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l. INTRODUCTION

t

Jring the fabrication of the Calvert Cliffs Unit | Nuciear Plan: Righ censity spens
fuel storage racks, a 2 x 2 cell module was cémagec Dy an accidental arop during
nancling. The 2 x 2 cell mocdule was set aside anc latsr gismIR%IEe =0 remove the

assTciated poison materiai. Eight of the nine high density fuel racks were assembied

& .

a1 the Ume the damages 2 x 2 cell mocule was dismantied.

v
An examination cf the removed outer stainless steel sheet indicated that the third
vertical row of spot welds (see Figure |) was defective, The vast majority of welds in
the thrc rows (v 90%) incicated a complete lack of fusion. An investigation of the
proc.em indicated that some fiftv (50) 2 x 2 cell moguies mav have a similar problem
&n¢ tiat the assembied fuel racks contained up to thirteen of these suspect mogules
(out ¢! 2 possidle 25 modules). It was evident that the defective spot welds would
recuce mocule stiffness and, hence, the natural frequencies of the nen=conforming
rack. The recuced natural freguencies coulc. in turn, increase the seismic
aCceleration values applied to the rack structure. Increased acceleration values and
recuCed rack stiffness properties woulc likely increase the stress |evels in the 2 x 2
cell modules and the rack base structure.

Consecuently it was concluged that the aduity of 2 nem=conforming fuel rack to
accommocate the .mposed seismic [oads mus: be 2valuates Making the conservaiive

255IMSTion that each 2 x 2 cell modui® in the racx is geficient,
Two evaluations were geterminec *o ne necessary:
{ -, A structyural analvsis 1o evaluate the eliect that the defective *hird rew

SpOt welCds Rave on the resyuits of the S@ISMIC analvses previous.y performed

™1; 1 - + | »
for the Cajvert Cliffs Unit | {ue! racks.

3. loac test 1o getermine the effers thar the delective spot weids have an
tne abilitv of the 2 x 2 czll module 1o zccommocars the local .cacds appol.ed
ov the fuel assemb|iee SUring & seis™ic even:, 2 [pac test was conGiuces
iC De necessary since sufliciently accurate Loca stress caloyiasions couls
NOT D& periormec 10 make Jefinitive sanclusions.

el PR R 1 53 BE &
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2. METHODS OF EVALUATION

RACK STRUCTURAL ANALYSIS

Qg -

The first step in the structural evaluation was 10 determing the effect of the
defective third row welds on the module stiffness and, hence, the natural
frequencies of the non-conforming rack. The re:ucec'-waium irequencies, in
furn, established the seismic acceleration values to be appliec ¢ the
module/rack base configuration, The foliowing mathematical models were
Jeveiopec ¢ determine the reducec stifiness and natural frequencies of the non-
conforming 2 x 2 storage cell module and the seismic anc stress analysis of th
modifiec configuration of the fuel rack structure.

Non-Conforming 2 x 2 Storage Cell Module

The zirst model required for the ructural evaluations was a detailed three
dimensional finite elemen: mode! of the non-conforming I x 2 storage cell
module. In this moge! the outer stainiess steel shees of the 2 x 2 module were
separatec from the inner cell walls at the defective (missing) vertical spot welgs.
This mode! with its distributed iumped masses and bouncarv conditions is showrn
in Figure 2. This mocel was usec 1o determine the requced stiifness, reduced
natural Irequency, and seismic resnonse (displacement, vVeloCity, accejeration,

-

member forces and stresses) of the nen-conforming 2 x 2 module.

10 x [0 Rack Mode!

