
Title Parametric analysis of modelling properties governing the seismic response of free-standing spent 

fuel racks

Authors(s) Gonzalez Merino, Alberto, Costas de la Peña, Luis, González, Arturo

Publication date 2017-05-25

Publication information Gonzalez Merino, Alberto, Luis Costas de la Peña, and Arturo González. “Parametric Analysis of 

Modelling Properties Governing the Seismic Response of Free-Standing Spent Fuel Racks.” CRC 

Press, May 25, 2017. https://doi.org/10.1201/9781315210469-345.

Conference details 27th annual European Safety and Reliability Conference (ESREL 2017), Portoroz, Slovenia, June, 

2017

Publisher CRC Press

Item record/more 

information

http://hdl.handle.net/10197/8747

Publisher's version (DOI) 10.1201/9781315210469-345

Downloaded 2026-05-01 23:42:36

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information

https://twitter.com/intent/tweet?via=ucd_oa&text=DOI%3A9781138629370&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F8747


1 INTRODUCTION 

1.1 Description 

Spent fuel racks are steel structures designed to store 
the spent fuel assemblies removed from the nuclear 
power reactor. In order to maximize the storage ca-
pacity of the spent fuel pool, rack units are spaced by 
only a few centimeters setting up a matrix shape that 
fits in the pool with a minimum clearance (Fig. 1). 
Rack units rest in free-standing conditions sub-
merged in water at 12 m depth. 

Figure 1. Location of free-standing racks in the spent fuel pool. 
 
During a seismic event, racks undergo large dis-
placements, namely sliding, rocking, twisting and 
turning with different types of possible impacts as 
fuel-to-rack, rack-to-rack and rack-to-pool. The rack 
support feet may lift off from or slide on the pool 
floor depending on the balance between inertial ef-
fects and friction resistance. Furthermore, the water 

volume is also accelerated inducing a significant flu-
id-structure hydrodynamic interaction between the 
wet boundaries (Fritz 1972). The response of a unit 
is then influenced by the whole rack system due to 
the so-called ‘water coupling effect’ (Soler & Singh 
1982) 

1.2 Challenges in rack design 

The seismic analysis is more complicated for the 
rack system than for most of other nuclear structural 
systems (Ashar & DeGrassi 1989, DeGrassi 1992). 
The United States Nuclear Regulatory Commission 
has issued overall design requirements and licensing 
acceptance criteria for the performance of these 
components (USNRC 1979, 1981). Their transient 
dynamic response is governed by their interaction 
with the surrounding fluid and exhibits a highly ge-
ometrical nonlinear behavior. The equation of mo-
tion associated to this problem need to be solved via 
numerical integration requiring significant computa-
tional power. An ad-hoc methodology based on the 
Finite Element (FE) method takes advantage of dy-
namic contact elements and implements the hydro-
dynamic mass concept (Dong 1978, Chung & Chen 
1994). The latter has traditionally been accepted as a 
cost-effective approach to replace the water effect by 
an equivalent added mass. However, some disper-
sion of results still exists and several sources of un-
certainty have been identified (Gonzalez et al. 
2016a). In the following sections, a FE model of a 

Parametric analysis of modelling properties governing the seismic 
response of free-standing spent fuel racks 

Alberto Gonzalez Merino 
Equipos Nucleares S.A., Maliaño, Spain 

University College Dublin, Dublin, Ireland 

Luis Costas de la Peña 
Equipos Nucleares S.A., Maliaño, Spain 

Arturo González 
University College Dublin, Dublin, Ireland 

ABSTRACT: Spent fuel racks are steel structures designed to store the spent fuel assemblies removed from 
the nuclear power reactor. They rest in free-standing conditions submerged in the depths of the spent fuel 
pool. During a strong-motion earthquake, racks undergo large displacements subjected to inertial forces. An 
accurate estimation of their response is essential to achieve a safe pool layout and a reliable structural design. 
A transient analysis with direct integration of the equation of motion throughout the whole earthquake dura-
tion becomes therefore unavoidable. The computational cost associated to this analysis leads to the use of 
simplified finite element models giving rise to a certain dose of uncertainty. This paper carries out a paramet-
ric analysis of the key modelling properties for a two-rack system. This technique examines the behavior of 
the main transient outputs as a modelling parameter is systematically varied. Numerical results provide a 
source of insight into the general behavior of the rack system and an effective tool to propose an efficient and 
reliable modeling and meshing. The trade-off between outputs and computational cost and is also discussed. 

