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NRC RAI 9.1-146 
 
For free-standing racks, many factors affect the seismic response of the racks.  Among 
these factors, friction coefficient between the bearing pads and pool floor is important in 
determining whether the racks will be subject to sliding or overturning. 
 
NEDE-33373P, Section 1.6.5.1 provides a scenario study of various combinations of 
factors, and establishes a bounding for the seismic response of racks.  The staff noticed 
that Case C-5 with the friction coefficient equal to 0.5 controls the relative 
displacements of racks with pool floor at bottom and the pool wall at the top in E-W 
direction.  However, the lower bound for the friction coefficient is 0.2.  Therefore, the 
staff requests that the applicant demonstrate that the relative horizontal displacements 
between rack foot and pool floor and FSR top and pool wall will not exceed the 
prescribed gaps when Case C-5 is analyzed with a 0.2 friction coefficient. 
 
 
GEH Response (Original) 

 
NEDC-33373P will be revised as follows to address this RAI:  
• A new case (Case C-6) will be added to Section 1.6.5.1.  This new case evaluates 

the seismic response of the fuel racks assuming a coefficient of friction of 0.2 for the 
bearings pads on the pool floor.  

• Tables 1.6-2, 1.6-3 and 1.6-4 of NEDC-33373P will be revised to provide the results 
of Case C-6.  

• Figures A-52 and A-57 will be revised to provide displacement versus time results 
for Case C-6.  

 
Other minor changes will also be made to NEDC-33373P. 
 
 
GEH Response (Revision 1 and Revision 2)  
 
The original response is unchanged.  The LTR markup pages are replaced in their 
entirety by this revised response. 
 
 
DCD/LTR Impact (Revision 2) 
 
No DCD changes will be made in response to this RAI. 
  
Tables 1-1, 1-2, 1-16, 1-17 and 1-17a; Sections 1.3, 1.4.1, 1.4.1.1, 1.4.7, 1.6.5.1, 1.6.6, 
1.7, 1.8, 2.4.9 and 3.4.9; and Figures A-9, A-52 and A-57 of LTR NEDO-33373 
(formerly NEDC-33373P) will be revised as shown in the attached markups. 
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1.2   INPUT DATA 

 

Table 1-1  

List of Document Input Data (ID) 

 

Source Document 
No. 

No. Issue Title 
Requirement/Data Status 

1 5926.D200  
 

03 Rack Assembly Drawing (Type-15x12) Geometry.  V 

2 5926.D210  
 

03 Rack Base Plate  (Type-15x12) Geometry, Materials V 

3 5926.D220  
 

00 Rack Cutting Drawing Sheet (Type-
15x12) 

Geometry, Materials V 

4 26A7032 3 Fuel Storage Rack Design Specification Design Codes.  
Design Requirements. Fuel 
assembly weight. Fuel handling 
loads. Applicable Response 
Spectra and damping.  
Loading Combinations. Spent 
Fuel Pool Water Temperatures.
Fuel assembly properties: 
weight, axial area and moment 
of inertia. 

V 

5 26A6552 4 Fuel Storage Equipment Requirement 
Specification 

Stress free temperature V 

6 5926.D100  0204 Rack Layout at Spent Fuel Building Rack layout.  
Distance between racks and 
distance to the walls 
Pool dimensions. 

V 

7 105E3908 03 General Arrangement. ESBWR Nuclear 
Island 

Plant axes V 

8 55926ATN02 01 ESBWR Fuel Building Pool Bottom 
Synthesized SSE accelerations time 
histories 

SSE Acceleration time histories V 

9 5926.D600 00 Rack Assembly Drawing (Type-14x12) Geometry V 

10 5926.D610 00 Rack Base Plate (Type-14x12) Geometry, Materials V 
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1.3   SUMMARY OF RESULTS 

Table 1-2 summarizes the enveloping maximum displacements and forces for the FSR, obtained 
from the dynamic analysis. 

 

Table 1-2  

Maximum Displacements and Forces Summary 

Displacement/Force Horizontal Vertical 

Relative displacement between FSR foot and pool floor 
(mm) 

39.5 (N-S direction) 

36.1 (E-W direction) 
26.0 

Force by FSR foot between bearing pad and pool floor 
(kN) 

Shear 

1344 

Compression 

1843 

Relative horizontal displacement between FSR top  and 
pool wall (mm) 

39.5 (N-S direction) 

48.9 (E-W direction) 
- 

Force between two FSRs at the lower link device (kN) 1306 - 

Force between two FSRs at the upper link device (kN) 1227 - 

Relative displacement between fuel and FSR (mm) 10 (at top) 3.7 

Force between fuel (all assemblies) and FSR (kN) 
1017 (at top) 

814 (at bottom) 
1708 

Global bending moment on the FSR base plate (kN·m) 
1645 (E-W axis) 

2176 (N-S axis) 
- 

 

Table 1-3 summarizes the critical stress results obtained from the analysis of the FSR and the 
comparison with the allowable values in accordance with the design code (Reference 3). 
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Table 1-3 

