combin40 elements. The boundary
condition for this model is that all the nodes that represent
spent pool are fixed. In the time history analysis, transient
acceleration loading is input as the inertia; moreover, the
gravity is also included.

3. The Analysis of Sliding and Overturning

3.1. Critical Sliding and Overturning Acceleration. In order
to improve the understanding of the rack motion under
earthquake, the rack is assumed to be a rigid body to sketchily
provide the critical sliding and overturning accelerations.

First of all, the rack is regarded as a rigid body with planar
motion. The rack of mass 𝑚 is moving on the floor with
an acceleration a, caused by the friction. However, it has to
be noticed that the friction may be either static or kinetic
friction.The distance between two legs is 2b.The height of the
rack is 2h. Here, generally assume that the distance between
the barycenter and the floor is h.

Under the earthquake, the friction and the fluid forces
apply on the rack. Here, the fluid force Ffluid = −𝑚𝐻a. The
inertia force system can be simplified into FIR applied on
the barycenter, which is in opposite direction of acceleration,
according to D’Alambert’s principle. Here, the inertia force
FIR = −𝑚a.

Establish the force and momentum equilibriums using
method of dynamic equilibrium. The momentum equilibri-
ums are written as

∑𝑀
𝐵
= 0,

𝐹IRℎ + 𝐹fluidℎ − 𝐺𝑏 + 𝐹𝑁𝐴2𝑏 = 0,

∑𝑀
𝐴
= 0,

𝐹IRℎ + 𝐹fluidℎ + 𝐺𝑏 − 𝐹𝑁𝐵2𝑏 = 0.

(2)

2b

2h

G

a

y

x

B A

FIR

Ffluid

FNB

FfB FNA

FfA

Figure 5: The rigid rack model.

We obtain
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From the above equations, if 𝑎 is positive, 𝐹
𝑁𝐴

will be
smaller than 𝐹

𝑁𝐵
. When 𝐹

𝑁𝐴
is 0, the rack will overturned.

Consequently, when the upper equation in (3) equals 0, we
obtained the critical overturning acceleration 𝑎co:

𝑎co =
𝑚

𝑚
𝐻
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𝑏

ℎ
𝑔 = 0.081 g. (4)

The above equation shows that the critical overturning
acceleration is𝑚/(𝑚

𝐻
+ 𝑚) times 𝑏𝑔/ℎ. This means the fluid

added mass can decrease the critical overturning accelera-
tion. The geometry of the rack can also influence the critical
overturning acceleration. If the ground acceleration is larger
than 𝑎co, the rack will overturn.

From Figure 5, the force equilibriums of rack are written
as

∑𝐹
𝑥
= 0,

−𝐹IRℎ − 𝐹fluidℎ + 𝐹𝑓𝐵 + 𝐹𝑓𝐴 = 0,

∑𝐹
𝑦
= 0,

𝐹
𝑁𝐴
+ 𝐹
𝑁𝐵
− 𝐺 = 0.

(5)

Assume there is relative sliding between the rack and
floor. When Coulomb friction model is introduced, 𝐹

𝑓𝐴
=

𝜇𝐹
𝑁𝐴

and 𝐹
𝑓𝐵
= 𝜇𝐹
𝑁𝐵

. The critical sliding acceleration 𝑎cs
is denoted by:

𝑎cs =
𝑚

𝑚
𝐻
+ 𝑚
𝜇𝑔 = 0.137 g. (6)
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Figure 6: Uniform acceleration amplitude loading: 0.06 g.

The above equation shows that the critical sliding accel-
eration is𝑚/(𝑚

𝐻
+ 𝑚) times 𝜇𝑔. This means the fluid added

mass can decrease the critical sliding acceleration. If the
ground acceleration is larger than 𝑎cs, the rack will slide on
the floor.

In this system, friction is driving force for the rackmotion
and fluid force is resistance. According to the Coulomb
model, if there is relative sliding, the maximum friction is
the sliding friction. Consequently, thismeans the acceleration
of rack can never surpass the critical sliding acceleration. If
critical overturning acceleration is larger than critical sliding,
the rack will not overturn.

3.2. Transient Test. The previous analysis assumes that the
rack is a rigid body and the dose is not taken into considera-
tion of the impact. The natural frequency of the loaded rack
is above 10Hz; the rack is not so flexible. This simplification

has limited influence on the sliding and overturning effect of
the rack. Consequently, the critical sliding and overturning
accelerations can be used to test the FEMmodel discussed in
Section 2.

