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In troduc tion  

• 10 CFR Part 71 – Packaging  and  Trans porta tion  of 
Radioac tive  Materia ls  
– Sec tion  73:  Hypothe tica l Acc ident Conditions  (HAC) 

• 30 Minute  fire : Average  Flame Temp. 800
o
C (1475

o
F) 

 
• Eva lua te  rea l world  acc idents  aga ins t th is  s tandard  

 

– Do the  regula tions  cover recent s evere  acc idents  s uch  as  the  
MacArthur Maze  fire?  
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MacArthur Maze  Fire  

• Occurred  April 29, 2007 a t about 3:38AM 
in  the  MacArthur Maze , an  in te rchange  
connecting  I-80, I-580, and  I-880 in  
Oakland , Califo rn ia  
 

• Double  tanker gas o line  truck trave ling  
s ou th  a long  In ters ta te  880 

– 32,500 lite rs  [8,600 ga llons ] of gas oline  
 

• Driver los t con tro l a t ~60 mph, tanker 
and  tra ile r ro lled  over, even tua lly came 
to  res t on  I-880 ramp d irec tly beneath  I-
580 overpas s  
 

• Sp illed  fue l from damaged  tanker 
ign ited , res u lting  in  fire  on  I-880, lead ing  
to  co llaps e  o f I-580 overhead  s pan  
approximate ly 17 minutes  a fte r the  fire  
s ta rted ; s lower partia l co llaps e  o f 
s econd  s pan  of I-580 over s ubs equent 
~20 minutes  

• Entire  fire  las ted  approximate ly 108 
minutes  

Wastewater Treatment Plant 

Video capture: 6m 48s (03:44:32 PDT) 
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Collaps e  of I-580 Overhead  Spans -- 

16m 41s (03:54:25 PDT) 

19m 55s (03:57:33 PDT) 

Bent 19E 

sagging I-580 span 

Bent 19W 

Bent 20 

I-880 

I-580 

collapsed I-580 span 
hanging over I-880 deck 

Bent 19E Bent 19W 

partially collapsed I-580 span 

I-880 
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Es timates  of Materia l Tempera tures  in  
MacArthur Maze  Fire  

• NRC and  SwRI s ta ff co llec ted  
s amples  to  de te rmine  
tempera tures  experienced  by 
g irders  and  truck during  the  fire  
 

• Performed is o thermal 
expos ures  of una lte red  
s pec imen (Sample  NRC 9) to  
900ºC (1652ºF) to  de te rmine  
weld  trans formation  
tempera tures  
 

• Performed meta llu rg ica l 
ana lys is  o f g irders  and  truck 
materia ls , inc lud ing  
micros truc ture  eva lua tion  of 
weld  reg ions  
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MacArthur Maze  Fire :  
Materia ls  Analys es  Conclus ions  

• Bas ed  on  the  s amples  co llec ted  and  the  
res u lts  of the rmal expos ure  tes ts , the  
tempera ture  of the  I-580 overpas s  is  e s timated  
to  have  ranged from 850o C [1,562o F] to  
approximate ly 1,000o C [1,832o F]. 
 

• Near the  truck, the  maximum expos ure  
tempera ture  is  es timated  to  be  a t leas t 720o C 
[1,328o F] but le s s  than  930o C [1,706o F]. 
 

• The  hottes t gas  tempera tures  during  the  fire  
were  loca ted  above  the  I-880 roadway near the  
s tee l g irders  of the  I-580 overpas s . 
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MacArthur Maze  Fire  Model 

• The  MacArthur Maze  fire  went 
th rough three  d is tinc t phas es : 
– a  la rge  open  pool fire  for ~17 

minutes , un til comple te  co llaps e  
of Bent 19-20 overhead  s pan  

– a  gradua l decreas e  in  s ize  over 
~20 minutes , due  to  in trus ion  of 
partia lly co llaps ing  Bent 18-19 
overhead  s pan  

