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2.10.7 Cask Wall Buckling Analysis during Side or Oblique Drops 

2.10.7.1 Analysis.  

2.10.7.1.1 Introduction. As shown by the GACAP analyses, Section 2.10.4, the 
maximum stresses on the cask occur during the side drop. These stresses are due to the 
moment produced at the midlength of the cask. This moment produces compressive stresses 
on one side of the cask and tension stresses on the other. To show that the cask does not 
buckle due to these compressive stresses, we used a strength-of-materials technique to 
establish the critical buckling stress of the cask. This technique is based on the lateral 
buckling of a uniformly loaded beam. We compared the critical buckling stresses to the 
highest membrane stress produced when the cask is in the corner onenta-tion. This 
orientation produces the highest compressive stresses even though most of the cask cross 
section has lower stresses.  

The strength-of-materials method used the actual material characteristics repre-sented 
by the true stress-strain curve at temperature of XM-19. We developed a 3-D finite element 
ANSYS model of the cask cross section at midlength to establish the stress state during the 
hypothetical accident side drop loading condition. This additional model of the cask midlength 
region was necessary to establish the inelastic stress state of the containment wall to evaluate 
buckling modes.  

2.10.7.1.2 Loading. The GACAP results in Section 2.10.4 show a maximum moment 
of 15.4 x 10b and 47.1 x 106 in.-lb produced during a side drop orientation for the 1- and 30-ft 
drops, respectively. Using a margin of safety against buckling of 2.0 for normal conditions 
and 1.34 for accident conditions as described in Section 2.1.2.6, we have shown that the cask 
will not buckle when subjected to the following design moments: 

1-ft drop M = (2)(15.4 x 106) = 30.8 x 106 in.-lb , 

30-ft drop M = (1.34)(47.1 x 106) = 63.11 x 106 in.-lb 

Since the 30-ft drop design moment controls, only this will be discussed in the following 
sections.  

2.10.7.1.3 Critical Buckling Stress. The buckling model used to represent the cask in 
the side drop orientation is taken from Ref. 2.10.7-1 (eq. 384, pg. 105), and is: 

*cg = kc Et K (2.10.7-1) 
8S9 

where 
aCR = critical buckling stress, 

GK 12 (or from Table 6, p. 162 Ref. 2.10.7.1), k 4 & P
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c = F-tan/E, 

G = modulus of rigidity = E/2(l+v) = 0.3846 E, 

f = length between impact points, 173.63 in. (Section 2.10.4) 

S = section modulus = I/c, 

K = torsion constant = 0.1406 (a4out - a4 in), treat as a square section 

per Ref. 2.10.7.2, Table IX Case 3 

1 = cask moment of inertia = 14,728 in.4 

aout = 27.324 in.  

ain = 24.324 in.  

c = 13.662 in.  

r = I (d2/4), 

d = depth = 27.324 in.  

This equation is for a simply supported beam uniformly loaded along its length where 
the stress in the beam exceeds the proportional limit at the instant of buckling. At that point 
the modulus of elasticity E and the modulus of rigidity G in any element of the beam will 
change into Et and Gt, where Et and Gt are the effective values according to the 
tangent-modulus theory. Substitution yields: 

=CR = 0.259 Etan (2.10.7-2) 

The GA-4 cask is made of XM-19 stainless steel. A typical true stress-strain curve is 
presented in Fig. 2.10.7-1. This curve was constructed from an XM-19 test stress-strain curve 
modified to obtain the minimum ASME Code yield strength at temperature. We followed the 
construction technique presented in Ref. 2.10.7-3, page B13.7. The true stress-stress curve 
can be approximated (above the yield point) by a straight line using a In-In scale. A 
reasonable fit to the data can be achieved with the relation: 

Zn , (2.10.7-3) 

where 
n = strain hardening exponent = 0.2224 
Z = 133,096.  
a = true stress, 
E = true strain.  

An important geometric property of the stress-strain curve can be obtained as follows: 

Tangent modulus is the first derivative of Eq. 2.10.7-3 

do = znEn-ldE

2.10.7-2

910469 N/C



GA-4 Cask SARP

120 

100

ca• 
W

80 

60

40 

I 20o 

.02 .04 .06 .08 .10 .12 .14 

TRUE STRAIN, INJIN.  

K-229(7-10) 
6-23-93 

Fig. 2.10.7-1. Typical true stress-strain curve for XM-19 stainless steel at 200OF
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Etan = da/dE = ZnEn-1  (2.10.7-4) 

Therefore, combining Eqs. 2.10.7-2 and 2.10.7-4 yields 

OCR = 0.259 Z ncn'l (2.10.7-5) 

The procedure for determining the proper critical buckling stress is essentially a trial
and-error method. The results indicate a critical buckling stress, OCR = 70,645 psi, and E = 

.0575 in./in.  

2.10.7.1.4 ANSYS Model. We developed an ANSYS model to establish the inelastic 
stress state of the containment wall under the design moment discussed in Section 2.10.7.1.2.  

The ANSYS model represents one-half of the cask cross section. The model used 
STIF45 elements - 2 elements through the thickness with 5 elements along the length 
(z-direction). Figure 2.10.7-2 shows the model.  

The analyses uses a piece-wise linear stress-strain curve modeling technique. The 
multilinear kinematic hardening behavior option was used. The slope of the first segment of 
the curve corresponds to the elastic modulus of the material.  

The model was loaded using a linear deflection plane simulating a linear moment 
applied about the y-axis. This was accomplished by superimposing a rigid plane on the z = 0 
surface (using STIF63 elements) and rotating that plane to input the fixed displacement on the 
z = 0 surface. Several rotations were applied to the model resulting in moments that are 
larger than the expected applied moment during the 30-ft drop event (plus the 1.34 factor).  

The ANSYS results are as follows:

The above ANSYS results predict a maximum containment wall stress 
less than 53,000 psi when a design moment of 63.11 x 106 in.-lb is applied. This value is 
below the OCR buckling stress (70,645 psi). Therefore, there is a margin larger than 1.34 
against buckling during a side or slapdown 30-ft drop. The 1-ft drop loading condition plus the 
factor of safety of 2 is also conservatively covered by this analysis.

2.10.7-4

Applied Moment SI (psi) 
(in.-lb) 

67.6 x 106 56,750 

64.5 x 106  53,321 

60.7 x 106 49,884
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Fig. 2.10.7-2. ANSYS model of containment wall
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2.10.7.2 References for Appendix 2.10.7.  

2.10.7-1 Bleich, F., Buckling Strength of Metal Structures, McGraw-Hill Book Co., Inc., 1952.  

2.10.7-2 Roark, R.J., Formulas for Stress and Strain, McGraw-Hill Book Co., Inc., 4th 
Edition, 1965.  

2.10.7-3 Bruhn. E.F., Analysis and Design of Flight Vehicle Structures, S.R. Jacobs & 
Associates, Inc., Indianapolis, Indiana, 1973.  
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2.10.8 Free Drop ANSYS Analysis - End Orientation 

2.10.8.1 Introduction. We developed a 3-D finite element model representing a 1/8 section of 
the GA-4 cask in order to establish the stress state impacting the end of the cask under the 
free drop loading condition.  

2.10.8.2 Analytical Model. We used the ANSYS model described in Section 2.10.2 with 
modifications. The major modification being the addition of mass elements and densities as 
presented in Table 2.10.8-1 and Fig. 2.10.8-1. Strength-of-materials calculations were also 
performed in order to develop closure bending and interface bearing stress estimates.  

Some of the dimensions used in the model, as discussed in Section 2.10.2.1, are 
slightly different from the final design, but do not significantly change the results of the 
analysis. The differences are: 

1. Cross-section dimension across flats in model is larger than final design. The 
difference is less than 0.6%, so the effect on the results will be negligible.  

2. Closure thickness is less in model (9.5 in.) than on final design (11.0 in.). This 
makes the results applicable for both the closure (conservative) and bottom 
plate (at 9.5 in.).  

3. The thickness of the cask flange is smaller on the model than on the final 
design. The difference is less than 1.5%. Also, the position and slope of the 
flange/taper region is different. The taper creates a stress concentration which 
is considered a secondary stress.  

4. The model uses 16 bolts instead of 12. During a closure end drop, the closure 
bolts are not directly loaded since the impact load transfers directly through the 
cask flange in bearing. Therefore, using a different number of bolts in the 
model does not affect the results.  

2.10.8.2.1 Loading Conditions. This loading case represents a free drop of the cask 
orientated 900 to the horizontal such that the impact occurs on the closure end. The different 
cask components not included in the model were included in the model mass to provide the 
correct loading. Figure 2.10.8-1 shows the simulated model loading. Load summation results 
showed good correlation for model check.  

The deceleration rate used in the free drop loading case was 10g. Therefore, the 
results presented in this section are multiplied by a ratio to develop the actual loading results 
for the 1-ft and 30-ft drop events in Sections 2.6.7.3 and 2.7.1.3.  

2.10.8.3 Results. Figure 2.10.8-2 presents the points on the GA-4 cask chosen for detailed 
stress reporting. These points are in regions of maximum stress for the various loadings on 
the cask. The following results are for the free drop (end) loading condition using a 
deceleration rate of 10g.

2.10.8-1
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2.10.8-2

TABLE 2.10.8-1 
1/8 CASK MODEL MATERIAL PROPERTIES 

Item ANSYS Young's Poisson's Density Comments 
Element Modulus Ratio (lb sec2/in.4 ) 

Type (psi) 

Closure STIF45 28x106 0.3 0.000732 XM-19 

Vessel STIF45 28x10 6  0.3 0.000732 XM-19 

Bolts STIF4 28x106 0.3 0.000732 Inconel 718 

Interface gaps STIF52 25x10 8  --..  

X radial gaps STIF52 25x10 8  ....  

Y radial gaps STIF52 25x10 8  -- -

A mass STIF45 5x106 0.3 0.046 Spent fuel 

B mass STIF45 5x10 6  0.3 0.292 DU + cavity liner 

C mass STIF45 5x10 6  0.3 0.298 External 
components and 
remainder of 
vessel

910469 N/C
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1'7i

MASS REPRESENTATION

SPENT FUEL = 1497 LB 

CAVITY LINER + OU 
= 6210 LB 

NEUTRON SHIELD = 4099 LB 

(+ REMAINDER OF CASK/END PLATE, 
UPPER IMPACT LINITER, AND 
OUTER SKIN) 

CLOSURE + VESSEL 
MODEL - 1333 LB

REACTION FORCE = 13,139 LB 
(IMPACT LIMITER) 

K-234 (3) 
9-19-91

13.731" 

-12.231

+Z ACEL 

L B.C. FIX IN Z DIRECTION

Total load for full cask = 13,139 (Ib) x 4 + lower impact limiter (2000 Ib) = 54,556 lb 

Fig. 2.10.8-1. Model loading for the 900 free drop (end) loading case

2.10.8-3
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Z=0.0 I
Z=9.0

CLOSURI

Z=93.875 CASK (MIOLENGTH) 

• •,- I LOCATION 3a

NOTE: VIEW DOES NOT SHOW 
THE IMPACT LIMITER SUPPORT STRUCTURE 

(REMOVED FOR CLARITY)

z

K-234 (15) 
9-19-91

Fig. 2.10.8-2. Location of points for stress documentation (1/8 cask model)
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2.10.8.3.1 Closure. The closure dimensions and loadings have changed slightly since 
the model was made; therefore, we used strength-of-materials calculations to develop the 
closure stress state. The stress state for the center of the closure is calculated conservatively 
using a closure depth of 9.5. This is the same thickness as of the bottom plate and, 
therefore, the calculations here are applicable to the bottom plate also.  

The stress model assumes a 18.16 x 18.16 in. square plate (closure plug dimensions).  
The loading is shown in Fig. 2.10.8-3.  

Using Ref. 2.10.8-1, case 36 - Table X 

"* Edges supported below only (comers free to rise) 

"* Uniform load over entire plate surface 

at center ab = Pgb 2 

t2 

displacement = y - agb4 

Et 3 

a/b = 1, P = 0.2874, a = 0.044, using 10g 

C = (0.2874)(596.3)(18.16)2 = ±626 psi 
(9.5)2 

y = (0.0444)(596.3)(18.16)4 = 0.00012 in. (small) 

(27.5x10 6)(9.5)3 

The closure/cask flange bearing stress was calculated considering the removal of the 
contact area because of the seal grooves, bolt holes, and relief outside the bolt line. Assume 
all the axial loading is transferred in this area.  

Anet = A - A(seaI + bolts) = 34.9 in.2 

beang = -453,900/4 _= -3251. psi (per 10g) Gbeafng = 34.9

2.10.8-5
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A) AS CALCULATED

LOAD DEVELOPMENT: 

A1 = 329.22 IN2 

W1 = [55,000 - 2000 (IMPACT LIMITER) 

.1510 (CLOSURE)- 6100 (FUEL)] x 10g 

= 453,900 LB 

P1 = 1378.7 psi 

W2 = 6100 LB x 10g 

A2 = (18.16 IN.)2 = 329.78 IN. 2 

P2 = 185.0 psi

Ac a 659 IN.2 

Wc - 1510.LD x 10g 

Pc - 22.9 psi

804.2 - 22.9- 185.0 = 596.3 psi 
I I I I I

B) NET PRESSURE DISTRIBUTION 

Fig. 2.10.8-3. Closure load distribution

2.10.8-6

K-234 (5) 
9.19.91
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On the ANSYS model, the maximum stress location in the closure is at the node in 
the junction of the closure and the plug, at 450. The maximum stress intensity at that node 
was 3,722 psi. This moderately high stress is attributable to a stress concentration effect at 
the comer. The actual geometry will have a radius at that location (not modeled) which will 
reduce the stress concentration effect present in the model.  

2.10.8.3.2 Flan-ge/Taper Region. Figure 2.10.8-4 presents a plot of the stress intensity 
values for location 2a (cask flange @ x = 0) at the inner and outer surface. The maximum 
stress intensity occurs at the outer surface and is 1,790 psi. The maximum primary 
membrane (average) stress intensity is 1500 psi.  

A plot of stress intensity values for location 2b (cask flange at 450) at the inner and 
outer surface stress intensity values is presented in Fig. 2.10.8-5. The maximum stress 
intensity occurs at the inner surface and is 1450 psi. The maximum primary membrane 
(average) stress intensity is 1360 psi.  

2.10.8.3.3 Cask Wall. Figures 2.10.8-6 through 2.10.8-8 present the stress contours 
for cross-sections along the length of the cask at Z = 13.717, Z = 29.717 and at location 3a/3b 
(Z = 89.9 in, cross-section at midlength). These plots show that the stress intensities 
decrease away from the cask flange. As expected, the maximum stresses occur at the cask 
flange.  

2.10.8.4 Summary of Results. The loading condition is the free drop (end position) loading 
case. The model, which represented the first quadrant, used symmetrical boundary conditions 
at the X/Z and YFZ planes. The interface between the closure and cask body was modeled 
with gap elements which permitted relative movement at the interface.  

Table 2.10.8-2 presents a summary of the stress results for the stress reporting points 
of Fig. 2.10.8-2 under a unit 10g loading condition. The bearing stress at the closure/cask 
flange interface is -3251 psi for the 10g unit loading.  

2.10.8.5 References for Appendix 2.10.8.  

2.10.8-1 Roark, R. J., Formulas for Stress and Strain, 4th edition, McGraw-Hill, 
New York, 1965.

2.10.8-7
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INSIDE SURFACE 
OUTER SURFACE

15 

AXIAL POSITION, IN.

Fig. 2.10.8-4. Cask model - free drop (end) stress intensity 
values for flange region (X = 0) at location 2a
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Fig. 2.10.8-5. Cask model - free drop (end) stress intensity 
values for cask flange region (450) at location 2b
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SI (psi) 
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C-1336 
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F-1408 

G-1432 

H-1456 

MX-1468

K.234 (12) 
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Fig. 2.10.8-6. Cask model - free drop stress intensity contours at Z = 13.717 in.
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Fig. 2.10.8-7. Cask model - free drop stress intensity contours at Z = 29.717 in.
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Fig. 2.10.8-8. Cask model - free drop stress intensity contours at Z = 89.9 in.
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TABLE 2.10.8-2 
ANSYS CASK MODEL - MAXIMUM STRESS INTENSITY SUMMARY FOR THE FREE DROP 

END ORIENTATION STRESS, 10g UNIT VALUES 

(Stress Intensity, SI)

Closure Cask 

Condition Type Stress Location 10) Location 2a Location 2b Location 3a Location 3b 

10g loading PM 1,500. 1,380. 1,170. 1,160.  