FSR Main Stresses Summary 

Steel Plates Stress (MPa) Stress Limit  
(MPa) Ratio 

10 mm thick Enveloping Plate 226 292.8 0.77 

10 mm thick Enveloping Plate Welds 163 198.6 0.82 

7 mm thick Upper Level Plates 227 292.8 0.78 

7 mm thick Upper Level Plate Welds 91 198.6 0.46 

Fuel Support Base Plate 274 292.8 0.94 

20 mm thick Base Plate Stiffener Plates 208 292.8 0.71 

20 mm thick Base Plate Stiffener Plate Welds 136 198.6 0.68 

Foot Cylindrical Nut 253 292.8 0.86 

Foot Cylindrical Nut Welds 141 198.6 0.71 

Nut Thread 107 198.6 0.54 

Lower Links (Bearing Pad) 363 419.9 0.86 

Upper links (Assembly Crossarm) 927 1049.7 0.88 
 

 

Table 1-3a summarizes the enveloping maximum reactions by bearing pad in the pool floor liner. 

 

Table 1-3a  

Pool Floor Liner Maximum Reactions 

Shear (kN) Compression (kN) 

1398 1843 
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1.4   ANALYSIS SUMMARY 

Section 1.4.1 presents a brief description of the FSR. 

Section 1.4.2 presents a brief description of the FSR analysis methodology. 

Section 1.4.3 presents the properties of the FSR materials. 

Section 1.4.4 indicates the applicable design code to analysis of the FSR. 

Section 1.4.5 describes the different load cases which apply to the FSR analysis. 

Section 1.4.6 presents the load combinations applied for the FSR analysis. 

Section 1.4.7 gives the allowable stress limits used in the FSR analysis. 

Section 1.5 presents the response spectrum analyses of the FSR detailed model. 

Section 1.6 presents the transient dynamic analysis of the 20-FSRs global simplified model. 

Section 1.7 presents the local stress analysis of the FSR. 

Section 1.8 presents the total stress results in the FSR. 

Section 1.9 presents the stresses in the link devices. 

1.4.1   Spent Fuel High Density Storage Rack Description 

The FSRs support and protect the stored fuel assemblies. The FSRs are structures made of 
stainless steel and borated stainless steel plates, forming 15x12 (or 14x12) cells to house the 
spent fuel assemblies. The FSR are located in the Spent Fuel Pool within the Fuel Building and 
are freestanding on the pool floor at EL -10000. 

A detailed description of the FSRs is shown in the assembly and detail drawings of the FSR (IDs 
1, 2 and 3 for the 15x12 array, and IDs 9, 10 and 11 for the 14x12 array). 

The main dimensions of the FSR are 2542x2038 mm for the 15x12 array, 2374x2038 for the 
14x12 array, and 3846 mm in height for both sizes. Different plate thicknesses are used in the 
FSR: 10 mm for enveloping stainless steel (SS) plates, 3.4 mm for the internal borated stainless 
steel (BSS) plates, 7 mm for SS plates of the top level of cells, and 20 mm for the support base 
SS plate and the reinforcing stiffener plates. 

The enveloping plates and the top level plates are welded together. The internal BSS plates are 
not welded, but are slotted to allow assembly between perpendicular plates that form the cells. 
The assembly is welded around the perimeter of the base plate, which is stiffened underneath 
with reinforcing plates in both orthogonal directions. The FSR is supported on its four bottom-
corner feet, each of which is made of a 150 mm diameter and 230 mm high cylinder (nut) 
housing a M110 screw inside. The screw acts to level the FSR and regulate its height. 

The FSR have 15 mm thick spacer plates welded to the corners of the 10 mm enveloping plate at 
the upper elevation. The FSR have 9 mm spacer plates welded to the border of the base plate at 
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the lower elevation. The thickness of the spacer plates could be adapted to adjust to construction 
tolerances, and the lower spacer plates are eliminated in the sides close to the wall. 

Each FSR is able to store 180 (15x12) or 168 (14x12) spent fuel assemblies. 

1.4.1.1   Rack Layout at Spent Fuel Pool 

Drawing ID 6 depicts the FSR layout in the spent fuel pool to accommodate ten years of spent 
fuel plus a full-core offload. It shows twenty (20) FSRs (twelve of the 15x12 size, and eight of 
the 14x12 size), arranged in four (4) rows running N-S and five (5) rows running E-W. This 
layout provides storage capacity for 3504 fuel assemblies.  

The layout distance between the FSR 10 mm thick enveloping plates is 33 mm in both directions, 
N-S and E-W. The layout distance between the FSR lower spacer plates is 3 mm in both 
directions. The layout distance between the FSR upper spacer plates is 3 mm in both directions.  

