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Finite Element Modeling and 
Analysis of Nonlinear Impact 
and Frictional Motion 
Responses Including 
Fluid-Structure Coupling 
Effects 

A nonlinear three dimensional (3D) single rack model and a nonlinear 3D whole pool 
multi-rack model are developed for the spent fuel storage racks of a nuclear power plant 
(NPP) to determine impacts and frictional motion responses when subjected to 3D exci
tations from the supporting building floor. The submerged free standing rack system and 
surrounding water are coupled due to hydrodynamic fluid-structure interaction (FSI) using 
potential theory. The models developed have features that allow consideration of geomet
ric and material nonlinearities including (I) the impacts of fuel assemblies to rack cells, a 
rack to adjacent racks or pool walls, and rack support legs to the poolfloor; (2) the hydro
dynamic coupling offuel assemblies with their storing racks, and of a rack with adjacent 
racks, pool walls, and the poolfloor; and (3) the dynamic motion behavior of rocking, twist
ing, and frictional sliding of rack modules. Using these models 3D nonlinear time history 
dynamic analyses are performed per the U.S. Nuclear Regulatory Commission (USNRC) 
criteria. Since few such modeling, analyses, and results using both the 3D single and whole 
pool multiple rack models are available in the literature, this paper emphasizes descrip
tion of modeling and analysis techniques using the SOLVIA general purpose nonlinear 
finite element code. Typical response results with different Coulomb friction coefficients 
are presented and discussed. 

INTRODUCTION 

In many operating nuclear power plants spent nuclear 
fuel assemblies are stored temporarily in stainless steel 

racks. With many storage cells arranged in a tight ar
ray and stored with fuel assemblies, rack modules are 
heavy structures usually free-standing and submerged 
in water that is contained in a deep storage pool housed 

Received 10 January 1996; Revised 6 May 1997. 

"Currently, Sr. Principal Mechanical Modeling Engineer, Med
Ironic, Inc., Brady Leads Division, 7000 Central Avenue, NE, 
MS-B248, Minneapolis, MN 55432, USA. E-mail: yong.zhao@ 
medtronic.com 

Shock and Vibration, Vol. 4, No. 5,6, pp. 311-325 (1997) 
ISSN 1070-9622/97/$8.00 © 1997 IDS Press 

311 



312 Zhao 

in a building on site. The USNRC has issued overall 
design requirements and licensing acceptance criteria 
(USNRC, 1979, 1981) for initial racking activities as 
well as reracking modifications, in order to increase 
the temporary storage capacity of a rack from a few 
hundred fuel assemblies originally designed to sev
eral thousand fuel assemblies. After reracking there 
are usually more than ten high density spent fuel rack 
modules in existing storage facilities. The overall rack
ing or reracking objective is to maintain subcritically 
of the spent fuel stored in the close-layout racks un
der normal and postulated accident conditions and for 
radiological safety considerations during installation 
and operation. To this end the racks should be de
signed such that the structural integrity of both the 
rack structures and the stored fuel assemblies is as
sured adequately and the function of the rack modules 
and storage pool is not lost in normal operation and 
safe shutdown conditions. 

A seismic design or evaluation of spent fuel racks 
is one of the most important and complicated regula
tory requirements. The responses of displacement and 
impact forces resulting from rack seismic analyses are 
the first priority parameters for further nuclear critical
ity, structure, stress, thermal, layout, and other detailed 
designs and analyses in combination with other load 
cases. 

During postulated strong earthquake motions, the 
water surrounding racks is accelerated, and hydrody
namic FSI effects are significantly induced between 
the rack cells and the fuel assemblies, the racks and 
the pool walls, and the racks with the pool floor (Fritz, 
1972; Dong, 1978). Because of the FSI effects, the 
seismic responses of a submerged structure are usually 
several times smaller than those of the same structure 
in air and subject to the same excitations. In the seis
mic response motions, the free-standing rack support 
legs may lift off (rock) from, or twist or slide on, the 
pool floor liner due to inertia effects and friction resis
tance to the inertia motion of the rack module from the 
pool floor liner. Such seismic responses of the fluid
structure coupling (FSC) system may cause impacts 
between rack cells and the fuel assemblies that are 
free standing inside the rack cells. The impacts of a 
rack to adjacent racks or the pool walls, and the im
pacts of rack support legs to the pool floor may also 
be induced. The mathematical models, usually used 
to describe such impact and friction phenomena, are 
materially and geometrically nonlinear. A 3D nonlin
ear dynamic time history analysis method is needed 
to solve the nonlinear problems. The USNRC requires 
that the seismic excitations in the two horizontal direc
tions and the vertical direction must be simultaneously 
applied. In general, the dimensions of the surrounding 

gaps, pool, and racks are unsymmetrical in engineer
ing practice. 

In postulated seismic events, the significant FSI 
effects, the materially nonlinear behavior of poten
tial impacts of fuel-rack, rack-rack, rack-pool wall, 
and rack support-pool floor, and the highly geomet
rically nonlinear frictional resistance to the motion of 
the free standing rack supports against the pool floor 
liner make the nonlinear time history dynamic analy
sis to be more complicated than for most other nuclear 
structural systems (Ashar and DeGrassi, 1989; De
Grassi, 1992). An analytical solution for the compli
cated problems is not available in the literature. A de
tailed nonlinear dynamic finite element analysis using 
the hydrodynamically coupled structural elements and 
fluid elements is computationally impractical. Rather, 
a simplified finite element analysis with proper model
ing and convergent solutions using structural elements 
plus the FSC effects constitutes an effective numerical 
approach. However, only limited and simplified exper
imental verification work is available in the literature. 