Spent Fuel Pool 

6x4 racks 

Fuel storage 

 rack unit 

~
4

m
 

~
12m

 

Nuclear Fuel 
assemblies 



two-rack system is introduced and the influence of 
key modelling parameters on the transient response 
and on the computational time is assessed. Analyses 
are performed on ANSYS Mechanical APDL Re-
lease 14.0 running in an Intel core i3 processor with 
8GB RAM. 

2 CONCEPTUAL MODEL FOR 3D SEISMIC 
ANALYSIS 

The computational cost of the aforementioned non-
linear dynamic time history analysis has motivated 
the use of plain but efficient models (Soler & Singh 
1984, Zhao et al. 1996, Zhao 1997, Hinderks et al. 
2001). Figure 2 shows an upgrade of the 2-rack stick 
model used by Gonzalez et al. (2016b) to simulate 
the response of free-standing racks. Such a model al-
lows for the sliding and rocking motion and takes in-
to consideration the geometric nonlinearities associ-
ated to the dynamic contacts (i.e. fuel rattling inside 
the storage cells, tilting uplifts of support feet and 
subsequent impacts, frictional sliding of the support 
feet along the pool liner, etc.).  
 

Figure 2. Seismic 3D ANSYS FE model of 2-rack system  
 
The model is built in 3D in order to reproduce the 
real spatial motion which cannot be achieved by a 
planar approach. Each rack unit is composed by 4 
feet connected to four rigid beams forming a pedes-
tal that serves as support to a vertical beam repre-
senting the storage cells at the body of the rack. 
Beam elements are massless and defined with a spe-
cific stiffness to replicate the genuine dynamic be-
havior. Rack and fuel masses are lumped into mass 
elements MASS21 at different levels whereas their 
self-weight are input as a force on their centroid. 
MATRIX27 elements modify the effective masses 

according to the hydrodynamic mass concept to take 
into account the fluid-structure interaction of the wa-
ter coupling effect. CONTA178 elements simulate 
the dynamic contact and friction forces caused by the 
rocking and sliding motion. 
Regarding the fuel assemblies, they are assumed to 
move in phase. They can therefore be grouped and 
modeled using a single fuel beam collinear with the 
rack body beam (i.e. labelled ‘rack + fuel assem-
blies’ in the figure). Nodes of the fuel beam are con-
nected to the nodes of the rack body beam at each 
discretization level through both cylindrical contacts 
CONTA178 and dynamic fluid coupling elements 
FLUID38. The former recreate contact impact forces 
in the radial direction and Coulomb friction in the 
tangential direction. The latter simulate the effect of 
the constrained mass of water encompassed between 
the fuel assembly and the storage cell (Stabel & Ren 
2001) 

3 ACCELERATION INPUT 
External seismic load is usually given in the form of 
design response spectra from which a synthetic ac-
celeration time history can be derived using the PSD 
method. Figure 3 illustrates the horizontal accelera-
tion-time history used in this parametrical analysis. It 
lasts around 12 seconds and exceeds 8m/s2. 