Pm+ Pb 6 2 6 (b) 1,790. 1,450. 1,177. 1,218.  
(Fig. 2.10.8-4) (Fig. 2.10.8-5) (Fig. 2.10.8-8) 

(a)See Fig. 2.10.8-2 for stress point locations.  
(b)Conservatively using dimensions for closure of t = 9.5 in.
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2.10.9 Cavity Liner and Fuel Support Structure Assembly Analysis 

2.10.9.1 Introduction. The FSS and the cavity liner extend the length of the fuel cavity and 
are welded together as shown in Fig. 2.10.9-1. The cavity liner is welded to the cask flange 
and bottom plate. The FSS and cavity liner are made of XM-19. The FSS is 166.63 in. long.  
The holes drilled in the wall of the FSS shown in Fig. 2.10.9-2 contain non-structural B4C 
rods.  

The loading on the cavity liner/FSS assembly conservatively assumes that the DU is 
nonstructural except that it is assumed to transfer compressive loads. In the analysis, the 
weight of the DU directly above the cavity liner is supported by the latter. The loads from the 
cavity liner/FSS assembly are transferred to the cask body through the DU during the sidedrop 
loading events.  

The FSS supports the fuel assemblies and non-fuel assembly hardware (NFAH). This 
section analyzes the fuel and NFAH loading as a uniformly distributed load along the length of 
the FSS. Section 2.10.10 presents the analysis of the FSS that assumes the fuel and NFAH 
load the FSS at concentrated points along its length (at the fuel support grid and end-plate 
locations). The concentrated load analysis is very conservative and unrealistic, especially for 
a 30-ft drop during which the load tends to distribute along the FSS length.  

The analyses were performed at orientations ranging from flat to comer in order to 
bound the stresses. The flat orientation is where the cask's flat side is parallel to the ground.  
The comer orientation is where a cask comer is oriented in the down position. Full and partial 
fuel assembly loadings were considered to determine the highest stress in the assembly. In 
addition, buckling in the FSS and cavity liner was evaluated.  

We analyzed the GA-4 cavity liner and the FSS assembly for normal, accident, and 
thermal loading conditions. The analyses include the cask bending due to the 1-ft and 30-ft 
drops, the DU loading, contents loading (fuel and NFAH), the maximum normal operating 
pressure (MNOP), and thermal stresses due to temperature gradients throughout the cask.  

Since temperature, g-level, and FSS geometry are different at the midlength of the 
cask and at the ends, the analysis is divided into two regions, midcavity and cavity end.  

The analyses were performed using strength of material calculations and the ANSYS 
computer program to predict the stresses. Several models represent the various loading 
conditions and cask locations. The models include both the cavity liner and the FSS.  

All design margins for both the FSS and cavity liner are positive.

2.10.9-1
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Fig. 2.10.9-1. GA-4 cask cross section showing cavity liner/FSS assembly
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Fig. 2.10.9-2. GA-4 fuel support structure
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2.10.9.2 Out-of-plane Cask Bending. We evaluated the longitudinal bending of the cask 
during the 1-ft and 30-ft slapdown and side drops. Section 2.10.4 describes the GACAP 
analysis and shows the maximum moments at midlength and cavity end during a side or 
slapdown drop. The maximum moments used in the analysis are listed below and are more 
conservative than presented in Section 2.10.4.  

Moment, x 10 b in.-lb(a) 
Drop Midcavity Region Cavity End Region 

1 -ft 18.0 18.0 
30-ft 59.1 24.2 

raMConservative values 

The out-of-plane bending stresses in the cavity liner/FSS were calculated assuming 
that plane sections remain plane (i.e., that strains vary directly with their distance from the 
neutral axis). The following method was used to compute the out-of-plane beneding stresses 
(See results in Table 2.10.9-1): 

Oz.dir = McIl 

where 
M = maximum moment (defined above) 
c = (see Fig. 2.10.9-3) 

= Icask wall + lcavt liner (the IFSS was conservatively ignored) 
= 14,793 + 1,593 = 16,386 in. 4 

The corresponding design margins for the out-of-plane (z-direction) bending stress 
values are listed in Table 2.10.9-2.  

2.10.9.3 DU and Content Loading. As discussed above, the analysis performed 
conservatively assumes that the DU is non-structural. The maximum DU loading on the cavity 
liner during the 1-ft and 30-ft drops is the weight of the DU above the liner. The DU on the 
sides and bottom is supported on the lower part of the cask body wall. The cavity liner is 
supported in the middle of each side by the FSS. The FSS is also loaded by the contents 
(fuel assembly and NFAH). This section presents the analysis in which the contents is 
assumed to load the FSS uniformly. Section 2.10.10 discusses the analysis when the fuel is 
conservatively assumed to transfer the load at the fuel spacers and end fixtures only.  

Following are the g-levels during the 1-ft and 30-ft drop events obtained from the 
GACAP analysis (Section 2.10.4).

Drop g-levels Side Drop/Slapdown 
Midcavity Region End Cavity Region 

1 -ft 15.5 23.0 
30-ft 73.5 82.7

2.10.9-4

910469 N/C



GA-4 Cask SARP

a) FLAT ORIENTATION b) CORNER ORIENTATION

c) 15* DROP ORIENTATION d) 300 DROP ORIENTATION

K-896(92)Mc 
11-8-93

Fig. 2.10.9-3. FSS/cavity liner critical stress locations
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2.10.9-6

TABLE 2.10.9-1 
OUT-OF-PLANE BENDING STRESS 

(Z Direction)(Stress, ksi)

Loading Locationla) Flat Orientation Corner Orientation 

midcavity cavity end midcavity cavity end 

1 -ft Drop 1 ±10,387 ±10,387 ±14,463 ±14,463 

2 - - ±7,343 ±7,343 

30-ft Drop 1 ±34,105 ±13,965 ±47,486 ±19,444 

2 - - ±24,111 ±9,873 

150 Drop Orientation 300 Drop Orientation Loading Location(a) 

midcavity cavity end midcavity cavity end 

1 -ft Drop 1 ±12,527 ±12,527 ±13,970 ±13,970 

2 ±2,690 ±2,690 ±5,194 ±5,194 

3 ±10,035 ±10,035 ±8,996 ±8,996 

4 ±7,231 ±7,231 ±3,746 ±3,746 

30-ft Drop 1 ±41,124 ±16,893 ±45,870 ±18,780 

2 ±8,826 ±3,614 ±17,052 ±6,983 

3 ±32,944 ±13,490 ±29,536 ±12,094 

4 ±23,743 ±9,722 ±12,299 ±5,036 

(a)See Fig. 2.10.9-3 for the appropriate orientation.
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TABLE 2.10.9-2 
OUT-OF-PLANE BENDING STRESS DESIGN MARGINS(a) 

(Z Direction) 

LFat Orientation Corner Orientation Loading Location(b) Fa retto ____________ 

midcavity cavity end midcavity cavity end 

1 -ft Drop 1 +2.11 +2.20 +1.23 +1.30 

2 -- +3.40 +3.52 

30-ft Drop 1 +0.99 +3.99 +0.43 +2.58 

2 -- +1.81 +6.06 

Loading Location(a) 150 Drop Orientation 300 Drop Orientation 

midcavity cavity end midcavity cavity end 

1-ft Drop 1 +1.58 +1.65 +1.31 +1.38 

2 +High +High +5.22 +5.40 

3 +2.22 +2.31 +2.59 +2.69 

4 +3.47 +3.49 +7.62 +7.88 

30-ft Drop 1 +0.65 +3.14 +0.48 +2.71 

2 +6.68 +High +2.98 +8.98 

3 +1.06 +4.17 +1.30 +4.76 

4 +1.86 +6.17 +4.52 +High 

(a)pm - 250WF = 32.3 ksi at midcavity and Pm - 190°F = 33.2 ksi at cavity end, 

for normal conditions.  
Pm - 250°F = 67.83 ksi at midcavity and Pm - 190OF = 69.69 ksi at cavity end, 
for accident conditions.  

(b)See Fig. 2.10.9-3, letters indicate portion of figure.
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2.10.9.3.1 ANSYS Models. Several models of the cavity liner/FSS assembly were 
used to calculate the stresses due to DU and contents loads. The STIF42 Two-dimensional 
Isoparametric solid element was used in the plane stress mode. This element is defined by 
four nodal points having two degrees of freedom at each node: translation in the nodal x and 
y directions. The element has orthotropic material properties (Ex and Ey).  

The models use a reduced elastic modulus on the elements representing the FSS legs.  
This is done to represent the actual stiffness characteristics of the plate with B4 C holes. This 
technique develops actual deflections and strains in the model, therefore the load distribution 
is correct. The ANSYS-derived stresses in the elements with modified elastic modulus need 
to be adjusted. The actual stresses are developed by multiplying the ANSYS stresses by the 
ratio of the actual modulus value to that used in the model. Figure 2.10.9-4 presents the 
method used to develop the directional modulus. The elastic modulus was modified based on 
the bending flexibility of the FSS since this is the predominant load which produces critical 
stresses. To avoid underestimating the axial membrane stress developed by ANSYS, the 
results were adjusted by strength of material techniques.  

The B4C hole size and pitch used on the elastic modulus calculations represent the 
midcavity region maximum hole size and minimum pitch (hole diameter = 0.436 in. ±0.004 at a 
pitch of 0.500 in.) and are conservatively used at the cavity ends where the hole size is 
0.288 in. ± 0.004 at a minimum pitch of 0.460 in.  

The material properties used to describe the FSS (with the B4C holes) and the cavity 
liner wall are presented as follows with material locations shown in Fig. 2.10.9-5.  

Material T(a) Type Ex E Gx Factor(b) 

I.D. (OF) (x 106 psi) (x 10 psi) NUxy (x 106 psi) x/y 

1 315 solid 26.93 26.93 .3 10.36 1.0/1.0 

2 315 holes 20.69 16.31 .23 10.36 1.3/1.65 

3 250 solid 27.3 27.3 .3 10.5 1.0/1.0 

4 315 holes 16.31 20.69 .23 10.36 1.65/1.3 

(a)'remperatures are at the midcavity region which represents the maximum 

temperature location (temperatures are cross section average values).  
(b)Factor used to ratio the ANSYS stress values in the B4C hole region.  

The description and boundary conditions applied on the models are as follows: 

Model A - flat orientation - symmetrical load, Fig. 2.10.9-6, 2464 elements and 2993 
nodes.  

"* symmetric conditions at the vertical center of the FSS.  
"* fixed Uy at the bottom of the cavity liner.

2.10.9-8
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Model B - flat orientation - unsymmetrical load, Fig. 2.10.9-7, 4928 elements and 
5813 nodes.  

* fixed Uy at the bottom of the cavity liner.  

Model C - comer orientation plus 150 and 300, Fig. 2.10.9-7, 4928 elements and 5813 
nodes.  

"* fixed Uy at the bottom of the cavity liner.  
"• fixed Ux at the left side of the cavity liner.  

Five load cases were run for both the midcavity and cavity end regions. The five load 
cases represent different drop orientations (flat to comer at 150 increments) and 
unsymmetrical loads (less than full load). The loading cases are presented in Fig. 2.10.9-8.  
This figure also shows the model used for each of the load cases.  

The loading is developed as follows:

W =
(FSS weight/4 + (spent fuel + NFAH))(.474 inJB4C hole pitch)(g) 

166.63
= 5.25 lb/B 4C pitch/g

where
FSS weight = 675 lb (used 725 Ib, conservative) 
Spent fuel + NFAH weight = 1665 lb

The width of the flat surface on the FSS is 8.54 in. (between the fillet radii). The 
following fuel assembly applied pressure is developed using the above loading: 

w W~a•Pressure 
Loading (g) W WvPesr 
Loading (g) (lb/pitch) (lb/axial in.) (W/8.54) 

1-ft Drop 

Midcavity 15.5 81.38 171.69 20.1 

End cavity 23 120.75 254.75 29.83 

30-ft drop 

Midcavity 73.5 385.88 814.09 95.32 

End cavity 82.7 434.18 915.99 107.25 
ta)Where W = w (B4C pitch/.474 in.)

2.10.9-12
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The postulated DU loading on the cavity liner outer wall is developed as follows: 

WDU(a) Pressure(b) 
Loading (g) (lb/in.) WDU/(8.956)(2) 

1-ft Drop 

Midcavity 15.5 534.5 29.8 

End cavity 23 793.0 44.3 

30-ft drop 

Midcavity 73.5 2,534.3 141.5 

End cavity 82.7 2,851.5 159.2 

(a)WDU = to lg 
t = 2.65 in., DU thickness 
S= 18.912 in.  
gp = 0.688 lb/in.3 

(b)8 .9 5 6 is the flat portion of the cavity liner, 
(18.912/2) - .375 - .125 = 8.956 in.  

2.10.9.3.2 ANSYS Results. The ANSYS stress results from the three load cases are 
presented in Tables 2.10.9-3 through 2.10.9-7. The maximum stresses occur at the comers 
of each of the fuel cells, therefore, the stresses are presented at the locations shown in 
Fig. 2.10.9-9. Locations A, B and G are at the cavity liner and C, D and F are at the FSS.  
These stresses in Tables 2.10.9-3 to 2.10.9-7 represent the ANSYS component values and 
have yet to apply the stress factor in the B4 C hole region (locations C, D and F) or modified 
the axial stresses in the same location to account for the reduced area. This will be done in 
Section 2.10.9.8 where the DU and content stresses are added to other loadings.
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TABLE 2.10.9-3 
CASE I - FLAT ORIENTATION, 30-FT DROP 

(Stress, ksi) 

Location(a) Midcavity Cavity End 

Sx Sy Sxy Sx Sy Sxv 

A - inside -47.16 -. 55 -3.71 -53.07 -. 62 -4.17 

A - outside 39.22 -. 66 -. 15 44.13 -. 74 -1.71 

B - inside -14.45 -26.4 12.87 -16.25 -29.69 14.47 

B - outside -. 13 19.22 .04 -. 13 15.42 -3.86 

C - top surface 13.07 .63 -. 95 14.72 .71 -1.07 

D - top surface 7.97 1.48 1.45 8.96 1.66 1.63 

(a)See Fig. 2.10.9-9.  

TABLE 2.10.9-4 
CASE II- FLAT ORIENTATION, 30-FT DROP 

(Stress, ksi) 

Location(a) Midcavity Cavity End 

Sx Sy SXY Sx SY Sxy 

A - inside -48.11 -. 56 -3.75 -54.13 -. 63 -4.22 

A - outside 40.02 -. 67 -. 14 45.03 -. 75 -. 16 

B - inside -14.6 -26.6 12.99 -16.42 -29.93 14.61 

B - outside -. 13 19.35 .04 -. 13 15.56 -3.89 

C - top surface 8.44 .42 -. 71 9.49 .47 -. 8 

D - top surface 9.23 1.66 1.59 10.39 1.87 1.79 

(')See Fig. 2.10.9-9.
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TABLE 2.10.9-5 
CASE III - CORNER ORIENTATION, 30-FT DROP 

(Stress, ksi) 

Location(a) Midcavity Cavity End 
Sx Sv Sxy Sx Sv Sxy 

A - inside -33.66 -. 39 2.55 -37.89 -. 44 2.87 

A - outside 24.83 -. 46 0.07 27.95 -. 52 0.08 

B - inside -28.82 -28.82 19.79 -32.45 -32.45 22.28 

B - outside -. 7 22.60 -. 08 -. 35 20.54 -4.81 

C - bot. surface -10.81 -. 51 -. 61 -12.16 -. 57 -. 69 

D - bot. surface -10.00 -3.02 2.96 -11.26 -3.40 3.33 

E - left side -. 90 -10.55 1.17 -1.01 -11.86 1.31 
F- left side -1.42 -12.36 -1.41 -1.60 -13.91 -1.59 
(a)See Fig. 2.10.9-9.  

TABLE 2.10.9-6 
CASE IV - 300 DROP ORIENTATION, 30-FT DROP 

(Stress, ksi) 

Location(a) Midcavity Cavity End 

Sx Sy Sxy Sx Sv S• 

A - inside -39.18 -. 45 3.04 -44.09 -0.51 3.42 

A - outside 30.33 -. 55 0.12 34.12 -0.62 0.13 

B - inside -27.38 -28.32 19.12 -30.81 -31.86 21.51 

B - outside -0.66 22.93 -0.22 -. 74 25.80 -0.25 

C - bot. surface -11.88 -. 70 -0.80 -13.36 -0.78 -0.91 

D - bot. surface -8.96 -2.38 2.27 -10.08 -2.67 2.56 

E - left side -0.86 -9.19 1.11 -0.97 -10.34 1.25 

F - left side -1.23 -10.96 -1.24 -1.39 -12.33 -1.39 
(a)See Fig. 2.10.9-9.
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TABLE 2.10.9-7 
CASE V - 150 DROP ORIENTATION, 30-FT DROP 

(Stress, ksi) 

Location(a) Midcavity Cavity End 
Sx Sv Sxy Sx SY SXY 

A - inside -42.03 -0.49 3.31 -47.29 -0.55 3.73 

A - outside 33.75 -0.60 0.15 37.97 -0.67 0.17 

B - inside -18.43 -31.95 16.08 -20.74 -35.95 18.09 

B - outside -0.19 22.11 0.23 -0.21 24.88 0.26 

C - bot. surface -12.13 -0.84 -0.94 -13.65 -0.94 -1.06 

D - bot. surface -7.31 -1.57 1.43 -8.23 -1.77 1.61 

E - left side -0.77 -7.20 0.97 -0.87 -8.10 1.09 

F - left side -0.96 -8.81 -0.98 -1.08 -9.92 -1.10 

G - inside -22.47 -38.27 -19.90 -25.29 -43.05 -22.39 

G - outside 16.62 27.34 0.77 18.70 30.76 0.86 

(a)See Fig. 2.10.9-9.  