In most cases, the finite element analysis ap
proaches in the literature are based on the adding hy
drodynamic mass concept using potential theory of 
incompressible and inviscid flow (Fritz, 1972; Dong, 
1978; Ashar and DeGrassi, 1989; DeGrassi, 1992). 
To this end, a finite element analysis is usually per
formed using the combination of a fuel-rack stick 
structural model with adding hydrodynamic masses 
and fluid coupling forces between structures. How
ever, like other complicated engineering problems, the 
application of the finite element approaches for solv
ing seismic rack evaluation problems is primarily lim
ited by a rational modeling and effective computing ef
fort. Most references available are about analyses us
ing 3D single rack models with uniform gaps (Reed 
et al., 1979; Sturm and Song, 1980; Durlofsky and 
Sun, 1981; Harstead et al., 1983) or nonuniform gaps 
(Scavuzzo et al., 1979; Soler and Singh, 1984; Pop 
et al., 1990; Singh et al., 1990; Chang, 1994). A 3D 
single rack model is useful for a detailed analysis and 
design, but may under predict rack responses due to 
unsymmetrical FSI effects (DeGrassi, 1992). 

Because of the significant FSC effects and direc
tional dependent motion of the racks in a pool, the pre
diction using a multi-rack model is more rational and 
accurate than that using a single rack model. However, 
due to limited modeling techniques and corresponding 
computing difficulties, only a few analyses were per
formed using 2D rather than 3D multiple rack models 
(Kabir et al., 1987; Stabel et al., 1993). It is still dif
ficult for a 2D multi-rack model to simulate rationally 
the rack motion behavior of sliding, rocking, twisting, 
and impact, because of the significant 3D FSC effects 
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FIGURE 1 Rack layout in a storage pool. 

and the potential rocking and twisting motion effects 
on rack modules. 

Few analyses and results using an acceptable 3D 
whole pool multiple rack model are available in the 
literature, because such modeling and analysis are 
much more complicated and computationally diffi
cult than 3D single rack or 2D multi-rack problems. 
Singh and Soler (1991) reported briefly a 3D whole 
pool multiple rack analysis using a simplified com
ponent element method with a limited number of de
grees of freedom (DOF) and its implementing special 
purpose computer program as discussed by Soler and 
Singh (1982, 1984). Therefore, for solving rationally 
the nonlinear seismic evaluation problems of practical 
rack modules with sufficient accuracy, sophisticated 
modeling and corresponding analyses using advanced 
3D single and whole pool multi-rack models become 
necessary. 

In this paper, the modeling and analysis techniques 
for a 3D single rack model as well as a 3D whole 
pool multiple rack model are developed using the gen
eral purpose nonlinear finite element code SOLVIA 
(1992). Prescribed three directional floor seismic mo
tion time histories and the deadweight of rack modules 
are input simultaneously. Typical results thus obtained 
for the nonlinear time history dynamic analyses per
formed with two typical Coulomb friction coefficients 
(Ashar and DeGrassi, 1989; DeGrassi, 1992) are dis
cussed. 

PHYSICAL DESCRIPTION OF FUEL RACK 
MODULES 

Figure 1 shows a typical layout of spent fuel rack mod
ules in a pressurized water reactor (PWR) type NPP. 
There are nine new racks refereed to as Nl through N9 
and three existing racks as El through E3. The storage 
pool is 440 inch (11.18 m) long and 342 inch (8.69 m) 
wide. The contained water height is about 392 inches 
(9.96 m). The pool is made of concrete with a steel 
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FIGURE 2 Typical 12 x 13 cell rack. 

liner on the pool floor and located one a rigid building 
floor. The building has a fundamental frequency more 
than 33 Hz. 

Figure 2 shows a typical 12 cell by 13 cell (12 x 13) 
free standing spent fuel storage rack module which 
is a welded honeycomb stainless steel structure. The 
spent fuel assemblies stored inside the rack cells are 
17 x 17 standard fuel rods. The existing racks are flux 
type modules with storage cells welded through spacer 
elements rather than welded directly to adjacent cells 
at their comers or walls like the honeycomb type mod
ules. The existing racks are 10 x 10 modules. The nom
inal plane dimensions of the racks and the dimensions 
of gaps between the racks or between the racks and the 
pool walls are shown in Table 1. 

Each rack cell is designed to store one square
cross-section fuel assembly with a surrounding uni
form gap of 0.217 and 0.269 inches (5.15 x 10-3 and 
6.83 x 10-3 m) between the fuel assembly surface and 
the cell walls for the new and existing racks, respec
tively. The fuel assembly tube is fabricated with thin 
stainless steel clad. Boral, which is a neutron absorber 
poison material, is contained in the cell walls. The fuel 
assemblies are free-standing in the rack cells and the 
uniform gaps are filled with water. 