The seconcd mocel requirec for the evalualion consisted of twentyv five single
Mass cantlever beams (representing twenty five 2 x 2 modujes rigidly attached
0 Ine rack Dase structure anc attached o each other at the TOp Dy spacer dars,
Each single mass cantiever beam has the same cynamic (frequency
characteristics as that of the non-conforming 2 x 2 module. The distributed

masses corresponding o the fuel assembiy storage cells, soisor elements anc

n
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contained pius hydrodyramic mass are lumped a: appropriate nocal points. The
norizontal weights are cistributed such tha: the resuiting lumoec mass muiti-
Jegree-ci-freegom model Dest represents ine gvnamic charcteristics of she fuel
storage rack. This mocel was used ¢ calculate the maximum stresses in the
FaCk Dase structure and the reaction [oads and siresses in the r racw suppors feet,
The seismic analyses are performed for the fully loaded '{c;s only since this
ioading condition resuits in lower frequency, nigher seismic accelerations, higher
stresses ancC reaction lcads. The bouncaryv conditions ané .L:mpec mass logcations
for the horizontal seismic analvses are shown in Figure 3. The detaliis of the
mathematical model of the non-conforming 10 x [0 rack and the methods of
seismic/stress analyses are same as those given in Section 7. of NES Document
§1A0566, Revision 2, "Structure Design Analysis Reports for the Calvert Cliffs
Unit #! Nuclear Plant High Density Spent Fuel Storage Racks". Only the
tiffness characteristics (moment of inertia) and secticn properties were
modified to reflect the reduced stiffness and natura: frequencies of the non-
conforming configuration of the 2 x 2 cell module.

2 LOCAL LOADING EFFECTS TESTING

ro
"

Three local stress/loading conditions were of concern because of the missing
vertical spot welds:

A.  The bending stress in the cuter cell wall at the top of the cell module

B. The bencing stress in the outer cell wall at an intermediate cell
eieévauon corresponding o & spacer eievaton for the stored fuel
assemblies

C. The combined shear/:ension loads on the remaining cell wall spot

we.ds,

Three pasic tests were gevisec o evalu .’. the above .ocal conditions for she

CBE and DBEZ seismic loadi NES associarec with {ue! assemblv and "loose oin

w

torage, For these tests, 2 2 x 2 ceil module of half-neight was fapricated using
STANCArc procuction spet welds at all Joczions excent for the thirg ver e
{0Cation on each outer shee:, which santaines ne weld

i E - ' . - D - - T o & - - .
COWT NOT De Constructed Hecause of the lack Sl sull.icient Iormes sieces, e
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mocule, however, contained all of the principal items comprising a full size

-

TeClue except Ior the center spacer assemdiv, The 2 ule, in turn, was

>
L 28]
3
o
0
€

selded 10 & carden sieel structure that supporied the module in a2 horizontal
&1TTude enurely Irom the module base plate (see Figure [). Sieel slocks wers
cstridbuted insice the storage cells and on the module in accardance with the
oading requirements specified {or the three tests. The sS{:.E.ec loadings are
static equvalents of the maximum dvnamic loads applied 0 the [ocal areas and
@Ke Nt account the effects of virtual water mass anc fuel assembiy impac:. A
Tore detalled dgescription of the loading tests, (and the specifiec load
requrements) is presentec in Attachment |, Test Plan for Non-Conforming 2 x 2

Storage Cel! Modules,
The effecis of the loads were evaluated against the following general criteria:

A.  For the OBE loads, no evidence of permanent geformation after the
apolied loads were removed.

B. For the DBE loads, no evidence that the 2 x 2 cell module and/or
incividual cells have |ost structural integrity. Permanent
gelormation was permitted provided the module remains function
(can store fuel in a safe geometry),
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3. RESULTS OF EYALUATION

results of statc anc seismuc structural/stress analysis of the non-conforming

Calver: Cliffs Nuclear Plant U'nut | high density fuel storage racks periormed with the

ANSYS and STARDYNE computer code are contained in Reierence-| -

The cetailed seismic/structural analvses calculations to

. .-

uate the effec: of the

ll'

nen-conforming Z x 2 cell modules on the resuits of the se.smic analvses previously

riormed for the Calvert Cliffs Unit #] fuei racks are given in Reference 3,

The getalls of the tests for the local loading eifects are contained in Reference 3.

