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Abstract

In the early moming of Dec. 16, 1991, a severe accidzat occurred when a passenger vehicle
traveling in the wrong direction collided with a tractor trailer carrying 24 un’radiated nuclear fuel

ies in 12 containers on Interstate 1-91 in Springfield, Massachusetts. The purpose of this
report is to document the mechanical circumstances of the severe accident, confirm the nature and
quantity of the radioactive materials involved, and assess the physical environment to which the
containers were exposed and the response of the containers and their contents.

The report consists of five major sections. The first section describes the circumstances and
conditions of the accident and the finding of facts. The second describes the containers, the
unirradiated nuclear fuel assemblies, and i1e tie down arrangement used for the trailer. The third
describes the damage sustained curing the accident to the tractor, trailer, containers, and
unirradiated nuciear fuel assemblies. The fourth evaluates the acciden* environment and its effects
on the containers a.d their contents. The final section gives conclusions derived from the analysis
and fact finding investigation. During this ievere accident, only minor injuries occurred, and at no
time was the public th and safety at risk.
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Summary

An inquiry, assessment, and analysis were performed of a severe accident involving a passenger
vehicle colliding with a tractor-trailer carrying 12 containers each containing 2 unirradiated nuclear
fuel assemblies. When the accident occurred at 3:15 a.m. on Dec. 16, 1991, the tractor-trailer was
bly traveling near the legal speed limit (55 mph), under clear conditions, on U.S. Interstate

-91 in downtown Springfield, Massachusetts.

In the collision, the truck veered to the left to miss an oncoming car which was driving on the
wrong side of the interstate The car struck the right side of the truck near the right fuel tank. The
truck continued northbound, striking the center guardrail and outer concrete barmner before coming
to a stop at the center il. The front axle of the truck separated from the «ruck during impact
with the concrete 1de barrier, but the cargo of unirradiated nuclear fuel assemblies apparently
remained intact on the truck during the collision. Following the collision, a fire started in the
engine ment which engulfed the tractor and then the trailer. No attempt was made to
extinguish the iwre which burned approximately three hours. The emergency response measures
undertaken duning the accident are the subject of a separate repor (see NUREG-1458, Emergency
Response to a Highway Accident in Springfield, Massachusetts, on December 16, 1991).

The fire completely destroyed the tractor-trailer and caused significant damage to several of the
containers and their contents. An evaluation of the collision process and a fact finding
investigation confirm that the containers probably remained on the trailer throughout the collision.
During the fire, eight containers fell off the trailer, from a height of about 7 ft, at various times and
sustained minor ¢ during the impact. The fire consumed the wood outer containers and
caused damage to the inner metal containers ranging from minimal to severe depending on the
location of the container during the fire. Localized regions near the tires had flame temperatures
around 1800 "F; however, only portions of a few containers were cxgosed to this temperature.
The remainade: of the containers endured flame temperatures of 1300 °F or less. e fuel
assemblies inside the container were distorted to conform to the configuration of the metal
container. The plastic fuel rod separators and foam protection for the fuel assemblies burned
during the fire. In addition, some of the clad tubes had swollen due to the increase in pressure
within the fuel rod as a result of the elvated temperatures during the accident. Analyses indicate
that temperatures in excess of 1500 *F are required to cause this type of damage.

The containers provided protection for the unirradiated nuclear fuel assemblies throughout the
accident such that there was no release of radioactive material from the container and the radiation
levels in the vicinity of the containers did not exceed background levels. There were only minor
injuries during this accident.
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A Histhwav Acadent Invelving

Unirradiated Nuclear Fuel in Springfield, Massachusetts

on December 16, 1991

Introduction

Background

3 Fact Finding Trips







BT i = L mA o R o T e e Ll CLmmth e RTWITE T
:

i Ll 2t el Beimbel TR D e e 1 N e e e e 4 e e e e i e S € —

2. Accident Description
2.1 Circumstances

At approximately 3:15 a.m. on Dec. 16, 1991, a passenger vehicle traveling in the wrong direction
cullided with a flat-bed, tractor-trailer carrying 24 unirradiated nuclear fuel assemblies in 12 Model
No. RA-2 and RA-3 containers from the GE fabrication plant in Wilmingtor N rth Carolina, to
the Vermont Yankee Nuclear Plant. The collision occurred on {-91 whes passes through
downtown Springfield, Massachusetts. A sketch of the roadway and buildings surrounding the
accident site 1s presentud in Figure 2.1,

