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ABSTRACT 
Elastic and plastic finite element analyses were performed for 

the inner tie block assembly of a 25 port fuel rack designed for 
installation at the Idaho National Engineering and Environmental 
Laboratory (INEEL) Idaho Chemical Processing Plant (ICPP). The 
model was specifically developed to verify the adequacy of certain 
welds joining components of the fuel storage rack assembly. The 
work scope for this task was limited to an investigation of the stress 
levels in the inner tie welds when the rack was subjected to seismic 
loads, Structural acceptance criteria used for the elastic calculations 
performed were as defined by the rack's designer. Structural accep- 
tance criteria used for the plastic calculations performed as part of 
this effort were as defined in Subsection NF and Appendix F of Sec- 
tion III of the ASME Boiler & Pressure Vessel Code. 

The results confirm that the welds joining the inner tie block 
to the surrounding rack structure meet the acceptance criteria. The 
analysis results verified that the inner tie block welds should be 
capable of transferring the expected seismic load without structural 
failure, ' . .  

INTRODUCTION 
'A subcontractor performed the design and analysis of spent 

fuel storage racks for installation at the INEEL's ICPP. As required 
by Department of Energy Standard 1020-94 (v. S. Department of 
Energy, 1994), the design and the associated calculations, were 
subjected to an independent peer review as part of the overall 
quality assurance plan. 

During the course of the independent review, questions were 
raised regarding the adequacy of certain welds to withstand the 
loading that would be imposed by the motion of the adjacent fuel 
racks during a seismic event. The welds in question were those that 
join the various structural components in the immediate areas of $e 

. 1, Work performed under U. S. Department of Energy Contract No. 
DEcAC07-94ID13223. 

inner be block. The subcontractor based the original'design of these 
welds on hand calculations. The independentaxiewer questioned 
the weld adequacy based on an alternate set of calculations that were 
performed as part of the review process. To resolve the adequacy 
questions it was suggested that analyses be performed by a third 
party. The purpose of the work described in this paper was to 
perform this verification analysis and provide results suitable for 
use in resolving the issue surrounding the adequacy of the subject 
welds. The Applied Mechanics Group within INEEL's Specialty 
Engineering & Sciences- Department was asked to perform the 
analysis. As a result, a finite element model representing portions 
of the fuel rack structure encompassing one inner tie block assembly 
was developed. This paper describes the details of the finite element 
analyses performed on the the model and the results obtained. ' 

SCOPE OF ANALYSIS 
The inner tie block structure addressed in this paper was taken 

from a 25 port fuel rack assembly. The storage ports in this design 
are arranged in a 5 X 5 grid array. The scope of the analysis was 
limited to the specific components described below. 1 

Independent reviewer questions regarding the integrity of the 
welds joining the inner tie blocks to the surrounding rack structure 
initiated the analysis effort. To address these questions and limit the 
scope of the analysis effort, a finite element model was developed. 
The model represents inner tie block and a portion of the rack 
structure (top plate, port tubes, soffit plate, and back plate) that 
immediately adjoin it. Details of the structural components were 
obtained from the applicable drawings. The finite element model 
represents only a section of the rack surrounding one of the inner tie 
blocks. This was deemed sufficient to satisfy the intent of the 

The elastic analysis results were compared to allowable values 
used by the rack's designer. Plastic.analyses were eventually 
performed and these results were compared to allowable values 
found in Subsection NF and Appendix F of the American Society 
of Mechanical Engineers Boiler & Pressure Vessel Code (hereafter 
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referred to as the ASME Code) (ASME, 1995a and b, respectively). 
Consistent with fie approach taken by the rack's designer, the 
structure was treated as an ASME Class 3 plate and shell support 
structure. 

