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INTRODUCTION 

The recent GA-4 cask &sign was developed by General Atomics (GA 1994) as part of the DOE-WRWM's 
Cask System Development Program for highcapacity shipping casks. The GA-4 design differs from earlier 
truck cask designs in its high capacity and non-cylindrical cross section as well as in other design details and 
material choices. Several earlier studies [in particular NRC (1977) Final Environmental Statement on the 
Transportation of Radioactive Material by Air and other Modes and (Fiiher 1986) ( r e f d  to as the Modal 
Study)] examined the performance of spent nuclear fuel transpartation casks in a wide m g e  of potentiaI 
transportation accidents. The earlier studies addressed the possibility that some parameter values of real 
accidents might exceed those values prescribed for design-basis accidents in regdations (10 CFR 71). The 
present study analyzes the response of the GA-4 truck cask for a similar range of potential accidents. 

Two of the primary goals of this study were (i) to check the structural and thermal performance of the GA-4 
cask in a broad range of accidents and (ii) to carry out a severeaccidents d y s i s  as had been addressed in the 
Modal Study but now using a specific recent cask &sign and using current-generation computer models and 
capabilities. At the same time, it was desired to compare the accident performance of the GA-4 cask to that 
of the generic truck cask analyzed in the Modal Study. 

The same range of impact and fire accidents developed in the Modal Study was adopted for this study. The 
accidentdesuiptim data base of the Modal Study categorizes accidents into types of collisions with mobile 
or fixed objects, non-collision accidents, and fires. 

The mechanical modes of damage may be via crushing, impact, or puncture. After screening and detailed 
analysis, the Modal Study found that the potentially caskdamaging mechanical modes are impacts with 
massive fmed objects such as tunnel abutments, rock, soil, and roadways below oveqasses; and wk-train 
collisions at grade crossings. In its analysis the Modal Study deliberately ignored the energy-absorbing 
~tialofthetruckcab,trailerframe,andcasktie-downframe. Weanalyzethesamesignificantimpact 

impact analyses are supplemented by lS-degree slapdown impact analyses. The analyses are done using the 
inelastic finite-elanent program DYNA3D (Whirley 1991). 

Scenatios and results to those Of the Modal Stdy's @C truck cask. End-first and Side-first 

The fire occurrences in the Modal Study dataarebase!don truck accident statistics. Thefm types are taka 
to be pool fires of petroleum products from fuel tanksan%rcargoes. 'Ihecaskmay be engulfedorbeata ' 

Work performed under the auspices of the U. S. Depatment of Energy by Lawrence Livermore National 
Laborarmy under ConePct w-7405-Eng-48. 



standoff distance from the pool, &pending on accident details. The flame temperature is assumed to apply 
for the duration of the fm. The Modal Study's accident statistics and cask response analyses found that 
most fm incidents do not have si@icant collision damage in the same accident. Thus as described below, 
we focused initial attention on the midsection of the cask. We analyzed this section in engulfing and 
standoff fires using a 2-D cross section model and the heat transfa program TOPAZD (Shaph 1990). An 
axial-model analysis was done to check the heat transfer at the ends as compared to the midlength. The 
axial model includes a partiaUy crushed impact limiter as would be produced in a design basis collision. 

STRUCTURAL ANALYSIS 

Material models. The analysis uses the geometry, materials, and operating temperatures specific to the 
GA4 cask. The XM-19 stainless steel is modeled as elastic-plastic with nonlinear isompic hardening 
behavior expressed as a power law. Depleted uranium (DU) with 0.2% molybdenum is used for the gamma- 
ray shield. 'lie m a r i a l  pmperties of DU are dependent on procesSing history and temperature (Rack 1978). 
A c o m m  with DU is that under some conditions, its tensile ductility can be very low. The DU is ais0 
modeled as elastic-plastic with nonlinear isotrOpic hardening behavior expressed as a power law. Model 
finite elements are permitted to "fail" during the calculation. Two failure criteria are used for a DU element: 
if the element reaches tensile pressure of 1,ooO psi or plastic strain of 0.2. After failure, the element no 
longer supports tensile pressure or &viatoric stress. 

. The GA-4 cask uses impact limiters (ILs) comprised mainly of aluminum honeycomb. Their 
heterogeneous structure is oriented to absorb an appropriate amount of energy for any cask impact direction. 
This study models the ILs using a crushable foam material model, with the pmperties carefully selected so 
that the load-denection characteristics of the ILs match the data provided by the manufacturer. The model 
includes the phenomenon of "lock-up" when the IL elements crush to 20% of their initial volume. What 
happens to the ILs after the onset of lockup is not known, as this is not within the concerns of the 
designers. In the model the material deforms further, but its stiffness rapidly approaches that of solid 
aluminum. 