– a  s malle r open  pool fire  in  the  
gap  be tween  the  co llaps ed  
s pans  for ~71 minutes , to  end  of 
fire  a t 108 minutes  

• Fire  Modeling  with  the  Fire  
Dynamics  S imula tor (FDS) code  
encompas s ed  only the  la rge  open  
pool portion  of the  fire , to  ob ta in  
bounding  fire  tempera tures  
 

estimated  
maximum  
fire pool size 
(pre-collapse) 

estimated  
maximum  
fire pool size 
(post-collapse) 
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Es timate  of Maximum Flame Tempera ture : 
Fire  Modeling  Res ults  

• Large  open-pool hydrocarbon  fires  
can  be  charac terized  with  a  un iform 
flame tempera ture  o f  approximate ly 
1000ºC (1832ºF) 

• Upper tempera tu re  limit fo r 
confined  bu t fu lly oxygena ted  fires  
is  about 1350ºC (2462ºF), bas ed  on  
Runehamar Tunne l tes ts , and  
NFPA 502 

• Pre liminary ana lys is  with  the  Fire  
Dynamics  S imula to r (FDS) code  
pred ic ted  cons erva tive  es timates  
o f 1320ºC (2408ºF) fo r maximum 
tempera tu re  in  the  poo l fire  

• Refinement o f the  model to  
account more  p rec is e ly fo r s pec ific  
fea tu res  o f the  MacArthur Maze  fire  
yie lded  res u lts  cons erva tive ly 
bounded  by a  un ifo rm tempera tu re  
o f 1100ºC (2012ºF)  
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Tempera ture  Boundary Conditions  for 
MacArthur Maze  Fire  Scenario  
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?

• Pre -co llaps e  fire  (0-17 minutes ) modeled  as  fu lly engulfing  fire  
with  un iform tempera ture  1100ºC (2012ºF), 0.9 emis s ivity 

• Fire  gas  tempera tures  during  co llaps e  of Bent 18-19 s pan  cannot 
be  as  h igh  as  a tta inable  in  an  uncons tra ined  open  pool fire  
– Trans ition  from la rge  pool to  s malle r pool fire  cons erva tive ly 

bounded  by extending  fu lly engulfing  fire  a t 1100ºC (2012ºF) 
to  37 minutes  

• Pos t-co llaps e  fire  (37-108 minutes ) modeled  as  fu lly engulfing  
fire  with  un iform tempera ture  900ºC (1652ºF), 0.9 emis s ivity  
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Modeling  Effec ts  of MacArthur Maze  Fire  on  
an  SNF Truck Trans porta tion  Package  

• GA-4 package  s e lec ted  for ana lys is  
– Rela tive ly h igh  capac ity Lega l Weight Truck package  

 
• LS-DYNA model o f b ridge  s truc ture  c rea ted  to  s imula te  

co llaps e  of I-580 overhead  s pan  be tween  Bent 19 and  
Bent 20 
 

• ANSYS model o f GA-4 package  (inc lud ing  impac t 
limite rs ) deve loped  to  s imula te  s truc tura l and  thermal 
res pons e  of cas k to  fire  conditions  and  pos t-fire  
cooldown under fa llen  roadway 
 

• COBRA-SFS model o f GA-4 package  (with  & without 
impac t limite rs ) deve loped  to  s imula te  thermal res pons e  
to  fire  conditions , and  e ffec t o f concre te  over package  in  
pos t-fire  cooldown 
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GA-4 Legal Weight Truck  
Trans porta tion  Package  

• GA-4 package  is  des igned  to  trans port 
– up  to  4 in tac t PWR 14x14 or 15x15 s pent fue l as s emblies  

 
 
 
 
 
 
 
 
 
 
 
 

• S ta in les s  s tee l cas k body, with  
– deple ted  uran ium gamma s h ie ld  
– propylene  g lycol/wate r mixture  for neutron  s h ie ld  
– gros s  wt. 55,000 lb  (25,000 kg) 

Ømaximum decay hea t 
load  of 2.468 kW, with  
maximum of 0.617 
kW/as s embly 

 