At the north and, south and east walls, the minimum gap distance between a FSR bottom spacer 
base plate and the pool wall liner is 5101 mm.  At the east wall, the minimum gap distance 
between a FSR base plate and the pool wall liner is 69 mm.  At the north and south walls, and the 
minimum layout distance between a FSR top upper spacer plate and the pool wall liner is 92 mm.  
At the east wall, the minimum layout distance between a FSR upper spacer plate and the pool 
wall liner is 60 mm. 

The distance between FSR and the west wall is considerably higher (greater than six meters). 

Drawing ID 12 depicts the lower links (bearing pads) layout. The typical lower link device is a 
40 mm thick bearing plate with eight triangular vertical plates linking the foot of four adjacent 
FSRs. Close to the pool wall, the device is reduced to link only two FSRs. In the four corner 
racks a single bearing pad to only support the corner foot is installed. 

Drawing ID 13 depicts the upper links (assembly crossarm).The typical upper link device is a 15 
mm thick plate crossarm connecting the spacer plates welded to the upper corners of four 
adjacent FSRs. Close to the pool wall, the device becomes a “T” to connect only two adjacent 
FSRs. In the four upper corner without adjacent rack there is no upper link device. 

All the plates forming the link devices are made of stainless steel. 

1.4.2   Analysis Methodology Description 

In the layout presented in ID 6, each FSR rests on the bearing pads, which rest on the pool floor.  
Each FSR will be linked to the adjacent FSRs, but not to the pool walls. 

The FSRs may be full, partially filled, or empty of fuel assemblies, but they are always 
submerged in the pool water. 

In the event of dynamic excitations caused by an earthquake (SSE), the FSRs may be displaced 
due to a low friction value between the bearing pads and the pool floor.  In contrast, high friction 
values may cause one of the feet to lift off the bearing pads and the subsequent impact effect 
when the FSR settles back into place. 
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Level D Conditions (Appendix F, F-1332) 

Pm ≤ Minimum of 1.2 Sy or 0.7 Su = 195.2 MPa 

Pm + Pb ≤ 1.5·(Pm limit) = 292.8 MPa 

τ ≤ 0.42·Su = 198.6 MPa 
For compressive stresses, see Appendix B1. 

 

Welds 

Level A Conditions (NF-3324.5 and Table NF-3324.5(a)-1) 

Fillet welds: 

Shear Stress on effective throat ≤ 0.3·Su
(1) =165.4 MPa 

Shear Stress on base metal  ≤ 0.4·Sy =65.1 MPa 
Tension or compression parallel to axis of weld ≤ Same as base metal  
(1) Base metal tensile strength range between 489.5 MPa and 551.5 MPa (71 and 80 ksi), 
minimum weld metal tensile strength, 551.5 MPa (80 ksi). 

Level D Conditions (Appendix F, F-1332) 

Shear Stress ≤ 0.42 Su = 198.6 MPa 
Tension or compression parallel to axis of weld ≤  Same as base metal 

 

Links metal Type 630 H1075 

Level D Conditions (Appendix F, F-1332) 

Pm ≤ Minimum of 1.2 Sy or 0.7 Su = 699.8 MPa 

Pm + Pb ≤ 1.5·(Pm limit) = 1049.7 MPa 

τ ≤ 0.42·Su = 419.9 MPa 

1.5   DETAILED MODEL: RESPONSE SPECTRUM ANALYSIS 

A detailed finite element model (FEM) for the 15x12 FSR is developed and analyzed with the 
response spectrum analysis method. 

1.5.1   Assumptions 

The calculation procedure used for the present stress report has been performed based on the 
following assumptions of FSR behavior: 

• It is assumed that the material of the structure (stainless steel) has a linear elastic behavior 
within the field of the small displacement/deformations. 
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1.6.5.1   Scenario-Cases in Study 

Based on assumptions given in 1.6.1 and Reference 14, the following scenario-cases are 
analyzed: 

• Case C-1: All FSRs with friction coefficient of μ=0.5 except R-16(1) with μ=0.2 and R-20 
with μ=0.8. All FSRs full.   

• Case C-2: All FSRs with friction coefficient of μ=0.5 except R-16(1) with μ=0.2 and R-20(2) 
with μ=0.8. All FSRs full, except R-01, R-08, R-16, and R-20 empty.   

• Case C-3: All FSRs with friction coefficient of μ=0.2. All FSRs full. 
• Case C-4: All FSRs with friction coefficient of μ=0.8. All FSRs full. 

• Case C-5: All FSRs with friction coefficient of μ=0.5. All FSRs empty. 
• Case C-6: All FSRs with friction coefficient of μ=0.2.  All FSRs empty. 

Notes: 

(1)   R-16 with μ=0.2 means that bearing pads BP-19, BP-20, BP-25 and BP-26 have μ=0.2, 
that is to say: the four feet of R-16, the two West-feet of R-11, the two North-feet of R-
17 and the North-West-foot of R-12 have μ=0.2 in the 20-FSR global model. 