RACK STRUCTURAL ANALYSES

I

[

The natural freguencies of vibration of the non-conforming 10 x 10 fuel storage
rack are given in Table | along with their corresponding modal participation
factors. The first mode frequency of 5.92 Ccvcles per second represents the first
mode freguency of the non-conforming storage rack structure including the
{lexibility cnaracteristics of :ne rack base structure and support pads. The
fundamen:al {requency of the ~conforming modular cell unit is 6.57 cvcles
per secongs. Relerring :c nor.zontal seismic response acceleration specira
(Figure 5.0 of Reference ), it can ze seen that the first mode spectral
acceleration values for tne non-conforming rack (0.22G at 5.02Hz) is same as

that {or the gesign rack (2.22C at 5.3%Hz2).

The resuits of the non-conforming rack structural/stress analvses are
summarized and compares with those of the design rack analyvses (Raference 2,
in Tables 2 and 3. Tabdle 2 presents the analvses results and comparisons for fuel

asssempbly storage. Tabie 3 presents the analvses results anc comparisons for

ioose {uel pin storage (165% of the weight of the normal {.el assempiv),

i
o
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TABLE |
PERTINENT NATURAL FREQUENCIES :
OF VIBRATION AND MODAL PARTICIPATION FACTORS (10 x 10 Rack Fully Loaded)
- i Pt — -
\Mocal Participation Factors T
Viode Freguency X1 y-o X2 X3 -
Number CPS) Direction ™\ Direction Direction =g
/ —— e
P —— ——— \\
] 3.015 006337 "  0.6330 2.0024
2 5.041 08243 -0.6242 0.0
3 3.210 0.3304 0.33C« C.000!
- 3.229 C.2268 -0.2268 2.00
J 3.625 «0.0299 -0.0300C 0.00
6 5.626 «0.0272 0.0272 0.00
7 6.0i7 0.0Z64 0.0264 .0007
8 6.019 0.0229 =0.0229 £.000
9 6.338 -0.013 0.0139 0.000
10 6.33% 0.0129 C.0138 .0004
11 35.723 0.C00% 9.0009 2.0648
21 “6.133 0.0152 0.0152 —1 8927 >
~ - e
22 60.234 -0.01598 2.01598 J-G0
.
e g A L P el A
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TABLE 2
SUMMARY OF STRUCTURAL EVALUATION OF NONCONFORMING 2x 2 CELL MODULE
FOR FUEL ASSEMBLY STORAGE
Design Nonconfor?ifig™ Allowabie
Configuration Coniiguration. Stress (ksi)
Frequency Analysis
Freguency (HZ) of 2x2 Detail
Mode! (Figure 2) 7.18 6.57 N/A
First Mode Freguency (MZI) of
Fuel Rack Model (Figure 3) 5.39 5.02 N/A
Average Acceieration (G) for all
25 Masses (Figure 3) 104 1.04 N/A
Stress Analysis
Rack Base Ssructure and same as same as
Support Leg Table 8.2 Tabie 8.2
of Ref.2 of Ref, 2
|
Storage Cell Wall a1 Base:
f penging Stress (ks
| 3045, due 1o OBE 3.59/3.59 5.15/5.15 23.36 (&
-»-a05'
dending Stress (ks
§5/2b4 due to DBE 6.73/6.73 7.66/9.66 28.3 (act
materia

——

o8 enEL 28 7 8
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TABLE 2
(Continued)
Des.gn Noncorforming Allowabdle
Configuration Configuration Stress (ksi)
- - — -
- o
Stress Analysis o
——
Combined Stress Ratio (OBE 0.30 Q.42 actual material) s :
. o
! D
Combined Stress Ratio (DBE) 0.33 0.50 actual material ;
Storage Cell Wall at Base
Consigering Local Buckling
Effects: l
|
Bending Stress (ksi) Lales é.17e.1 9.6+ (actual
f:.,,f::3 (OBE) material)
Bencing Stress (xsi) 8.26/8.24 Lib/114 31,62 (actual
, fb,/tb, (DBE) material)
| - -
|
! Combinec Stress Rat.o (OBRE) g.45 0.82 actual material) |
! |
’ |
5 Combined Stress Ratio (DBE) 0,52 0.73 \actual material) | '
|
!
r' Mex. Stress (ksi) in wels 15.07 13.07 33.6 lactua ‘
"
| - i VA
setween I x 2 cell wall mater: AR
eTwe X ~3 e al
f and tase plate (DBE
|
Max. Stress (ksi) in weld 13.32 13.32 33.6 (aczual |