The ANSYS results show that the axial load distribution on the bottom legs of the FSS 
and cavity liner during Case I (full contents, flat orientation) is as follows: FSS leg = 2 x 
1190.7= 2381.4 lb/in., cavity liner leg = 890.66 lb/in. each leg, total load 4162.72 lb/in.  
Therefore, the FSS carries about 57% of the total load and the cavity liner carries about 
21.5% of the load.  

2.10.9.3.3 Comparison to Strengqth of Material Calculations. The ANSYS stresses 
presented above represent the maximum stress at each of the different locations. These 
stresses not only include the primary stresses but also include the stress concentrations at the 
corners of each cell. Figure 2.10.9-10 shows the stress intensity contour plot for Case II (flat 
orientation), cavity end analysis. The figure shows the upper cell of the cavity liner/FSS 
assembly. It shows that the stresses reported in Tables 2.10.9-3 to 2.10-9-7 were 
conservatively chosen to include the effect of the stress concentrations around the corner 
chamfers.  

The FSS ANSYS results were compared to values obtained using strength of materials 
techniques. The maximum bending of the FSS occurs at its center (location C). In order to 
do the comparison, the stress concentration effect at the chamfers has to be separated from 
the primary bending stresses. This is done by plotting the stress across the section and 
linearizing the results. Figure 2.10.9-11 shows as expected, that the stresses at the beginning 
of B4C holes at the center of the FSS are linear except near the chamfer. From the stress 
distribution, the maximum primary bending stress in the FSS is 12,212 psi after adjusting the 
ANSYS stresses by the ratio of the actual steel modulus to the model modulus. The stress at
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the same location can be calculated using Roark (Ref. 2.10.9.1) Case 33, Table III, for a fixed
fixed beam with the same length and load as the FSS the model: 

M = (1/2 )W {x - (x2/9) - (916)) (See Fig. 2.10.9-12) 

= (1/2) (386) (.12 - (.122/8.78) - (8.78/6)) = 259.6 in.-lb/pitch 

Bending stress = McIl = (259.6)(.3)/0.006635 = 11,740 psi 

The stress at the same location can be calculated by assuming a fixed-pinned 
condition (Ref. 2.10.9.1, Case 23, Table Ill): 

M = W {(3/8)(f - x) - (f - x)2/(20)) (See Fig. 2.10.9-12) 

= (386)((3/8)(8.66) - (8.66)2/(2(8.78))) = 395 in.-lb/pitch 

Bending stress = Mc/I = (395)(.3)/0.006635 = 17,860 psi 

The fixed-fixed stress is much closer to the stress developed by ANSYS (within 4%) 
than the fixed-pinned stress. Figure 2.10.9-13 linearizes the stresses on the cavity liner side 
of the FSS leg (location D). At this location, the stress on the fixed-fixed assumption would 
predict the same stresses as in point C (developed above). The fixed-pinned assumption 
assumed no bending stresses are possible at this location. The ANSYS results show that 
assuming the FSS behaves as a fixed-fixed beam is conservative.  

2.10.9.4 Cavity Liner Dead Weight. The cavity liner dead weight bending stresses are 
maximum for the flat orientation. The FSS dead weight has already been taken into account 
in Section 2.10.9.3. Table 2.10.9-8 shows the dead weight stresses on the cavity liner using 
the following: 

M = W V112 - cantilever beam, uniform load, fixed-fixed 

W = cavity liner weight = (.375)(1 in.)(.286 ib/in.3)(9.2685)(g) = 0.994 lb/in. (g) 

0 = 9.2685 in.  

c = 0.1875 

I = 0.0044 in.4 in.  

g = see Section 2.10.9.3 

A = 0.375 in. 2/in.
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TABLE 2.10.9-8 
CAVITY LINER DEAD WEIGHT STRESSES 

(psi) 

Bending Stress Shear Stress 
__ = Mc/I t=W/2A 

1-ft Midcavity ± 507 21 

1 -ft Cavity end ±753 31 

30-ft Midcavity ±2405 98 

30-ft Cavity end ±2706 110 

2.10.9.5 MNOP. The cavity liner is subjected to an MNOP of 45 psi. The stress on the 
cavity liner due to this internal pressure was developed using an ANSYS model.  

2.10.9.5.1 MNOP Load ANSYS Model. The maximum normal operating pressure load 
model is a plane stress model similar to the models used for DU and contents loading 
analysis. The model uses the STIF42 Two-dimensional Isoparametric solid elements and a 
reduced elastic modulus on the elements representing the FSS legs. The model takes 
advantage of the symmetry in the loading. Figure 2.10.9-14 shows the model. It consists of 
1232 elements and 1775 nodes. It has symmetry boundary conditions normal to the x and y 
axis as shown.  

The same orthotropic material properties and cross section characteristics of the FSS 
were used as discussed in the DU and contents models.  

2.10.9.5.2 Results. The ANSYS stress results from the MNOP load case are 
presented in Table 2.10.9-9.

TABLE 2.10.9-9 
MNOP LOAD CASE (45 psi) 

(Stress, ksi)

Location(a) Sx Sy Sxy 

A - inside 0.10 12.33 0.99 

A - outside 0.13 -9.32 0.06 

B - inside 11.97 11.97 -8.25 

B - outside 0.25 -9.28 0.02 
(a)See Fig. 2.10.9-9.
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2.10.9.6 Thermal Stress. The thermal loading is a result of the differential temperature 
between the cavity liner, FSS, and the cask body wall. Generally, the cask body is colder 
than the cavity liner and the FSS. The top and bottom surfaces of the FSS are free to 
expand. The only restriction on the FSS is at the cavity liner interface. The cavity liner is 
attached to the cask body at the flange and bottom plate. During the heat test, when the 
inner temperature is the highest, the cavity liner is hotter than the cask wall; therefore, 
thermally induced stresses are produced axially on the cask wall and the cavity liner. An 
ANSYS analysis was used to determine the thermal stresses.  

2.10.9.6.1 ANSYS Model. The ANSYS finite element program is used to determine 
the stresses in the cavity liner/FSS assembly under normal condition maximum temperature.  
The model consists of a one-eighth cross section of the FSS and cavity liner. The hottest 
portion of the cross-section was conservatively chosen. The model length of 83.625 in. is half 
of the cask cavity. Figure 2.10.9-15 shows the model.  

Three-dimensional quadrilateral shell elements (STIF63) are used to model both the 
cavity liner and FSS. This element is defined by four nodal points. STIF63 elements have six 
degrees of freedom at each node: translations in the nodal x, y, and z directions and 
rotations about the nodal x, y, and z axes.  

Temperature dependent material properties were input for the cavity liner and FSS.  
The modulus of elasticity and coefficient of thermal expansion are input in temperature tables 
for interpolation by ANSYS. A constant Poison's ratio of 0.3 is used throughout the analysis.  
The stainless steel modulus of elasticity was conservatively used for the FSS elements. It 
was not reduced to account for the B4C holes. The higher modulus of elasticity of the FSS 
produces conservative forces in the cavity liner.  

The temperature dependent material properties used for the ANSYS analysis are 
presented below:

Temperature E (106 psi)' Coefficient of Thermal 

(OF) Expansion (10-6/0F) 

100 28.0 8.30 

200 27.6 8.48 

300 27.0 8.65 

400 26.5 8.79

Figure 2.10.9-16 displays the boundary conditions for the ANSYS model. Symmetric 
boundary conditions were used at the boundaries shown in Fig. 2.10.9-16 to allow the model 
to expand correctly.  

The ANSYS model is loaded by nodal temperatures. The nodal temperatures are 
representative of normal conditions of transport. The temperatures are generated using

2.10.9-27

910469 N/C



GA-4 Cask SARP

NCL 

WDU 

SECTION OF 
CAVITY LINER 
AND FSS MODELED 

1.5 IN. WALL

FSS

CAVITY UNER

K-896(99) 
11-9-93 

Fig. 2.10.9-15. ANSYS thermal stress model for cavity liner and FSS
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Fig. 2.10.9-16. Boundary condition for thermal stress cavity liner and FSS model 
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separate TAC2D and ANSYS models. The input temperatures are described in Section 3.6.9.  

Fixed displacements are specified on the nodes at the end of the cavity liner, at the 
point that the cavity liner is connected to the bottom plate. The displacement limitation is 
used to model the restriction that the cask body provides on the cavity liner thermal 
expansion. The restriction of cavity liner deflection generates forces that are reacted by the 
cask body. The forces cause deflection of the cask body. The specified displacements used 
in the ANSYS analysis include the deflection of the cask body due to the forces of the 
restrained cavity liner and FSS. The correct allowable displacement was obtained by an 
iterative process. Since the magnitude of the stresses in the cavity liner, cask body and FSS 
depend on the relative stiffness of each component, several iterations were done until the 
displacement allowed in the cavity liner, and the corresponding forces required to restrain the 
cavity liner at these displacements, matched the force required to stretch the containment 
boundary the same amount. Using a specified displacement of 0.095 in., a reaction force of 
56.64 kips is generated in the ANSYS model by the cavity liner and FSS. A force in the cask 
body of 59.19 kips is computed using strength of materials techniques and the average axial 
temperature. The forces computed by ANSYS and strength of material techniques match 
within 4.5%. The ANSYS-generated axial force produces 3.2 ksi of axial stress in the cask 
body.  

2.10.9.6.2 Thermal Analysis Results. Figure 2.10.9-17 shows the temperature 
distribution of the FSS and cavity liner in the ANSYS model. The analysis shows that the 
thermally induced stresses are mainly axial. The cavity liner and FSS are subject to an axial 
compressive stress. Figure 2.10.9-18 shows the axial stress contour plot. Thermal stresses 
are classified as secondary stresses because small deformations will cause the stress to 
disappear. The allowable stresses are 3.0 Sm for normal conditions. All stresses generated 
from the ANSYS analysis are well below the material ultimate strength. The maximum 
membrane axial stress generated at the connection of the cavity liner to FSS, more than 
15 in. away from the cavity end is -8.11 ksi. The model nodal displacement boundary 
conditions at the end of the cavity liner create a peak axial stress of -21.4 ksi. A maximum 
axial deflection of 0.10 in. occurs at the FSS free-end.  

2.10.9.7 Fuel Support Structure and Cavity Liner Buckling during 1-ft and 30-ft Drops. The 
FSS and cavity liner are evaluated for a buckling mode of failure under the very conservative 
DU loading condition. The DU load on the cavity liner subjects the two supporting sides of the 
cavity liner and the FSS to membrane compression forces. The axial load is highest when the 
cask is oriented with the flat section towards the impact point. At this time, the DU load on 
the upper wall of the cavity liner deflects the side walls toward the DU. The DU provides 
backing for the side walls and forces any potential for buckling into a high order buckling 
mode. For buckling analysis, it is therefore very conservative to treat the cavity liner walls as 
columns, free to buckle at the lowest buckling mode. The DU, contents and dead weight 
contribute to the compressive loading. The analysis considers a factor of safety of 2.0 for the 
normal condition (1-ft drop) and a factor of safety of 1.34 for the hypothetical accident 
condition loading (30-ft drop).
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Fig. 2.10.9-17. Cavity liner and FSS ANSYS model temperature plot
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Fig. 2.10.9-18. Axial stress contour plot of cavity liner - FSS ANSYS results
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2.10.9.7.1 Critical Bucking Load. The buckling load of the FSS can be estimated 
using the following column buckling equation (Refs. 2.10.9-2 and 2.10.9-3).  

2- [SYA+i +E~' ac c SyAPe = 0 (Eq. 1) I I'-)e .JFS (FS)2 

Note that the factor of safety and column initial crookedness are included in this 
formula, where: 

e ()2EI (Euler load for the column) (Eq. 2) 

A = section area, 

a = initial crookedness of the column, 

c = distance from the minimum neutral axis to the edge of the cross section, 

SY = yield stress of the material, 

E = modulus of elasticity of the material, 

FS = factor of safety for the loading condition, 

L = length of the column, 

I = moment of inertia of the column cross section, 

Pcr = critical buckling load (including factor of safety).  

The following parameters were used to obtain the cavity liner and FSS critical buckling 
stress:
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Parameter Cavity Liner FSS 

A .375 in.2/in. .132 in.2/pitch 

c .1875 in. .3 in.  

Sy 45,200 psi 43,000 psi 

E 2.73E+07 psi 2.69E+07 psi 

K= 0.65 0.65 

L- 9.46 in. 8.77 in.  

1= 0.0044 in. 4/in. 0.006692 in.4/pitch 

a 0.02 in. 0.02 in.  

Critical load (30-ft drop, 8,434 lbs/in. 3,748 lbs/pitch 
includes FS = 1.34) = 

Critical stress (30-ft drop, 22,492 psi 28,390 psi 
includes FS = 1.34) = 

Critical load (1-ft drop, 5,651 lbs/in. 2,511 lbs/pitch 
includes FS = 2.00) = 

Critical stress (1-ft drop, 15,069 psi 19,021 psi 
includes FS = 2.00) = 

The maximum axial membrane stress on the cavity liner and FSS occurs on the 
bottom leg of the components, during a slapdown with the cask fully loaded and oriented flat.  
The highest g-level is at the cavity ends. It is conservative to use the cavity end values 
because the cavity liner is joined to the cask body flange and the bottom plate at the ends 
and these provide support against buckling. The maximum axial membrane stress can be 
computed as follows:
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1-ft Drop 30-ft Drop

g 23 82.7 

Spent fuel load + NFAH (2 fuel assemblies) 460 lb/in. 1,653 lb/in.  
Fsp = (1665 lb/assembly)(2)(1/166.63)(g) 

FFSS = FSS weight 100 lb/in. 360 lb/in.  
= (725 lb)(1/166.63)(g) 

FDU = (2.65)(18.912)(.688)(g) 793 lb/in. 2,852 lb/in.  

FTotaI = [Fsp +FFSS + FDU] X(a) 
FSS lower leg 771 lb/in. 2,773 lb/in.  
Cavity liner lower leg 291 lb/in. 1,045 lb/in.  

a = FTotaA(b) 
FSS lower leg 2,763 psi 9,939 psi 
Cavity liner lower leg 776 psi 2,789 psi 

(a)The ANSYS model indicated a load distribution between the FSS and cavity 

liner leg of 57% for the FSS leg and 21.5% for both the cavity liner legs.  
(b)AFss = (.132 in. 2/pitch)(pitch/.474 in.) = 0.279 in.2/in.  

Acavity liner = (.375 in.)(1 in.) = .375 in.2/in.

All stresses are well below the critical buckling stress and therefore the cavity liner and 
FSS have factors of safety against buckling larger than 1.34 and 2.00 during accident and 
normal conditions, respectively.  

2.10.9.7.2 Critical Buckinq Stress during Angle Drops. When the cask slaps down in 
an orientation other than flat, the FSS and cavity liner legs experience both side and axial 
loads. The effect of the side loads on the critical buckling stress was conservatively evaluated 
by assuming that the side loads deflect the FSS and cavity liner legs. The deflected shape 
induces an eccentricity in the axial load path, and this eccentricity is conservatively included 
as an initial crookedness in the column. Considering the effect of the side load is 
conservative because both the cavity liner and FSS behave more as plates than columns.  
The side load should enhance the buckling capacity of the plates.  

The eccentricity is calculated as follows: 

FSS leg deflection 

The maximum side load on the FSS leg occurs during a comer drop. The maximum 
deflection of the loaded FSS leg is calculated conservatively using fixed-pinned end conditions 
as follows:
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Wt3 = .0 n 
Ymax = -0.0054 = 0.009 in.  

El 
where 

W = 434.2 lb/pitch (30-ft end cavity contents load, see Section 2.10.9.3.1.  
= 8.77 in.  