Ømaximum average  
burnup  of  35 GWd/MTU 
(10-yr cooled) or 45 
GWd/MTU (15-yr 
cooled) 
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‘Mos t Limiting’ Fire  Scenario  for Thermal Res pons e  
of GA-4 SNF Package  to  MacArthur Maze  Fire  

– 37 minutes  o f expos ure  to  a  fu lly engulfing  fire  a t 
1100ºC (2012ºF) to  s imula te  the  pre -co llaps e  portion  of 
the  fire   

• As s ume concre te  s urfaces  of roadway a ls o  expos ed  to  
fu lly engulfing  fire  tempera ture  

– From 37 minutes  to  end  of fire  a t 108 minutes , as s ume  
• Fully engulfing  fire , tempera ture  reduced  to  un iform 

bounding  va lue  of 1652ºF (900ºC) 
• As s ume concre te  s urfaces  of roadway a ls o  expos ed  to  

fu lly engulfing  fire  tempera ture  
– afte r 108 minutes , as s ume package  ‘b lanke ted’ by fa llen  

roadway;  
• free  convec tion  to  s till a ir (inc luding  thermal rad ia tion  

exchange  with  enc los ing  roadway s urfaces )  
• free  convec tion  and  rad ia tion  from expos ed  roadway 

s urfaces  
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‘Mos t Limiting’ Scenario  for S truc tura l Res pons e  of 
GA-4 SNF Package  to  MacArthur Maze  Fire  

– Impac t ana lys is  eva lua ting  e ffec t o f s ec tion  of I-580 
roadway fa lling  on to  the  SNF package   

• Free-fa ll d rop  of Bent 19-20 s pan  onto  package   
• Upper roadway g irders  as s umed a t lowes t pos s ib le  

tempera ture , to  cons erva tive ly maximize  s tiffnes s  a t time  of 
impac t with  package  

• Package  tempera tures  as s umed cons erva tive ly h igh  for 
time  of impac t, to  bound vulnerab ility to  s truc tura l damage  

– Evalua tion  of SNF package  s truc tura l res pons e  to  
extraord inary thermal load  impos ed  by the  fire  s cenario  
and  pos t-fire  cooldown, inc lud ing  

• e ffec ts  o f tempera ture  expos ure  and  thermal expans ion  on   
package  lid  c los ure  bo lts  

• e ffec ts  o f tempera ture  expos ure  and  thermal expans ion  on  
impac t limite r a ttachment bo lts   
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Diagrams  of Thermal Models  of SNF Package  
Benea th  Collaps ed  I-580 Span  

COBRA-SFS model 

ANSYS model 

Cask under 
collapsed span 

NOTE: model diagrams 
            are not to scale 

I-880 (lower roadway) 

adiabatic 
boundary 

adiabatic 
boundary 

GA4 cask 

collapsed I-580 span 

air space between 
upper and lower roadway 

I-880 side barrier 

Collapsed girders of I-580 span 
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Modeling  Res ults : GA4 Package  for Normal 
Conditions  of Trans port (NCT)— 

38ºC (100ºF), with  ins o la tion  

• Peak c lad  tempera ture  
pred ic tions  a re  
– 156ºC (313ºF) from SAR 
– 152ºC (306ºF) from 

ANSYS model (with  
impac t limite rs ) 

– 146ºC (293ºF) from 
COBRA-SFS model 
(without impac t 
limite rs ) 
 

• Diffe rences  in  res u lts  a re  
s mall, and  cons is ten t with  
known d iffe rences  in  
modeling  approaches  
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MacArthur Maze  Fire  Modeling  – Pre liminary 
Res ults  for 1100ºC Fully Engulfing  Fire  

(37 minutes ) 

COBRA-SFS model results 

ANSYS model results 
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MacArthur Maze  Fire  Modeling  – Pre liminary 
Res ults  for 1100ºC/900ºC Fully Engulfing  Fire  

(108 minutes ) 