Along with the storage cells, a rack body also in
cludes other structural members, such as stiffers, top 
and bottom bumpers, outside boundary flat plates or 
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Table 1. Dimensions of Racks and Adjacent Gaps (1.0 inch = 2.54 cm) 

Dimension 
(inch) N1 N2 N3 N4 N5 

2B 110.59 110.59 110.59 109.34 109.34 
2C 119.51 109.34 119.51 119.51 109.34 
gl 2.99 2.99 2.99 0.50 0.50 
g2 2.70 0.50 0.50 2.70 0.50 
g3 0.50 0.50 0.50 0.50 0.50 
g,. 0.50 0.50 2.70 0.50 0.50 

bracings, bottom baseplate, and support legs. Each 
new rack and existing rack has four and seven sup
port legs, respectively. The rack structure is designed 
so that it can undertake static and dynamic buckling, 
bending, torsion, and impact type loads in normal 
operation and accident conditions. The free-standing 
racks are arranged in the storage pool with gaps be
tween adjacent racks or pool walls. Usually several 
analyses are needed for racks with different loading 
conditions of completely or partially filled with fuel 
assemblies. 

When ground seismic excitations are transferred si
multaneously in the three orthogonal directions through 
the housing building to the floor supporting the rack 
storage pool, the surrounding water in the pool is ac
celerated and the hydrodynamic FSI effects are in
duced between the structures of fuel assemblies, racks, 
and pool walls and floor. The fuel assemblies may rat
tle, lift-off, and impact cell walls. The free-standing 
racks may slide, rack, twist and may impact adjacent 
racks or pool walls and floor liner. The impacts be
tween structures may cause severe local stress or dam
age and also significantly affect the globe motion be
havior of the structures. 

3D SINGLE RACK MODEL 

Approach and Assumptions 

A critical new rack referred to as N7 is chosen for 
the 3D single rack analyses. Rack N7 with fully 
stored fuel assemblies weighs about 3.0 x 105 pounds 
(1.33 x 106 N). As shown in Fig. 3, the 3D single 
rack stick finite element model is developed using the 
SOLVIA (1992) code, and is expected to simulate ef
fectively the major physical dynamic response phe
nomena of sliding, rocking, twisting, and impact. The 
rack cells are fully loaded with fuel assemblies. The 
stick model consists of 50 elements (including 28 ma
terially nonlinear impact and geometrically nonlinear 

Rack Module I.D. 

N6 N7 N8 N9 E1 E2 E3 

109.34 109.59 109.59 109.59 111.50 111.50 111.50 
119.51 119.51 109.34 119.51 111.66 111.10 114.10 

0.50 0.50 0.50 0.50 1.00 1.00 1.00 
0.50 2.70 0.50 0.50 2.70 1.60 1.60 
0.50 1.00 1.00 1.00 2.99 2.99 2.99 
2.70 0.50 0.50 2.70 1.60 1.60 7.60 

contact-friction elements) with a total of 112 degrees 
of freedom (DOF) and 13 ID rigid links. 

As shown in the pool layout in Fig. 1, Rack N7 is 
surrounded by other two new racks N4 (12 x 13) and 
N8 (12 x 12) with a gap of 0.5" (0.013 m), respec
tively, and existing rack El (10 x 10) with a gap of 
1.0" (0.025 m), and the pool wall with a gap of 2.99" 
(0.076 m). Rack N7 will be modeled appropriately us
ing stick structural finite elements with features simu
lating the major motion behavior described in previous 
sections for both the rack structure and fuel assemblies 
stored. The 3D single rack model developed herein is 
based on the following basic assumptions: 

1. The water is incompressible and inviscid or 
frictionless, i.e., potential theory is effective and 
Lagrange's equations of motion can be applied. 
Fluid damping is small and neglected. These 
assumptions were verified with sufficiently 
accurate tests for engineering purposes and are 
acceptable to the regulatory requirements 
(Fritz, 1972; Dong, 1978; USNRC, 1979, 1981; 
Ashar and DeGrassi, 1989; DeGrassi, 1992); 

2. The fuel assemblies are conservatively assumed 
to move in phase so that they can be modeled 
using a single fuel bundle or stick. The fuel 
bundle is free standing at the center of the rack 
structure that is also represented using a single 
stick. This assumption is conservative for 
determining a maximum fuel-rack impact; 

3. Rack N7 is simply assumed to move in phase 
with adjacent racks so as to use the initial 
physical gap dimensions between the racks and 
pool walls. This assumption is appropriate 
especially when no or small rack-rack impacts 
occur, since the FSC effects intend to move the 
racks together; 

4. The FSC effects between racks or pool walls 
are considered only for adjacent racks or pool 
walls, so that rack N7 can be isolated for 
developing a 3D single rack model (Pop et al., 
1990). 
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FIGURE 3 3D single rack stick finite element model. 

Fluid-Structure Interaction Effects 

The FSI effects can be rationally taken into account 
using the hydrodynamic mass concept based on poten
tial theory and Lagrange's equations of motion (Fritz, 
1972; Dong, 1978), which has been used widely in the 
literature and accepted and recommended by the US
NRC (1979, 1981). The adding hydrodynamic mass 
approach allows use of available structural analysis fi
nite element codes and stick finite element stick mod
els. Based on the analytical, numerical, and exper
imental work by Fritz (1972), Dong (1978), Scav
uzzo et a1. (1979), Pop et al. (1990), and Singh et a1. 
(1990), for two submerged rectangular cylinders with 
four non-uniform gaps filled with water as shown in 
Fig. 4, the hydrodynamic mass MHx due to relative 
motion in the horizontal X direction is extended nu
merically herein as 

in which p is the water mass density, h is the cylinder 
height, C and B are the nominal dimensions, and gl, 
g2, g3, and g4 denote gap sizes around. Similarly, the 
hydrodynamic mass MHz due to relative motion in the 
horizontal Z direction can also be determined. 