The trip from Wilmington, North Carolira, :» Vernon, Vermont, normally requires about
24 hours, allowing time for refueling stops. T.avel is continuous, requiring two drivers that
alternate driving and sleeping. Less than one hour of travel remained for the truck to reach its
destination.

The truck was reported to have stopped for refueling shortly before the accident. The truck carries
two saddle tanks on either side of the cab of the tractor. Each tank is rated at 125 gal; however, the
positioning of the fill necks on the tanks prevents each tank from carrying the rated capacity.
Consequently, the inventory of diesel fuel on board the truck has been estimated at about 210 gal.
As with any vehicle, the cab of the tractor has numerous combustible matenals (seats, b'ankets,
floor mats, maps, etc.). The engine also contains several flammable liquids (power steering fluid.
engine oil, etc.).

The containers were secured to the trailer with nylon tie down straps on top of tarpaulins that
provided weather protection for the payload. The nylon straps were preloaded when the load was
prepared for shipment. The tarpaulins were secured to the bed of the trailer bv wooden boards that
were nailed to the trailer bed with the nails passing through the tarpaulin.

At the time of the accident, weather conditions were ideal for driving. Weathier conditions were
recorded by two stations in the general vicinity of the accident. The reporied conditions from
before the accident 10 after the accident are reported in Table 2.1. The description of the conditions
provided by the Emergency Medical Technicians who reached the accident site about § min after
the accident, essentially duplicate the conditions reported by the weather stations. The only
excepuion is the Emergency Medical Technicians descnbed the winds as gusty.

Westover Air Force Base is located about six miles northeast of the site of the accident, while the
Hartford Airport is about 15 miles southwest of the accident site. The weather conditions reported
by both stations were essentially the same. At the time of the accident, both stations reported hi‘ﬁ:
scattered clouds with excellent visibility at ground level. The weather was not a factor in
accident. The only impact of the weather was the movement of the flames due to the wind. Based
on photographs and videos of the fire, the wind direction at the scene of the accident was
approximately parallel to, and in the direction of, the northbound lanes of the highway. This is
consistent with the wind directions presented in Table 2.1 for Westover Air Force Base

The barometric pressure was dropping at the time of the accident. This resulted in a snowstorm in

the Springfield area; however, the snow began later in the day and had no impact upon the accident
and cleanup.

2.2 Accident Site

The accident o¢:urred on an interstate highway in downtown Springfield, Massachusetts. In this
area the highway is elevated, has limited access, and is divided. The right hand side (outer edge)
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Table 2.1 Environmental Conditions at Time of Accident

IR 5 55 oo o iyt v by 7:13 am. EST
e T AT First Quarter (No moon a1 time of accident)
Westover AFR

TN I . iviviiin carertonnsaions 2:58 3:55 4:55 5:52 6:55
Temperature ('F) . .....ooooviiiennininns 20 i8 18 23 24
DOW POl ("F)...ccrivviriiiasncsosns 14 14 14 15 1s
Winds (Xknot$)...........coooirivviiiinnns 1 | 2 H 0
Wind Direction (*).................... 150 140 160 200 NA
Visibility (miles)........................ 20 20 20 20 20

Barometnic Pressure (mbar). .. .. 10143 10138 10136 10136 10136
Hartford Airport

BREDE B, oo i vnsisndinsas SR 2:50 3:50 4:50 5:50 6:51
Tomperatule ("F) ...ooviviiniiarneniaias 25 26 26 25 26
DeW POl (TF)ccaniennirirsosiorssints 15 16 16 16 16
Winds (knots)...........coooeviviiiiiin, 4 7 7 6 9
Wind Direction ().................... 230 190 210 200 230
Visibility (miles)........................ 25 25 25 25 25