Knowing the critical sliding andoverturning acceleration,
as listed in Table 3, 5 characteristic loadings in 𝑋 direction
are adopted to test the response of the rack. Loading #1
is smaller than critical sliding acceleration. Loading #2 is
between the critical sliding acceleration and critical overturn-
ing acceleration. Loading #3 is larger than critical overturning
acceleration. Loading #4 is a sine wave with an acceleration
amplitude of 0.4 g. Loading #5 is a seismic loading with peak
ground acceleration 0.4 g.

Figures 6–10 are the time history results of 5 characteristic
loading tests. Figure series (a) are time displacement history
at the top and bottom of the rack. Figure series (b) are the
supporting leg forces in 𝑍 direction. Figure series (c) are the
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Figure 7: Uniform acceleration amplitude loading: 0.10 g.

Table 3: Description of loading cases.

Loading number Description Acceleration amplitude

1 Uniform acceleration
amplitude 0.06 g

2 Uniform acceleration
amplitude 0.10 g

3 Uniform acceleration
amplitude 0.16 g

4 Sine wave with
frequency of 1Hz 0.40 g

5 Seismic loading 0.40 g

parameter STAT representing the status of contact between
legs and floor. If STAT = 3, contact is closed and no sliding
occurs. If STAT = 1, contact is open. If STAT = 2, relative
sliding occurs.

Figure 6 shows when the rack is subjected a uniformed
acceleration of 0.06 g in 𝑋 direction, the rack has a 0.8mm
displacement and then remain still in the bottom which
means no sliding occurs. The displacement fluctuation at the
top may be caused by vibration of the rack itself.

Figure 7 shows the rack motion subjected to 0.10 g
acceleration larger than the critical sliding acceleration. In
the previous 0.7 seconds, the displacement of rack tended
to be classical quadric curve which means sliding occurs.
As shown in (c), the contact status remains the sliding
and no overturning emerged. The transient overturning in
the previous 0.2 seconds may be caused by the transient
phenomenon of the loading. At 0.7 seconds, the bottom leg
impacts the wall.

Figure 8 shows the rack motion subjected to 0.16 g
acceleration lager than the critical overturning acceleration.
It is clear in Figure 8(a) that overturning, sliding, and impact
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Figure 8: Uniform acceleration amplitude loading: 0.16 g.

occur; the rack bottom impacts the wall because the bottom
plate is 30mm larger than rack top. As Figure 8(c) shows,
from 0.4 to 1.0 s, the contact of Leg 1 opens leading to the
zero force in Figure 8(b) which verified rack overturns.

Figure 9 shows the rack motion subjected to a sine wave
with acceleration amplitude of 0.4 g. Both the bottom and the
top of the rack impact the side wall because the acceleration
amplitude surpasses both the critical sliding and overturning
acceleration.

Figure 10 shows the rackmotion subjected a seismic load-
ing illustrated in Figure 11 with a peak ground acceleration of
0.4 g. The rack top and bottom move almost simultaneously.
At 2.8 s, the rack impacts the wall.

Finally, these transient tests prove that the FEMmodel in
Section 2 can be used to study the sliding and overturning of
the rack.

4. Discussion on Friction Coefficient
and Gap Sizes

In this section, different gap sizes and friction coefficients
are discussed to investigate the rack response based on the
FEM model in Section 2. The total 9 sets of parameter com-
binations are calculated in this section with gap sizes ranging
from 20 to 60 and friction coefficients ranging from 0.2 to
0.8. The seismic loading illustrated in Figure 11 with a peak
ground acceleration of 0.4 g is applied in 𝑋 direction. The
critical sliding acceleration, critical overturning acceleration,
maximum bottom and top displacement responses, and the
maximum bottom and top impacts are listed in Table 4.

In the previous section, the critical sliding acceleration
is determined by 𝑚/(𝑚

𝐻
+ 𝑚) times 𝜇𝑔. This means the

rack will slide relatively on the floor only when the ground
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Figure 9: Sine acceleration amplitude loading: 0.4 g, 1 Hz.

acceleration surpasses this threshold value. If the friction
coefficient increases, the critical sliding acceleration will be
larger; therefore, the rack is less likely to relatively slide on
the floor and impact the wall. When the energy dissipation
(friction force) increases there is a reduction of the elevation
of fluid waves [3, 4]. Similarly, there should be a reduction of
the response displacement and impact forcewhen the friction
coefficient increases. As shown in Table 4, this phenomenon
is basically true for all gap sizes, especially for Cases 4 to 6.