COBRA-SFS model results 

ANSYS model results 
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MacArthur Maze  Fire  Modeling  – Pre liminary 
Res ults  for Pos t-Fire  Cooldown Under 

Concre te  Blanke t (>12 hours ) 

COBRA-SFS model results 

ANSYS model results 
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MacArthur Maze  Fire  Modeling  – Pre liminary 
Res ults : Thermal Res pons e  Summary 

 
• Pred ic ted  maximum peak c lad  tempera tures  s ign ifican tly exceed  

ca lcu la ted  burs t rup ture  and  creep  rup ture  tempera tures  (1097ºF 
(592ºC) to  1229ºF (665ºC)) before  the  end  of the  fire  

– a ll fue l rods  in  th is  package  a re  predic ted  to  exceed  the  burs t rupture  
tempera tures  for a t leas t ~6 hours  in  the  fire  s cenario  and  cooldown 

– peak c lad  tempera tures  remain  above  s hort te rm limit (1058ºF (570ºC)) for 
more  than  15 hours  during  fire  s cenario  and  pos t-fire  cooldown 

– for GA-4 thermal des ign-bas is  fue l, c ladding  is  predic ted  to  experience  
burs t rupture  in  th is  fire  s cenario  

• In  pos t-fire  ‘coo ldown’, peak tempera tures  on  package  ends  (beneath  
impact limite rs ) con tinue  to  increas e  fo r approximate ly 4 more  hours , 
due  to  

– Ins ula ting  e ffec t of impac t limite rs  on  package  ends  
– Ins ula ting  e ffec t of concre te  ‘b lanke t’ on  en tire  package  
– thermal inertia  of the  fue l 

• Sea l reg ion  tempera tures  a re  p red ic ted  to  exceed  s ea l materia l long  
te rm tempera ture  limit with in  firs t hour o f fire  trans ien t 

– Sea l reg ion  tempera tures  remain  above  the  long-te rm tempera ture  limit for 
>14 hours  
 20 



Struc tura l Models  for Ana lys is  of GA-4 
Res pons e  to  MacArthur Maze  Fire  Scenario  

• Struc tura l impac t model cons truc ted  with  LS-Dyna , 
repres en ting  GA-4 package  and  

– one  s pan  of lower (I-880) roadway (ends  fixed  in  s pace) 
– one  s pan  of upper (I-580) roadway 

• Roadway s pans  modeled  as  e las tic -p las tic  p la te  g irders  and  
linear-e las tic  concre te  s labs  

– Lower roadway properties  a t 80ºF (27ºC) to  cons erva tive ly 
repres en t s tiffnes s  o f p la tfo rm beneath  package  

– Upper roadway s tee l g irder p roperties  a t 1800ºF (982ºC) to  
cons erva tive ly repres en t s treng th  of g irders  a t e leva ted  
tempera ture  

– Analys is  in itia ted  with  upper s pan  in  freefa ll; p re -co llaps e  
s agging  and  a ir d rag  neg lec ted  

• GA-4 package  repres en ted  with  s tee l body, DU gamma s h ie ld , 
and  s tee l trunnions  for impac t ana lys es  

– Impact limite rs  and  frag ile  s tee l s he ll o f neu tron  s h ie ld  neg lec ted  
• Deta iled  ANSYS model of impac t limite r a ttachment bo lts  for 

thermal expans ion  e ffec ts  s tudy 
 

21 
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Potentia l Effec ts  of Roadway Collaps e  on  GA4 
Package  in  MacArthur Maze  Fire  Scenario  

 
• Analys es  performed with  GA4 package  pos itioned  on  lower roadway, in  4 

pos tu la ted  orien ta tions : 
– Cas e  #1: perpendicula r to  upper roadway g irders : main  impac t on  package  

cente r 
– Cas e  #2: para lle l to  upper roadway g irders : main  impac t a long axia l length  of 

package  
– Cas e  #3: orien ted  for main  impac t on  package  lid  
– Cas e  #4: orien ted  for d irec t impac t on  lifting  trunnion   