Main response parameter. In the presentation of results we focus on the cask's peak inelastic strain in 
its containment boundary components. The cask's strain level is a measure of the severity of the accident's 
structuxai response. For accident levels up to the design basis accidents and somewhat beyond, the cask 
impact limiters absorb most of the accident kinetic energy. For accidents beyond those levels, the cask 
body absorbs some of this kinetic energy through inelastic swain over a portion of the material in the cask 
body. The impacted object also absorbs some of this energy. The cask body, of XM-19 stainless steel, 
accommodates up to 30% strain without rupture. The limit of strain before a breach of containment may be 
considerably less if this strain is  located in weld regions or in the clos~m seal region. 

Finite element models. Three-dimensional models are needed for all the impact cases because of the 
non-cylindricai shape of the cask. PIanes of symmetry are used where possible to reduce the number of 
eiements. Models are developed for side i m p t s  with the rounded comer or flat side toward the impacted 
surf=, and for end impacts. For end impacts against massive surfaces, such as roadbeds and rock and soil 
masses, the impacted object is also modeled with finite elements. 

The cask body, closure, gamma shield, basket liner, and impact limiters are included in the modeL In the 
closure region, the compressed surface near the bolts and inside them is modeled as a fused solid. The 
s h e  outside the ring of bolts and the side surfaces are modeled with slide surfaces. The bolts m not 
modeled. The m a s  of the spent fuel is included on the end or sides toward the impact. The DU gamma 
shield model is separated into five sections with lap joints between sections. The gamma shield and cask 
body components are separated by 0.02Ginch clearances. Frictionless sliding interfaces are used between 
components when they rn in contact. The impact limiter support structure is modeled with shell elements 
and is attached to the cask body. The neumn shieid is made of plastic blocirs For end impacts their mass 
but not smctllre is included. For side h p s ,  they mmodeledasa freestanding layer so that they m 
crushable but p v i d e  no structural suppart to the cask body. 



End impact analyses. The end impact analyses consider a cask with an initial velocity impacting a flat 
target at its closure end. Velocities of 30,45,60,75, and 90 mph were considered for a rigid targa The 
30 mph impact corresponds closely to the required regulatory 30-foot drop case. The full capacity of the 1Is 
(defmed as crushing up to lockup) is reached during an end impact at about 45-50 mph. 

End impacts were also considered against surfaces of hard rock, soft rock or concrete, and hard soil. Cask 
response was determined for impact velocities of 75 and 90 mph for these three deformable targets. Impact 
velocities below 75 rnph are not considered because "damage" was absent at these velocities for the rigid 
target. Figure 1 shows the deformed cask model at the conclusion of the 90-mph end impact against soft 
rock. The location of peak strain in the cask containment boundary is near the forward end of the cask wall. 
This is consistent with findings presented in the Modal Study. A summary of cask response to end impacts 
is given in Figure 2. 

Figure 1. Finite element mesh of the cask at the conclusion of the 90-mph end impact against soft 
rock. Only the close-in portion of the soil FE mesh is pictured. 
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Figure 2. Peak strain in the GA-4 cask containment boundary as a function of impact velocity. On 
the lek end impacts. The highest curve is for the Modal Study's genexic cask impacting on a rigid 
surface. The other curves are for GA.4 cask impacts on rigid and deformable surfaces. On the right 
si& impcts on a rigid surface. The highest curve is for the Modal Study's generic cask. The othet 
curves axe for GA-4 cask impacts with two cask rotational orientations. 
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Side impact analyses. The si& impact analyses consider a cask oriented with its long axis parallel to 
the impacted surf=, and its initial velocity directed toward this surface. Velocities of 30,45,60,75, and 
90 mph ate considered for two cask orientatim about its long axis. flat side facing the surface and rounded 
comer facing the surface. Again, the 30-mph impact corresponds closely to the required regulatory 30-foot 
drop case. The full capacity of the ILs during a side impact is reached at about 45 mph. At higher initial 
velocities, some elements of the ILs compress severely. As a check on their net effect, the 90-mph impact 
case was run twie. In the fmt run the ILs were included throughout the impact. In the second, when some 
IL elements reached sevm compression, the ILs were removed from the model and the impact was allowed 
to proceed. The response in the second model agFeed closely with that of the first. 

In side impacts with rounded comer or flat side facing the target, the peak strain in the containment 
boundary is located near the center of the cask. This is consistent with findings presented in the Modal 
Study. Figure 2 shows a summary of GA-4 si& impacts against a rigid surface. The figure also compares 
the GA4 cask end and side impact results with the corresponding results for the Modal Study's generic truck 
cask (Fiihex 1986). 