2B 

g21 

~ ~ 

~I 
FIGURE 4 Cross section dimensions of two rectangular 
cylinders coupled by fluid. 

From Eq. (1) it is noted that the smaller the gap 
sizes are, the larger the hydrodynamic mass will be. 
The motion oflarger size solid structures coupled with 
fluid causes larger hydrodynamic masses. The hydro
dynamic masses may be many times larger than the 
solid masses of structures. It should be pointed out that 
Eq. (1) needs to be verified further using sophisticated 
physical tests or numerical calculation with a combi
nation of coupling fluid elements and solid structural 
elements. 
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Using Eq. (1) it is noted that the hydrodynamic 
masses MHx and MHz calculated separately in the two 
horizontal directions are usually not identical, since 
the surrounding gap sizes are unsymmetrical in prac
tice. The effects due to the variation of the gap sizes 
on the hydrodynamic masses during seismic-induced 
motion are not large until the gap on one side becomes 
very small (Singh et aI., 1990), and, therefore, are not 
taken into account herein. 

The hydrodynamic coupling between any two solid 
masses, Mass 1 representing a fuel assembly mass and 
Mass 2 a rack mass, is then described as 'adding' 
forces due to the relative motion of the two masses 
in the X direction using the following equation of mo
tion: 

I Fxl I = I Ml + M2 + MHx -(Ml + MHx) I 
F.t2 -(Ml + MHx) MHx 

x I ~~ I, (2) 

where Fxl is the adding force acted on Mass 1, Fx2 

the adding force acted on Mass 2 which is assumed 
be contained inside Mass 1, M 1 the mass of water dis
placed by Mass 2, M2 the mass of water enclosed by 
Mass 1 in the absence of Mass 2, MHx the hydrody
namic mass, and )( l, )(2 the absolute accelerations of 
Mass 1, Mass 2. 

Equation (2) means that larger hydrodynamic masses 
cause larger adding forces acting on the coupled solid 
structures. When the water masses Ml and M2, and the 
hydrodynamic masses MHx and MHz are computed 
separately in the two orthogonal horizontal directions 
for each coupled solid mass pair, the mass matrix in 
Eq. (2) for the adding masses (diagonal terms) and the 
hydrodynamic coupling effects (off-diagonal terms) 
between any coupled solid Mass 1 and Mass 2 are 
easy to calculate and add to the structural analysis pur
pose finite element stick model, as shown in Fig. 3 by 
use of a full size general mass matrix element for the 
whole model. This approach can be used for the hy
drodynamic coupling considerations between the fuel 
bundle and the rack as well as between the rack and 
adjacent racks or pool walls. 

The vertical hydrodynamic coupling in the Y direc
tion between the rack baseplate and the pool floor may 
also be considered similarly using the hydrodynamic 
mass MHy determined by (Fritz, 1972) 

(3) 

in which, K = 0.487, a and b are the dimensions of 
the baseplate, and p is water mass density. The MHy 
value calculated usually is many times less than the 
value of MHx or MHz' 

Fuel Assemblies 

As shown in Fig. 3, all the fuel assemblies are mod
eled as a single bundle. The fuel bundle is represented 
using two 3D massless beam elements. The mass of 
the fuel bundle is lumped in the three directions to the 
bottom, middle, and top of the bundle. The lateral and 
vertical stiffness of the beams are provided primarily 
by the clad of the fuel assemblies rather than the fuel 
rods, since the fuel rods are installed inside the fuel 
assemblies and are not required to resist external me
chanicalloading by the initial designs. 

The fuel-rack impact at the three fuel mass lo
cations in the North, South, West, and East direc
tions is modeled using twelve materially nonlinear ID 
truss-gap impact elements with initial physical gaps of 
0.217/1 (5.51 x 10-3 m). Twelve ID displacement type 
rigid links are needed to work with the twelve impact 
elements, since only one directional impact is active at 
any instant when the impact occurs. 

The impact stiffness of the fuel bundle to the rack 
body with N rack cells is determined by 

K = NKi, 

llK i = l/Kir + l/Kif, 

(4) 
(5) 

where Ki is the ith fuel-rack impact stiffness consist
ing of the ith rack cell stiffness Kir and the ith fuel as
sembly fitting spring stiffness Kif. The parameter Kir 
is calculated using a beam model fixed at both ends 
subjected to a concentrated load at the center of the 
beam, 

(6) 

in which h is the moment of inertia of the i th rack cell 
with the width dimension of L. E is the modulus of 
elasticity of the rack steel. 

Based on the assumption that the fuel bundle is 
free-standing and remains vertical contact with the 
rack at the fuel bundle bottom, a vertical constraint is 
specified between the rack body and the fuel bundle 
at the bottom of the fuel bundle. This assumption is 
made due to the limitations of a general purpose finite 
element code for a substructure that is not allowed to 
include contact-friction elements. The effects due to 
the assumption are estimated to be minor, because the 
fuel bundles are usually about ten times heavier than 
the rack body and the vertical excitation is only two 
thirds of the horizontal one. However, this needs to be 
verified in the future. 