E315°F = 26.93E6 psi 
I = [(.474)(.6)3]/12 - (r4)(.22) 4 --0.006692 in. 4/pitch 

This deflection was used to modified the initial crookedness (term a) in the critical 
buckling equation. The total crookedness was modified by assuming the above defection 
added to the initial crookedness of 0.020 in., that is 

a. = (ymax) + 0.020 = 0.029 in.  

Cavity liner leg deflection 

The same method was used to calculate the cavity liner deflection: 

Ym = -0.0054kWR3= 0.006 in.  
El 

where 
W = 159.2 lb/in. (30-ft end cavity DU load, see Section 2.10.9.3.1) 

= 9.456 in.  
E250oF = 27.3E6 psi 

= (1)(.375)3/12 = 0.0044 in.4/in.  

The total crookedness was modified as follows: 

a' = (Ymax) + 0.020 = 0.026 in.  

Critical buckling loads 

Using the above crookedness, the cavity liner and FSS critical buckling loads are as 
follows:
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The axial membrane stress on the bottom leg of the 
by multiplying the flat orientation stresses by 0.707.

FSS and cavity liner is obtained

1-ft Drop 30-ft Drop

FTotal = flat drop FTotaI (0.707) 
FSS lower leg 545 lb/in. 1,961 lb/in.  
Cavity liner lower leg 206 lb/in. 740 lb/in.  

a = FTot/A(a) 
FSS lower leg 1,954 psi 7,029 psi 
Cavity liner lower leg 548 psi 1,972 psi 

(a)AFS = (.132 in.2/pitch)(pitch/.474 in.) = 0.279 in.2/in.  

Acavity liner = (.375 in.)(1 in.) = .375 in.2/in.

All stresses are well below the critical buckling stress and therefore the cavity liner and 
FSS have factors of safety against buckling larger than 1.34 and 2.00 during accident and 
normal conditions, respectively.  

2.10.9.7.3 Buckling on the Plane of the Cask Axis. The out-of-plane bending due to 
the 1-ft and 30-ft drops subjects a side of the cavity liner to membrane compression. To 
evaluate the critical buckling behavior, the liner can be modeled as a simply supported 
rectangular plate in uniform compression in one direction. See Fig. 2.10.9-19.
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Parameter Cavity Liner FSS 

a= 0.026 in. 0.029 in.  

Critical load (30-ft drop, 
includes FS = 1.34) = 7,794 Ib/in. 3,565 Ib/pitch 

Critical stress (30-ft drop, 20,783 psi 27,011 psi 
includes FS = 1.34) = 

Critical load (1-ft drop, 5,222 lb/in. 2,389 lb/pitch 
includes FS = 2.00) = 

Critical stress (1-ft drop, 13,925 psi 18,097 psi 
includes FS = 2.00) =
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166.63 IN.

-3-r 
8.78 IN.  

h = 0.375 IN.

K-896(108)Mc 
11-9-93 

Fig. 2.10.9-19. Buckling model for cavity liner due to out-of-plane bending

S k72Eh 2 

12(1 -v 2 )b 2
(Ref. 2.10.9-4, page 332)

= critical buckling = 177.4 ksi 
(This stress is much larger than the yield strength.)

k

E 

h 

b

= 4 for uniformly compressed simply supported square plate.  
A very long plate buckles in half-waves, the lengths of which 
approach the width of the plate. Thus a buckled plate subdivides 
approximately into squares.

= 26.9 x 106 psi 

= 0.375 in.  

= 8.78 in. (conservative value)

v = 0.3 

The highest uniform compression for the plate model occurs with the cavity liner in the 
flat orientation (versus the corner orientation with bending stress maximum at one edge of the 
plate and zero at the other). The total stresses on the maximum loaded cavity liner wall in the 
flat orientation are:
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-F 181 IN

Ocr 

0 cr

where

Stress in Axial (Z) Direction, ksi 

Drop Out-of-Plane Thermal Total 
Drop____ Bending Thermal Total 

1-ft -10.4 -8.11 -18.51 

30-ft -34.1 -8.11 -42.21
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The preceeding analysis shows that the stresses are below yield and therefore below 
the critical buckling stress. Section 2.10.7 shows that the cask body wall does not buckle due 
to the out-of-plane bending. Therefore, because the cavity liner is attached to the cask body, 
they act as a single structure (with the cask body offering additional buckling support through 
displacement control).  

2.10.9.8 Combination of Loads. To determine the maximum stress in the cavity liner and the 
FSS, the stresses developed in the analyses discussed in Sections 2.10.9.2 through 2.10.9.6 
were combined at the different locations. The DU load was not combined with MNOP since at 
the critical points, these loadings are opposite to each other and will, when combined, produce 
stresses lower than when each load is considered separately. Tables 2.10.9-10 through 
2.10.9-13 show how the stresses due to the different loadings were combined. These tables 
show the combination that creates the maximum stresses on the cavity liner and on the FSS, 
locations A and D in Fig. 2.10.9-9, respectively. The summary of the stress and design 
margin for all loadings is presented in Tables 2.10 9-14 through 2.10.9-18.  

The cavity liner fatigue evaluation is as follows: 

The maximum secondary stress condition for cyclic normal loading conditions (MNOP 
plus thermal) is cyclic.  

MAXIMUM STRESS INTENSITY (ksi) 

Loading Loca S S S SI 
Condition x y z Xy Sxz Syz 

Midcavity 

MNOP B inside/ 11.97 11.97 0 -8.25 0 0 

Thermal CL comer 0 -0.74 -8.15 0 0 .56 

Total 11.97 11.23 -8.15 -8.25 0 .56 28.03 

Cavity end 

MNOP A inside 0.10 12.33 0 0.99 0 0 

Thermal FSS/CL 1.93 3.1 -21.1 0 -4.56 0.84 

Total 2.03 15.43 -21.1 0.99 -4.56 0.84 37.75
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using Safi = (Ebase/E)(F)(SI)(1/ 2 ) = 58.4 ksi (midcavity) 
= 76.5 ksi (cavity end) 

where 
Ebase = 28.3e6 

E275oF = 27.15e6 (midcavity) 

E2 15oF = 27.51e6 (cavity end) 

F = 4, This factor is conservative because the finite element stress results (for 
the MNOP model) include the stress concentration effects.  

using the fatigue curve from the ASME Code, Fig. 1-9.2.1 

N = 17000 cycles (midcavity) 
= 5000 cycles (cavity end) 

Number of cycles: 25 years x 25 trips/year = 625 cycles 

D.M. = (N/625) - 1 = + high (midcavity) 
= +7.0 (cavity end) 

2.10.9.9 References for Appendix 2.10.9.  

2.10.9-1 Roark, R., Formulas for Stress and Strain, McGraw-Hill Book Company, Inc., New 

York 1965, 4th Ed.  

2.10.9-2 Spotts, M.F., Design of Machine Elements, Prentice-Hall, 1971.  

2.10.9-3 Johnson, B.G., Lin, F.J., Basic Steel Design, Prentice-Hall, 1974.  

2.10.9-4 "imoshenko, S., Theory of Elastic Stability, McGraw-Hill Book Company, Inc., New 
York and London, 1936.
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TABLE 2.10.9-10 
COMBINATION OF CAVITY LINER STRESSES 
INCLUDING CONTENTS PLUS DU LOADING, 
DEAD LOAD AND OUT-OF-PLANE BENDING, 

FLAT ORIENTATION, 30-FT DROP 
(Stress, ksi)

Sx SY Sz Sy SI D.M.(a) 

Case II ANSYS analysis 
Fig. 2.10.9-8 (outside surface) 40.02 -0.67 0 -. 14 

Table 2.10.9-4 

Location A + dead load 2.41 0 0 .1 
Fig. 2.10.9-9 Table 2.10.9-8 

Midcavity + out-of-plane 
Table 2.10.9-1 0 0 -34.11 0 
(location 1) 
Total (Pm+ Pb) 42.43 -0.67 -34.11 -. 04 76.54 +0.25 

Sx Sy Sz Sxy SI D.M.b) 

Case II ANSYS analysis 
Fig. 2.10.9-8 (outside surface) 45.03 -0.75 0 -. 16 

Table 2.10.9-4 

Location A + dead load 2.71 0 .11 
Fig. 2.10.9-9 Table 2.10.9-8 

Cavity End + out-of-plane 
Table 2.10.9-1 0 0 -13.97 0 
(location 1) 1 

Total (Pm+ Pb) 47.74 -0.75 -13.97 -. 05 61.71 +0.6 

(a)(Pm+ Pb) allowable 275°F = 95.6 ksi.  

(b)(Pm+ Pb) allowable 2150 = 98.72 ksi.
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TABLE 2.10.9-11 
COMBINATION OF CAVITY LINER STRESSES 
INCLUDING CONTENTS PLUS DU LOADING, 

DEAD LOAD AND OUT-OF-PLANE BENDING, 
FLAT ORIENTATION, 1-FT DROP 

(Stress, ksi)

Sx Sy Sz Sxy SI D.M.(a) 

Case II ANSYS analysis(b) 
Fig. 2.10.9-8 (outside surface) 8.44 -0.14 0 -. 03 

Table 2.10.9-4 

Location A + deadload 0.51 0 0 .02 
Fig. 2.10.9-9 Table 2.10.9-8 

Midcavity + out-of-plane 
Table 2.10.9-1 0 0 -10.39 0 
(location 1) 

Total (Prm+ Pb) 8.95 -0.14 -10.39 -. 01 19.34 +1.47 

Sx y Sz Sxy S ..  

Case II ANSYS analysis(d) 

Fig. 2.10.9-8 (outside surface) 12.52 -0.21 0 -. 04 
Table 2.10.9-4 

Location A + deadload 0.75 0 0 .03 
Fig. 2.10.9-9 Table 2.10.9-8 

Cavity End + out-of-plane 
Table 2.10.9-1 0 0 -10.39 0 
(location 1) 1 1 _1_1 

Total (Pm+ Pb) 13.27 -0.21 -10.39 -. 01 23.66 +1.09 

(a)(Pm+ Pb) allowable 275OF = 47.78 ksi.  

(b)Table 2.10.9.9-4 values x 15.5g/73.5g.  
(C)(Pm+ Pb) allowable 2 15°F = 49.4 ksi.  
(d)Table 2.10.9.9-4 values x 23g/82.7g.
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TABLE 2.10.9-12 
COMBINATION OF FSS STRESSES 

INCLUDING CONTENTS PLUS DU LOAD, 
DEAD LOAD AND OUT-OF-PLANE BENDING, 

150 DROP ORIENTATION, 30-FT DROP 
(Stress, ksi)

Sx SY Sz Sxy SI D.M.(a) 

Case V ANSYS analysis -0.96 -8.81 
Fig. 2.10.9-8 (left side) x 1.65 x 1.3 0 -0.98 

Table 2.10.9-7 -1.58 -11.45 

Location F axial adjustment 0 -4.56 0 0 

Fig. 2.10.9-9 + out-of-plane 
Midcavity Table 2.10.9-1 0 0 +32.94 0 

(location 3) 

Total (Pm+ Pb) -1.58 -16.01 32.94 -. 98 49.03 +0.27 

Sx SY Sz Sxy SI D.M.(b) 

Case V ANSYS analysis -1.08 -9.92 
Fig. 2.10.9-8 (left side) x 1.65 x 1.3 0 -1.10 

Table 2.10.9-7 -1.78 -12.9 

Location F axial adjustment 0 -5.12 0 0 

Fig. 2.10.9-9 + out-of-plane 
Cavity End Table 2.10.9-1 0 0 13.49 0 

(location 3) _ 1 

Total (Pm+ Pb) -1.78 -18.02 13.49 -1.1 31.58 +1.03 

(a)(PM+ Pb) allowable 2 75°F = 95.6 ksi x 0.65 = 62.14.  

Allowable has been multiplied by weld efficiency factor of 0.65 for Type I or Ill 

full-penetration weld with surface PT examination per NG-5233.  
(b)(Pm+ Pb) allowable 2 S1F = 98.72 ksi x 0.65 = 64.17.  

Allowable has been multiplied by weld efficiency factor of 0.65 for Type I or III 

full-penetration weld with surface PT examination per NG-5233.
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TABLE 2.10.9-13 
COMBINATION OF FSS STRESSES 

INCLUDING CONTENTS PLUS DU LOAD, 
DEAD LOAD AND OUT-OF-PLANE BENDING, 

150 DROP ORIENTATION, 1-FT DROP 
(Stress, ksi) 

Sx Sy Sz SXY SI D.M.(a) 

Case V ANSYS analysis(b) -0.2 -1.86 
Fig. 2.10.9-8 (left side) x 1.65 x 1.3 0 -. 21 

-. 33 -2.42 

Saxial adjustment 0 -0.96 0 0 Location F ________ ___ ___ 

Fig. 2.10.9-9 + out-of-plane 
Midcavity Table 2.10.9-1 0 0 +32.94 0 

(location 3) 

Total (Pmo+ Pb) -. 33 -3.38 10.03 -. 21 13.42 +0.99 

Sx S y Sz S xy SI D.M.(= 

Case V ANSYS analysis(d) -0.3 -2.76 
(left side) x 1.65 x 1.3 0 -0.31 

Fig. 2.10.9-8 -. 5 -3.59 
Location F axial adjustment 0 -1.42 0 0 

Fig. 2.10.9-9 + out-of-plane 
Cavity End. Table 2.10.9-1 0 0 10.03 0 

(location 3) 

Total (Pm+ Pb) .5 -5.01 10.03 -. 31 15.06 +0.83 

(a)(pm+ Pb) allowable 275OF = 41.09 ksi x 0.65 = 26.71 ksi.  

Allowable has been multiplied by weld efficiency factor of 0.65 for Type I or III 

full-penetration weld with surface PT examination per NG-5233.  
(b)Table 2.10.9-4 values x 15.5g/73.5g.  

(C)(Pm+ Pb) allowable 2l5°F = 42.48 ksi x 0.65 = 27.61 ksi.  

Allowable has been multiplied by weld efficiency factor of 0.65 for Type I or III 

full-penetration weld with surface PT examination per NG-5233.  
(d)Table 2.10.9.9-4 values x 23g/82.7g.
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TABLE 2.10.9-14 
CAVITY LINER SUMMARY OF STRESSES, 
FLAT ORIENTATION, MIDCAVITY REGION 

Load Location Stress Stress Allowable 
Combination(a) (Fig. 2.10.9-9) Type Intensity (ksi)(b) D.M.  

______________ (ksi) _ _ _ _ _ _ _ _ _ 

top/bottom P 10.39 31.85 +2.07 
1-ft drop (OPB) cavity liner m 

30-ft drop (OPB) top/bottom PM 34.11 66.92 +0.96 
cavity liner OPB 

1-ft drop (OPB) A outside Pm+P 19.71 47.78 +1.42 
+ MNOP _ b 

30-ft drop (OPB) + A outside Pm+P 43.43 95.60 +1.20 
MNOP _ b 

1-ft drop (OPB) + A outside PM + Pb 19.34 47.78 +1.47 
DU(c) (OPB)_+ 

30-ft drop (OPB) + A outside P +P 76.54 95.60 +0.25 
DU(c) __ _ _ _ b__ _ _ ___ _ _ _ 

1-ft drop (OPB) + A outside P + MNOPu+shermalm + b + Q 19.17 95.55 +3.98 MNOP + Thermalb 

1-ft drop (OPB) + A outside P + DUout+Thermalm+ Pb + Q 28.02 95.55 +2.41 DU(c) + Thermal II bI 

(a)OPB = Out-of-plane bending due to 1-ft and 30-ft drops (Section 2.10.9.2.2) 

MNOP = Stresses due to MNOP (Section 2.10.9.2.1a) 

DU = DU loading stresses (Section 2.10.9.2.3) 
(b)Allowable stress at midcavity is at 2750F 
(c)DU load considered to be very conservative.  

Assumes DU has no structural strength.
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TABLE 2.10.9-15 
CAVITY LINER SUMMARY OF STRESSES, 
FLAT ORIENTATION, CAVITY END REGION

Load Location Stress Stress Allowable 
Combination(a) (Fig. 2.10.9-9) Type Intensity (ksi)(b) D.M.  