However, there are some exceptions for this correlation.
For example, themaximumbottom impact force for Case 2 is
smaller than that for Case 3.These exceptions may be caused
by the randomness of the seismic wave. Here is the possible
reason. For Cases 1 to 3, the critical sliding accelerations
are 0.028 g, 0.042 g, and 0.11 g, respectively. If the peaks of
earthquake wave that surpass the critical accelerations are
in the same direction, the rack will move closely to the wall

and may impact the wall. On the contrary, if the peaks of
earthquake wave that surpass the critical accelerations are in
different directions, the rack may just remain still. For the
same seismic wave, if the friction coefficient changes, the
peaks that surpass the threshold change. Consequently, the
impact forces calculated with smaller friction coefficient are
possibly smaller than the larger ones in a single transient
test.

As the statement in Section 3.1, if critical overturning
acceleration is larger than critical sliding, the rack will not
overturn. The results in Case 6 have proved this statement.
In Case 6, the rack top impacts the wall although the bottom
does not. For Case 6, the critical overturning acceleration
is 0.118 g, the critical sliding acceleration is 0.186 g, and,
therefore, the rack is muchmore likely to overturn than slide.
Consequently, the rack bottom does not impact the wall and
the rack top impacts the wall possibly because of overturning.
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Figure 10: Test Loading 5: seismic loading with peak ground acceleration 0.40 g.

Table 4: The maximum results of the 9 sets of parameters combinations.

Case
number Gap sizes/mm 𝜇 Critical

sliding acc./g

Critical
overturning

acc./g
Bottom disp./mm Top disp./mm

Bottom
impact
force/N

Top impact force/N

1 20 0.2 0.028 0.070 20.2 50.1 3.29E7 3.24E7
2 20 0.3 0.042 0.070 20.2 50.1 1.21E7 5.38E6
3 20 0.8 0.111 0.070 20.1 50.1 2.13E7 2.89E7
4 40 0.2 0.047 0.118 40.1 63.9 5.10E6 —
5 40 0.3 0.070 0.118 40.2 43.85 2.461E6 —
6 40 0.8 0.186 0.118 35.5 70.1 — 2.70E6
7 60 0.2 0.060 0.152 60.1 69.9 4.92E6 —
8 60 0.3 0.090 0.152 50.2 52.57 — —
9 60 0.8 0.240 0.152 54.8 56.11 — —



10 Science and Technology of Nuclear Installations

0.0 0.5 1.0 1.5 2.0 2.5 3.0

Time (s)

−0.4

−0.2

0.0

0.2

0.4

G
ro

un
d 

ac
ce

le
ra

tio
n 

(g
)

Figure 11: Seismic wave.

Another finding is that when the gap between rack and
the pool wall is larger, the rack is less likely to impact the wall.
For Cases 1, 4, and 7, with increasing gaps, the impact forces
decrease. This phenomenon is obvious because larger gap
means larger sliding distance; the friction force will dissipate
more energy with larger sliding distance; therefore, it is less
possible to impact with larger gap.

5. Conclusions

This paper concentrates on the seismic response of spent
fuel rack including phenomena like sliding, overturning, and
impact between rack and spent fuel pool wall. The AP1000
spent fuel rack is analyzed by an FEM model with ANSYS
codes regarding effects including friction and impact. The
FEM model regards the assemblies as a part of rack and
ignores the impact between racks and assemblies. Based
on D’Alambert’s principle, the equilibriums of force and
momentum were established to obtain the critical sliding
and overturning acceleration.Then, 5 characteristic transient
loadings designed according to the critical sliding and over-
turning acceleration were applied to the rack FEM model to
test the sliding and overturning. A discussion on fluid gap
sizes and supporting leg friction coefficient was carried out
to estimate the most important factor influencing the rack
displacement and impact forces.

The detailed conclusions are listed below:

(1) The fluid added mass can decrease the critical sliding
and overturning acceleration.

(2) There is a positive correlation between friction coeffi-
cient and the critical sliding acceleration.

(3) When friction coefficient increases, the sliding dis-
tance and impact force tend to be smaller. However,
there are some exceptions, possibly on account of the
randomness of the seismic waves.

(4) If the critical sliding acceleration is larger than critical
overturning acceleration, the rack ismuchmore likely
to overturn than slide.

(5) When the gap between the rack and the pool wall is
larger, the rack is less likely to impact the wall.

This paper can guide the design of the future’s fluid-
structure interaction experiment for spent fuel rack.With the
proper set of parameters including loading amplitudes and
gap sizes, the nonlinear phenomena including the friction
effect, the impact effect, and the FSI effect can be evaluated
independently with higher accuracy.
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