Table 1. Peak strain in the cask containment boundary versus impact velocity and cask angle, 
far the cask orientation of corner-forward in the non-9Wgree &-angle cases. 

Angle: OO(side) 15' (slapdown) 90" (end) 
Vetocity (mph) 

30 0.05 NIA 0. 
45 0.6 NIA 0. 
60 4.2 3.7 0.05 
75 11. 13. 4.7 
90 21. 21. 29. 

Slap-down impacts. Fifteendegree slap-down impacts were analyzed with the cask orientation of 
corner-fmard. The results are close to those for zerodegree impacts, both in location and amplitude of the 
peak strain in the containment boundary. The results are summarized in Table 1. 

Locomotive impacts. The response from train locomotive impacts on a auck cask were analyzed. The 
locomotive was modeled as a plate frame at the elevation of the locomotive sill (Eggers 1983) with other 
masses of the locomotive added to the sill. This is similar to the model in the Modal Study. Contacts of 
other components on the front of the locomotive with the truck frame were left out. The analysis was done 
assuming a worst~ase impact elevation, where the sill impacts on the centerline of the cask. Normally the 
train sill is at the elevation of the ttuck frame or the lower edge of the cask. A higher alignment could 
conceivably occur at a single-track crossing if the track is at a higher elevation than most of the road and the 
m k  trailer just spans the mil track. The deformed finite element model at the end of a 30-mph impact is 
shown in Figure 3. The maximum strain occurs in the cask wall near the comers of the train sill. The 
maximum strain is 12%. A summary and comparison with the Modal Study's generic truck cask is shown 
in Agure 4. The strains in the outer wall of the two casks are close. In the Modal Study's cask, the inner 
wall is part of the containment boundary. For the GA-4 cask, the outer wall serves as part of the 
Containment boundary. In an experimental train-truck collision (Yoshimura 1978) using a cask with 
external cooling fins, the Vain body and the displacement of the cask absorbed much of the impact energy. 
Dents were found in the cask's cooling fins due to the train sill contact. 

THERMAL ANALYSIS 

The Modal Study's accident statistics and cask response analyses found that most tire incidents did not have 
significant collision damage. For example, truck-truck collisions did not cause cask strains above 0.2% 
but contributed to fires. Abut haif of the fm were incidents where fire was reported as the only damaging 



event Without major structural damage, the impact limiters and the polyethylene neutron-shielding blocks 
are likely to remain in place. Then the midsection of the cask, not covered by the impact limiters, is most 
subject to heat load from the fire. For this study we analyzed the cask midsection in engulrrng and smdoff 
fm over a range of flame temperatures and durations. An axial-model analysis was done to check the heat 
transfer at the ends as compared to the midlength. 

Figure 3. Finite element mesh of the cask and the train 
sill, utilizing vertical and a horizontal planes of 
symmetry, at the conclusion of a center-aligned collision 
with the train sill going 30 mph. 

The fire load on the midsection of the cask is 
modeled using a 2-0 cross-section model. 
Helium gaps between components are included 
where expected A spent-fuel assembly has a 
composite conductivity and internal heat 
generation from radioactive decay. The model 
of the neutron-shielding blocks' heat transfer 
includes phase changes in the plastic material. 
For fires at offset locations, the model includes 
the fne sheet heat source, gmund and sky heat 
sinks. Hotday initial conditions are used. 
Results are documented as temperam-time 
histories and as temperature profiles across the 
cask at important times after ignition. 

Fire environment parameters spanning the 
expectaccident range given in the Modal Study 
were investigated. Fire durations longer than 
90 minutes have significant probability only 
for truck-truck collisions followed by fire and 
truck-locomotive collisions followed by fire. 
The analyzed flame temperature range up to 
2,40O0F provides for a potential torch fire and 
uncertainties. An early pool-fire test facility 
found 5-minute flame temperatures ranging up 
to 2,2Oo0F (Bader 1%5). Recent pool-fire 
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Figure 4. Summary comparison of peak strains in the GA-4 cask and the Modal Study's generic cask after 
center-aligned train locomotive impcts. The strains in the outer cask wail are fairly close in the two casks. 
The Modal Shdy design has an h e r  wall with lead shielding between the two wails. 



facility tests (Gregory 1989) found short-dmation temperatures on one side of a cask ranging up to 1,lOOOC 
(2,012"F), and sustained 30-minute average t e m p t u r e  at one point ranging up to 1,047OC (1917OF). 
Another facility (Fry 1989) reported flame temperatures in the center of a fm (with no cask) 
averagingl,150T (2,102OF) for a 13-minute fire. Another series of eight tests (Nitsche 1992) had average 
flame tempemures from 951°C (1,744"F) to 1,170"C (2,138OF) for fires of 5 to 16 minutes duration. 
Thus, average tan- in the upper part of the range included in the Modal Study, 2,200-2,40OOF, 
remain hypothetical. 