A brief parameter study of various methods and element types 
that might be used to represent the welds in the finite element model 
was also performed during this project. This study was undertaken 
to verify the applicability of several modeling techniques and finite 
element types in providing reasonable representations of the 
structural welds. A separate, smaller, model was developed for this 
purpose so the results could be examined prior to the development 
of the much larger and more complex finite element model of the 
inner tie block area of the rack. The results obtained from the weld 
element study allowed selection of a modeling technique and 
element that reasonably approximates the shear stress behavior in 
the welds and would provide reasonable results when applied to the 
larger, more complex models of the inner tie and comer tie block 
areas. A description of the parameter study is outside the scope of 
this paper. 

The overall scope of this task was purposely l i s ted  to ody  
those rack components where a third party analysis was desired. 
Since the design calculations had already been independently 
reviewed, a concerted effort was made to utilize as much of the 
previously reviewed data as appropriate. This information included 
items such as material properties, elastic stress allowable values, 
and geometric data from drawings. This approach helped to limit 
the review effort required for the verification analyses described in 
this paper and minimized the schedule and budget impact 
experienced by the sponsoring project. 

FUEL RACK STRUCTURAL DESCRIPTION 
The overall configuration of the 25 port fuel storage rack is that 

of a 5 X 5 port grid where each fuel storage port is a square tube with 
outside dimensions of 10.55 inches per side-and a length of 219.25 
inches. The ports are maintained in relative position by a separate 
top, middle, and bottom plate assembly. Viewed from above, the 
rack structure has a square planform measuring 69.25 inches per 
side. The top plate is formed with a radius at the edges of the port 
grid so that the plate extends downward approximately four inches 
where it is joined by welds to horizontal Soffit plates. The soffit 
plates are welded to the sides of the outer port tubes in the rack grid 
forming the equivalent of a closed section that acts as a stiffening 
member for the top perimeter of the rack assembly. A comer tie 
block is located at each of the four comers of the top of the rack 
assembly while four inner tie blocks are equally spaced along each 
of the four edges between the comer tie blocks. The comer tie and 
inner tie blocks are welded into the closed section formed by the top 
plate and soffit plate. As mentioned above, both the comer and inner 
tie blocks are used to attach tie plates between adjacent rack 
assemblies so that overall resistance to seismic loading of all racks 
will be increased. 

STRUCTURAL ACCEPTANCE CRITERIA 
Briefly, the design was based on criteria defined by the 

procurement specification and other governing or guideline 
documents such as the United States Nuclear Regulatory 
Commission's (NRC's) Standard Review Plan (U. S. Nuclear 
Regulatory Commission). The rack was classified as a seismic 
Category I structure designed under the ASME Code Class 3 rules. 
Thus, elastic stress criteria given in Section III, Subsection NF, of 
the ASME Code were used. For ASME Code Service Level D loads 
such as seismic, the stress allowables as defined in Appendix F of 
the ASME Code for plate and shell component supports were used. 
Since the allowable stress values contained in the design report 
received an independent review, they were also utilized for the 
elastic calculations performed for the verification analysis. The 
allowable values used are summarized below: 

Primary membrane plus bending stress intensity shall not 
exceed 150% of the limit for general primary stress intensity 
(see above) as stated in J%1331.1(~)(1). 

' General primary membrane stress intensity shall not exceed 
the lesser of 2.4S, and 0.7Su as stated in F-1331.l(a). 

Average tensile stress computed on the basis of available bolt 
tensile stress area shall not exceed the lesser of S, and 0.7Su 
as stated in F-1335. 

Since the rack strucFe was classified as a Class 3 plate and 
shell support structure, the guidelines in Subsection NF-3260 
(Design By Analysis For Class 3) apply. Table NF-3553@)-1 . 
states that the stress limits found in Appendix F of the ASME Code 
apply for Service Level D conditions. Paragraph F-1340 delineates 
the appropriate criteria when using plastic analysis while Paragraph 
F-1342 provides additional criteria specifically for plate and shell 
type supports. Thus, the criteria found in F-1340 were used for 
comparison to the plastic analysis stress results. 

In summary, the applicable plastic analysis stress limits are as 
follows: 

General primary membrane stress intensity shall not exceed 
0.7Su as stated in F1341.2(a). 