(2)   R-20 with μ=0.8 means that bearing pads BP-23, BP-24, BP-29 and BP-30 have μ=0.8, 
that is to say: the four feet of R-20, the two West-feet of R-15, the two South-feet of R-
19 and the South -West-foot of R-14 have μ=0.8 in the 20-FSR global model. 

The displacement time-histories for each direction are applied simultaneously at the nodes of the 
global model that represent the pool floor and walls for each of the six scenario-cases. 

Once the responses are obtained for the scenario-cases analyzed, the most critical results of the 
3200 loads step analysed for each case are extracted. 

 

1.6.6   Results of the Transient Analysis  

Table 1-16 shows the maximum displacement and force results for each of the five six scenario-
cases analysed.  
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Table 1-16  

Maximum Displacements and Forces 

Concept Case C-1 Case C-2 Case C-3 Case C-4 Case C-5 Case C-6 

Relative  horizontal displacement (N-S) between FSR foot and pool 
floor (mm)  28.4 19.2 

39.5 

(A51) 
3.1 5.4 10.9 

Relative horizontal displacement (E-W) between FSR foot and pool 
floor (mm)  17.6 5.3 19.6 4.6 25.5 36.1 

(A52) 

Relative vertical displacement between FSR foot and pool floor 
(mm) 2.8 2.9 0.6 13.4 

26.0 

(A53) 
25.5 

Horizontal force by FSR foot between bearing pad and pool floor 
(kN) 727 708 88 

1344 

(A54) 
264 106 

Vertical force by FSR foot between bearing pad and pool floor (kN) 1020 958 440 
1843 

(A55) 
529 557 

Relative horizontal displacement (N-S) between FSR top and pool 
wall (mm) 28.6 19.5 

39.5 

(A56) 
16.1 6.1 16.4 

Relative horizontal displacement (E-W) between FSR top and pool 
wall (mm) 18.6 7.2 19.8 18.0 32.9 48.9 

(A57) 

Horizontal force between two FSRs at the lower link device (kN) 691 908 342 
1306 

(A58) 
551 491 

Horizontal force between two FSRs at the upper link device (kN) 557 1168 303 
1227 

(A59) 
1173 922 
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Table 1-16  

Maximum Displacements and Forces 

Concept Case C-1 Case C-2 Case C-3 Case C-4 Case C-5 Case C-6 

Relative horizontal displacement (N-S&E-W) between top fuel and 
FSR  top cells (mm)  10 10 10 

10 

(A60) 
- - 

Relative vertical displacement between bottom fuel and FSR  base 
plate (mm)  1.0 1.5 1.1 

3.7 

(A60a) 
- - 

Horizontal force between fuel (all assemblies) and FSR top cells 
(kN) 

1017 

(A60b) 
996 957 962 - - 

Horizontal force between fuel (all assemblies) and FSR base plate 
(kN) 813 833 711 

814 

(A61) 
- - 

Vertical force between fuel (all assemblies) and FSR base plate (kN) 1220 1334 1147 
1708 

(A62) 
- - 

Bending moment (N-S) on the FSR base plate (kN·m) 1017 1063 557 
1645 

(A63) 
864 933 

Bending moment (E-W) on the FSR base plate (kN·m) 1366 1480 722 
2176 

(A64) 
842 961 

 

Note:  (n) means “see Figure n”
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The horizontal forces between two FSRs at the upper or the lower link devices must be assumed 
as a tensile force through the linking plates when a FSR pulls the adjacent FSR. The horizontal 
forces between two FSRs at the upper or the lower link devices must be assumed as a 
compression force between the spacer plates of both FSRs when a FSR pushes the adjacent FSR. 

Table 1-16 defines the maximum relative displacement between FSR and pool north-side walls 
as 39.5 mm.  Given that the minimum gap between the FSR and adjacent north-south walls is 
492 mm, it is ensured that no rack-to-pool wall interaction occurs at the north-south walls and 
therefore satisfies that design requirement.  The maximum relative displacement between FSR 
and the east wall is 48.9 mm. Given that the minimum gap between the FSR and the east wall is 
60 mm, it is ensured that no rack-to-pool wall interaction occurs at the east wall and therefore 
satisfies that design requirement. 

 

Table 1-17 summarizes the maximum displacements and force results enveloping the five six 
scenario-cases. The table also indicates the case from which the bounding value is obtained. 

Generally, the most critical case regarding reaction loads in the pool floor liner, fuel impact loads 
and forces in the link devices, seems to be C-4, when the racks are fully loaded and the higher 
friction coefficient governs. 