_____________ (ksi) _ _ _ _ _ 

top/bottom p 10.39 32.93 +2.17 1-ft drop (OPB) cavity liner m 

30-ft drop (OPB) top/bottom PM 13.97 69.10 +3.95 
30-_tdrop_(OPB) cavity liner OPB 

1-ft drop (OPB) A outside Pm+P 19.71 49.40 +1.51 
+ MNOP _ _b 

30-ft drop (OPB) + A outside PM + Pb 23.29 98.72 +3.24 
MNOP 

1-ft drop (OPB) + A outside P+ 23.66 49.40 +1.09 
DU rop (B)+ + 

30-ft drop (OPB) + A outside PM + Pb 61.71 98.72 +0.60 
DU(c) OPB)_+ 

1-ft drop (OPB) + A outside PM + Pb + a 35.47 98.79 +1.79 
MNOP + Thermal 

1-ft drop (OPB) + A outside P + DUoutsThedealm+ Pb + Q 48.41 98.79 +1.04 DUWc + Thermal b+ 

(a)OPB = Out-of-plane bending due to 1-ft and 30-ft drops (Section 2.10.9.2.2) 

MNOP = Stresses due to MNOP (Section 2.10.9.2.1a) 
DU = DU loading stresses (Section 2.10.9.2.3) 

(b)Anlowable stress at cavity end is at 215°F 
(c)DU load considered to be very conservative.  

Assumes DU has no structural strength.

2.10.9-46

910469 N/C



GA-4 Cask SARP

TABLE 2.10.9-16 
CAVITY LINER SUMMARY OF STRESSES, 

ANGLED ORIENTATIONS, MIDCAVITY REGION

Load Location - Stress Stress Allowable (Fg .1.-)Intensity (ki() D.M.  
Combination(a) Orientation Type Itsit (ksi)(b) (Fig. 2.10.9-9) (ksi) 

top/bottom 
1-ft drop (OPB) cavity liner PM 14.46 32.3 +1.23 

- comer 

top/bottom P47.49 67.83 +0.43 
30-ft drop (OPB) cavity liner OPB 

- comer 

1-ft drop (OPB) B outside PM + Pb 23.74 48.45 +1.04 
+ MNOP - comer 

30-ft drop (OPB) + B outside PM+ Pb 56.77 96.90 +0.71 
MNOP - comer 

1-ft drop (OPB) + B outside PM + Pb 19.23 48.45 +1.52 
DU(c) - comer 

30-ft drop (OPB) + B outside PM + Pb 70.15 96.90 +0.38 
DU(c) - comer 

1-ft drop (OPB) + B outside P+ +22.34 96.90 +3.34 
MNOP + Thermal - comer m Pb+ 26 

1-ft drop (OPB) + B outside P +P +0 22.55 96.90 +3.30 
DU(c) + Thermal - comer m b + 

(a)OPB = Out-of-plane bending due to 1-ft and 30-ft drops (Section 2.10.9.2.2) 

MNOP = Stresses due to MNOP (Section 2.10.9.2.1a) 

DU = DU loading stresses (Section 2.10.9.2.3) 
(b)Allowable stress at midcavity is at 250°F 
(c)DU load considered to be very conservative.  

Assumes DU has no structural strength.
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TABLE 2.10.9-17 
CAVITY LINER SUMMARY OF STRESSES, 

ANGLED ORIENTATIONS, CAVITY END REGION

Load Location - Stress Stress Allowable Fg..1.9)Intensity (ki() D.M.  
Combination(a) Orientation Type (ksi) (ksi)(b) 

(Fig. 2.10.9-9) (ksi) 

top/bottom 
1-ft drop (OPB) cavity liner PM 14.46 33.21 +1.27 

- comer 

top/bottom P1 
30-ft drop (OPB) cavity liner OPB 19.44 69.69 +2.58 

- comer 

1 -ft drop (OPB) B outside PM + Pb 23.74 49.82 +1.10 
+ MNOP - comer 

30-ft drop (OPB) + B outside PM + Pb 28.72 99.55 +2.47 
MNOP - comer 

1-ft drop (OPB) + A outside P +P 21.31 4 9 .4 0 (d) +1.32 
DU(c) - 150 drop m 

30-ft drop (OPB) + A outside PM+ Pb 54.08 +0.83 
DU(C) - 150 drop 9 8 "7 2 (d) 

1-ft drop (OPB) + A outside PB +P +Q 35.13 98.79(d) +1.81 
MNOP + Thermal - 150 drop m b 

1-ft drop (OPB) + A outside P +Pb+Q 46.11 +1.14 
DU(c) + Thermal - 150 drop m 9 8 7 9 (d) 

(a)OPB = Out-of-plane bending due to 1-ft and 30-ft drops (Section 2.10.9.2.2) 

MNOP = Stresses due to MNOP (Section 2.10.9.2.1a) 

DU = DU loading stresses (Section 2.10.9.2.3) 
(b)Allowable stress at cavity end is at 190OF 

(c)DU load considered to be very conservative.  

Assumes DU has no structural strength.  
(d)AIlowable stress at cavity end is at 215OF

2.10.9-48
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2.10.9-49

TABLE 2.10.9-18 
FSS SUMMARY OF MAXIMUM STRESSES 

FOR THE UNIFORM LOAD CONDITION 
(Stress, ksi) 

Load Location - Stress Stress Allowable 
Combination Orientation Type Intensity (ksi) D.M.  

(Fig. 2.10.9-9) (ksi) 

Midcavity region 
1-ft drop F left side PM+ Pb 13.42 26.71 +0.99 

- 150 drop 

Midcavity region 
30-ft drop F left side PM + Pb 49.03 62.14 +0.27 

- 150 drop 

Cavity End Region 
1-ft drop F left side PM + Pb 15.06 27.61 +0.83 

- 150 drop 

Cavity End Region 
30-ft drop F left side PM + Pb 32.81 64.17 +0.96 

- 300 drop

910469 N/C
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2.10.10 Cask Fuel Support Structure Additional Analysis 

2.10.10.1 Introduction. The FSS supports the fuel assemblies and non-fuel assembly 
hardware (NFAH). We considered two loading conditions on the FSS for the side drop 
analysis in order to envelop all possible combinations. The two loading conditions are: 

1. The spent fuel plus the NFAH assemblies load the FSS uniformly 
along its length. This analysis is presented in Section 2.10.9.  

2. The spent fuel plus NFAH assemblies load the FSS at concentrated points 
along its length (at the spent fuel element support grid and end-plate locations).  
We consider this assumption to be conservative for the 30-ft drop during which 
the fuel assembly load will tend to distribute along the total length of the FSS.  

This section describes concentrated load assumption analysis. The analysis was 
performed at cask drop orientations ranging from flat to comer, in order to bound the stresses.  
The flat orientation is where the cask flat side is parallel to the ground. The comer orientation 
is where a cask comer is oriented in the down position.  

The analysis includes the cask bending due to the 1-ft and 30-ft drops. Since the 
temperature, g-levels, out-of-plane moment, and FSS geometry are different at the midlength 
of the cask than at the ends, the analysis is divided into two regions: midcavity region and 
cavity end region. The analysis were performed using strength of material calculations and 
the ANSYS computer program. Several models represent the various loading conditions and 
cask locations. The models represent the FSS only using a fixed-fixed boundary condition to 
represent the center FSS and cavity liner restraint.  

2.10.10.2 Concentrated Load Model. An ANSYS 3-D flat plate model was used with the load 
positioned either in the middle or at the end of the model to represent a midcavity or cavity 
end loading condition on the FSS respectively.  

Section 2.10.9.3 shows that the 3-D plate model used the STIF63 element which is an 
elastic quadrilateral shell element. The element has six degrees of freedom at each node: 
translation in the nodal x, y, and z directions and rotations about the nodal x, y, and z axes.  

The overall configuration of the FSS and the cavity liner is presented in Fig. 2.10.10-1.  
This figure illustrates the FSS B4C hole layout.  

Figure 2.10.10-2a illustrates the overall model configuration and boundary conditions 
for the concentrated load in the midcavity region. The model is 31.5 in. long and 8.77 in.  
wide. Both sides of the model (the center of the FSS side and the cavity liner side) are fixed 
in all six degrees of freedom. The length of the B4C holes are 8.22 in. from the center of the 
FSS, thus leaving a solid material strip on the cavity liner side.

2.10.10-1
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Fig. 2.10.10-1. GA-4 fuel support structure
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Fig. 2.10.10-2. FSS plate models for the concentrated load case 
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Figure 2.10.10-2b presents the model used for the cavity end regions. The models 
incorporate the transition from the large B4C holes (.440 in. 0) through the smaller holes 
(0.292 in. 0) to the solid end section. The B4C hole length is taken to be the width of the 
model (conservative). Figure 2.10.10-3 illustrates the model detail at the top and bottom of 
the FSS where the bottom section has the unsupported region of the FSS (not connected to 
the cavity liner, Fig. 2.10.10-2b).  

The fixed boundary condition used to represent the cavity liner side restraint was 
determined (using the uniform load ANSYS model in Section 2.10.9.3) to best represent the 
restraint condition on the cavity liner side.  

2.10.10.3 Material Properties. The FSS is made of XM-19 stainless steel material.  
Orthotropic modulus properties were used to model the B4C holes which are positioned in the 
plate along the X axis in the model. The elastic modulus was modified based on the bending 
flexibility of the FSS since this is the predominate load which produces high stresses (the 
method used to developed the properties is presented in Section 2.10.9, Fig. 2.10.9-4). The 
modulus values used are conservative in that in the midcavity region they were developed 
using a minimum hole pitch of 0.474 in. (from the nominal hole pitch of 0.500 in.). The 
modulus values for the smaller holes in the end region were based on a minimum pitch of 
0.460 in. (from a nominal of 0.500 in.).  

The modulus values used are presented in Table 2.10.10-1 and the location shown in 
Fig. 2.10.10-4 for the cavity end region. The model material simulation is a conservative 
representation at the FSS/cavity liner wall junction in the cavity end region model. This is 
illustrated in Fig. 2.10.10-5b where the model has the B4C holes going the full width of the 
model (plus the solid end section shown in Fig. 2.10.10-4). The FSS/cavity liner junction is 
actually 0.549 in. (minimum) away from the inside wall of the cavity liner (as shown in 
Fig. 2.10.10-5c). The ANSYS model representing the midcavity region has the large B4C hole 
reduced modulus simulating the actual hole length (8.22 in.) as shown in Fig. 2.10.10-5c for 
the full length of the model. The axial membrane stress was calculated using strength of 
mal r elLiriiguus Wriu auueu Lo tNOnu # T• resultb ioU nuR anugluu urop orent:ation1.  

TABLE 2.10.10-1 

MATERIAL PROPERTIES USED IN THE CONCENTRATED LOAD MODEL

2.10.10-4

Material T(a) Type Ex E Gxy Factor(b) 

I.D. (OF) (x 106 psi) (x log psi) NUxy (x 106 psi) x/y 

1 315 holes 20.69 16.31 .23 10.36 1.3/1.65 

2 315 holes 25.59 22.81 .29 10.36 1.05/1.18 

3 250 solid 26.93 26.93 .3 10.5 1.0/1.0 
(f)Temperatures are at the midcavity region which represents the maximum 

temperature location (temperatures are cross section average values).  
(b)Factor used to ratio the ANSYS stress values in the B4C hole region.

910469 N/C
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Fig. 2.10.10-3. Boundary conditions applied to end cavity models
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Fig. 2.10.10-4. ANSYS model material identification end cavity region 
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Fig. 2.10.10-5. ANSYS models for the FSS x-direction
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2.10.10.4 Model Loading. A uniform pressure acting under the support grid of the fuel 
assembly was applied to the model simulating the support grid and end fitting loading. This is 
a very conservative assumption, especially at the cavity ends since the end fittings are very 
rigid. At midcavity, the typical support grid width used is 1.5 in. At cavity end the loading was 
applied at the end fitting location using a 3 in. wide area and a 1.5 in. wide support grid as 
shown in Fig. 2.10.10-6.  

The maximum load per support grid Pm, is calculated as follows: 

PM = W/o0 x 9P = 273 lb (we conservatively used 281 lb in the analysis) 

where 
w = maximum fuel design weight plus the NFAH = 1665 lb.  
0 = fuel length, 159.7 in.  
Ip = grid spacing 26.19 in.  

The maximum load for the end fitting is developed using five separator grid locations 
(minimum noted in available drawings of the fuel assemblies). Therefore the loading is: 

(1665 - 5 (273)) / 2 = 150 lb (conservatively used 178 lb in the analysis) 

The g-levels during the 1-ft and 30-ft drop events are the same as those used for the 
uniform load case (Section 2.10.9.3). The support grid load is applied as a pressure load 
acting over the support grid pad area, as follows: 

1. Loading in the end region - applied on a 3 in. pad 0.75 in. from the edge of 
the FSS and a 1.5 in. pad 6 in. from the edge (see Fig. 2.10.10-6).  

1-ft drop 30-ft drop 

pressure = {(178)(23))/{(3 + 1.5)(8.77)) = {(178)(82.7))/{(3 + 1.5)(8.77)) 

= 104 psi = 373 psi 

2. Loading in the midcavity region - applied on a 1.5-in. wide pad.  

1-ft drop 30-ft drop 

pressure = {(281 )(15.5))/{(1.5)(8.77)) = [(281 )(73.5))/{(1.5)(8.77)) 

= 331 psi = 1570 psi 

In addition to the ANSYS results, we added the FSS dead load stresses which were 
calculated as follows: 

Bending stress - fixed-fixed

2.10.10-8
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PRESSURE REGION 

PRESSURE REGION

Fig. 2.10.10-6. Pressure loading on ANSYS end cavity model 
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a = Mc/ = ± 262 psi (1-ft midcavity) 

= ±306 psi (1-ft cavity end) 

= ±1243 psi (30-ft midcavity) 

= ±1101 psi (30-ft cavity end) 
where 

M = W 0/12 - cantilever beam, uniform load, fixed-fixed 

W = FSS weight = [725/4][1/166.63](.474 inipitch)(g) 

= 0.516 lb/pitch (g) 

0 = 8.77 in.  

c = 0.3 

midcavity 

10.44" 4,region = [(.474)(.6)3/12]'(-/4)(.22) 4 = 0.006692 in. 4/pitch 

cavity end - solid section 

Isolid = .474(.6)3/12 = 0.0085 in.4/pitch (cavity end, solid section) 

g = see section 2.10.9.3 

Shear stress 

t = W/2A = 30 psi (1-ft midcavity) 

= 21 psi (1-ft cavity end) 

= 148 psi (30-ft midcavity) 

= 75 psi (30-ft cavity end) 
where 

W = see above 

A = (.474)(.6) - (7d4)(.44) 2 = 0.132 in.2/pitch (midcavity) 

A = (.474)(.6) = 0.284 in2/pitch (cavity end)

2.10.10-10
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2.10.10.5 Axial Stress. The axial loading and membrane stress on the FSS bottom leg due 
to the DU, fuel assemblies, and FSS weight is developed for the 150, 300, and 450 (comer) 
orientations using a strength of materials technique. An example of the method used (the for 
the 15c orientation) is shown in Tables 2.10.10-2 for the midcavity region and 2.10.10-3 for the 
cavity end region.  

2.10.10.6 Concentrated Load Model Results. Tables 2.10.10-4 through 2.10.10-7 show how 
the ANSYS results were modified by the modeling factors needed to obtain the actual stresses 
after using a modified modulus of elasticity in the model. These tables also show how the 
FSS dead weight stresses were added to the ANSYS results. Tables 2.10.10-8 and 2.10.10-9 
show how the flat orientation ANSYS results were modified to obtain the stresses during an 
angled drop and how the out-of-plane bending stresses due to the overall cask bending (See 
section 2.10.9-2) were added to the these stresses. Tables 2.10.10-10 through 2.10.10-13 
summarize the maximum stresses for the concentrated assumption analysis. The design 
margins were based on the material at temperature and the associative weld quality factor.

2.10.10-11
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2.10.10-12

TABLE 2.10.10-2 
AXIAL LOAD CALCULATION, 

150 DROP ORIENTATION, MIDCAVITY 

1-ft Drop 30-ft Drop 

g 15.5 73.5 

Spent fuel load + NFAH (2 fuel assemblies) 310 lb/in. 1469 lb/in.  
Fsp = (1665 lb/assembly)(2)(1/166.63)(g) 

FFSS = FSS weight 67 lb/in. 320 lb/in.  

= (725 lb)(1/166.63)(g) 

FDU = (2.65)(18.912)(.688)(g) 534 lb/in. 2534 lb/in.  

FTotaI = [Fsp + FFSS + FDu]X(af(,)(b) 

Location 3 (See Fig. 2.10.10-7) 502 lb/in. 2380 lb/in.  

Location 1 and 2 (See Fig. 2.10.10-7) 135 lb/in. 638 lb/in.  

0 = ftotal/A(C) 

Location 3 (See Fig. 2.10.10-7) -1,800 psi -8,532 psi 

Location 1 and 2 (See Fig. 2.10.10-7) -482 psi -2,287 psi 

(a)The ANSYS model in Section 2.10.9.3 indicated a load distribution 

between the FSS and cavity liner legs of 57% for the FSS leg and 
21.5% for each cavity liner leg.  

