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1. Introduction 
 

To date, effectiveness of the seismic isolation 
systems for reducing seismic force effectively has been 
well demonstrated. In this context, practical application 
of the technology in nuclear engineering fields has 
become an important issue more and more. Obviously, 
lifetime structural performance in nuclear isolation 
systems will be improved. However, assuming that a 
nuclear liquid storage tank, spent fuel pool (SFP), 
containing radioactive material is seismically isolated, 
overflow-induced damages under earthquake may 
happen inevitably. This is because fluid motion can be 
rather amplified due to the increased relative 
displacement between the base and superstructures by a 
long-period shift. Therefore, overflow assessment and 
prediction of the seismically-isolated SFP have to be 
conducted in design phase. 

For performing sloshing-induced overflow of the 
seismically-isolated SFP, a fluid-structure interaction 
(FSI) approach making a two-way coupling process 
between structural and fluid solvers is herein employed. 
In this study, fuel racks inside the SFP are included in 
FSI modeling to investigate effect of fuel-cell 
assemblies on SFP overflow. Accordingly, three 
different assembly sets of fuel cells are assumed to be 
inserted in fuel racks. In addition, floor acceleration 
time-histories produced from three different amplitudes 
of peak ground acceleration (PGA) are applied to the 
SFP base to investigate load effect on liquid overflow. 

 
2. Methods and Results 

 
The seismically-isolated SFP with fuel racks can 

experience sloshing-induced overflow in potential 
seismic risk regions. Based on FSI approach, effects of 
fuel racks and PGAs on its overflow damage are herein 
investigated. 

 
2.1 FSI Approach for Overflow Assessment 

 
For the seismically-isolated SFP, sloshing-induced 

overflow can be well quantified by performing FSI 
analysis which solves a multi-physics problem 
associated with the interaction between deformable 
structures and fluid flow [1]. The computational fluid 
dynamics (CFD) approach is also used to consider 
multiphase flow phenomena of gas/air and liquid [2]. In 
this study, FSI analysis is conducted by coupling two 
analytical solvers, as shown in Fig. 1 [2,3]. In structural 

analysis, all necessary boundary and loading conditions 
are imposed at the base of a tank, while volume of fluid 
(VOF) method in sloshing analysis is employed due to 
its suitability for determining the shape and location of 
free surface [4]. In the FSI coupling process, individual 
outputs including mesh displacement and force are 
continuously transferred to the structural and fluid 
solvers, respectively.  

To estimate sloshing-induced overflow, mass flow 
rate, ṁ (kg/sec), is necessary to be first computed from 
FSI analysis. It indicates the mass of a substance (e.g., 
fluid) that passes through an identified surface per unit 
time. ṁ at the opening boundary is calculated as [2]: 

ii VAm      (1) 

where ρ is the mass density of the fluid; A is the cross-
sectional vector area/surface; V is the flow velocity of 
the mass elements; and i indicates the individual side 
walls in a rectangular tank (i.e., east, west, north, south). 
Sloshing-induced overflow is then estimated by 
dividing the computed ṁ in Eq. (1) into the fluid mass 
density. Accordingly, the total overflowed liquid 
volume, Vtot (m

3), measured in four-side walls is given 
by: 

dt
tmtmtmtm

tV
t

SNWE
tot 




0

)()()()(
)(




    (2) 

where ṁE, ṁW, ṁN, and ṁS are the mass flow rate in 
each side wall.  

In this study, a two-way FSI analysis is performed to 
estimate liquid overflow for all identified cases, by 
using common finite element (FE) software programs 
ANSYS and CFX. It is assumed that fluid motion is 
ideally irrotational, incompressible, and inviscid. It is 
noted that this approach was already validated in the 
authors’ previous work [5]. 
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Fig. 1. Flowchart for FSI analysis. 
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2.2 Descriptions and FE Modeling of SFP with/without 
Fuel Racks 
 

The seismically-isolated SFP, which is a pool-type 
rectangular reinforced concrete structure, is located in 
the auxiliary building. Its typical inner dimensions are 
10.52 m (35 ft 6 in) in width and 12.80 m (42 ft) in 
length and height. Fluid filled in SFP is assumed to be 
water with its design free surface of 12.24 m (40 ft 2 in). 
The associated material properties are presented in 
Table I. 