Barometric Pressure (mbar) ... .. 10144 10144 10138 10136 10138

of the northbound lanes is bordered by a concrete (with steel-reinforcing bars) barrier that is
approximately 3-f: tall. This barrier is designed to return any vehicles that impact it to the
roadway. The barrier is shown in Figure 2.2 at the point of impact. Note the small railing at the
top of the barrier that was torn away during the impact. This railing appears to be the highest
object that was involved in any of the impacts on the tractor or trailer. barrier incorporates a
curb that is about 6-in. higher than the roadway. The left-hand side (adjoining the southbound
lanes) of the northbound lanes is bordered by a steel-beam type barrier that is designed to prevent
Cross-over accidents. The shoulder at this side of the roadway is elevated by about 6 in. The
guardiail shoulder are shown in Figure 2.3. The highway is three lanes wide (each lane is
12 ft wide) with a shoulder on the righ' side of the road that is equivalent to a narrow lane, and at
the center of the roadway, the shoulder is about 2-ft wide. The road is crowned with the high
point in the center of the center ane and slopes to both sides of the northbound lanes. Drains exist
at both si;l:s of the rod;dway *o channel water off the roadway into the Comw:x:ticg‘tlc Rsivcr.gf'i!;he
interstate highway at the accident site passes over parking garages and is adjacent to pringfield
Marriott and Springfield Sheraton P “els.

2.3 Description of Vehicles

The tractor was manufactured by White-Volvo, and had an aluminum cab with fiberglass hood and
fenders. Sleeping accommodations allowed nearly continuous travel using two drivers. This
satisfied the DOT requirement for driver rest periods. Photographs of the right and left sides of a
White-Volvo tractor similar 1o the one involved in this accident are presented in Figure 2.4.
Photograpts of trailers similar to the one involved in this accident are presented in Figure 2.5, The
trailer involved in the accident did not have the spare tire rack that is apparent on the trailers shown
in Figure 2.5. Weights and significant dimensions of the tractor and trailer at the time of the
accident are presented in Tables 2.2 and 2.3.




Figure 2.3 Guardrail and Ares Where Truck Burned After Removal of Debris
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Table 2.1 Environmental Conditions at Time of Accident

L T R R P 713 am. EST
T AT i LN AR T First Quarter (No moon at time of accident)
Westover AFR
BEE B o nninnssions sonsons shasiss 2:58 3.55 4:58 5:55 655
Temperature ('F) .............co..vn0n. 20 18 13 23 24
Dew POIBEt CF).icooviniisiinivinecsnss 14 14 14 15 1§
Winds (knots)............... o N | | 2 | 0
Wind Direction (*).................... 150 140 160 200 NA
Visibility (miles)........................ 20 20 20 20 20
Barometric Pressure (mbar). ... 10143 10138 1013.6 10136 10136
Hartford Airport
s F S o S 2:50 3:50 4:50 5.50 651
Temperature ('F) ......................, 25 26 26 25 26
Dew Point ("F)ooovvinnniinnn, o i5 16 16 16 16
Winds (&n0t8)........ooooiiiniiniinn, 4 7 7 6 9
Wind Direction (*)................... 230 190 210 200 230
Visibility (miles)....................o.0. 25 25 ns 23 25