"
o)
1"
"
"
)
3]
LR )
v
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TABLE 3

(%]
m

SUMMARY OF STRUCTURAL EVALUATION OF NONCONFORMING 2 x2 CELL MODULE
FOR LOOSE FUEL PIN STORAGE

Desigr. Nonconformmg — Allowabdie -
Configuration Configuration  Stress (ksi)

Frequency Analysis

Frequency (MZI) of 2x2 Detall

Modge! (Figure 2) 5.99 5.3 N/ A i
|
t

ERE !
First Mocde Fregquency (HZ) of |
Fuel Rack Modgel (Figure 3) L.e8 5.26 N/A

Maximum Acceieration (G) for all
25 Masses (Figure 3) 1.097 C.87 NSA

l
i
|
|
:
!
I
|
|

' Stress Analysis : ;

A )
Rack Base Structure and same as iess than | &
Support Leg Tazie F.2 Table F.2 . |
- - ™~ - |
of Ref.2 of Ret

L i NP ey 5
£h./fa. cue t0 OBE 5.88/3.38 92/5.92 23.96 (actua !
- -
matiria
ater.al

PN 3% oY N | Ae -~ - L -~ - - .

“alleen cue 0 DS Lhevie wasva ‘.‘-'C.. 1407 so40 \8CTU
”
; R s
Qi

]
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TABLE 3
(Continued)
Design Nonconforming Aliowabie
Configuration Condiguration Stress (ksi) = E
Stress Analysis —
. -
Combined Stress Ratic (OBE) J.69 .49 (actual material) | it
]
- ~ ;] - sl i
Combined Stress Ratio (DBE) 0.58 0.58 (actual material) |
!
|
Storage Cell Wall at Base f
X 4 |
Considering Local Buckling I
Effects: i
Bending Stress (xsi) 7.33/7.33 6.98 19.64 (actual i
fb./fb, (OBE) material)
gl !
i
Bending Stress (ksi) 13.73/13.73 13.10 31.42 (actual ,f,“:
/
f::,/fb, (DBE) material) ‘
i
Combined Stress Ratio (OBE) C.25 0.71 (actual material) |
Combined Stress Ratio (DBE) 2.37 0.83 (actual material) |
Max. Strecs (ksi) in welg o718 17:43 33.6 (actual
oetween 2 x 2 cell wall material)
and base plate (DBE)
Max. Stress (ksi) in weld 23.95 15.21 33.6 lactual
between 2 x 2 cell wall base material ,
plate anc base structure
(RRF

T
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From Table 2 it can be seen that cue %2 the recuced stifiness of the none
conferming I x 2 module. its frequency nas recucec from 7.1§ Mz (design
configuration) 20 6.57 Hz. The first moce frequency of the non-conforming rack
is 3.02 Hz compared with that of 5.39 Mz for the design rack “configuratipn.
Since there is no change in the first mode spectral acceieration values, the
average acceleration values for the noneconforming and c‘és-gn razk are the
same. 3Since there s no change .n the average acceleration value, the maximum
stresses in the rack base structure anc supper: leg and the maximum floor
loaging are tne same as those presentec in Tables 8.2 and 8.3 of Reference 2.
Tadle 2 inaicates that due tc the reducec section moculus of the non-conformin