• Res u lts  s how tha t s tee l p la te  g irders  o f overhead  roadway are  more  
s evere ly a ffec ted  by the  d rop  impact than  the  GA4 package  



LS-Dyna  Res ults : Girder Behavior in  I-580 
Roadway Collaps e  onto  GA-4 Package  

Case 1 

Case 3 Case 4 

Case 2 
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Summary of LS-Dyna  Res u lts : GA-4 Package  
Res pons e  to  I-580 Roadway Collaps e  

• Cas e  #1: maximum plas tic  s tra in  of 
2.4%, loca lized  on  upper edge  of 
package  
 

• Cas e  #2: h ighes t p las tic  s tra ins  of the  
four cas es  cons idered  

– Maximum s tra in  of 11% in  s tee l body 
– s tra ins  a re  not s evere  enough to  

compromis e  s truc tura l in tegrity of 
package  
 

• Cas e  #3, as s uming loca lized  impac t 
of only one  g irder on  package  end   

– Cas e  #2 caus es  grea te r p las tic  
deformation  near the  c los ure  region 
 

• Cas e  #4, as s uming loca lized  impac t 
on  trunnion   

– eva lua tes  s pec ia l cas e  of potentia l for 
loca lized  impact d irec tly on  package  
wall 

– Leas t s evere  impact e ffec ts  of a ll 
cas es  cons idered 

Case 2 
(steel  
  body) 

Case 2 
(DU) 

24 



Summary of Res ults  of S truc tura l Ana lys is  
of Impac t Modeling  in  MacArthur Maze  Fire  
Scenario  

• Stee l s truc ture  o f the  GA-4 package  wall remains  la rge ly undamaged  
in  the  impact s cenarios  

– plas tic  s tra ins  in  the  s tee l wall a re  well with in  expec ted  duc tility limit of 
the  materia l, even  a t e leva ted  tempera tures  

– Some permanent deformation  of the  s tee l wall is  predic ted , but not a  
gros s  fa ilure  or rupture   

• P las tic  s tra in  p red ic ted  in  the  DU gamma s h ie ld  is  a ls o  with in  
expected  ductility limits  o f the  materia l 

– DU gamma s hie ld  is  not part of the  conta inment boundary and  is  not 
trea ted  as  a  s truc tura l member in  the  GA-4 des ign  

– Inc luded in  modeling  only to  provide  minimal rea lis tic  s upport for 
package  wall 

• Pre liminary models  inves tiga ted  the  e ffec ts  o f  
– increas ed  overpas s  mas s  
– a lte rna tive  g irder geometries  
– wide  range  of as s umed tempera tures  for package  and  roadway   

• In  a ll cas es  inves tiga ted , ana lys is  has  s hown tha t the  GA-4 package  
would  remain  la rge ly in tac t fo r the  impacts  pos tu la ted  in  the  
MacArthur Maze  fire  s cenario   

25 



Potentia l Thermal Effec ts  on  Performance  
of Bolts  of the  GA4 Package  in  MacArthur 
Maze  Fire  Scenario  

• Thermal expans ion  of d is s imila r mate ria ls  caus e  bo lt tens ion  
to  increas e  with  increas ing  tempera ture  

– Incone l c los ure  bolts  fas ten  package  lid  to  flange  (both  XM19 s ta in les s  
s tee l) 

– Incone l impac t limite r bolts  fas ten  impac t limite rs  to  XM19 anchor p la tes  
on  package  body 

– All Incone l bolts  in te rface  with  XM19 s tee l components  with  Type  304 
s ta in les s  s tee l threaded  ins erts   

• Thermal expans ion  eva lua tion  s hows  tha t the  bo lted  
connec tion  res pons e  to  th is  fire  s cenario  is  more  cha llenging  
to  the  conta inment boundary than  the  roadway impac t 

– threaded ins erts  a re  expec ted  to  yie ld  due  to  reduced  s trength  a t 
e leva ted  tempera ture , and  re lieve  tens ion  in  both  the  c los ure  bolts  and  
impac t limite r bolts  