Barometric Pressure (mbar) . ... 10144 10144 (0138 10136 10138

of the northbound lanes is bordered by a concrete (with steel-reinforcing bars) barrier that is
approximately 3-ft tall. This barrier 1s designed to return any vehicles that impact it to the
roadway, The barrier is shown in Figure 2.2 at the point of impact. Note the small railing at the
top of the barrier that was torn away during the impact. This railing appears to be the highest
object that was involved in any of the impacts on the tractor ur trailer. barrier incorporates a
curb tuat is about 6-in. higher than the roadway. The lefi-hand side (adjoining the southbound
lanes) of the northbound lanes is bordered by a steel-beam type barrier that is desigred to prevent
cross-over type accidents. The shoulder a: this side of the roadway is elevated by about 6 in. The
guardrail shoulder are shown in Figure 2.3. The highway is three lanes wide (each lane is
12 ft wide) with a shoulder on the right side of the road that is equivalent 10 & narrow lane, and at
the center of the roadway, the shoulder is about 2-ft wide. The mad is crowned with the high
point in the center of the center lane and slopes 10 both sides of the northbound lanes. Drains exisi
at both sides of the roadway to channel water off the roadway into the Connecticut River. The
interstate highway at the accident site passes over parking garages and is adjacent to the Springfield
“Asmiont and Springfield Sheraton Hotels.

2.3 Description of Vehicles

The tractor was manufactured by White-Volvo, and had an aluminum cab with fibergiass hood and
fenders. Sleeping accommodations allowed nearly continuous travel using two drivers. This
satisfied the DOT requirement for driver rest pericds. Photographs of the right and left sides of a
White-Volvo tractor similar to the one involved in this accident are presented in Figure 2.4.

s of trailers similar to the one involved in this acciden: are presented in Figure 2.5. The
trailer involved in the accident did not have .he spare tire rack that is apparent on the trailers shown
in Figure 2.5. Weights and significant dimensions of the tractor and trailer a* the time of the
accident are presented in Tables 2.2 and 2.3.
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Figure 2.3 Guardrail and Area Where Truck Burned After Removal of Debris
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Figure 2.0 Multiple views of an d Trailer (similar to trailer involved
in the accident




Tawe 2.2 Tractor-Trailer Weights

Comnonent Weight, b
Tractor 16,800
Trailer 14,000
Driver, passenger, and personal effects 800
Tarpauling, tie-downs, and miscellaneous 1,000
Diesel Fuel (210 gal @ 6.8 Ib/gal) 1,400
Payload (12 containers @ Ib (or less)/container) 31,500
Total Tractor-Trailer and Payload Weight 65,5C0

Table 2.3 Tracior-Trailer Dimensions

Tractor Dimension (in.)
Tractor Length ............... 319
] N e R R 51
ek Ml Al Y 145
R b e it i 240
R S e e 266
7 IR R LS 292
Bhpg Sepisesrvisisanins chrvitl
Trailer Length................ 576
R b oy A by kel 36
VPR A 330
B a5 55y N B e 456
Bl iR | o TR e 480 Heg -~ Ls ’
el i 4.6 208 b ke o 504 ~Lg- .
B o st 40 L’T .
o T R S e s St R ST, R T W R oL 9 .. 96
Height of Trailer Bed (H)
(no load and normally inflated tires and suspension)..... .......c.ooivee 54

Placards were not required on the trailer and a careful examination of the wreckage irdicates that
they were never instalied on this trailer. A pmﬁﬁ%fh of a trailer with a placard mounted,
normal practice for Tri-State Motor Trucking r.ud ill Carriers, is presented in Figure 2.6,

of the ambulance drivers is reported 10 have observed placards. It is possible that this individual
vbserved the radioactive labels that are affixed to each outer container at the time of shippinr.
However, the containers were completely covered with a tarpaulin so the labels were not visible
until the tarpaulin burried off. At this ime, the wooden outer containers were beginning to burn,
therefor= observation of a label would be very difficult. It is possible that fluctuations in the wind
could iave diverted the flames and allowed the labels to be observed for hrief pericds of time.
oub? sver, the confusion of a label for a placard can only be considered as an erroneous

- rvation,



Figure 2.6 Undamaged Trs
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The car suffered exter .ve Jamage to its front, ight comner. Fol ‘ving the accident, one front
wheel with the strut attached and several smaller components of the car can clearly be ceen lying in
the roadway as shown in Figure 2.7. The car does not appear to have been involved in any fire.

1.4 Description of the Accident

In the following description of the accident, the terms north and south refer 10 the approximate
travel directions of 1-91 and are not compass directions. At the location of the accident, the
norihbound lanes of 1-91 are directed approximately northwest. Similarly, the terms left and right
refer 10 the driver's side and the passenger side of the truck, respectively.