 

Table 1-17  

Summary of Enveloping Maximum Displacements and Forces 

Displacement/Force Horizontal Vertical 

Relative displacement between FSR foot 
and pool floor (mm) 

UBX =39.5 (N-S) [C-3] 

UBY=36.1 (E-W) [C-6] 

UBz=26 

[C-5] 

Force between bearing pad and pool floor 
(kN) 

Shear 

RBH=1344 

[C-4] 

Compression 

RBZ=1843 

[C-4] 

Relative  horizontal displacement between 
FSR top cell and pool wall (mm) 

UTX=39.5 (N-S) [C-3] 

UTY=48.9 (E-W) [C-6] 
- 

Force between two FSRs at the lower link 
device (kN) 

LBH=1306 

[C-4] 
- 

Force between two FSRs at the upper link 
device (kN) 

LTH=1227 

[C-4] 
- 

Relative displacement between fuel and 
FSR (mm) 

UFH=10 (N-S & E-W) 

[C-1,2,3,4] 

UFZ=3.7 

[C-4] 
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Table 1-17a.  

Pool Floor Liner Maximum Reactions 

Case Shear (kN) Compression (kN) 

C-6 
107 

(BP-21) 

557 

(BP-15) 

 

1.6.8   (Deleted)  

1.7   LOCAL STRESS ANALYSIS 

In this section the local stresses on the FSR structure produced by the impact forces during the 
SSE transient analysis are analyzed.  Local stress is defined as the maximum concentrated stress 
obtained for the member being analyzed. 

The stresses from impact forces are analyzed using the detail FSR model defined in Section 1.5. 
Four enveloping impact load cases are analyzed as follows:  

• Case I-1: FSR top cells in compression.  The FSR top cells are pushed by the four 
adjacent FSRs + the maximum impact forces between fuel assemblies and FSR top cells. 

- Maximum impact forces on the FSR top spacer plates.  The force considered is 
the maximum force from Table 1-17 (LTH=1227 kN).  This value is applied eight 
times with a pressure load on the eight compression areas where the top spacer 
plates are located (see Figure A-65). 

- Maximum impact forces between fuel assemblies and FSR top cells.  The force 
considered is the maximum force from Table 1-17 (FTH=1017 kN).  It is 
conservatively assumed that this maximum impact occurs simultaneously in both 
horizontal directions.  Therefore the force is applied in both horizontal directions 
with a pressure load on the last upper cell elements (7 mm thick cell plates and 10 
mm thick enveloping plates, see Figure A-65). 

• Case I-2: FSR top cells in tension.  The FSR top cells are pulled by the four adjacent 
FSRs + the maximum impact forces between fuel assemblies and FSR top cells. 

- Maximum impact forces on the FSR top spacer plates.  The force considered is 
the maximum force from Table 1-17 (LTH=1227 kN).  The force is transmitted 
between two FSRs through the assembly crossarm to the lateral spacer plate 
welded to the FSR.  Therefore the force is applied eight times with a shear load 
distributed in the nodes corresponding to the perimeter weld of the spacer plate 
(see Figure A-66). 
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- Maximum impact forces between fuel assemblies and FSR top cells.  The force 
considered is the maximum force from Table 1-17 (FTH=1017 kN).  It is 
conservatively assumed that this maximum impact occurs simultaneously in both 
horizontal directions.  This force is applied in both horizontal directions with a 
pressure load on the last upper cell elements (7 mm thick cell plates and 10 mm 
thick enveloping plates, see Figure A-66). 

• Case I-3: FSR base plate in compression.  The FSR base plate is pushed by the four 
adjacent FSRs + the maximum impact forces between fuel assemblies and FSR base 
plate. 

- Maximum impact forces on the FSR bottom spacer plates.  The force considered 
is the maximum force from Table 1-17 (LBH=1306 kN).  Since this value is 
obtained in a corner of the FSR, it is assumed that twice this value will be 
distributed on the bottom spacer plate.  This value is applied four times with nodal 
loads distributed on each border of the base plate (see Figure A-67). 

- Maximum impact forces between fuel assemblies and FSR base plate.  The forces 
considered are the maximum forces from Table 1-17 (FBH=814 kN, FBZ=1708 
kN).  It is conservatively assumed that the maximum horizontal impact occurs 
simultaneously in both horizontal directions.  These forces are applied in the three 
directions by means of nodal forces on the circular holes of the fuel support base 
plate (see Figure A-67). 

• Case I-4: FSR base plate in tension.  The FSR base plate stiffeners are pulled by the 
vertical plates of the lower link + the maximum impact forces between fuel assemblies 
and FSR base plate. 

- Maximum impact forces on the FSR base plate stiffeners.  The force considered is 
the maximum force from Table 1-17 (LBH=1306 kN).  The force is transmitted 
between two FSRs through the bearing pad and vertical plates to the 
corresponding base plate stiffener.  Therefore the force is applied eight times with 
nodal loads distributed in the nodes of the stiffener where the impact occurs (see 
Figure A-68). 

- Maximum impact forces between fuel assemblies and FSR base plate.  The forces 
considered are the maximum forces from Table 1-17 (FBH=814 kN, FBZ=1708 
kN).  It is conservatively assumed that the maximum horizontal impact occurs 
simultaneously in both horizontal directions.  These forces are applied in the three 
directions by means of nodal forces on the circular holes of the fuel support base 
plate.  In Figure A-68, the base plate is removed for clarity.  Impact forces from 
fuel assemblies are the same than in the Case I-3 (see Figure A-67) . 