(b)Each leg is loaded with a portion of the total load depending on 
the orientation. f(o) is the factor that represents the portion of the load.  

(I)AFss = (.132 in.2 /pitch)(pitch/.474 in.) = 0.279 in.2/in.

910469 N/C
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2.10.10-13

TABLE 2.10.10-3 
AXIAL LOAD CALCULATION, 

150 DROP ORIENTATION, CAVITY END

1-ft Drop 30-ft Drop 

g 23 82.7 

Spent fuel load + NFAH (2 fuel assemblies) 460 lb/in. 1653 lb/in.  

Fsp = (1665 lb/assembly)(2)(1/166.63)(g) 

FFsS = FSS weight 100 lb/in. 360 lb/in.  

= (725 lb)(1/166.63)(g) 

FDU = (2.65)(18.912)(.688)(g) 793 lb/in. 2852 lb/in.  

FTotal = [Fsp +FFss + FDU]X(af(,)(b) 

Location 3 (See Fig. 2.10.10-7) 745 lb/in. 2679 lb/in.  

Location 1 and 2 (See Fig. 2.10.10-7) 200 lb/in. 718 lb/in.  

o = ftota/A(C) 
Location 3 (See Fig. 2.10.10-7) -1,242 psi -4,465 psi 

Location 1 and 2 (See Fig. 2.10.10-7) -333 psi -1,197 psi 

(a)The ANSYS model in Section 2.10.9.3 indicated a load distribution 

between the FSS and cavity liner legs of 57% for the FSS leg and 21.5% 
for each cavity liner leg.  

(b)Each leg is loaded with a portion of the total load depending on 
the orientation. f(o) is the factor that represents the portion of the load.  

(c)The high stress occurred in the solid section at the cavity end 
AFSS = (1 in.)(.6 in.) = .6 in2

910469 N/C



TABLE 2.10.10-4 
MAXIMUM STRESS AT CENTER OF FSS DUE TO 

CONCENTRATED FUEL ASSEMBLY, PLUS NFAH LOAD, PLUS DEAD WEIGHT, 
FLAT ORIENTATION, MIDCAVITY

Support Stress (ksi) 

Load Grid Area 
Pressure SxY Sz Sxy Syz Sxz SI Allowable(a) D.M.  

(psi) 

1-ft Drop 331 
- ANSYS Analysis 10.37 2.51 -. 33 0 0 2.78 

B4C Region(b) 
- Modeling Factors x 1.3 x 1.65 x 1.65 

x 2.00 x 2.00 
- Adjusted Stress 13.48 8.28 -1.09 0 0 
- FSS Weight .26 0 0 .03 

Total (Pm+ Pb) 13.74 8.28 -1.09 0 0 2.81 15.86 39.81 +1.51 

30-ft Drop 1570 
- ANSYS Analysis 49.17 11.89 -1.57 0 0 13.2(c) 

B4C Region 
- Modeling Factors x 1.3 x 1.65 x 1.65 

x 2.00 x 2.00 
- Adjusted Stress 63.92 39.24 -5.18 0 0 
- FSS Weight 1.24 0 0 .15 

Total (Pm+ Pb) 65.16 39.24 -5.18 0 0 13.35 75.24 92.68 +0.23 

(a)(p,,+ Pb) allowable3 45OF = 92.68 ksi (accident), 39.81 ksi (normal).  
(b)Obtained by ratioing the 30-ft drop values by (15.5/73.5).  
(c)Obtained by using the developed node force as follows: 

Sxz (2746 '(gdd width .474 in. 13.2ksi 
=rgrid width , .75 in. 1.132 in./pitch)

(

4p

C) 

C,) 

-U 

(D 

CD 

z

K
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TABLE 2.10.10-5 
MAXIMUM STRESS AT FSS, 0.548 IN. FROM CAVITY LINER WALL, DUE TO 

CONCENTRATED FUEL ASSEMBLY, PLUS NFAH LOAD, PLUS DEAD WEIGHT, 
FLAT ORIENTATION, MIDCAVITY

Support Stress (ksi) 

Load Grid Area 
Pressure Sx SY Sz Sxy Syz Sxz SI Allowable(a) D.M.  (psi) 

1-ft Drop 331 
- ANSYS Analysis 5.84 1.09 -. 33 0 0 2.78 

B4C Region(b) 
- Modeling Factors x 1.3 x 1.65 x 1.65 

x 2.00 x 2.00 
- Adjusted Stress 7.60 3.59 -1.09 0 0 
- FSS Weight .26 0 0 .03 

Total (Pm+ Pb) 7.86 3.59 -1.09 0 0 2.81 10.57 26.71 +1.53 

30-ft Drop. 1570 
- ANSYS Analysis 27.71 5.16 -1.57 0 0 13.2(c) 

B4C Region 
- Modeling Factors x 1.3 x 1.65 x 1.65 

x 2.00 x 2.00 
- Adjusted Stress 36.02 17.03 -5.18 0 0 
- FSS Weight 1.24 0 0 .15 

Total (Pm+ Pb) 37.26 17.03 -5.18 0 0 13.35 50.14 62.14 +0.24 

(01Pm+ Pb) allowable 275-F = (95.6)(.65) = 62.14 ksi (accident); (41.09)(.65) = 26.71 ksi (normal).  
(b)Obtained by ratioing the 30-ft drop values by (15.5173.5).  
(C)Obtained by using the developed node force at the support location (conservative) 

(2746 (grd width y .474 in. 13.2ksi 
Sxz =1. in./pit2h Sgrid width ."•7"5 in. .132 in./pitch)

(
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TABLE 2.10.10-6 
MAXIMUM STRESS AT CAVITY LINER END OF FSS LEG, DUE TO 

CONCENTRATED FUEL ASSEMBLY, PLUS NFAH LOAD, PLUS DEAD WEIGHT, 
FLAT ORIENTATION, BOTTOM END

Support Stress (ksi) 

Load Grid Area 
Pressure Sx Sy Sz Sxy Syz Sxz SI Allowable(a) D.M.  

(psi) 

1 -ft Drop 104 
- ANSYS Analysis 17.94 8.96 -0.10 -3.02 0 2.07 

Solid Region(b) 
Cavity End 

- FSS Weight .31 0 0 0 0 0.02 

Total (Pm+ Pb) 18.25 8.96 -0.10 -3.02 0 2.09 19.70 49.40 +1.51 

30-ft Drop 373 
- ANSYS Analysis 64.5 32.2 -0.37 -10.85 0 7 .4 4 (d) 

Solid Region(c) 
Cavity End 

- FSS Weight 1.10 0 0 0 0 0.08 

Total (Pm+ Pb) 65.60 32.2 -0.37 -10.85 0 7.52 70.82 98.72 +0.39 

(a)(P m+ Pb) allowable 21s°F = 98.72 ksi (accident), 49.4 ksi (normal).  
(b)Obtained by ratioing the 30-ft drop values by (23/82.7).  
(c)A very local stress state due to the free section at the last three elements on the cavity liner side 

(not all primary stress) conservative to treat it as primary.  

(d)Obtained by using the developed node force (ANSYS) as follows: Sxz = 3350 = 7.44 ksi 
(.6)(.75)
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TABLE 2.10.10-7 
MAXIMUM STRESS AT CENTER OF FSS, DUE TO 

CONCENTRATED FUEL ASSEMBLY, PLUS NFAH LOAD, PLUS DEAD WEIGHT, 
FLAT ORIENTATION, BOTTOM END

Support Stress (ksi) 

Load Grid Area 
Pressure Sx SY Sz Sxy Syz Sxz SI Allowable(a) D.M.  

(psi) 

1-ft Drop 104 
- ANSYS Analysis 8.6 2.54 -0.05 0.03 0 0.66 

Solid Region(b) 
Cavity End 

- FSS Weight .31 0 0 0 0 0.02 

Total (Pm+ Pb) 8.91 2.54 -0.05 0.03 0 0.68 9.06 48.86 +4.39 

30-ft Drop 373 
- ANSYS Analysis 30.92 9.14 -0.19 0.1 0 2.38(c) 

Solid Reglon(b) 
Cavity End 

- FSS Weight 1.10 0 0 0 0 0.08 

Total (Pm+ Pb) 32.02 9.14 -0.19 0.1 0 2.46 32.58 97.68 +2.0 

(8)(PM+ Pb) allowable 235OF = 97.68 ksi (accident), 48.86 ksi (normal).  
(b)Obtained by ratioing the 30-ft drop values by (23/82.7).  

(c)Obtained by using the developed node force (ANSYS) as follows: Sxz - 1073 = 2.38 ksi 
(.6)(.75)

(

.L 
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2.10.10-18

TABLE 2.10.10-8 
CONCENTRATED FSS LOADING, 

150 DROP ORIENTATION STRESS SUMMARY, 
MIDCAVITY REGION, 30-FT DROP 

(Stress, ksi) 

Location(a) Load(b) Reference Sx SY S XY Sxz SI 
1) FSS Table 2.10.10-4 1) nter contents x 0.9 14 -62.94 -37.91 +5.0 0 -12.9 

Center cnet 

bottom surface axial Table 2.10.10-2 -2.29 0 0 0 0 

total -65.23 -37.91 +5.0 -12.9 74.82 

2) FSS/CL Table 2.10.10-5 
Itrae contents x-.9635.99 -16.45 +5.0 0 -12.9 Interface cotnsx 0.966 

bottom surface axial Table 2.10.10-2 -2.29 0 0 0 0 

OPB Table 2.10.9-1 0 8.83 0 0 0 

total -38.29 -7.62 +5.0 0 -12.9 50.40 

3) FSS/CL Table 2.10.10-5 Itrae contents x029-9.65 -4.41 +1.34 0 -3.46 Interface cotnsx 0.259 

top surface axial Table 2.10.10-2 -8.53 0 0 0 0 

OPB Table 2.10.9-1 0 32.94 0 0 0 

total -18.18 28.53 1.34 0 -3.46 47.31 

(a)See Fig. 2.10.10-7.  
(b)Contents = stress due to fuel assembly plus NFAH, plus dead load.  

Axial = axial stress due to DU + contents and dead loads.  

OPB = out-of-plane bending stresses (see Section 2.10.9-3).

910469 N/C
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K-896(107)Mc 
11-16-93

Fig. 2.10.10-7. FSS stress locations
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2.10.10-20

TABLE 2.10.10-9 
CONCENTRATED FSS LOADING, 

150 DROP ORIENTATION STRESS SUMMARY, 
CAVITY END REGION (BOTTOM), 30-FT DROP 

(Stress, ksi)

Location(a) Load(b) Reference Sx SY Sz Sxy Sxz SI 

1) FSS Table 2.10.10-7 

Center contents x 0.966 30.93 -8.83 +.18 -. 1 -2.38 

bottom surface axial Table 2.10.10-3 -1.2 0 0 0 0 

total -32.13 -8.83 .18 -. 1 -2.38 32.68 

2) FSS/CL Table 2.10.10-6 -63.37 -31.11 +.36 +10.48 -7.26 
Interface contents x 0.966 

bottom surface axial Table 2.10.10-3 -1.2 0 0 0 0 

OPB Table 2.10.9-1 0 3.61 0 0 0 

total -64.57 -27.50 .36 10.48 -7.26 69.26 

3) FSS/CL Table 2.10.10-6 -16.99 -8.34 +.1 2.81 -1.95 
Interface contents x 0.259 

top surface axial Table 2.10.10-3 -4.47 0 0 0 0 

OPB Table 2.10.9-1 0 13.49 0 0 0 

total -21.46 5.15 .1 2.81 -1.95 27.38 

(a)See Fig. 2.10.10-7.  
(b)Contents = stress due to fuel assembly plus NFAH, plus dead load.  

Axial = axial stress due to DU + contents and dead loads.  
OPB = out-of-plane bending stresses (see Section 2.10.9-3).

910469 N/C
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TABLE 2.10.10-10 
MAXIMUM STRESS CONDITION FOR CONCENTRATED LOAD CASE, 

FLAT ORIENTATION, 
30-FT DROP, FIXED-FIXED 

Stress(a) Max. Stress Allowable(b) 
Location Location (ksi) (ksi) D.M.  

1 75.24 92.68 +0.23 
Midcavity 2 50.14 62.14 +0.24 

1 27.87 97.68 +2.50 
Cavity end (top) 2 27.87 64.17 +1.30 

1 32.58 97.68 +2.00 
Cavity end (bottom) 2/3 70.82 98.72 +0.39 

(a)See Fig. 2.10.10-7.  
(b)(Pm + Pb) allowable345 ° = 92.68 ksi.  

(PM + Pb) allowable 27sOF = (95.6)(.65) = 62.14 ksi.  

(PM + Pb) aliowable 2 3soF = 97.68 ksi.  

(Pm + Pb) allowable 2 1soF = (98.72)(.65) = 64.17 ksi.  

(PM + Pb) allowable 215s = 98.72 ksi.  

TABLE 2.10.10-11 
MAXIMUM STRESS CONDITION FOR CONCENTRATED LOAD CASE, 

ANGLED DROPS, MIDCAVITY, 
30-FT DROP 

Stress(a) Max. Stress Allowable(b) 
Location Location (ksi) (ksi) D.M.  

1 74.82 92.68 +0.24 
150 angled drop 2 50.40 62.14 +0.23 

1 69.31 92.68 +0.34 
300 angled drop 3 48.77 62.14 +0.27 

1 59.07 92.68 +0.57 
450 angled drop 2/3 46.96 62.14 +0.32 

(a)See Fig. 2.10.10-7.  
(b)(Pm + Pb) allowable34s°F = 92.68 ksi.  

(PM + Pb) allowable 27s°F = (95.6)(.65) = 62.14 ksi.

2.10.10-21
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2.10.10-22

TABLE 2.10.10-12 
MAXIMUM STRESS CONDITION FOR CONCENTRATED LOAD CASE, 

ANGLED DROPS, CAVITY END (BOTTOM) 
30-FT DROP

LocationStress(a) Max. Stress Allowable(b) D.M.  
Location (ksi) (ksi) 

1 32.66 97.68 +1.99 
150 angled drop 2 69.26 98.72 +0.43 

1 30.50 97.68 +2.20 
2 63.03 98.72 +0.57 

1 26.27 97.68 +2.72 
450 angled drop 2/3 52.58 98.72 +0.88 

(a)See Fig. 2.10.10-7.  

(b)(Pm + Pb) allowable 2 35° = 97.68 ksi.  

(Pm + Pb) allowable 2 15OF = 98.72 ksi.

910469 N/C
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2.10.10-23

TABLE 2.10.10-13 
MAXIMUM STRESS CONDITION FOR CONCENTRATED LOAD CASE, 

1-FT DROP

Location Max. Stress Allowable(b) 

Location (ksi) (ksi) D.M.  

Flat orientation 
1 15.86 39.81 +1.51 

midcavity 2 10.57 26.71 +1.53 

cavity end 2/3 19.70 49.40 +1.51 

150 drop orientation 

midcavity 1 15.76 39.81 +1.53 
2 10.61 26.71 +1.52 

cavity end 2 19.18 49.40 +1.58 
300 drop orientation 

1 14.60 39.81 +1.73 
midcavity 2 10.45 26.71 +1.56 

cavity end 2 17.69 49.40 +1.79 
450 drop orientation 

1 12.46 39.81 +2.20 
midcavity 2 12.46 26.71 +1.14 

cavity end 2 16.01 49.40 +2.09 
(a)See Fig. 2.10.10-7.  

(b)(Pm + Pb) allowable345 = 39.81 ksi.  

(Pm + Pb) allowable 275°F = (41.09)(.65) = 26.71 ksi.  

(Pm + Pb) allowable 215°F = 49.40 ksi.

910469 N/C
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2.10.11 Neutron Shield Support Structure Analysis 

Figures 2.10.11-1 and 2.10.11-2 show the neutron support structure and its 
components. It consists of a series of aluminum posts threaded into anchor lugs that are 
welded to the cask wall. The aluminum posts support the connector plates that are welded to 
the outer skin. This structure supports the polypropylene blocks.  

2.10.11.1 Material Allowables. We used the allowables presented in Table 2.10.11-1 to 
ensure that the neutron shield shall remain attached and functional during normal conditions.  
The allowables for the majority of the neutron shield support structure components are based 
on Section VIII, Div. 1, Subsection C of the ASME B&PV Code. The anchor lugs welded to 
the cask wall follow allowables based on Section III, Subsection NG of the ASME B&PV Code.  