 
Figure 3. Design acceleration-time history 
 
Since in primitive FE programs accelerations could 
not been directly applied to the model some alterna-
tives were developed to enforce the pool to repro-
duce this accelerogram. Lee et al. (1998) advised 
against the use of the displacement-time history in 
the typical sharp accelerograms of the rack seismic 
analysis. This scheme results in unexpected accelera-
tion discontinuities throughout the simulation bring-
ing numerical noise that can only be limited through 
numerical damping. 
Thenceforth, transient accelerations have traditional-
ly been transformed into an equivalent force pushing 
a huge ‘ground’ mass. This force-time history is set 
as the product of the ground mass by the acceleration 
at each time step. The ground mass has to be some 
orders of magnitude bigger than the mass of the rack 
system in order to reduce their influence. Unfortu-
nately, this requirement may introduce a loss of 
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computational accuracy due to the combination of 
large and small numbers. Moreover, since this 
scheme computes the accelerations terms via the so-
lution of the complete differential equation of mo-
tion, it adds computational time and results in slight 
differences between the design and computed accel-
eration. The magnitude of the error depends on the 
solution of the 2nd order ODE and then on the time 
marching. 
Figure 4 compares the total and relative acceleration 
error in a typical transient analysis for a time step of 
3e-5 seconds. Total error is the difference (i.e. de-
sign - computed) and relative error is the ratio ex-
pressed as a percentage (i.e. 1-(computed / design)). 
It is noted that even if the total error remains low and 
bounded in the order of 4e-2 m/s2, the percentage 
can reach peaks up to 1400% during the shakings. 

 
Figure 4. Total and relative errors in the computation of the 
pool acceleration when input as an equivalent force. 
 
This computation error can be overcome by using FE 
programs that allow the user to directly feed the de-
sign acceleration into to the model. For instance, 
ANSYS recommends to define support motion using 
the tabular array parameter definition on the ‘D,,acc’ 
command (QA2012-01, 2012). Figure 5 shows how 
the total and relative acceleration error disappears 
when the same analysis is conducted with a directly 
enforced acceleration-time history. The remaining 
error is due to the last significant digit of the result 
output. 

 
Figure 5. Total and relative errors in the computation of the 
pool acceleration when input as an enforced acceleration. 

4 FINITE ELEMENT MESH DISCRESIZATION 

4.1 Rack body beam  

The continuous model is discretized into finite ele-
ments that can be addressed through computational 
analysis. The 4m height of the rack body is divided 
into several levels (nlevels). Each level is represented 
by a node where structural lumped mass, hydrody-
namic added mass and fuel contact and dynamic flu-
id coupling are set. The total mass of the rack 
(Mrack=630 kg) is lumped proportionally to the span 
of each level. A Mrack/(nlevels-1) mass is assigned to 
the central nodes, whereas a Mrack/( nlevels -1)/2 mass 
is assigned to the bottom and top nodes. Hydrody-
namic added masses resulting from the racks under-
water relative acceleration are geometrically split in-
to the number of levels through constraint equations. 

4.2 Fuel assemblies beam  

The total mass of the fuel assemblies (Mfuel=2500 
kg) is also lumped proportionally to the span of each 
level. While a mass of value Mfuel/(nlevels-1) is as-
signed to central nodes, Mfuel/(nlevels-1)/2 is assigned 
to the end nodes.  

4.3 Parametric analysis of the FE mesh 
discretization 

During the transient analysis the equation of motion 
is solved at each node at each time step to satisfy 
equilibrium. Therefore, the computational cost is 
proportional to number of nodes. A parametric anal-
ysis of the FE mesh is carried out to highlight not 
only its influence on the CPU time but also on cru-
cial design outputs as displacements and forces. 
Several runs have been performed on variations of 
the model of Figure 2 for different meshes with nlevels 
ranging from values 2 to 50. Figure 6 compares the 
relative sliding displacement of the Rack1 over the 
pool floor throughout the transient analysis. Table 1 
provides the bounds of most interest for design pur-
poses and Figure 7 shows the sensitivity of these 
outputs to the FE mesh discretization. 

 
Figure 6. Relative sliding displacements Rack1 - Pool for differ-
ent FE meshes 
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Table 1.  Mesh discretization versus CPU time and 
output bounds 
Number 
of 
levels 

CPU 
time 

Max. relative 
sliding 

displacement 

Min. relative 
sliding dis-
placement 

Max. 
Vertical 
force on 
support 

nlevels (s) (cm) (cm) (N) 
2 3.81E3 0.43 -1.81 8.05E4 
3 4.24E3 1.88 -0.44 9.46E4 
4 4.51E3 1.37 -0.91 1.14E5 
5 4.73E3 0.21 -2.28 1.37E5 
6 5.08E3 0.03 -2.10 1.04E5 
7 5.48E3 1.39 -1.28 1.15E5 
8 5.97E3 0.68 -2.03 1.16E5 
9 6.16E3 0.28 -2.04 1.13E5 
10 6.69E3 0.06 -3.24 1.16E5 
20 1.17E4 0.06 -2.84 1.16E5 
30 1.76E4 0.10 -2.98 1.18E5 
40 2.40E4 0.06 -5.52 1.01E5 
50 2.90E4 0.19 -3.51 1.19E5 
 