– Incone l c los ure  bolts  a re  thermally s h ie lded  by top  impac t limite r, and  
a re  expec ted  to  remain  be low yie ld  

– Incone l impac t limite r bolt heads  a re  d irec tly expos ed  to  fire  
tempera tures , and  could  potentia lly yie ld  
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Pre liminary Res u lts  – Clos ure  Bolt Eva lua tions  
in  MacArthur Maze  Fire  Scenario  

Closure Bolt Evaluation 

• Clos ure  bo lt th readed  ins erts  
exceed  750ºF (~400ºC) and  are  
p red ic ted  to  yie ld  before  end  of 
fire  

– Reduction  of tens ion  due  to  
yie ld  of ins erts  is  cons erva tive ly 
neglec ted  in  th is  ana lys is  

– Ins ert fa ilure  limit is  no t 
reached, even  with  cons erva tive  
as s umptions  

• Maximum bolt tempera ture  
p red ic ted  during  coo ldown is  
~1200ºF (~650ºC) a t ~7 hours  

• Maximum bolt tens ion  a t 
~1200ºF (~650ºC) is  p red ic ted  to  
be  s ign ifican tly be low bolt yie ld  

• Clos ure  bo lts  a re  expected  to  
experience  s ome los s  o f 
tens ion , bu t will main ta in  
connection  of lid  to  package  

Threaded inserts yield Maximum bolt tension 
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Pre liminary Res u lts  – Impac t Limite r Bolt 
Eva lua tions  in  MacArthur Maze  Fire  Scenario  

 
• Impact limite r bo lt th readed  ins erts  

exceed  750ºF (~400ºC) and  are  
p red ic ted  to  yie ld  by ~20 minutes  

• Impact limite r bo lts  exceed  1000ºF 
(~540ºC) and  are  p red ic ted  to  yie ld  
by ~37 minutes  

– Res ults  in  a  s e lf-limiting  yie ld  of 
bolt s hank 

– Bolt has  enough e longa tion  
capac ity to  reduce  tens ion  to  zero  
without fa iling  

• Maximum bolt tempera ture  occurs  
during  coo ldown, reach ing  
~1200ºF (~650ºC) a t ~6 hours  

• Tens ile  fa ilu re  in  bo lt o r s hear 
fa ilu re  o f ins ert would  no t occur 
due  to  s e lf-limiting  load  

• Impact limite rs  would  remain  
a ttached  to  the  package  
th roughout the  fire  s cenario  

Impact Limiter Bolt Evaluation 

Threaded inserts yield 

Inconel bolts yield 

Bolt tension at 
maximum 
temperature 

Note: Bolt yield curve represents maximum credible  
force and provides a conservative ceiling for failure  
evaluation.  In this scenario,  

 --Bolt failure is not predicted until at least ~1400ºF (~760ºC) 
 --Insert failure is not predicted until at least ~1600ºF (~870ºC) 
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Summary 

• Pre liminary res u lts  of th is  multi-face ted  
inves tiga tion  of the  MacArthur Maze  fire  s cenario  
ind ica te  tha t 
– Struc tura l cons equences  for an  SNF trans porta tion  

package  a re  like ly to  be  les s  s evere  than  HAC drop  
s cenario  in  10 CFR Part 71 

– Thermal cons equences  a re  like ly to  be  s ign ifican tly more  
s evere  than  HAC fire  in  10 CFR Part 71 

• Ongoing  work: 
– Evalua tion  of po ten tia l re leas es  from package , due  to  

fa ilu re  of s ea ls  and  rup ture  of fue l rods  due  to  extreme 
thermal environment of the  fire  s cenario  
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COBRA-SFS Model of GA-4 Package  

fuel assembly

fuel assembly

fuel assembly
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control rod 
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ANSYS Model of GA-4 Package  

Package axial cross-section 
Package center cross-section 
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ANSYS Model of GA-4 Cas k: Bas ic  Geometry 

Impact Limiter Structural Details 

Package cross-section through impact limiter 
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