Shortly before 3:10 w.m, on Monday, Dec. 16, 1991, an allegedly intoxicated motorist entered the
northbound lanes of 1-91 traveling in a southbound direction.  After driving several miles without
encountering ary other traffic, this cor collided at about 3:15 a.m. with the tractor-trailer that was
tnn?onin; unirradiated nuclear fuel assemblies to the Vermont Yankee Nuclear Plant  Police
notification nf the accident occurred at 3..4 a.m. probably by radio ransmission from a
southbound truck driver.

A sketch of the accident scene is presented in Figure 2.1. Both the car and the truck were reporied
to be traveling in the cenier lane. The driver of the truck veered left in an attempt to avoid the
collision. The car appeared to continue in a straight path and struck the tractor of the truck at an
angle causing damage to the passenger side of the car and the passenger side of the truck. The
initial img:t to involve the fuel tank and/or storage compartment on the right side of the
tractor. ( gure 2 4 for a view of an undamaged tractor in the vicinity of the impact.)

Following the initial impact, the truck continued northbound veering toward the center of the
Interstate and impacting the small curb and guamraii that separates the northbound from the
southbound lanes. The impact was a glancing blow that apparently dislodged the left front wheel
of the tractor and probably damaged some of the air tanks and/or tubing that provide compressed
air to operate the brakes, suspension, and several accessories. The co-driver (also an experienced
driver) was sleeping in the sleeper on of the tractor and reported hearing an explosion during
this impact. The source of this explosion is speculative, but one possibility could be the failure of
any one of several compressed air components. This could also explain the loss of air pressure in
the braking system.

The truck rebounded from the second impact and continued northbound but headed across the
mdwaﬁ;ownd the curb and barrier at the outside of the roadway (see Figure 2.2) where the
tractor inpacted on the barrier with a glancing blow. This impact was relatively severe. The
following major components separated from the tractor:

» The hood and fenders of the tractor separated from the tractor and fell off the roadway
onto the roof of a parking garage that was beneath the roadway.

* Tu= front axle, with both wheels attached, was separated from the tractor (see
Figure 2.8).

+ Some fluids from the engine leaked onto the side of the roadway and onte the garage

Lelow th: roadway (the fluid on the side of the roadway stained the outside of the
concrete barrier, while the fluid on the garage below the roadway burned).

2-10



Figure 2.8 Photograph of Accident Scene Near End of Fire

During the impact with the concrete barmer, 12 is af parent that ar least one of the truck's fuel tanks
ruptured. The fluid on the roof of the parking garage was burning so it must be concluded that
some of the combustible fluids in the engine companment were also burning.

After rebounding from the collision witk the ower barmer, the truck skidded further along the
northbound lane., crossed the highway and came 10 rest against the guard rail, as shown in

Figurle 2.1. Durig this travel across the highwuy, the tractor was without the front axle and
wheels.

The tractor-trailer came to rest axains( the center guardrail with the tractor and trailer almost
perfectly in line (see Figure 2.8). After the truck came to rest against the guardrail, the driver was
able to get out of the tractor on the passenger side {the driver's side door was jammed). Fire was
observed in the engine compartment and around the tires at the rear of the tractor. The co-driver
reported stepping into a large puddle of diesel tuel or exiting from the tractor, At this time the fire
was restricted to the engine and tires of the: tractor. The fire gradually expanded to engulf the entire
tractor and the tractor was reported to have burned vigorously for at least three-quarters of an hour.