 
Figure 7. Sensitivity of the sliding displacement and maximal ver-
tical force to the mesh discretization 

 
It is noted that the maximum and minimum sliding 
displacements are affected by the number of levels 
of the mesh. Models with less than 10 levels present 
a wide dispersion in the outputs whereas models ex-
ceeding 10 levels present stabilized sliding dis-
placements and forces and are definitely more relia-
ble. Regarding the CPU time, it increases linearly 
with the number of nodes in an average of 525 s. per 
extra level. 

5 FRICTION COEFFICIENT 
The friction coefficient at the contact between the 
rack feet and the pool liner has a strong influence in 
the relative sliding motion. Low frictions are associ-
ated to high sliding displacements whereas high fric-
tions lead to a foremost rocking behavior boosting 
the vertical forces associated to the impacts on sup-
ports. Several runs have been performed on the 
model of Figure 2 for different values of the Cou-
lomb friction coefficient ranging from 0.2 to 0.8 
(Rabinowicz 1976). Figure 8 compares the relative 
sliding displacement of the Rack1 over the pool 
floor throughout the transient analysis. Table 2 pro-

vides the bounds of most interest for design purposes 
and Figure 9 shows the sensitivity of these outputs to 
the friction coefficient. 

 
Figure 8. Relative sliding displacements Rack1 - Pool for differ-
ent friction coefficients (FC) 
 
Table 2. Friction coefficient versus CPU time and 
output bounds 
Friction 
coeff. 

CPU 
 time 

Max. relative 
sliding 

displacement 

Min. relative 
sliding 

displacement 

Max. 
Vertical 
force on 
support 

 (s) (cm) (cm) (N) 
0.20 7.02E3 0.92 -8.13 4.04E4 
0.30 7.24E3 1.63 -3.58 6.35E4 
0.40 6.88E3 0.13 -4.28 8.84E4 
0.50 6.62E3 0.06 -3.03 1.10E5 
0.60 6.22E3 0.36 -1.65 9.91E4 
0.70 6.20E3 0.10 -2.49 1.10E5 
0.80 6.14E3 0.01 -2.11 9.44E4 
 

 
Figure 9. Sensitivity of the sliding displacement and maximal 
vertical force to the friction coefficient 
 
In Figure 9, the area between the blue and red line 
(i.e. max and min displacements) represents the 
maximal amplitude of the sliding displacement 
around the initial position. It is noted that this ampli-
tude strongly decreases between 0.2 and 0.6, and 
then it remains quasi constant between 0.6 and 0.8. 
A similar pattern is observed for the vertical force 
going form the ‘sliding domain’ to the ‘rocking do-
main’. It increases with the friction for coefficients 
up to 0.5, and then it gets stabilized. 
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6 RACK-TO-POOL CONTACT STIFFNESS 
The stiffness of the contact between the rack feet and 
the pool liner determines the roughness of the im-
pacts. Several runs have been performed on the 
model of Figure 2 for different values of the contact 
stiffness ranging from 1e6 to 1e12 N/m. Figure 10 
compares the relative sliding displacement of the 
Rack1 over the pool floor throughout the transient 
analysis. Table 3 provides the bounds of most inter-
est for design purposes and Figure 11 shows the sen-
sitivity of these outputs to the rack-to-pool contact 
stiffness. 

 
Figure 10. Relative sliding displacements Rack1 - Pool for dif-
ferent rack-to-pool contact stiffness 

Table 3.  Rack-to-pool contact stiffness versus CPU 
time and output bounds 
Contact 
stiffness 

CPU 
time 

Max. relative 
sliding 

displacement 

Min. relative 
sliding dis-
placement 

Max. 
Vertical 
force on 
support 

(N/m) (s) (cm) (cm) (N) 
1E6 5.85E3 1.93 -3.17 8.66E3 
1E7 6.16E3 1.87 -9.85 1.76E4 
1E8 6.39E3 0.86 -8.39 3.46E4 
1E9 7.10E3 0.90 -8.53 4.22E4 
1E10 8.72E3 0.94 -7.64 1.23E5 
1E11 1.03E4 0.99 -7.04 1.66E5 
1E12 1.52E4 0.95 -7.45 2.10E5 
 

 
Figure 11. Sensitivity of the sliding displacement and maximal 
vertical force to the rack-to-pool contact stiffness. 
 