In addition, since the local stresses are analyzed with the detailed model of the FSR 15x12, all 
the impact force values are factorized by the ratio 15/14, in order to envelope that some 
maximum impact could occur in some of the 14x12 array FSR. 

The maximum stresses calculated for each of the load cases I-1, I-2, I-3 and I-4 are shown in 
Table 1-18 and Figures A-69 to A-76.  Local stress is the maximum concentrated stress obtained. 

ne33194
Rectangle



NEDO-33373, Revision 4 
 

58 of 490 

  

Table 1-18  

Local Stresses in FSR from Impact Loads 

Load Case and Location Calculated Stress (MPa) 
Allowable Stress 

(MPa) 

Case I-1. 10 mm thick enveloping plates 80 (Figure A-69) 292.8 

Case I-1. 7 mm thick upper level plates 188 (Figure A-70) 292.8 

Case I-2. 10 mm thick enveloping plates 226 (Figure A-71) 292.8 

Case I-2. 7 mm thick upper level plates 86 (Figure A-72) 292.8 

Case I-3. Base Plate (1) 135 (Figure A-73) 292.8 

Case I-3. Base Plate Stiffeners 207 (Figure A-74) 292.8 

Case I-4. Base Plate 124 (Figure A-75) 292.8 

Case I-4. Base Plate Stiffeners (2) 144 (Figure A-76) 292.8 

Notes:  
(1) Stress value linearized in section shown in Figure A-73 
(2) Stress value linearized in section shown in Figure A-76 

1.8   TOTAL STRESS RESULTS 

The structural integrity of the cell assembly (from the 20 mm thick base plate to the FSR top) 
during the dynamic events is assured by the integrity of the 10 mm thick enveloping plate and 
the 7 mm thick upper level plates. 

The structural integrity of the lower part of the FSR (from the floor level to the base plate) during 
the dynamic events is assured by the integrity of the base plate, the 20 mm thick transversal 
stiffeners and the cylindrical nuts of the FSR feet.  

The maximum global stresses in the plates and the welds of the FSR are given mainly by the 
maximum global bending moments acting at the level of the base plate. 

The two maximum global bending moments (MX, MY) on the base plate have been calculated 
from the response spectrum analysis for the fixed FSR and from the transient dynamic analysis 
for the freestanding FSR. The ratio coefficient fM of the global bending moments from both 
analyses is obtained and used to calculate the maximum stresses on the FSR considering the 
freestanding boundary conditions, as follows: 

fM = max((MXtable1-17 /MXtable1-14), (MYtable1-17 /MYtable1-14)) = max(1645/2505 ; 2176/2354)=0.925 
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Stress(freestanding FSR) = fM · Stress(fixed FSR) 

Table 1-19 summarizes the maximum total stresses for the freestanding FSR considering the 
seismic event SSE. The stresses are calculated multiplying the maximum global stresses from the 
response spectrum analysis by the factor fM=0.925. In addition to these stresses, the local stresses 
from the local impacts are indicated or added as appropriate. 

The maximum global stress in the 10 mm thick enveloping plates and welds calculated in 
Section 1.5.4.3.1 is located at the lower level of plates (Figure A-30). The maximum local stress 
from the impact loads calculated in Section 1.7 is located at the upper level of 10 mm thick 
enveloping plates (Figure A-71). Global and local stresses are not added for that reason. 

The maximum global stress in the 7 mm thick upper level plates calculated in Section 1.5.4.3.2 
(Figure A-32) and the maximum local stress from the impact loads calculated in Section 1.7 
(Figure A-70) could be simultaneous. Global and local stresses are added for that reason. 

The maximum global stress in the 20 mm thick base plate calculated in Section 1.5.4.3.4 (Figure 
A-34) and the maximum local stress from the impact loads calculated in Section 1.7 (Figure A-
73) are very concentrated stresses that could be simultaneous although do not occur in the same 
point. Global and local stresses are conservatively added. 

The maximum global stress in the 20 mm thick base plate stiffeners calculated in Section 
1.5.4.3.3 is located at the corner areas, close to the foot (Figure A-33). The maximum local stress 
from the impact loads calculated in Section 1.7 is located at the bottom part of the central 
stiffeners (Figure A-74), but also high stress level occurs close to the foot (Figure A-76). Global 
and local stresses are added for that reason. 

The maximum global stress in the base plate stiffener welds calculated in Section 1.5.4.3.3 Table 
1-12 and the maximum local stress from the impact loads indicated in Table 1-19 are 
conservatively added, even though the global and local stresses do not occur at the same point. 

The maximum stresses on the cylindrical nuts of the FSR feet are given mainly by the maximum 
vertical reactions in each one of the four feet of the FSR. The horizontal forces coming from the 
lower links are mainly transmitted through the base plate stiffeners up to the base plate. 
Therefore the total stress in the nut is directly the maximum compression force divided by the 
cross section area. For the same reason the total stress in the 15 mm fillet welds between the nut 
and the stiffener plates is conservatively taken as it results from the response spectrum analysis. 
The total shear stress in the nut thread directly represents the maximum compression force 
divided by the thread section area. 