 

Table I: Material Properties 

Parameter SFP 
Fluid 

(Water) 
Young’s modulus, 

E (GPa) 
27.79 - 

Poisson’s ratio, ν 0.17 - 

Density, ρ (kg/m3) 2,403 997 

Free surface, h (m) - 12.243 

 
A 3-D FE modeling of SFP with fuel racks is 

developed. VOF method consisting of air and water 
regions is employed in liquid modeling, while the SFP 
structural modeling is developed using a solid element 
type (i.e., solid185) is developed (see Fig. 2). Fuel 
storage racks designed to store spent fuel removed from 
nuclear reactors are assumed to be 4.775 m in height. It 
is also assumed that fuel racks consist of empty fuel 
cells in every 0.271 m. Rack-to-rack spacing is ignored. 
In this study, three different fuel-cell assemblies with 
the SFP only (i.e., any fuel racks are not included) are 
taken into account, as shown in Figs. 3 (a) to (d):  

(i) FR-0: not included fuel racks,  
(ii) FR-1: fuel cells inserted in Region A only,  
(iii) FR-2: fuel cells inserted in Regions A and B, and 
(iv) FR-3: fuel cells inserted in Regions A, B, and C 
 

VOF MODEL
h = 12.24 m (40’-2”)

EASTSOUTH

UP

1.83 m 
(6’)

12.80 m 
(42’)

1.68 m 
(5’-6”) 0.91 m (3’)

10.82 m (35’-6”)

3.51 m (11’-6”)

13.72 m 
(45’)

 
 
Fig. 2. Dimensions and FE modeling of SFP. 
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Fig. 3. Fuel racks modeling according to fuel-cell assemblies. 
 
2.3 Seismic Loading 

 
As a load effect, floor acceleration time-histories 

produced from the preliminary soil-structure interaction 
(SSI) analyses for a full beam-stick modeling of the 
seismically-isolated nuclear auxiliary building are 
imposed to the SFP base. These acceleration inputs 
were obtained by exciting three different PGAs (i.e., 
0.2g, 0.3g, and 0.5g) at bed rock level, as shown in Figs. 
4 (a) to (c). The associated maximum floor 
accelerations are presented in Table II. For each PGA, 
three floor accelerations in east-west (EW), north-south 
(NS), and vertical (VT) directions are simultaneously 
imposed to the SFP base up to t = 20.48 sec. After that, 
additional zero excitations are lasted up to t = 40 sec to 
make sloshing behavior to be converged stably. 

 

Table II: Maximum Instructure Accelerations                   
for FSI Analysis 

Maximum instructure acceleration (g)*PGA
(g) EW NS VT 

0.2 0.086 0.090 0.212 

0.3 0.107 0.138 0.325 

0.5 0.159 0.186 0.562 

* PGA values imposed in vertical direction are 
obtained by scaling two-thirds the PGAs excited in 
horizontal direction. 
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(a) EW direction 
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(b) NS direction 
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(c) VT direction 

 
Fig. 4. Three sets of floor acceleration time-histories produced 
from different PGAs. 

 
2.4 Effect of Fuel Racks on SFP Overflow Behavior for 
PGA of 0.5g 

 
Effects of different fuel-cell assemblies on the SFP 

overflow is herein investigated. In a conservative way, 
a PGA of 0.5g is treated as a target value in design of 
the seismically-isolated SFP. As described previously, 
the floor accelerations produced from the target PGA 
are used as a seismic input in FSI analyses which are 
carried out to estimate the cumulative overflowed water 
volumes by using Eq. (2). At t = 40 sec, the cumulative 
overflowed water volumes are computed at the 
individual side walls and plotted with their summation 
(see Fig. 5). As shown in Fig. 5, the overflow 
difference is not significant for the identified cases (i.e., 
FR-0, FR-1, FR-2, FR-3). By using Vtot measured by 
FR-0 as a reference value, the increase or decrease rate 
of each case is calculated. As presented in Table III, it 
is found that the maximum difference does not exceed 
about 4%. This small gap may be possible because 
sloshing frequency is not affected considerably in the 
existence of fuel racks. As a result, in liquid overflow 
assessment and prediction of the seismically-isolated 
SFP, fuel storage racks can be excluded to improve 
computation efficiency and produce more conservative 
outputs. 