2 x 2 modue the stresses at base of the cell wall are nigher than the stresses for
the design configuration. The combinec stress ratios for bi-axial benaing a-e
calculatec using the yield stress for the actual material (29.2 KSD. The
combined siress ratios are less than 1.0 for Loth the OBE anc DBE events. Local
duckling stress analyses at the base of the cell wall were performed Qsmg the
methods given in AISI "Stainless Steel Cold-Formed Structural Design Manual"
(Reference 4). The combined stress ratios are Jess than 1.0 for both the OBE and
DBE events. The stresses in the weids between the cell wall and the base piate
anc between the base plate anc the rack Dase structure are |ess than the
allowabie stress values using the actual material yield stress value.

initial Analysis for the fuel racks conservatively assumed that all the twentv-
five 2 x 2 ceil modules were gefective. This conservative analysis ndicated thas
for the loose pin storage condition, the cell wall at the base of the 2 x 2 mocuie
Mmay Duckie under a DBE event. It was concluged from an uitrasonic test
PrOgram that a more reasonabie assumption was that eight 2 x 2 modules couic
be Jefectuve. For subseguent seismic anaivses, & conservative mode: was used
with thirteen non-conforming 2 x Z modules places at the most Critical locations
:N @ rack along with tweive normal 2 x 2 mocules. The momens af inertia of the
thirteen nonconforming 2 x I mocules was reguced to account ‘ar the cell wall
bucxling. These analyses were performed JSINE the revised response specira of

Reference 5, The resuits of = arialvses are given in Table %,

1%



: . e 19
3 NUCLEAR ENERGY SERVICES. INC. FhaE

DOCUMENT NO

L
o

24
From Table 3 it can be seen that for the |oose Pin storage condition, the (
fundamental irequency of the non-conforming 2 x 2 cell module is 5.3iHz |
compared with the 5.99 Hz for the design cell moduie con? guration. The first I /*
mode Iraquency 3f the non-conforming rack (4.26 Hz) is slightly smalier than | .
ihat of the design rack configuration (4.5% Hz), The maximum ssresses (n the ' -
faCk Dase structure and suppor: leg and the maximum .’focr loading will De 1 *__:
smalier than those presented in Tadles F.2 anc F.3 of Appendix F (Reference 2). : -

Tasle J naicates that due to the reduced section moduls of the non-conformin
Z X 2 module, the siresses at the base of the cell wall are nigher than the
stresses in tne cesign configuration. The combined stress ratios for Si-axial

dencing are iess than 1.0 for both the OBE anc DBE events.

The local bucxling stress analvsis at the base of the cell wall indicates tnat the
combinec siress ratios are less than 1.0 for both the OBE and DBE events. The
maximum siresses in the welds between the cell wall and base plate and between
the Dase plate and rack base structure are i@ss than the allowabdle s:ress values
4sing the actual material vielc stress value.

«OCAL LOADING EFFECTS TESTING

The resuits of the local ioaging effects testing are presented in Tabje 5. Tanie &
Lsts the tesis in the actual seguence that they were compieted. This sequence
¥&s Chosen curing the test 1o expedite tne performance of the tesss.

As can De seen from Tabie 4, none of the OBE tests resulted in anv observabje
gefcrmation when the [cads were appiiec anc conseguently nc permanert
deformauon when tne OBE loads were removes. Oniy one DBE test (Tes: &)

" | - - . - - % } -y - - ¥
Fesuited in 2 mincr permanent geformation which would have apsciutely no
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dfter this deformation occurred (Test & Was the seconc test 10 be nerfaormec) no

other signt tficant deformations w ere ODservadie when the |o.ds were applied for

gy » : MNBE sarst a P @bl o - n
the remalrung O3E tests and n actitional permanen: deformation octurred alter

s NRE 2 M B ramevan
« 8 JBC ICECS were re Gvee.
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A visual examination of the module spot welds. the module to base plate welds
and the weids attacning the top spacer o the four cells indicated that all welds
were sound. [n fact, the integrity of t0p spacer weids was verified by asplying
sufficient impact loacs to shear each weid. For completeress, it was decided to
repeat Test % with the top spacer displaced 10 a location where [t-was no longer
supporting Cell l. With the Test 9 |oad applied to:fe!’.’ | a2 downwarg
displacement of less th 1/8 Inch was observed under this condition. Some
permanent ceformauon was obsarved after the DBE .oa-c vas removed. [t was
evident that even in the unlikely event that a top spacer is displaced during a
DBE seismic event no significant structural deformation will occur in a non-
conforming module.
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No.
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TABLE &