Maximum primary membrane stress intensity shall not exceed 
0.9Su as stated in F1341.2@). 

, -  
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Average primary shear stress across a section haded in pure 
shear shall not exceed 0.42Su as stated in F-1341.2(c). 

Also, as stated in F-l342(a), "neither peak stresses nor stresses 
resulting from thermal expansion within the component 
support need be evaluated." 

Since the. failure mechanism for the welds is typically 
considered-to be a shear failure across the throat area of the weld. 
the 0.42Su limitation (29.4 ksi) was used as the governing stress 
limit in the welds. 



MODEL DEVELOPMENT 

Material Properties 
As listed in the applicable drawings, the rack structure was 

constructed of stainless steel components. The port tubes, soffit 
plates, and top plate were all formed from SA240-304L plate 
material while the tie blocks (both inner and comer) are ’from 
SA479-304L. The following material properties are the same as 
used in the design analysis and are extracted from Section 11, Part 
D, (ASME, 199%) of the ASME Code. Since the maximum 
anticipated temperature is IOOOF, the properties are given at that 
temperature. 

Modulus of Elasticity, E 
28.14 x lo6 psi 

Mean Coefficient of Thermal Expansion, a 
8.55 x 1od  in.lin.l”F 

Yield Stress, S, 
25.0 ksi 

Ultimate Stress, S, 
70.0 ksi 

The ABAQUS software, which was used in the verification 
analysis, requires plastic stress and strain data to define material 
behavior in inelastic analyses. The program requires that values of 
true stress and plastic. strain be entered. The data used (304L 
stainless steel) were obtained from the Atlas of Stress-Strh 
Curves (ASM International, 1987) and are listed below: 

True Stress &si1 W i c  S~~~~ 
25.0 , 0.0 
35.0 0.002 
84.0 0.182 

The only variation in material used in the racks was in the weld 
filler metal. Information provided by the designer indicated that 
308 stainless steel was used. Properties of the filler metal that were 
obtained from four different mill certification tests were provided. 
These data are summarized below: 

Yield Stress, Sy: 
Ultimate Stress, S,: 

. . .  

53.0 - 59.0 ksi 
81.8 - 84.0 ksi 

Percent Elongation: 45% 
Percent Reduction in Area: 62 - 77% 

Inner Tie Block Model 
The inner tie block finite element model was developed with 

the I-DEAS Master Series (Version 1.3~) solid modeling software 
using model geometry data obtained from the applicable drawings. 
Since the primary object of this task was to investigate the stress 
levels in the weld groups surrounding the inner tie blocks, only a 
portion of the rack structure was included in the modei: The 
modeled area of the fuel rack was selected to provide sufficient 
detail of the various structural components surrounding the inner tie 
block so that accurate interaction of the components would be 
obtained without using a model that was unnecessarily large. The 

final model included portions of two fuel storage port tubes, a 
portion of the rack structure top plate, one inner tie block, the back 
plate that attaches the inner tie block to the port tubes, and portions 
of the soffit plates that are adjacent to the inner tie block. An overall 
view of the portion of the rack structure that was included in the 
model is shown in Figure 1. 

The stainless steel material properties previously described 
were used for al l  components of the model. Symmetry boundary 
conditions were applied on the “cut” edges of the model where the 
actual structure is continuous. These boundary conditions ensured 
that realistic structural response is obtained in the area of interest 
around the inner tie block and the attaching welds. 

The finite element model contains 14013 nodes and 13306 
elements. With the exception of the inner tie block, four-node 
quadrilateral plate elements were used throughout the model except 
for a limited number of transition areas where three-node triangular 
plate elements were used The inner tie block was represented 
primarily with eight-node solid “brick” elements except for a 
limited number of transition areas where six-node solid “wedge” 
elements were employed. The finite element mesh is shown in 
Figure 2. The model was subsequently translated to the ABAQUS 
(Version. 5.4) finite element analysis software for the solution 
computer runs. 