Figs. 6 and 7 show free surface profiles in FR-0 and 
FR-1, respectively. Similarly, the sloshing behavior in 
two cases FR-0 and FR-1 is not different. In both cases, 
the peak sloshing is occurred at the west-north corner 
wall at t = 10.19 sec. Fig. 8 shows the sloshing behavior 
of each case at t = 40 sec. Sloshing in FR-1, FR-2, and 
FR-3 is almost similar, whereas that in FR-0 is a little 

fluctuated. However, the overflow difference is not big, 
as described above.  

0

20

40

60

80

100

120

EAST WEST NORTH SOUTH TOTAL

FR-0

FR-1

FR-2

FR-3

WALL LOCATION

C
U

M
U

L
A

T
IV

E
 O

V
E

R
FL

O
W

E
D

W
A

T
E

R
 V

O
L

U
M

E
 (

m
3 )

 
 
Fig. 5. Cumulative overflows according to different 
assemblies of fuel cells in SFP. 
 

Table III: SFP Overflows Estimated in Each Case 

Case 

Total cumulative 
overflowed water 

volume  
at t = 40 sec (m3) 

Rate (%) 

*FR-0 104.34 RV 

FR-1 102.15 (-) 2.10 

FR-2 100.32 (-) 3.85 

FR-3 101.69 (-) 2.54 

* FR-0 is used as a reference value (RV) to compute 
the increase or decrease rate. 
 

 
(a) t = 5 sec  (b) t = 10.19sec  (c) t = 20.48 sec  (d) t = 40 sec 

 
Fig. 6. Time-history sloshing behavior in FR-0. 
 

 
(a) t = 5 sec  (b) t = 10.19sec  (c) t = 20.48 sec  (d) t = 40 sec 

 
Fig. 7. Time-history sloshing behavior in FR-1. 
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Fig. 8. South view of sloshing behavior at t = 40 sec. 
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Fig. 9. Variation in water level under seismic excitations. 
 

Fig. 9 shows the time-history profile of initial water 
level of the isolated SFP, under earthquake. Due to 
violent liquid sloshing from t = 10 sec to t = 20 sec, it is 
significantly reduced. For given design PGA of 0.5g, 
the total cumulative overflowed water volume exceeds 
about 75 cm at t = 40 sec. 
 
2.5 SFP Overflow Assessment with Different PGAs 
 

For a design free surface of 12.24 m, three different 
PGAs (i.e., 0.2g, 0.3g, 0.5g) are excited at the isolated 
SFP base. As shown in Fig. 10, at t = 40 sec the 
minimum overflow of 33 m3 is occurred in PGA of 0.2g, 
whereas the maximum overflow of 104 m3 is observed 
in PGA of 0.5g (see also Table IV).  
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Fig. 10. SFP overflow profiles for different PGAs. 
 

Table IV: SFP Overflows for Different PGAs 

Cumulative overflows (m3) 

PGA 
VA,  

t = 20.48sec 
VB,  

t = 40sec 

*Increas
e rate, IR 

(%) 

0.2g 22.48 33.33 (+) 48.28

0.3g 37.91 51.07 (+) 34.71

0.5g 81.45 104.34 (+) 28.10

* IR (%) = 100·(VB-VA)/VA. 

In addition, Table IV presents the increase rate of 
overflows between t = 20.48 sec (end of seismic 
excitations) and t = 40 sec (additional zero excitations). 
It is observed that in relatively lower PGA of 0.2g, the 
overflow increase is significant. This may be acceptable 
because liquid sloshing in higher PGA can be more 
concentrated within seismic event (i.e., t = 20.48 sec) 
such that additional overflow with zero accelerations is 
occurred to be relatively small. 

 
3. Conclusions 

 
An approach for the liquid overflow assessment of 

the seismically-isolated nuclear SFP with fuel storage 
racks based on FSI analysis was addressed. From the 
results of the identified cases, the following conclusions 
are drawn: (i) FSI technique can be effectively used to 
assess the seismically-isolated SFP overflow, (ii) In a 
conservative way, the isolated SFP without fuel racks 
can be used to assess its sloshing-induced overflow 
under earthquake since effect of fuel-cell assemblies on 
the SFP overflow is not significant, (iii) for given same 
conditions (e.g., constant design free surface, same 
fuel-cell assembly) except seismic loading, the higher 
PGA is, the more liquid overflow increases, and (iv) to 
prevent unexpected overflow damages occurred in the 
seismically-isolated nuclear SFP, further research is 
needed for finding optimal design solutions associated 
with applicable minimum free surface, allowable 
drainage capacity, and so on. 
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