In general, the overall displacements are barely in-
fluenced by the stiffness of the rack-to-pool contact. 
However, it is noted that stiffer contacts cause 
sharper impacts leading to greater peaks on the verti-
cal forces on supports. In addition, since sharp im-
pacts represent a convergence problem a reduction in 
the time steps throughout the contact event is re-
quired which increases the computational cost. 

7 FUEL-TO-CELL CONTACT STIFFNESS 
Fuel assemblies rattle inside the storage cells follow-
ing to the rack shakings. This secondary-body mo-
tion contributes to the rocking behavior since fuel-
to-cell impacts are eccentric as they firstly happen on 
the very top of the rack body. The stiffness of the 
contact between the fuel and the cell determines the 
roughness of the impacts, and therefore the way the 
kinetic energy is transmitted. Several runs have been 
performed on the model of Figure 2 for different 
values of the contact stiffness ranging from 1e4 to 
1e10 N/m. Figure 12 compares the relative sliding 
displacement of the Rack1 over the pool floor 
throughout the transient analysis. Table 4 provides 
the bounds of most interest for design purposes and 
Figure 13 shows the sensitivity of these outputs to 
the fuel-to-cell contact stiffness. 
 

 
Figure 12. Relative sliding displacements Rack1 - Pool for dif-
ferent fuel-to-cell contact stiffness 
Table 4.  Fuel-to-cell contact stiffness versus CPU 
time and output bounds 
Contact 
stiffness 

CPU 
time 

Max. relative 
sliding 

displacement 

Min. relative 
sliding dis-
placement 

Max. 
Vertical 
force on 
support 

(N/m) (s) (cm) (cm) (N) 
1E4 5.25E3 1.86 -2.51 9.53E3 
1E5 6.31E3 2.18 -0.98 9.55E3 
1E6 8.17E3 3.25 -19.42 1.52E5 
1E7 7.69E3 3.96 -2.24 6.76E4 
1E8 7.19E3 3.09 -4.83 4.88E4 
1E9 7.17E3 0.91 -6.94 4.04E4 
1E10 7.29E3 1.57 -6.51 3.98E4 
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Figure 13. Sensitivity of the sliding displacement and maximal 
vertical force to the fuel-to-cell contact stiffness. 
 
As mentioned in the previous section, the computa-
tional cost increases with the stiffness of the contact 
due to the convergence difficulties that require 
smaller time steps. In addition, it is noted here an 
important resonance effect when the contact stiffness 
approach 1E6. Around this value, sliding displace-
ment and forces are boosted. 

8 GAP BETWEEN THE FUEL ASSEMBLY AND 
THE STORAGE CELL  

The gap existing between the fuel assembly and the 
storage cell determines the magnitude and recurrence 
of the impacts. It limits the oscillation amplitude, 
and therefore the maximal relative velocity reachable 
by assemblies before impact as well as the damping 
action of the encompassed water damps the motion. 
In general, small gaps mean frequent minor impacts, 
whereas larger gaps lead to rare but stronger impacts 
forces due to bigger inertial effects of the fuel mass. 
Several runs have been performed on the model of 
Figure 2 for different values of the gap ranging from 
2 to 14 mm. Figure 14 compares the relative sliding 
displacement of the Rack1 over the pool floor 
throughout the transient analysis. Table 5 provides 
the bounds of most interest for design purposes and 
Figure 15 shows the sensitivity of these outputs to 
the fuel gap. 