The node and element grouping functions in both I-DEAS and 
ABAQUS were used to define groups of nodes for loading and 
specified output requests. Groups of elements were also defined for 
specified output requests and post-processing use. Separate 
element groups were defined for each of the weld groups that exist 
in the portion of the fuel rack structure that was modeled. These 
weld element groups are shown in Figure 3. 

. 

. 

The primary loading mechanism is a surface pressure on the 
top of the inner tie block-that results from prying action of the tie 
plate caused by the relative motion of the adjacent fuel racks during 
a seismic event. This surface pressure is combined with a 
counter-acting upwafd vertical force in the bolt installed in the 
inner tie block to result in the 26,189 Ibf net force obtained from the 
design analysis. A separate analysis of the tie plate, which is not 
described in this paper, was used to determine the area of the inner 
tie block on which the surface pressure acts and the magnitude of 
the loads. The surface pressure loads were applied to the inner tie 
block as equivalent nodal forces. The results of the tie plate analysis 
showed that the sufface pressure was only significant on the outer 
region of the inner tie block top surface. This region corresponds 
to the outer two rows of elements on the top of the inner tie block 
as shown in the shaded area of Figure 4. The appropriate equivalent 
nodal loads were applied to the three rows of nodes that enclosea in 
this area as shown in Figure 4. 

ANALYSIS RESULTS 
Preliminary elastic analysis computer runs indicated that 

plasticity could occur in certain areas of the model. These analyses 
also indicated that there was difficulty in demonstrating compliance 
with Service Level D elastic stress limits in Appendix F of Section 
111-of the ASME Code at certain weld locations. Thus, the 
provisions in Appendix F for plastic analysis were exercised. The 
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Figure 1. Fuel rack section included in-model. 

plastic analysis capabilities of the ABAQUS software were utilized 
to provide the computer results reported here. Not surprisingly, 
examination of the results showed that peak stresses occurred at 
structural discontinuities. The most severe example of this peak 
stress behavior was seen in the area where the soffit~plate, soffit 
plate-teport tube weld, back plate-tolport tube weld, and inner tie 
block-to-back plate weld all terminate. 

Since the welds were of primary concern in this task, the shear 
stresses were calculated throughout each of the weld groups and 
compared to the allowable value for average primary shear stress 
(29.4 ksi as noted above) permitted by the acceptance criteria 
These shear stresses are the maximum engineering shear stress (half 
of the maximum Tresca stress) averaged at the three integration 
points through the weld element thicknesses. Plots showing stress 
versus distance along the length of each of the welds and the 
allowable'value were prepared to help visualize these results. The 
stress distribution plots for the single rack design load case appear 
in Figure 5-13. 

As shown in Figures 5-13, the weld stresses are generally well 
below the allowable value. Several of these plots (e.g., Figures 7, 
10, 11, and 12) demonstrate peak stress effects at structural 
discontinuities as discussed above. Ip facf. Figures 7 and 11 show 
that the calculated maximum shear stresses exceed the allowable 

shear stress value at one end of each of the respective welds. Closer 
examination of these plots shows that the shear siresses fall rapidly 
with distance away from the region of structural discontinuity and 
that the average shear stress leveI in these welds in the areas 
removed from the discontinuities is well below the allowable value. 
Recalling that the acceptance criteria direct that peak stresses need 
not be considered, it is evident that the acceptance criteria are 
satisfied at all weld locations. 