Rack Structure 

In Fig. 3 the rack body is modeled as two 3D massless 
beam elements and three lumped 3D mass elements 



at the bottom, middle, and top of the rack body. The 
rack stick is located at the geometrical center of the 
rack body. The beam and mass elements are defined 
with the horizontal and vertical stiffness values deter
mined from the rack cells and other related structural 
members. The rack mass at the bottom also includes 
those lumped from the rack baseplate and support legs. 
Because of its relative stiffer properties than the rack 
body, the rack baseplate is modeled using four rigid 
massless 3D beams connecting at one end with four 
support legs at their physical locations and at the other 
end with the bottom rack mass. The purpose of using 
the physical plane locations of the support legs is to 
simulate effectively the potential rocking and twisting 
motion behavior of the rack structure. 

Four geometrically nonlinear 3D contact-friction 
elements are define to model the motion behavior of 
the vertical contact and the horizontal frictional slid
ing at the interfaces of the support legs and the pool 
floor liner. The physical gaps at the interfaces are ini
tially closed. A support leg lifts off and then the fric
tion resistance to this leg is inactive when its associ
ated gap is open during motion. The pool floor with a 
steel liner is a part of the building, the floor is assumed 
to be rigid and serves as the target contact surfaces for 
the 3D contact-friction elements. 

The rack support legs are modeled as four massless 
3D beam elements with their calculated vertical axial 
composite stiffness to transfer the vertical excitation 
and with the rigid lateral stiffness to transfer the hori
zontal excitations from the bottom of the rack supports 
to the rack body. The compression stiffness Ks of each 
rack support consists of a series of the local vertical 
floor stiffness K I, the leg axial stiffness Kl, and the 
baseplate local stiffness K p, and can be calculated by 

IlKs = 1/KI + l/KI + l/Kp. (7) 

Four materially nonlinear 1D truss-gap impact ele
ments are defined for simulating the potential vertical 
impacts between the rack support legs and the pool 
floor liner, when the initially closed physical gaps are 
opened and closed and back and forth, or the so-called 
rack tilting or rocking phenomenon occurs. 

The fuel-rack impact modeling has been described 
in the previous section about the fuel assemblies. An
other group of twelve ID materially nonlinear truss
gap impact elements between the rack and adjacent 
racks or pool walls are defined in the four horizon
tal directions at the three rack mass locations, which 
will be active only when the corresponding rack dis
placement responses are larger than the physical gap 
dimensions in the same directions. 
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The rack-rack impact stiffness may be determined 
approximately using test-based engineering experi
ence data or from references. The rack-pool wall im
pact stiffness can be computed approximately and con
servatively using the numerical formulas and param
eters given by Timoshenko and Woinowsky-Krieger 
(1959) through the model of a vertical concrete wall 
with three edges fixed subject to uniform fluid pres
sure. It is noted that such rack-rack and rack-pool wall 
impact stiffness values are only optional and do not af
fect the desired rack response results if there is no such 
impact occurring. However, a comprehensive analysis 
of the rack-rack and rack-pool wall impact is needed 
if the impacts occur. 

Friction Effects 

The friction effects on a pair of relatively moving and 
contacting solid bodies are complicated phenomena 
that depend on study philosophies used and many in
ternal and external factors, such as material properties 
of the bodies, roughness of the sliding interfaces, lu
bricant properties between the interfaces, static or dy
namic motion status, relative motion speed, environ
ment temperature and pressure. A detailed investiga
tion of the complicated frictional phenomena and ef
fects exceeds the objective of this paper for a particular 
engineering problem. 

Nevertheless, the USNRC (1979, 1981) recom
mended and accepted the Coulomb static friction co
efficient of 0.2 as a lower bound and 0.8 as an upper 
bound to describe the sliding friction resistance of the 
pool floor liner to the lateral motion of the bottom sur
faces of the rack support legs. This range was deter
mined statistically by Rabinowicz (1976) from his 199 
stainless steel rack sliding test results including the ef
fects of surface finishes and sliding speed. Therefore, 
the constant static friction coefficients of 0.2 and 0.8 
are used herein separately to evaluate the effects of 
the friction coefficients on the dynamic responses of 
rack N7. The values of the Coulomb friction coeffi
cient used to describe the friction resistance essentially 
govern the motion behavior of the free standing rack. 

Damping Effects 

Damping effects of fluid due to the FSI effects are 
small and can be neglected (Dong, 1978; USNRC, 
1979, 1981). The damping considered in the 3D sin
gle rack model is from the rack module structure only. 
Rayleigh damping (Clough and Penzien, 1975) is ap
propriate for a nonlinear dynamic time history analy
sis. Rayleigh damping, which is proportional to mass 
as well as stiffness, is defined as 

[C] = a[M] + ,B[K], (8) 
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where [C] is the Rayleigh damping matrix, [M] is the 
mass matrix except the hydrodynamically added mass, 
[K] is the stiffness matrix, ex. and {3 are constants de
termined by 

~i = ex./(4rr/i) + {3rr/i, (9) 

in which ~ is the viscous damping ratio, f is fre
quency, and i is the index of a frequency value. Us
ing the prescribed critical viscous damping of 3.0% in 
a frequency range of 5.0 to 25.0 Hz in this case, the 
values of the parameters ex. and {3 can be computed. It 
is noted that, for Rayleigh damping, forcing the vis
cous damping to 3.0% at 5.0 and 25.0 Hz conserva
tively gives somewhat lower and conservative viscous 
damping values than 3.0% between 5.0 and 25.0 HZ. 