 
Figure 14. Relative sliding displacements Rack1-Pool for differ-
ent fuel gaps 

 
Table 5. Fuel gap versus CPU time and output 
bounds 
Gap CPU 

time 
Max. rela-
tive sliding 

displacement 

Min. relative 
sliding dis-
placement 

Max. Ver-
tical force 
on support 

(mm) (s) (cm) (cm) (N) 
2 6.54E3 0.00 -1.17 8.10E4 
4 6.45E3 0.37 -2.44 8.85E4 
6 6.63E3 0.58 -1.60 1.16E5 
8 6.49E3 1.48 -0.79 1.21E5 
10 6.62E3 4.80 -1.11 1.03E5 
12 6.68E3 6.06 -3.08 1.02E5 
14 6.73E3 2.33 -2.83 1.14E5 
 

 
Figure 15. Sensitivity of the sliding displacement and maximal 
vertical force to the fuel gaps 
 
It is noted that the CPU usage is unaffected by the 
variation in the gap thickness. In the same way, slid-
ing displacements are barely affected when gaps re-
mains small, varying between 2 and 8mm. However, 
they experience a big magnification when gaps ex-
ceed 8mm and fuel assemblies can oscillate more 
freely. 

9 FLEXURAL RIGIDITY OF THE FUEL 
ASSEMBLY 

The flexural rigidity of the fuel assembly represents 
the ability of the fuel assembly to deform after the 
impacts. It influences the roughness of the impacts 
and determines somehow the number of contacts ac-
tivated along the fuel beam at each shaking. Rigid 
assemblies only impacts on the end nodes, whereas 
soft assemblies deforms up to stick to the cell walls. 
Several runs have been performed on the model of 
Figure 2 for different values of the flexural rigidity 
ranging from 2E0 to 2E6 N.mm2. Figure 16 com-
pares the relative sliding displacement of the Rack1 
over the pool floor throughout the transient analysis. 
Table 6 provides the bounds of most interest for de-
sign purposes and Figure 17 shows the sensitivity of 
these outputs to the fuel flexural rigidity. -0.04
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Figure 15. Relative sliding displacements Rack1-Pool for differ-
ent fuel flexural rigidity 

 
Table 6. Fuel flexural rigidity versus CPU time and 
output bounds 

EI CPU 
time 

Max. relative 
sliding 

displacement 

Min. relative 
sliding dis-
placement 

Max. 
Vertical 
force on 
support 

(N.m2) (s) (cm) (cm) (N) 
2E0 7.53E3 0.28 -1.20 8.28E4 
2E1 7.56E3 1.50 -0.21 1.06E5 
2E2 7.03E3 0.60 -1.54 1.11E5 
2E3 6.61E3 0.43 -0.82 8.39E4 
2E4 6.52E3 2.78 -0.19 8.11E4 
2E5 6.81E3 0.11 -3.05 1.01E5 
2E6 6.82E3 0.07 -2.33 1.11E5 
 

 
Figure 16. Sensitivity of the sliding displacement and maximal 
vertical force to the fuel flexural rigidity 
 
It is noted that the general behavior of the rack unit 
in terms of sliding amplitude and vertical force is 
scarcely affected. Moreover, only slight variations in 
the CPU usage are founded. 

10 RESULTS AND DISCUSSION 
The seismic behavior of the rack systems is very 
complex and somehow chaotic. Any slight diver-
gence in the initial steps causes a visible effect in the 
final results of the transient analysis. Minor varia-
tions in the modelling parameters lead to a wide de-

viation in final results. Nevertheless, the following 
relevant conclusions can be drawn from the paramet-
rical analysis of this 2-rack system: 

• a transient analysis with enforced accelera-
tion-time history is recommended to avoid 
acceleration discontinuities, 

• a 10 levels mesh discretization provides sta-
ble results within a limited computation time 
so it is considered cost effective, 

• sliding displacements are strongly influenced 
by the friction coefficient, especially in the 
range of 0.2 to 0.6, 

• very stiff rack-to-poll contacts lead to a safe 
structural design since the peaks of vertical 
force on supports are maximized, 

• a resonance effect can happen in the fuel rat-
tling and the rack rocking in function of fuel-
to-cell contact stiffness, 

• an influence of fuel gaps in the sliding dis-
placements is only visible for gaps larger 
than 8 mm, 

• flexural rigidity has slight influence in the 
general behavior of the rack unit. 
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