2.10.11.2 Loadings on Neutron Shield Support Structure.  

2.10.11.2.1 1-ft Drop. As shown in Section 2.6.7 the 1-ft side drop produces the 
maximum bending moment in the cask (over any other 1-ft drop orientations). Therefore the 
side drop loading is used in this analysis. This produces a simple beam loaded geometry for 
the cask supported by roller supports at the ends. Thus the loading effects take the form of a 
shearing force and a bending moment with the vertical shearing force varying linearly along 
the length of the beam (maximum at the ends) and the bending moment maximum at 
midlength. The neutron shield structure has the capability of transferring horizontal shear and 
therefore is considered in the total moment of inertia of the cask cross section for this 
analysis. This shear load induces a moment in the aluminum support post.  

The maximum horizontal shear load, VH, at the outer end of the post, due to the cask 
bending, can be calculated as follows: 

VH = NO (pitch) (n) (2.10.11-1) 

Flat Orientation 

For the posts on the flat side of the cask the maximum shear occurs when the drop 
orientation is such that the flat side is parallel to the ground. Using Fig. 2.10.11-1: 

where 
V = Maximum shear on neutron shield support structure. Occurs at the first post 

after the ILSS. Use conservatively 312.0 kips which is more than the GACAP 
calculated shear at ends of the neutron shield structure.  

0 = Afy = 71.67 in. 3

2.10.11-1
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ALUMINUM 
POSTS

POLYPROPYLENE 

6.228 TYP.  

S- 37.054 

NEUTRON SHIELD SUPPORT STRUCTURE 

J-217 (6) 
9-5-91 

Fig. 2.10.11-1. Neutron shield support structure cross section

2.10.11-2
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ALUMINUM POST 

SPOLYPROPYLENE 
BLOCKS 

ANCHOR LUG

NEUTRON SHIELD SUPPORT STRUCTURE

Fig. 2.10.11-2. Neutron shield support structure component parts

2.10.11-3

K-271 (6a) 
9-5-91
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2.10.11-4

TABLE 2.10.11-1 
NEUTRON SHIELD SUPPORT STRUCTURE 

MATERIAL ALLOWABLES (ksi) AT 221'F

Outer Skin/ Post 
Connector Aluminum Anchor Lug 

Stress Category XM-19 6061 -T6 XM-19 

Primary Membrane S 24.6(a) 10.25(b) 32.8(c) 
Stress Intensity (PM) 

Primary Membrane & Bending 
Stress 1.5S 36.9 13 . 1(d) 49.2 
Intensity (Pm + Pb) 

Range of Primary + 
Secondary Stress 3S 73.8 30.7 98.4 
Intensity (Pm + Pb + 0) 

Pure Primary Shear Stress .6S 14.8 6.2 19.7 

(a)Per Table UHA-23 ASME B&PV Code Section VIII.  
(b)Per Table UNF-23.1 ASME B&PV Code Section VIII (SB-210).  
(c)Sm per Table 1-1.2 ASME B&PV Code Section III.  
(d)1 3.1 ksi developed using the shape factor for a tube of 1.275.

910469 N/C



GA-4 Cask SARP

Af = area of outer skin outside j = (37.054) (.105) = 3.89 in.2 

= distance of inside of outer skin from cask = 37"054 _ 0.105 = 18.42 in.  
2 

I = moment of inertia for cask wall and cavity liner (16,386 in4 Section 2.10.4.1.3) plus 

2,685 in. 4 for outer skin = 19,070 in. 4 

Pitch = 6.228 in.  

n = fraction of load onto one post = 6.228/37.054 = .168 

therefore, the maximum shear load developed in the aluminum post for the flat orientation 
using Eq. 2.10.11-1 is: 

VHfiat = 1227 lb/post 

Comer Orientation 

For the posts on the comer, the maximum shear occurs when the cask drops in the 
corner orientation, using Fig. 2.10.11-3: 

where: 

Af = (26.2) (.105) = 2.75 in2.  

y = 20.969 - .105 = 20.864 in.  

Q = 57.40 in. 3 

n = 10.16 inJ26.2 in. = .3878 

therefore the maximum shear load developed in the aluminum post for the comer orientation 
is: 

VHcomer = 2268 lb/post 

The mass of the polypropylene blocks also produces a load on the support post. If the 
block weight is calculated using the conservative density of 0.036 lb/in3 each post supports a 
weight of (6.228 in.) 2 x 4.5 in. x 0.036 lb/in3 = 6.28 Ib for the posts on the flat sides of the 
cask and 10.158 in. x 6.228 in. x 3.7 in. x 0.036 lb/in.3 = 8.43 lb for the comer posts. Using 
these weights, and the conservative g levels of 24 g's during a side drop and 44.3 g's during 
the end drop (Section 2.10.4.2), the loads on the posts are:

2.10.11-5

910469 N/C



GA-4 Cask SARP

,26.20 

20.969 
(CONSERVATIVE) 

J-217 (5) 
9-5-91 

Fig. 2.10.11-3. Neutron shield support structure when cask drops in comer orientation

2.10.11-6
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2.10.11.2.2 Internal Pressure Rise During Maximum Operating Temperature. The air 
volume between the outer skin and the cask body and between block to block changes as the 
neutron shield blocks (polypropylene) heat up to maximum normal operating temperature.  
This change in volume develops a pressure under the outer skin which loads the neutron 
shield support structure.  

Table 2.10.11-2 shows the change in air volume between room temperature and 
maximum normal operating temperature. The change in air volume is due to the expansion of 
the polypropylene blocks as temperature rises.

The change in pressure can be calculated as follows: 

P1 V1  P2 V2 
T1 T2

2.10.11-7

Block Load (Ib) 
on Support Post

Flat Comer 

Side Drop 151 202 

End Drop 278 373

TABLE 2.10.11-2 
CHANGE IN AIR VOLUME UNDER OUTER SKIN

Volume at Volume at Max 
Room Temp. Operating3 

(in.3) Temp. (in.") 

Gap between polypropylene and outer skin 6,638 5,569 

Gaps between polypropylene blocks (longitudinal) 1,320 567 

Gaps between polypropylene blocks (circumferential) 1,772 762 

Gaps under impact limiter support structure 5,763 5,624 

TOTAL AIR VOLUME 15,493 12,522

910469 N/C
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where 
T1 = 70 + 460 = 530°R 

T2  = 183 + 460 = 643*R 

(14.7) (15493) _ P2 (12522) 

530 643 

P2  = 22.1 psi 

AP across skin = 22.1 - 14.7 = 7.4 psi 

support post pitch = 6.228 in.  

The posts on the flat sides see a total pressure load equal to (6.228 in.)2 x 7.4 psi = 

287 lbs. The comer posts see a pressure equal to (10.158 in. x 6.228 in. x 7.4 psi) = 468 lb.  

2.10.11.2.3 Increased External Pressure. The increased external pressure condition 
requires that the cask be evaluated at an external pressure of 20.3 psia per 10 CFR 
Part 71.71 c(4). We conservatively analyzed the skin for an external pressure of 20 psig to 
cover the hydrostatic reactor fuel pool loads.  

2.10.11.3 Stresses on Aluminum Post. The critical section on the aluminum posts is at the 
threaded section not engaged to the anchor lug, (Fig. 2.10.11-4). The stresses on the post 
reported in Table 2.10.11-3 were derived using Fig. 2.10.11-4, the loadings discussed in 
2.10.11.2, and the following values: 

t 4(1.5874 - 1.4654) = 1.36 in.4 

A = n(1.5872 - 1.4652) = 1.16 in. 2 

c = 1.59 in.  

9 = (4.75 - .5) = 4.25 in. flat posts 

= (3.89 - .5) = 3.39 in. comer posts 

The moments on the post resulting from the horizontal shear load are: 

MFIat = (1227) (4.25) = 5215 in.-lb 

Mcomer = (2268) (3.39) = 7689 in.-Ib

2.10.11-8
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Fig. 2.10.11-4. Aluminum post configuration

2.10.11-9
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Total load from the neutron shield block weight and internal pressure combined is 

PFIat = 151 lb + 287 lb = 438 lb 

Pcorner = 202 lb + 468 lb = 670 Ib

The stresses in the flange on the top end of the post are developed on the corner post 
since it is the maximum loaded post Using Fig. 2.10.11-5, and the block loads developed in 
Section 2.10.11.2.1 and the pressure load developed on Section 2.10.11.2.2, the stresses on 
the aluminum flange due to internal pressure plus 1-ft drop are:

Ffnange 

Fper inch 

Mper inch

= 202 + 468 = 670 lb.  

= 670 lb/[n (2.93)] in. = 72.8 lb.  

= 72.8 lb/in x - 1.375 x 1 = 3.276 in.-lb 
(2 ) 2

2.10.11-10

TABLE 2.10.11-3 
SUPPORT POST STRESS,(a) (ksi) 

1-FT DROP 

Flat Comer 

T due to horizontal shear = VH/A 1.06 1.95 

o due to horizontal shear (bending stress) = Mc/I 6.09 8.98 

a due to load from blocks (side drop) + internal 0.38 0.49 
pressure = P/A 

SI 6.8 10.3 

Allowable (Pm + Pb) 13.1 13.1 

a)At start of threads (.5 in. from cask wall) Fig. 2.10.11-4.

910469 N/C
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,•W. I" 1 .115 (WITH Cu) 
_L__ .02 ! .035 

7 1 ~~~~.075ALMNMPS 

CONNECTOR I 2.91,9AUMNMPOST 
(XM* 19) 29q 

K-229 (5) 
9-19-91 

Fig. 2.10.11-5. Configuration of flange on top of aluminum post and steel connector 

"Ir = 72.8/0.05 = 1456 psi 

_ Mc = 3.276 x .025 = 7,862 psi 
bending- -- (1)(.05)3/12 

These stresses are considered secondary because they are caused by the restraint of 
the post body.  

The stress intensity for this section is 8.38 ksi which is less than the allowable of 30.7 
ksi.  

2.10.11.4 Stresses on the Steel Connector. The stresses from the horizontal shear due to 
the 1 -ft drop are maximum at the comer post since shear is maximum there. Therefore we 
used the VH comer load in Section 2.10.11.2.1. The stresses on the lip under the aluminum 
flange during a 1-ft drop with internal pressure are developed as follows: 

Section at r = 1.365 in. (Fig. 2.10.11-5) 

a = 2268 lb/[(1.365) (2) (.035)] = 23,736 psi 

Fper inch " 670 Mb/[(O) (2) (1.365)] = 78.1 lb/in.  

ybending -(78.1)(.09)(.035)(12) = ±34,428 psi Obendng = (2)(1)(.035)3

2.10.11-11
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= 78.1 lb/in. = 2231 psi 
.035 

This stress again is considered a secondary stress.  

SI= 58.3 ksi < 73.8 ksi allowable 

The stresses at the weld region are calculated using case lb in. Ref 2.10.11-1, 
Table 24, page 334.  

Section at r = 0.9 (Fig. 2.10.11-5) 

Mmax = Kmrb FIbln.a 

for b/a = .9/1.455 = 0.619 then Kmrb = 0.323 

Fibn. = 202 lb + 468 lb = 118.5 lb/in.  
2n (.9) 

Mmax = 55.69 in.-1b 

6M _ 6(55.69) = ± 59,404 psi 
t2  (.075)2 

a 2268 
Y 226 = 5,348 psi 

2n(.9)(.075) 

,= 118.5 lb/in. / .075 in. = 1,580 psi 

Again, these stresses are caused by the constraint of the skin and weld and are 
secondary stresses. The stress intensity due to the combination of these stresses are 64.8 
ksi < 73.8 ksi allowable.  

2.10.11.5 Stresses on the Anchor Lug. The anchor lug weld stresses located on the flat 
sides are developed (using Fig. 2.10.11-6) with the following loading: VH flat load, the block 
load from Section 2.10.11.2.1, and the internal pressure load from Section 2.10.11.2.2.  

A = 27irt = 2n (1.78)(.707)(.19) = 1.50 in.2 

Iweld = tlr3 = .707 (.19) IC (1.78)3 = 2.38 in.4 

Mflat = 4.75 in. (1227 Ib) = 5,828 in.-Ib

2.10.11-12
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1.78" r

K-229 (6) 
9.19-91 

Fig. 2.10.11-6. Anchor lug on flat sides

c = 1.88 in.  

C7bending flat = 4,604 psi 

1;fiat = 1227/1.5 inf2 = 818 psi 

rayai fiat '= 151 lb + 287 lb 292 psi 
1.50 

Total shear on weld = [(4604 +292)2 + 8182]1/2 = 4,964 psi 

This value is less than the allowable of 19.7 x .4 = 7.88 ksi per NG-3352-1 of the ASME 

Code.

2.10.11-13
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The anchor lug weld stress for the corner region (using Fig. 2.10.11-7) is:

1.8125" r

1.6875" r

1.92" r

K.229 (7) 
9-19-91 2.03"

Fig. 2.10.11-7. Anchor lug on comer 

Iweld = tnr 3 = (.707)(.22)n (1.92)3 = 3.46 in. 4 

A - 2irrt 

- (2)nt (1.92)(.707)(.22) = 1.88 in.2 

Mcomer = (3.89)(2268) = 8,823 in.-lb 

c = 2.03 in.  

ybending corner = Mc _ (8,823)(2.03) = 5,176 psi 
I 3.46 

2268 = 1,206 psi Ircomer =1.88 

Oaxial comer = 202 + 468 = 356 psi 
1.88 

Total shear on weld is [(5176 + 356)2 + 12062]1/2 = 5,662 psi 

This value is less than the 7.88 ksi allowable.

2.10.11-14
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2.10.11.6 Stress on Outer Skin. The membrane stress on the outer skin due to the maximum 
bending moment of the cask during a 1-ft drop is calculated as follows: 

Mrnax = Conservatively using 18 x 106 in.-lb per Section 2.10.16.  

Mc 

where 

Cflat = 18.527 in.  

Ccorner = 20.969 in. (conservative value, actual = 20.904 in.) 

I = 19,070 in.4 

then aflat = 17.5 ksi < 24.6 ksi allowable 

%comer = 19.8 ksi < 24.6 ksi allowable 

During the 1-ft side drop, the outer skin is also loaded by the weight of the poly
propylene blocks and internal pressure. These two loads can be expressed as a combined 
internal pressure load equal to: 

q = 24g x 4.5 in. x .036 lb + 7.4 psi = 11.3 psi 
in.3 

The stresses on the outer skin due to the load from the polypropylene blocks during a 
1-ft side drop plus internal pressure are calculated using Ref. 2.10.11-1, Table 26, Case No.  
12, for a continuous plate, supported at equal intervals 'a' on circular supports of radius ro, 
with uniform loading (q) over entire surface.

01b =a 4± 1 +4 when 

and n -ro (2)(.9) = 0.29 

a 6.228 

r= 0.9 in. (radius of weld to skin) 

q = 11.3 psi 

a = 6.228 in.

0.15 < n < 0.30

2.10.11-15
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t = 0.105 in.  

=b = ± 28,949. psi 

= 151 +287 =738 psi 
1:lt=(2zt)(.9)(.105) 

Stress due to horizontal shear load; 

Uflat = 1227 = 2,066 psi 
(2n)(0.9)(.105) 

These stresses are classified as secondary because they result from the discontinuity 
effects caused by the support of the posts. Combining all these stresses with the primary 
membrane stress due to bending, the stress intensity is 48.6 ksi.  

At the corner, the stress due to horizontal shear load is: 

2268 _ 3,820 psi 
acomer = 2i(.9)(.1105) 

It is conservative to assume ab for the comer is the same as in the flats since the 
comer region is curved and the load is reacted by a combination of membrane and bending 
(versus local bending alone for the flat region).  

ab = ± 28,949 psi 

202 +468 = 1,128psi 
"2n(.9)(.105) 

The combined stress intensity for the corner is = 52.7 ksi.  

As discussed in Section 2.6.1.3 there are also stresses on the outer skin due to 

differential thermal expansion. These are: 

airc = + 9,297 psi 

aaxial = + 3,590 psi 

The stresses on the outer skin due to the outer pressure load of 20 psi was calculated 
using two ANSYS (Sect. 2.10.1.2) models. One model was used to analyze the flat region 
and another to analyze the comer region.

2.10.11-16
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Figure 2.10.11-8 shows the region modeled with ANSYS for the flat region analysis.  
Figure 2.10.11-9 shows the model and the boundary conditions used. The model was loaded 
with a uniform 20 psi pressure. The maximum stresses occur at the aluminum post support 
modeled at r = 1.59 in., as shown in Fig. 2.10.11-9. The maximum stresses and the stresses 
at the weld to the connector are (in ksi): 

Location Sx SY Sz Iy zy rzx SI 

Maximum A 14.78 14.78 0 5.68 0 0 20.48 

at Connector 11.50 3.43 0 -0.17 0 0 11.50 

These stresses are less than allowables.  

The outer skin in the comer region was modeled incorporating the comer post and the 
two adjacent posts. Figure 2.10.11-10 shows the region modeled. Figure 2.10.11-11 shows 
the model. The model was loaded with a uniform pressure (20 psi) acting on the outer 
surface.  