3D WHOLE POOL MULTI-RACK MODEL 

In engineering practice since detailed nonlinear time 
history analyses are usually conducted first for design 
purposes using 3D single rack models, the primary ob
jective of a nonlinear dynamic time history analysis 
using a 3D whole pool multi-rack model is to investi
gate the response behavior for all rack modules stored 
in a pool, and to verify whether there are rack-rack or 
rack-pool wall impacts. 

A 3D whole pool multiple spent fuel storage rack 
model developed herein is shown in Fig. 5. The model 
includes the nine new racks and three existing racks 
(Fig. I). In contrast to the three lumped rack and fuel 
mass pairs located at the top, middle, and bottom of 
the rack body in the 3D single rack model described 

y 

z~ 
x 

FIGURE 5 Whole pool multi-rack finite element model. 

previously in Fig. 3, there are only two lumped rack 
and fuel mass pairs at the rack top and bottom in the 
3D whole pool model so as to reduce the total num
ber of DOF and the associated expensive computing 
effort, which constitutes the major difference of the fi
nite element mesh between the single rack model and 
the whole pool multi-rack model. 

In the whole pool multi-rack model, each new rack 
module is modeled with two lumped 3D mass ele
ments connected by one massless 3D beam element 
for the rack body and fuel bundle separately, eight ma
terially nonlinear rack-fuel impact truss-gap elements 
and associated eight ID rigid links, one ID vertical 
rigid link for the rack and fuel masses at the rack bot
tom, four rigid massless 3D beam elements for the 
baseplate, four geometrically nonlinear 3D contact
friction elements, four massless 3D beam and four ID 
truss-gap impact elements for the support legs, and 
eight ID truss-gap impact elements for the potential 
rack-rack and rack-pool wall impacts. 

There are a total of 42 elements (including 20 non
linear impact and contact-friction elements) with a to
tal of 96 DOF and nine ID rigid links for a stick model 
of the nine new rack modules. Each of the three ex
isting racks has seven support legs which are exactly 
modeled. The existing racks are modeled using a sim
ilar stick model as for the new rack modules. How
ever, an existing rack stick model developed has two 
more baseplate beam elements, three more 3D sup
port contact-friction elements, three more support leg 
beam elements, and three more leg-pool floor impact 
truss-gap elements than the new rack stick model, 
which brings a total of 53 elements (including 21 non
linear impact and contact-friction elements) with 138 
DOF and nine ID rigid links. 

In summary, after taking out the common impact 
elements and rigid links counted duplicately between 
racks, the 3D whole pool multiple rack model devel
oped herein consists of a total of 537 elements (in
cluding 263 nonlinear impact and contact-friction ele
ments) with 1278 DOF and 108 ID rigid links, which 
can simulate the dynamic response behavior of sliding, 
rocking, twisting, and impact for the 12 rack modules. 
All the new and existing rack modules and fuel bun
dles, surrounding water, and pool walls are hydrody
namically coupled in the whole pool model. 

The hydrodynamic masses for each mass pair of 
fuel-rack, rack-rack, and rack-pool wall are deter
mined separately using Eq. (I) with the physical gap 
sizes. The adding hydrodynamic coupling force ap
proach for the hydrodynamic mass matrix expressed in 
Eq. (2) can be used for each solid mass pair and then 
a general mass matrix is assembled for the whole mul
tiple rack structure model. The vertical hydrodynamic 



coupling in the Y direction between the rack baseplate 
and pool floor liner for each rack module is also com
puted using the method described in the development 
of the single rack model. The impact stiffness values 
for the fuel-rack, rack-rack, and rack-pool wall im
pact are determined one by one using the same proce
dures as those used for the single rack model. 

It should be noted that the 3D whole pool multi
rack model developed in this case is relatively large for 
a complicated nonlinear time history dynamic analy
sis, and special computing effort must be needed to 
assure desirable responses of interest. 

3D NONLINEAR DYNAMIC TIME HISTORY 
ANALYSES 

The Coulomb friction coefficients of 0.2 and 0.8 are 
used separately to perform nonlinear dynamic time 
history seismic response analyses with the 3D single 
rack model. Based upon the response results obtained 
in the single rack model analyses, one friction coeffi
cient value corresponding to a severe displacement re
sponse condition will be determined to perform a 3D 
whole pool multiple rack nonllnear time history dy
namic analysis to verify potential rack-rack or rack
pool wall impact phenomena. 

The uncorrelated 3D seismic excitations are the 
prescribed specific floor motion time histories of ac
celeration with a peak floor horizontal acceleration 
of 0.2g for a safe shutdown earthquake (SSE) event 
(Fig. 6). The floor excitation time histories are applied 
simultaneously in the three orthogonal directions plus 
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FIGURE 6 Floor acceleration response time history in the 
N-S direction. 
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the vertical deadweight of the rack modules. The ver
tical excitation peak values is two thirds of the hori
zontal ones. The seismic excitation duration of 20 s is 
fully considered in the 3D single rack analyses. How
ever, the analysis using the 3D whole pool multiple 
rack model is cut off at about 14 s which covers all 
the maximum responses observed in the single rack 
analyses due to storage limitations and excessive com
putation for the relatively larger 3D whole pool model. 