Main response parameter. In the presentation of results we focus on the temperature at the mid- 
thickness of the DU gamma shielding shell, at a comer and on the flat side. Temperatures at these locations 
are used as a measure of the accident's thermal severity. The DU temperature is slightly above the 
temperaane of the spent fuel closest to the edge of the basket and is above or near the temperature of the 
sealing gaska at the cask closure. The accuracy of the latter assumption is checked by analyses using an 
axial model for some engulfing fires. 

Neutron shield thermal properties. The neutron-shielding layer is made of plastic blocks with 
metal tube inserts, enclosed in thin stainless steel shells. The blocks are arranged in an overlapping 

Engulfing Fire 

Figure 5. Contours of cask internal tempemtures from fires at 
three IocatiOnS, at the end of 90 minutes of 1,900"F flames. 
Contours (a) to (k) are for temperatures of 100 to 2,lWF in 
steps of mOF. 

geometry. A series of analyses spanning 
different fire temperatures, durations, and 
locations was done using a cask design 
which included an interim design of this 
plastic and metal-tube composite layer. 
A change from the interim design of the 
neutron-shielding layer to the final 
design resulted in a lower thermal 
conductivity of this layer, due 
principally to a change in the metal 
tubes from copper to aluminum alloy. 
This change gives higher steady-state 
Operating temperarms inside the cask, 
although still well below design limits, 
and more thermal resistance to fire 
heating of the gamma shield and the 
spent fuel contents. The fire durations 
required before the DU reaches specified 
thresholds of t e m m  are extended by 
approximately 10 to 15%. as will be 
discussed below. The suite of analyses 
with the interim properties is used below 
to show the dependence on the different 
fire envinxlment parameters. 

Fire analyses. Figure 5 shows 
contours of internal temperatures h m  
an engulfing fire and standoff fires at two 
distances, at the end of 90 minutes of 
1 Q W F  flames. For the standoff fires 
the heating of the cask's intemals is of 
lesser amplitude and spatial extent than 
in an engulfing fire. 

Figure 6 compares the DU temperature 
at the cessation of the flames and at the 
post-fm peak value, for engulfiig fires 
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Figure 6. DU temperatures for fires of several durations, for engulfing fires at l,475OF, both at the 
cessation of the flames and at the post-fire peak value for the GA-4 cask, and at the cessation of the flames 
for the Modal Study's generic truck cask. 

at 1,475"F with several durations. It compares these with the corresponding results for the Modal Study's 
generic truck cask. The difference between the DU temperature at the cessation of the flames and at the true 
peak condition becomes smaller for more severe fires. The GA-4 cask heats up significantly more slowly 
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Figure 7. Tempefature histories in the DU gamma-ray shielding layer at a 
comer midpoint for engulfmg fires at 1900°F. Heavy curve: a 2.5-hour-long 
heatup analysis with the f d  design of the plastic-composite nwmn 
shielding layer. Light cwes: a 4-hour-long heatup analysis and four heatup- 
cooldown analyses with the interim neutron shielding layer design. 

layer. This 



summarizing thecask's thermal response. 

Figure 7 shows the DU temperature history far a heatup analysis with the final design of the plastic- 
composite neutron shielding layer superimposed on a Chr-long heatup analysis and four heatupcooldown 
analyses with the interim design. With the former, the initial conditions are higher and the heatup is 
slower. Tiies of fire duration required to reach a given threshold temperature within the range 500-9oooF 
areincreasedabout lOto159binthefinaldesign. 

CONCLUSIONS 

The mechanical and thermai response of the GA-4 cask was analyzed for a broad range of possible accidents 
It was found to be comparable with, and in some respects better than, that predicted for the Modal Study's 
generic mck cask, using similar scenario-framing assumptions. Both the GA-4 cask and the Modal Study's 
conceptual cask were designed subject to the design basis accidents prescribed in 10 CFR 71. The design 
provides a substantial reserve margin in the GA-4 cask in terms of impact energy and thermal load beyond 
that of the design-basis accident before any significant damage can occur to the cask. For hypothetical 
accidents extending well beyond this reserve margin, the cask's performance declines gradually. The 
comparisons of results with those in the Modal Study indicates that the anaiysis methods used in the Modal 
Study nine years ago were reasonable. 
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