Stresses in the screw are enveloped by stresses in the cylindrical nut since the resistant section of 
the screw is higher than the resistant section of the nut, and the strength properties of the screw 
material are greater than the strength properties of the nut. 
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Figure A-9.  LOCA Vertical Enveloping Floor Response Spectra  
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Figure A-52.  Relative Horizontal E-W Displacement (m) FSR Foot-Pool Floor. Case C-6 
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Figure A-57.  Relative Horizontal E-W Displacement (m) FSR Top-Pool Wall. Case C-6 
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The static load case (D) is resolved by structural static analysis applying the reduced gravity 
acceleration g’ (see Section 2.4.6.1). 

The fuel handling load case (Pf) is analyzed by applying the forces prescribed in Section 2.4.6.2 
in a central node of the 7 mm thickness upper level plates (see Figure C15). 

The lifting load during installation case (LR) is analyzed by applying the gravity acceleration, g, 
and supporting the FSR in the appropriate four base plate holes. 

The dynamic load cases are resolved by response spectrum analysis. Before the response 
spectrum analysis is performed, a modal analysis is performed to determine the natural 
frequencies and mode shapes of the FSR. The subspace method is used for mode extraction in 
modal analysis. One hundred (100) eigenfrequencies are requested in the modal analysis. 

Once the eigenfrequencies of the model have been determined with the modal analysis, a 
response spectra analysis for each dynamic event (SSE, SRVD and LOCA) is evaluated for each 
of the three directions, X, Y and Z. 

The input response spectra are represented by no more than twenty (20) points (ANSYS 
limitation), beginning at a frequency lower than the lowest obtained in the FSR modal analysis.  

Once the response spectrum analysis has been performed for each direction, the modal responses 
are combined in accordance with the grouping method established in Regulatory Guide 1.92 
(Reference 5). 

More than 90% of the mass is considered in each direction for the modal combination (see 
section 2.5). Therefore no consideration is given to computing the missing mass associated to the 
eigenmodes not intervening in the modal combination.  See the note in Section 2.6. 

Finally, as the load combination includes multiple dynamic loads, these loads are combined by 
the SRSS method. 

2.4.9   Stress Limits 

The stress limits are taken from ASME Code (3), Subsection NF an Appendix F corresponding 
to the Design by Analysis for Class 3 Plate and Sheet Type Supports. 

Base metal SA-240 Type 304L (With Mechanical Characteristics of SA-240 Type 304) 

Level A Conditions (NF-3251.1 and Table NF-3552(b)-1) 

Pm ≤ S = 134.1 MPa 

PL or Pm + Pb ≤ 1.5·S = 201.1 MPa 

τ ≤ 0.6·S = 80.4 MPa 

Level D Conditions (Appendix F.F-1332) 

Pm ≤ Minimum of 1.2 Sy or 0.7 Su = 195.2 MPa 
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PL or Pm + Pb ≤ 1.5 all ·(Pm limit) = 292.8 MPa 

τ ≤ 0.42·Su = 198.6 MPa 

For compressive stress, see Appendix D. 

Bolting Material SA-564 Type 630 H1075 

Level A Conditions (NF-3324.6 for austenitic steel) 

Average normal stress = ft ≤  Ftb = Su/3.33 = 300.2 MPa 

Shear stress = fv ≤  Fvb = 0.62Su/5 = 123.9 MPa  

Combined tensile and shear stress:  ft
2/ Ftb

2+ fv
2/ Fvb

2 ≤ 1 

Level D Conditions (Appendix F.F-1335) 

Average normal stress = ft ≤  Ftb = Minimum of Sy or 0.7 Su = 699.8 MPa 

Shear stress = fv
 ≤  Fvb = Minimum of 0.42·Su or 0.6 Sy = 419.8 MPa  

Combined tensile and shear stress:  ft
2/ Ftb

2+ fv
2/ Fvb

2 ≤ 1 

Welds 

Level A Conditions (NF-3324.5 and Table NF-3324.5(a)-1) 

Fillet welds: 

Shear Stress on effective throat ≤ 0.3·Su
(1) =165.4 MPa 

Shear Stress on base metal  ≤ 0.4·Sy =65.1 MPa 

Tension or compression parallel to axis of weld ≤ Same as base metal(1) 
(1) Base metal tensile strength range between 472.9 MPa and 551.5 MPa (68.6 and 80 

ksi), minimum weld metal tensile strength, 551.5 MPa (80 ksi). 

Level D Conditions (Appendix F.F-1332) 

Shear Stress ≤ 0.42 Su = 198.6 MPa 

Tension or compression parallel to axis of weld ≤  Same as base metal 

2.5   RESULTS OF THE ANALYSIS 

The ANSYS output for static, modal and spectrum analyses, including the modal combination, is 
included in Appendix D. 