It is extremely important to use a sufficient small 
time step in a nonlinear time history dynamic analy
sis, especially when using the 3D whole pool multi
rack model, with contact-friction elements in order 
to achieve stable and convergent response results. Af
ter several tests, a time step of 0.0015 s is optimized 
in the nonlinear dynamic analyses for a good conver
gence with an acceptable iteration speed and with a 
small number of iterations. 

When performing the nonlinear time history dy
namic analyses, the Newmark direct time integra
tion method is employed. The Full-Newton iteration 
scheme with energy and displacement convergence 
criteria is specified. An elastic-perfectly-plastic mate
rial mode is defined for the stainless steel impact ele
ments. The responses obtained using the combination 
of the numerical techniques specified in this study is 
quite stable and convergent for the complicated large 
3D nonlinear time history dynamic calculations. 

The general purpose nonlinear finite element code 
SOLVIA (1992) is employed for the nonlinear 3D dy
namic time history analyses. SOLVIA has been com
mercial about six years and was developed from the 
ADINA code which has been used widely and success
fully in the nuclear industry for nonlinear problems for 
more than 16 years. 

RESULTS AND DISCUSSIONS 

Typical seismic response results of the 3D single rack 
module N7 (Figs. 1 and 2) are shown in Fig. 7 when 
the friction coefficient is equal to 0.8. The results 
indicate that the rack deflection is small but domi
nates the rack motion behavior, since the displace
ment at the rack top is relatively larger than that at 
the rack bottom. The maximum rack displacement of 
0.017" (4.32 x 10-4 m) is found in the N-S direc
tion at the instant of about 16 s. It is noted that the 
smaller gaps and relative smaller stiffness (only 12 
rather than 13 cells) are found in that direction. No 
tilting or uplift occurs since the vertical displacements 
of the supports are near zero at a few instants. The 
fuel bundle behaves like a rigid body moving inside 
the rack cell in horizontal directions. However, it im
pacts the rack cell sometimes since its displacements 
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FIGURE 7 Typical responses of rack N7 using 3D single rack model with the friction coefficient 
equal to 0.8. (a) Rack top displacement in the N-S direction. (b) Rack top displacement in the 
vertical direction. 

are greater than the surrounding uniform physical gaps 
of 0.217" (5.51 x 10-3 m). The fuel-rack impacts 
occur at all three elevations with a maximum value 
of 1282 pounds (5702 N) per cell at the rack top in 
the North direction. Detailed line type fuel-rack im
pact stress analysis is needed and possible on the basis 
of the maximum impact force value obtained in this 
study. There is no rack-rack or rack-pool wall impact 

occurring with rack N7 because the maximum rack 
displacements are always less than the physical gap di
mensions listed in Table 1 and shown in Figs. 1 and 4. 

Figure 8 shows some response results of the 3D sin
gle rack module N7 in the case of the friction coeffi
cient equal to 0.2. The results demonstrate that slid
ing dominates the rack motion behavior, because the 
differences between the rack top and bottom displace-
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FIGURE 8 Typical responses of rack N7 using 3D single rack model with the friction coefficient 
equal to 0.2. (a) Rack top displacement in the E-W direction. (b) Rack bottom displacement in the 
N-S direction. 

ments are much smaller than the displacement values. 
The maximum displacements at the rack top in the N
Sand E-W directions are separately about 5 and 14 
times those obtained when the friction coefficient is 
equal to 0.8. The largest rack displacement is 0.103/1 
(2.62 x 10-3 m) in the E-W direction occurring about 
14 s after the motion direction is changed from the 
North (+ X) direction to the South (-X) direction. It 

is noted that the largest displacement range at the rack 
top is still in the N-S direction due to the larger hydro
dynamic FSI effects existing in that direction. 

The comparisons of the displacement response time 
histories of rack N7 in the cases of the friction coeffi
cients equal to 0.8 and 0.2 demonstrate that the varia
tion of the friction coefficient significantly affects not 
only the value but also the direction of the displace-
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FIGURE 9 Typical responses of rack N7 using 3D whole pool model with the friction coefficient 
equal to 0.2. (a) Rack top displacement in the E-W direction. (b) Rack bottom displacement in the 
N-S direction. 

ment responses which are loading history dependent. 
With the strong friction effects the largest displace
ment in an absolute sense may happen in the direc
tion with relatively weaker FSI effects like this typical 
case, when the difference of the hydrodynamic effects 
in the two directions is not large, and when the excita
tions in the two directions have the same peak values 
but are statistically independent. 

From the results obtained it is found that no rock
ing occurs, since the vertical displacements at the four 
rack supports are nearly zero and the negative or com
pression contact forces remain unchanged in sign. The 
fuel-rack impacts take place sometimes only in the 
N-S direction with a maximum impact force of 523 
pounds (2326 N) per cell, which is about five times 
smaller than that obtained when the coefficient of fric-
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FIGURE 10 Typical responses of rack N4 using 3D whole pool model with the friction coeffi
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tion is equal to 0.8. This means that the higher the 
coefficient of friction is, the larger the fuel-rack im
pact force will be, because the friction resistance basi
cally acts on the rack legs, while the fuel bundle is free 
standing inside the rack cell and has the same inertial 
motion that is not affected by the friction resistance 
for the same prescribed excitations. No rack-rack or 
rack-pool wall impact is found, since the maximum 
rack displacements are also less than the surrounding 

physical gap sizes and the corresponding impact forces 
from the associated impact elements are always equal 
to zero. 