The maximum stresses occur close to the comer aluminum post support. The 
maximum stresses and the stress at the connector are as follows: (in ksi)

The stress intensities at the comer are less than in the flat region because the load is 
carried in membrane plus bending while bending is the primary mode in the flat regions.  

The total primary plus secondary stress range for the skin is calculated by adding the 
stress components for the 1-ft drop stresses, the internal pressure during maximum normal 
operating temperature, the thermal stresses and the external pressure loads.
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Fig. 2.10.11-8. Region of outer skin modeled by ANSYS analysis of flat region
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Fig. 2.10.11-10. Region of outer skin modeled by ANSYS analysis of corner region
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Fig. 2.10.11-11. ANSYS outer skin region model
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For the flat section the total stress range (ksi) for the highest stressed point in the skin 
(at the connector) is as follows: 

Load Sx y y Sz 'xy Tzy & Czx SI Allowable 

1-ft + Internal Air 17.50 0 0 .74 0 
Pressure 28.95 

2.07 

20 psi External 11.50 3.43 0 -.17 0 

Pressure 

Thermal Stress 3.59 9.3 0 0 0 -- -

Total (PM + Pb + Q) 63.61 12.73 0 .57 0 63.7 73.8 
Stress Range 

For the comer section the total stress range (ksi) for the highest stressed point in the skin (at 
the connector) is as follows: 

Load Sx SY Sz 'xy ,zy & "rzx SI Allowable 

1-ft + Internal Air 19.80 0 0 1.13 0 
Pressure 28.95 

3.82 

20 psi External 9.52 2.84 0 .06 0 

Pressure 

Thermal Stress 3.59 9.3 0 0 0 -- -

Total (PM + Pb + Q) 65.68 12.14 0 1.19 0 65.78 73.8 
Stress Range 

2.10.11.7 Stress Intensity Summary. A summary of stress intensities and design margins for 
the neutron shield structure components are presented in Tables 2.10.11-4 and 2.10.11-5. All 
stresses are below the allowables.  

2.10.11.8 References for Appendix 2.10.11.  

2.10.11-1 Roark, R., Formulas for Stress and Strain, 5th ed., McGraw Hill, 1982.
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TABLE 2.10.11-4 
SUMMARY OF STRESS INTENSITIES FOR 

THE NEUTRON SHIELD STRUCTURE DURING 
1-FT DROP EVENT

Type SI Allowable(a) Design Component (ksi) (ksi) Margin 

Aluminum Post 

At anchor lug 

flat region PM + Pb 6.8 13.1 + 0.93 
corner region 10.3 13.1 + 0.27 

Top flange 

comer region PM + Pb + 0  8.4 30.7 +2.65 

Steel Connector 

Lip (under aluminum) 

corner region PM + Pb + a 58.3 73.8 +0.27 

Next to weld 

comer region PM+ Pb + 0  64.8 73.8 +0.14 

Anchor Lug 

- Weld 

flat region Shear 4.96 7.88 + 0.59 
comer region Shear 5.66 7.88 + 0.39

(a)AIlowable at T = 221OF
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TABLE 2.10.11-5 
SUMMARY OF STRESS INTENSITIES FOR 

THE NEUTRON SHIELD STRUCTURE OUTER SKIN 

Loading Type SI Allowable(a) Design (ksi) (ksi) Margin 

1-ft drop 

flat region PM 17.5 24.6 + 0.41 

comer region PM 19.8 24.6 + 0.24 

Weld at connector plate 

flat region PM+ Pb + Q 63.7 73.8 +0.16 
comer region PM + Pb + Q 65.78 73.8 + 0.12 

20 psi external pressure 

flat region PM+ Pb 20.48 36.9 + 0.80 
comer region PM+ Pb 13.41 36.9 + 1.75 

(a)XM-19 at T = 221-F
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2.10.12 Thermal Stress Model for Hypothetical Accident Conditions 

This section discusses the analytical model used to obtain thermal stresses and 
displacements summarized in Section 2.7.3 for the hypothetical accident thermal event.  

2.10.12.1 Description of Model. Figure 2.10-1 shows the finite-element mesh of the model.  
We used the PATRAN Plus code (Section 2.10.1.3) for the geometry and mesh generation 
phases and ANSYS (Section 2.10.1.2) for the calculation and post-processing phases. The 
structural model was derived directly from the geometry of the thermal model in Section 3.5.1, 
but retained only those components which are important for thermal stress calculations, the 
cask body, flange, and closure. We added the closure bolts, which were not separately 
modeled in the thermal analysis. The mesh was also refined to be more appropriate for 
structural analysis. We used a fine mesh in areas of expected steep thermal gradients such 
as the cask body wall under the impact limiter support structure. In this area steep thermal 
gradients result from an abrupt change in surface temperature as the cask body becomes 
directly exposed to the accident environment.  

The model used the STIF45 3-D isoparametric solid as the basic element. The gap 
between the closure and flange was modeled with STIF52 elements, while the closure bolts 
were modeled with STIF4 elastic beams. Additional STIF4 elements were used between the 
bolt ends and surrounding STIF45 nodes to impart a bending stiffness to the bolt. The added 
STIF4 elements were assigned a large moment of inertia to force them to behave as very stiff 
members in order for the bolt to deflect together with the closure. We performed an elastic 
static analysis (KAN = 0) and imposed only thermal loads on the model. The effects of 
pressure were considered separately.  

2.10.12.2 Material Properties. Table 2.3-1 gives material properties (Modulus of Elasticity, E, 
and coefficient of thermal expansion a) for XM-19 steel and alloy N07718 (bolts) as a function 
of temperature. The XM-19 properties were extrapolated where necessary to span the 
temperature range of -200 to 1200OF encountered in the analysis. The extrapolated 
properties are 

E = 21.9 x 106 at 1200°F 
a = 9.58 x 10-6 at 1200°F 

= 9.42 x 10-6 at 1000I F 
= 8.03 x 10.6 at -20°F 

2.10.12.3 Closure Bolts. We used the following values for the geometric properties of the 
closure bolts in the model (Section 2.6.5.3).

2.10.12-1
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Fig. 2.10.12-1. ANSYS model for thermal stress calculation
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Diameter (d) = 0.878 in.  

Area (A) = . (.878)2 = 0.606 in.2 

Ixx =Iyy=•.J = 0.029 in.4 

Length = 5.5 in.  

Since the model considers a 1/8 cross section of the cask, only 1-1/2 of the 12 closure 
bolts are included. The 1/2 bolt occurs along the line of symmetry passing through the flat 
section. For this bolt we use half the area and moment of inertia, since the calculated force 
and moment will be half. This procedure will give the correct total stress, since 

P Mc 
A I 

The torque (T) applied to the bolt is converted to initial strain (E) for ANSYS input by 
the following equation: 

where 
P = friction coefficient = 0.162 (from Section 2.6.5.3) 
E = elastic modulus of N07718 = 29 x 106 psi (at 700F) 

For a nominal torque of 235 ft-lb, c = 0.00113. Since the torque specification includes 
a tolerance of ±15 ft-lb, we add a stress increment 

Ar = AT = (15)(12) = 2,100 psi 

IdA (.162)(.878)(.606) 

to the bolt stress calculated using the flange/closure movement produced by the program.  

The stress Op due to internal pressure is accounted for by the equation 

(MNOP)(Ac) 
12A
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where 
MNOP = maximum normal pressure = 45 psig 
Ac = closure area = (19.88)2 = 395.21 in.2 

A = bolt area = 0.606 in.2 

and Op = 2446 psi.  

We use the MNOP rather than the accident pressure since at 0.5 hr (the time of greatest 
stresses and gradients) the average cavity temperature has not yet increased above its initial 
condition.  

To compute the bending stress Obend in the bolt, we assume the bolt behaves as a 
beam with one fixed end and a concentrated moment M. From Ref. 2.10.12-1, 

o ML 
El 

Mc 
0 bend 

where 
o = rotational displacement = 0.008575 (see figure below) 
L = length = 5.5 in.  
E = 28.7 x 108 psi (at 117 0F) 
c = half-thickness = 0.878/2 = 0.439 in.  
I = moment of inertia = 0.029 in.4 

and therefore, 

EcO = 19,650 psi CObend -- L 

The rotational displacement 0 is taken to be the local slope of the closure/flange gap at 
the position of the bolt as predicted by the ANSYS model.  

K-896(16) 
6-2-93 2.10.12-4
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2.10.12.4 Loads and Boundary Conditions. Other than the initial strain imposed on the bolts, 
the only loads applied to the model are the temperatures from the thermal evaluation of 
Section 3.5. Temperatures were transferred from the thermal to structural model using the 
ANSYS interpolation procedure TMPINT. In the course of the analysis we considered several 
thermal loadings to determine the worst case in terms of gap opening at the seal and bolt 
stresses. We found that temperatures generated with cold (-200F) initial conditions produced 
slightly greater gaps and stresses than those produced with hot (1000F) initial conditions.  

The thermal analysis showed that temperature gradients in the closure are greatest at 
0.5 hr, the end of the heating phase. We confirmed this to be the worst case by also 
imposing temperature results for 0.75 hr and 1.0 hr on the structural model, which showed 
considerably smaller gaps and stresses. Therefore we reported all final results using the 
temperature distribution at 0.5 hr with cold initial conditions. These temperatures are shown 
at the closure end in Fig. 2.10.12-2.  

Boundary conditions were imposed by the following constraints on the displacements: 

uz = 0 at z = 0 
ue = 0 at 0 = 0 and 450 

Ur =0 atr =0 

2.10.12.5 References for Appendix 2.10.12.  

2.10.12-1 Roark, R., Formulas for Stress and Strain, 5th ed., McGraw-Hill, 1982.
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Fig. 2.10.12-2. Isotherms at closure end for 0.5 hr and cold initial conditions
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2.10.13 Scaled Model Testinq 

A half-scale model of the GA-4 cask is being tested to aid in verifying the design. A 
scale of one-half was chosen because it allows direct scaling of all critical cask components.  
The half-scale model test program for the GA-4 cask will verify the design for the 30-ft drop 
and the 40-in. puncture events set forth in 10 CFR Part 71.73.  

2.10.13.1 Model Description. The GA-4 half-scale model is shown in Figs. 2.10.13-1 through 
2.10.13-3. Critical dimensions and tolerances are scaled directly from the actual GA-4 design 
except for the items discussed below.  

The following features are not included in the model: neutron shield structure, 
trunnions and in-pool lifting sockets, drain valve and port. The total weight of the model will 
be adjusted to include the weight of these components and more, making the total weight of 
the model 6,875 lb which is equivalent to the design weight of 55,000 lb full-scale. The weight 
of the neutron shield structure, trunnions, and in-pool lifting sockets will be added to the cask 
by welding plates to the outside of the model, as shown in Fig. 2.10.13-2. It is conservative 
not to include the neutron shield structure, trunnions, and in-pool lifting sockets in the model 
because they provide additional strength and damping to the cask during a drop event.  

The closure ports and seals are not exactly half-scale on the model because it was not 
possible to scale these components. Also, the model has an additional port in the closure to 
be used for filling the cask with helium for leakage testing, as shown in Fig. 2.10.13-4. The 
test is conservative because the model closure has more penetrations than in the actual 
design.  

The fuel assemblies are simulated by means of blocks separated lengthwise into six 
sections to prevent them from adding bending stiffness to the cask. These blocks are used to 
simulate the weight of the heaviest PWR fuel assemblies (including NFAH) that the cask is 
designed to carry. The blocks are 0.387 in. smaller than the model fuel cavity, allowing 
sufficient room for the FSS and cavity liner to deform without the blocks interfering with their 
performance.  

The FSS in the model is not welded to the cavity liner, but instead is supported by a 
keyway in the cavity liner. This is conservative because, in general, the stresses in the 
keyway design are greater than in the welded design. It also allows the closure and closure 
bolts to be tested conservatively by having to react the FSS load during the 30-ft CG-over
closure comer drop.
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Fig. 2.10.13-1. Extemal view of half-scale model
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K-884(23) 
5-18-93 Mc

Fig. 2.10.13-3. Cross-sectional view of half-scale model at midcavity 
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Fig. 2.10.13-4. Half-scale model, showing additional closure port

2.10.13-5

910469 N/C

I



GA-4 Cask SARP

2.10.13.2 Test Program Description. The half-scale model test program for the GA-4 cask is 
designed to satisfy the 30-ft drop and the 40-in. puncture events set forth in 10 CFR 
Part 71.73. The test program consists of (1) 30-ft drops in three different orientations and (2) 
40-in. drops onto a mild steel punch in three orientations (referred to as puncture-drop tests).  
The tests will be performed at ambient temperature, and the initial internal pressure in the 
cask fuel cavity will be 45 psig.  

2.10.13.2.1 Test Sequence. The tests are divided into three regulatory test 
sequences, which are designed to envelop the most critical accident conditions. Each test 
sequence will consist of a 30-ft-drop test followed by a puncture-drop test. The cask will not 
be disassembled or cask parts replaced during a test sequence. Impact limiters, impact 
limiter bolts and inserts, and closure seals will be replaced after each sequence. Following is 
a description of each test sequence: 

1. Side-drop sequence (see Fig. 2.10.13-5).  

a. Thirty-foot side drop with the cask oriented at 2250 where the comer of 
the cask cross section faces the impact point.  

b. A puncture drop in which the outer edge of the impact limiter support 
structure on the closure side receives the full impact. The impact shall 
occur at 2250, the same orientation as the side drop.  

2. Slapdown sequence (see Fig. 2.10.13-6).  

a. Thirty-foot slapdown drop with the cask axis tilted 150 from the 
horizontal position. The closure end shall strike first, and the cask shall 
be oriented at 900 where the flat side of the cask cross section faces the 
impact surface.  

b. A puncture drop in which the center of the cask receives the full impact.  
The cask shall be dropped sideways (cask axis parallel with the ground) 
and oriented at 2700.  

3. CG-over-closure comer sequence (see Figs. 2.10.13-7 and 2.10.13-8).  

a. Thirty-foot CG-over-closure comer drop, with the cask axis initially tilted 
120 from the vertical position. The impact shall occur at 3150, with the 
comer of the cask facing the impact point.  

b. A puncture drop in which the comer of the closure receives the full 
impact at 70 from the vertical. The cask shall be positioned so that the 
impact occurs at the 3240 orientation. This test targets the area of the 
gas sample port and a closure bolt.

2.10.13-6
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Fig. 2.10.13-5. Test sequence 1, side drop sequence

2.10.13-7

910469 N/C



GA-4 Cask SARP

IWACT LIMITER 
BOL.TS (t1)

CLO1M 
BOLTS

saw

910469 N/C

PUNCTURE AT CENTER OF CASK BODY

J-059(16) 
9-9-93

Fig. 2.10.13-6. Test sequence 2, slapdown sequence
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Fig. 2.10.13-7. First test during test sequence 3, CG-over-closure comer, 30-ft drop
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Fig. 2.10.13-8. Second test during test sequence 3, puncture drop over closure bolt and 
gas sample port
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2.10.13.2.2 Leakage Test. The closure O-ring seals and the gas sample port seals 
will be leak-tested before and after each test sequence. In addition, the cask body will be 
leak-tested after the last test sequence to verify that the cask body has maintained its 
structural and containment integrity.  

2.10.13.3 Instrumentation. The half-scale model will be instrumented to record the structural 
response of the cask during the tests outlined above. Table 2.10.13-1 shows the list of 
required instrumentation for each of the drop and puncture tests.  

2.10.13.3.1 Strain Measurements. Local strain time histories will be measured by 
strain gauges mounted on the cask body. The number and location of the strain gauges vary 
with each test. Table 2.10.13-1 shows the required measurement ranges, location, and 
orientation for the gauges needed. Since all are post-yield gauges, new gauges will be 
installed for each test. The strain gauge data will be used to show that the cask responds like 
a rigid body and that there is very little if any dynamic amplification.  

2.10.13.3.2 Acceleration Measurements. Uniaxial piezoresistive accelerometers will 
be used to record the deceleration of the cask. Table 2.10.13-1 shows the specific test 
requirements. The accelerometer data will be filtered to determine the rigid body acceleration 
during the drop.  

2.10.13.4 Photography. The tests will be documented by high-speed cameras, and both still 
shots and videotapes will be provided. The still photos will show areas of both primary and 
secondary impact before and after each test.  

2.10.13.5 Dimensional Measurements. Dimensional checks will be done on the cask after all 
testing is completed. The required cask measurements include overall cask length 
measurements and profiles. The cask will be disassembled and all the parts inspected. The 
cask will be marked to locate the exact points to be measured.  

In addition, the impact limiters will be inspected after each test to determine the 
damage caused by each test.
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