The maximum stress intensities Vresca stresses) in the plate 
members were also calculated during the analysis. Review of these 
results shows that all primary stresses are below the allowable limit 
of 63 ksi. A maximum Tresca stress of 71.7 ksi was calculated in 
the port tube walls at the area of the structural discontinuity formed 
by the termination of the soffit plate, soffit plate-to-port tube weld, 
back plate-to-port tube weld, and inner tie block-to-hack plate 
weld discussed above. As discussed above, and reinforced by the 
definitions found in Paragraph -3213.11 of the ASME Code, 
this is a peak stress. The primary stresses decrease with distance 
from the area of thedscontinuity. The Tresca stresses in the port 
tube areas removed from the discontinuity are in the range of 
approximately 5 - 20 ksi. Thus, the general primary membrane 
stress limit of O.7Sy (49.0 h i )  is met. Therefore, the port tube stress 
levels are acceptable. Peak effects were also seen in the other 



I 

Figure 2. Finite element mesh of the fuel rack model. 

components near the area of the discontinuity; however, the 
maximum stress values still did not exceed the allowable value for 
primary stresses. The general range of Tresca stresses as well as the 
maximum value observed in each of the components (plates and 

inner tie block) comprising the model are summarized in Table 1 
below. This table clearly demonstrates acceptability of the stress 
levels. 

Table 1. Tresca stresses in inner tie block model components. 

Range of General 
Maximum Tresca I Allowable Primary Area Tresca Stresses Allowable Membrane 

Stressa (ksi) Stress (ksi) (ksi) Stress (ksi) Component 
Top Plate 39.7 63.0 2-12 49.0 

Inner %e Block 
Back Plate 
Soffit Plate 
Port 'Ihbes 

57.4 
57.4 
59.4 

71.7 

? 

63.0 
63.0 . 
63.0 

63.0 

2- 16 
5-36 
10 - 20 
5-20 

49.0 

49.0 
49.0 

49.0 
a. Includes peak stresses. 



AB~QUS 
Coordinate System 

Figure 3. Inner tie block weld groups included in the finite element model. 

Figure 4: Area of inner tie block subject to  surface pressure loading. 
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Flgure 5. Shear stress distribution along top plate - port tube weld length. 
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Figure 6. Shear stress along top platesoffit plate weld. 
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Figure 7. Shear stress along soffit plate-port tube weld, inner weld. 
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Figure 8. Shear stress along soffit plate-port tube weld, outer weld. 
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Figure 9. Shear stress along top platdnner tie block weld. 
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Figure 10. Shear stress along inner tie block- back plate weld. 
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Figure 11. Shear stress along back plate - port tube weld. 
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Figure 12. Shear stress along inner tie block - soffit plate weld. 
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Figure 13. Shear stress along inner tie block - back plate top weld. 

CONCLUSIONS 
Finite element structural analyses were performed to 

investigate the stress levels in the welds joining the inner tie block 
to the surrounding rack structure of the 25 port fuel rack assembly 
designed for installation at the ICPP. The finite element model 
includes a representative inner tie block assembly and surrounding 
area of the fuel rack. Acceptance criteria defined in the design 
report were compared to the results of elastic calculations 
performed on the tie plate model. Acceptance criteria defined in 
Section F-1340 of the ASME Cofle were compared to the results of 
plastic calculations performed on the other two models. 

Examination of the inner tie block model results showed that 
peak stresses O C C U K ~ ~  at structural discontinuities. The most severe 
example of this behavior was seen in the area where the soffit plate, 
soffit plate-to-port tube weld, back plate-t-port tube weld, and 
inner tie block-t-back plate weld all terminate. Results showed 
that the maximum shear stresses in,the welds in this area decrease , 
rapidly with distance from the structural discontinuity and that the 
average shear stress levels in the welds were well below the 
allowable value. Application of the acceptance criteria leads to the 
conclusion that all welds are adequate. The maximum stress 
intensities (Txesca stresses) in the plate members and inner tie block 
were also shown to be acceptable. These results lead to the 
conclusion that the welds and structural members comprising the 
inner tie block model are structurally adequate. 

In summary, the results obtained from the analyses performed 
for this task indicate that the welds joining the inner tie block to the 
surrounding rack structure meet the accephce criteria. Further, the 
structural members (plates and blocks) were also found to be within 
the allowable stress dmits established by the acceptance criteria. 
The analysis results verify that the inner tie blocks should be 
capable of transferring the expected seismic load without structural 

, failure. ’ 
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