The responses obtained from the 3D single rack 
analyses demonstrate that the rack structure is suffi
ciently stiff to resist bending, torsion, and shear type 
loads. The stick with three lumped masses and two 
beams can effectively represent the rack body and the 
fuel bundle with sufficient accuracy. 
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It is found that the responses obtained in this 3D 
single rack study are in general consistent with those 
by most researchers in the literature. The 3D single 
rack model developed is thus verified to be effective 
and, therefore, can be extended to develop the 3D 
whole pool multi-rack model. 

The coefficient of friction of 0.2 is found to be the 
upper bound for the rack displacement responses in 
the 3D single rack analysis (Fig. 8). Therefore, it is 
used for the 3D whole pool multiple rack model anal
ysis. Partial response results obtained are presented in 
Figs. 9 and 10 for typical rack modules N7 and N4. 

The displacements at the top of rack N7 (Fig. 9) are 
found to be about 2.8 (in the N-S direction) to 3.2 (in 
the E-W direction) times those computed in the single 
rack model analyses with a coefficient of friction equal 
to 0.2, which means that the 3D single rack model may 
underpredict the responses by about three times in this 
case. The relative larger displacement increment in the 
E-W direction may be due to the stronger hydrody
namic FSC effects in this direction from the adjacent 
racks N8, N4, and El. 

Of all the 12 rack modules the worst seismic re
sponses are found with rack N4 (Fig. 10). Rack N4, 
like rackN7, is a 12x 13 cell module, however, its gaps 
of 0.5" (0.013 m) in the East with rack Nl, West with 
rack N7, and South with rack NS, and its gap of 2.99" 
(0.076 m) in the North with the pool wall, are equal to 
or sm aller than those surrounding rack N7 as described 
previously. Therefore, its motion is affected stronger 
by the larger adding hydrodynamic masses and fluid 
coupling forces, and exhibits higher displacement re
sponses than rack N7. For rack N4, the higher hydro
dynamic coupling effects and with 12 cells more in the 
E-W direction than in the N-S direction may be the 
reason for the largest displacement ofOA1" (0.010 m) 
in the E-W direction. The negative contact forces of 
the support legs of rack N4 indicate that no tilting or 
uplift occurs. The fuel-rack impacts occur only at a 
few time points with a maximum value of 897 pounds 
(3990 N) per cell, which is less than that obtained in 
the single rack analysis. 

Of the three existing rack modules, rack E2 exhibits 
the largest displacement responses which are about 3.S 
times lower than those of rack N4. It is noted that there 
is no fuel-rack impact found for the existing racks. 
Rack E2 does not tilt or uplift since its support legs 
keep in contact with the pool floor. The major rea
son for the relative smaller responses of the existing 
racks, in contrast to the new rack modules, lies in the 
fact that the larger gaps between the fuel assemblies 
and the rack cell walls, the larger gaps between the 
racks and the pool walls, and the smaller nominal rack 
dimensions may cause smaller adding hydrodynamic 

masses and coupling forces. On the other hand, be
cause of more structural members, the existing racks 
are 1.6 times heavier and up to 1.8 times stiffer than 
the new racks N7 and N4. 

No rack-rack or rack-pool wall impact is found for 
all the twelve rack modules, because the rack displace
ments are less than the surrounding physical gap di
mensions, and the corresponding impact forces from 
the associated impact elements are always equal to 
zero. 

It should be noted that, on the basis of simple tests 
and verification studies for single rack models as de
scribed previously, the approach developed for and the 
results obtained from the 3D whole pool multi-rack 
model in this study are implicit, and need further veri
fication using sophisticated tests and numerical analy
ses. 

CONCLUDING REMARKS 

The modeling and the seismic evaluation are com
pleted using the 3D single rack model and the 3D 
whole pool multiple rack model developed indepen
dently for the specific case. The 3D nonlinear dynamic 
time history analyses are, performed according to the 
USNRC requirements. The hydrodynamic FSI effects 
and potential impacts of fuel-rack, rack-rack, and 
rack-pool wall are taken into account. Coulomb coef
ficients of friction of 0.2 and 0.8 are used in the single 
rack analyses and 0.2 in the whole pool multiple rack 
analysis. Some observations in this specific study are: 
(1) the modeling techniques of using the stick struc
tural model based on the concept of adding hydrody
namic masses and fluid coupling forces are effective 
for developing the 3D single rack model, and can be 
extended to the 3D whole pool multi-rack model for 
practical engineering problems; (2) the fuel-rack im
pact exists at a few instants in the new racks but not 
in the existing racks, the higher the coefficient of fric
tion is, the larger the fuel-rack impact forces but the 
lower rack displacement responses will be. The max
imum fuel-rack impact force is determined from the 
3D single rack analysis with a friction coefficient of 
0.8; (3) no rack-rack, or rack-rack walls, or rack-pool 
floor impact occurs; (4) the frictional sliding governs 
the motion of the free standing racks without tilting or 
uplift; (S) the 3D single rack analyses under predict the 
displacement responses of the rack modules by about 
three times those obtained in the 3D whole pool multi
ple rack model analysis, that can be used for determine 
the maximum rack displacements; (6) larger responses 
happen in the direction with stronger hydrodynamic 
coupling effects; and (7) the observations through this 



study provide essential information for further detailed 
designs and analyses of nuclear criticality, structure, 
stress, thermal, and layout in combination with other 
load cases. 
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