Table 2-6 presents the main eigenfrequencies, obtained from the modal analysis, with of the 
associated effective mass. Additionally, two lower frequency modes (modes 2 and 4) are 
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The lifting load during installation case (LR) is analyzed by applying the gravity acceleration, g, 
and supporting the FSR in the appropriate four grid points. 

The dynamic load cases are resolved by response spectrum analysis.  Before the response 
spectrum analysis is performed, a modal analysis is performed to determine the natural 
frequencies and mode shapes of the FSR.  The subspace method is used for mode extraction in 
modal analysis.  One hundred fifty (150) eigenfrequencies are requested in the modal analysis.  

Once the eigenfrequencies of the model have been determined with the modal analysis, a 
response spectra analysis for each dynamic event (SSE, SRVD and LOCA) is evaluated for each 
of the three directions, X, Y and Z. 

The input response spectra are represented by no more than twenty (20)  points (ANSYS 
limitation), beginning at a frequency lower than the lowest obtained in the FSR modal analysis.  

Once the response spectrum analysis has been performed for each direction, the modal responses 
are combined in accordance with the grouping method established in Regulatory Guide 1.92 
(Reference 5). 

That the modes used for the modal combinations are not enough to reach the required 90% of the 
mass in each direction (see Section 3.5).  Therefore the missing mass in each direction will be 
computed as the difference between the total mass of the model and the sum of the effective 
masses of the low frequency modes taken into account in the response spectrum analysis.  In 
short, an additional static analysis is performed for each direction with the highest response 
spectrum acceleration corresponding to any frequency higher than the highest one considered in 
the modal combination (acceleration greater than ZPA, therefore conservative).  Such 
acceleration will be applied to the fraction of mass not included in the modal combination.  The 
total combined response to high-frequency modes is combined by the Square-Root-Sum-of-
Squares (SRSS) method with the total combined response from lower-frequency modes to 
determine the overall responses. 

Finally, as the load combination includes multiple dynamic loads, these loads are combined by 
the SRSS method. 

3.4.9   Stress Limits 

The stress limits are taken from ASME Code (3), Subsection NF an Appendix F corresponding 
to the Design by Analysis for Class 3 Plate and Sheet Type Supports.  

Base metal SA-240 Type 304L (with mechanical characteristics of SA-240 Type 304) 

Level A Conditions (NF-3251.1 and Table NF-3552(b)-1) 

Pm ≤ S = 134.1 MPa 

PL or Pm + Pb ≤ 1.5·S = 201.1 MPa 

τ ≤ 0.6·S = 80.4 MPa 

Level D Conditions (Appendix F.F-1332) 
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Pm ≤ Minimum of 1.2 Sy or 0.7 Su = 195.2 MPa 

PL or Pm + Pb ≤ 1.5 all ·Pm (limit) = 292.8 MPa 

τ ≤ 0.42·Su = 198.6 MPa 

Bolting Material SA-564 Type 630 H1075 

Level A Conditions (NF-3324.6 for austenitic steel) 

Average normal stress = ft ≤  Ftb =  Su/3.33 = 300.2 Mpa 

Shear stress = fv
 ≤  Fvb = 0.62·Su/5 = 123.9 MPa  

Combined tensile and shear stress:  ft
2/ Ftb

2+ fv
2/ Fvb

2 ≤ 1 

Level D Conditions (Appendix F.F-1335) 

Average normal stress = ft ≤  Ftb = Minimum of Sy or 0.7 Su = 699.8 Mpa 

Shear stress = fv
 ≤  Fvb = Minimum of 0.42·Su or 0.6 Sy = 419.8 MPa  

Combined tensile and shear stress:  ft
2/ Ftb

2+ fv
2/ Fvb

2 ≤ 1 

Welds 

Level A Conditions (NF-3324.5 and Table NF-3324.5(a)-1) 

Fillet welds: 

Shear Stress on effective throat ≤ 0.3·Su
(1) =165.4 MPa 

Shear Stress on base metal  ≤ 0.4·Sy =65.1 MPa 

Tension or compression parallel to axis of weld ≤ Same as base metal  
(1) Base metal tensile strength range between 472.9 MPa and 551.5 MPa (68.6 and 80 

ksi), minimum weld metal tensile strength, 551.5 MPa (80 ksi). 

Level D Conditions (Appendix F.F-1332) 

Shear Stress ≤ 0.42 Su = 198.6 MPa 

Tension or compression parallel to axis of weld ≤ Same as base metal 

3.5   RESULTS OF THE ANALYSIS  

The ANSYS output for static, modal and spectrum analyses, including the modal combination, is 
included in Appendix F. 

Table 3-6 presents the main eigenfrequencies, obtained from the modal analysis, with the 
associated effective mass.  Additionally, some lower frequency modes (modes 2 and 5) are 
included as examples of typical mode shapes that do not contribute to the solution response. 
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