TEST RESULTS

Setsmic Specified Cell «» Cell «
Lest Descption Event Loading (_lbs) No.
Local Bffeat, one 573 Jand 4
Intermediate Area
(Fuel Asscmbly)
Local Effects, e 1075 Jand 4
Intermediate Area
(Fuel Assembly)
Local Eltect, Top Area OBE 885 I only
{(Fuel Assembly)
Local Eltect, Top Area OB 1243 i only
(Loose ')
I o ol l e PS, lnp /\lt"d '““: ’()“;” ’ (bl\‘y
(Fael Assembly)
Spot Weld Ol 755 All

(Fact Assembly)

See Fapure | ot Test Plan (see Attactuaent )

A tunal cell loadings were equal to or preater than the
Hhas bulge remamed for the remainder of the tests.

(depth, width, or length)

Test Results

No deformation was observed in
mtermediate vegions of Cells 3 and &,

Bottom outer sheet of module developed
outward bulges (v 1/16 to 1/8") under

Cell & over middle 2/3 of module length.
Bulge remamned after load was
temoved . * * % Tlys deformation for a DIV
condition  would  not  atfect  fune tional
performance of module 7 ack.

No deformation was observed in top
arcas of module and Cell 1,

No deformation was obsarved in top
)
areas of module and Cell |,
f

N
No deformation was observed mn top
areas of module and Cell |

)

No deformation was observed in vicinitios
of module spot welds. No deformation
observed in any area of module. '

spectiied cell loading.
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lest
MNo,

i0

foest Desar iption

Spot Weld
(1 oose Pin)

Spot Weld
(Fuct Assembly)

Local BEltects, Top Area
(I vose i)

Spot Weld
{1 vose 1in)

TABLE &
(Continued)

Sersini Cell
Event Loading (1bs)
ORE 1170
e 1530
Dt 2311
e 2192

Coell »
No.

All

All

1 only

All

Test Results

No deformation was observed in vicinities
of module spot welds. No delormation
observed in any cell of modate.

No deformation was observed in vicinities
ol module spot welds. No delonmation
observed in any area of module.

No permanent deformation was obser ved in
top atea of Module and Cell |,

No permanent deformation was observed in
vicinities  of  module  spot  welds. No
permanent deformation gbserved in arca of
module.  Only nunor changes i the onter
sheet appearances were ohsegvable
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4. CONCLUSIONS

on the results of the structural analysis and local loacing effects evaluations,

the following conclusions have been magce:

L

—— - -

The results of the structural analysis incicate that the stresses in the non-

conforming storage rack structure resuiting from the bacmgs assoclatec
with the normal and abnormal conditions are within the allowable stress
dimits for the actual material usec in the rack fabrication. Conseguent!v
the non-conforming rack is structurally adeguate tc meet the requirements

for Seismic Category | structures.

The results of the non-conforming 2 x 2 module local loading effects
testing indicate that under OBE loading conditions there will not be any
permanent ceformation of the 2 x 2 module.

The results of the non-conforming 2 x 2 module local loading effec:s
testing indicate that the small permanent geformation in some loca) areas
of the Z x 2 module resulting from DBE loading conditions will not

acversely affect the structural and funciional integrity of the storage rack.

The Calvert Cliffs Uniz | non-cenforming high density fuel storage rack is
structurally agequate to perform it funcsion ‘the storage of fuel in 3 saie

geometry) during and after all anzicipated icac.ing congitions.
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