The driver and co-driver were the clesest observers at the conclusion of the impact portion of the
accident and at the start of the fire portion of the accident. Both reponted that the entire payload
remained intact on the trailer based on the tarpaulin and tie downs being intact and in place. One
early witness reported that he could not identify the form of the contents of the truck which tends to
corroborate the fact that the tarpaulin was intact.
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Y. Description of the Containers

The containers involved in this accident are identified as Mode! Nos. RA-2 or RA-3 inner and outer
containers. The containers are authorized for shipment byrﬁcmﬁcme of Compliznce No. 4986
These containers are Fissile Class 1, Type A containers. ' Fissile Class | designation applies
when the container contains fissile matenial, and it has been shown that any number of urdamaged
containers and 250 damaged containers would be subcritical in any arrangement and with optimum
interspersed moderation. Type A applies when the contents may be released under accident
conditions. The dﬂ\iﬂc&nt wci*hts and dimensions of the inner and outer containers and contents
are presented in Tables 3.1 and 3.2

Table 2.1 Container Weights

Component Weight, Ib
RA-3 Inner Container 610
RA-3 Outer Container 8RS
Fuel Assembly 610
Complete Container 2,715

Table 3.2  Container Dimensions

Component Dimensions, in.
R ot o amat v £ ot {0204 TS o R ohE i i e da s T 11.5
Wﬂ%'. .......................................................... 18,125
A R e e 179.5
RA-3 Outer Container
Hm:t ............................................................. 31
Width................. OSSR ORL O PRI P PROIG SppI 29 875
Length. . .....oooiiiiiiiniiiiinnn, e i e a R v L R it 207

3.1 Container

The RA-series container consists of a right rectangular metal inner container cushioned in a
wooden outer container. An exploded representation of the wooden outer RA-3 container is
shown in Figure 3.1. The exterior sides, ends and top of the wooden outer containers are
cunstructed of one half in. thick CDX plywood with 2 in. x 4 in. cleats framing each panel. The
bottom is constructed of 2 in. x § in. mdyz in. x 10 in. planks fastened to 4 in. x 4 in, skids that
are crosswise (o the planks. [n addition, four 4 in. x 4 in. skids are fastened to the sides of the
bottom in a lengthwise orientation tc provide stability for the container, The container is painted a
royal blue color with white stenciled lettering which identifies the container and provides pertinent
dimensions, weights, and instructions, Radioactive material labels are attached to the ends of the
containers prior to placing the containers on a truck for shipment.
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Figure 3.1 Exploded View of Wooden Outer RA-3 Container
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A 3-in.-thick layer of plastic-coated, paper honeycomb cushioning matenal surrounds the inner
metal container on the sides, on the top, and on the bottom The ends contain additional
honeycomb material bringing the total thickness 10 9 in. The honeycomb material | s a crush
strength of 110 to 300 psi. In addition, the sides, the top, and the bottom are protecied by pads of

oam. The Ethafoam pads on the top and bottom are 3-in.-thick while the Ethafoam pads on
the sides are ).5-in -thick.

Lifting of the combined inner and outer RA containers is normally accomplished with a fork lift

where the forks slide between the 4 1n. x 4 in. cleats on the bottom of the container. Howeves,
onal chain lifting 18 itted with the chains lifting the container from outside the 4 in. x 4 in.

cleats. The location of the chain lifting points is clearly marked on the outside of the container.

The inner metal container has two internal perforated channel sections which may contain one fuel
assembly each, or groups of up to fifty unassembled fuel rods each as shown in Figure 3.2. The
inner channels are surroun. xd by an outer channel which is the prnincipal struciural component and
also provides the surface to support the gasket that seals the gap between the cover and body of the
container. The cover of the container is a hollow rectangle formed from carbon steel comparable to
the outer surface of the body of the container with the bottom of the cover fabricated from
perforated steel.

The ends of the body are protected by pieces of angle that are welded to the unds of the body. The
entire body employs welded construction with the exception of the inner channels which may be
welded or riveted to the body. The exterior of the body and cover are painted a bright yellow
which is refurbished, as necessary, after each use of the container.

The inner cha.aels and bottom of the cover are covered with Ethafoam that is 0.75 in. thick and
ruionud to wnatch the perforations in the steel channels, Additional pads of Ethafoam are placed
n the channels to support the fuel assemblies at the spacers. Also, plastic strips are placed
between the fuel rods of the fuel assemblies to reduce the consequences of fuel rod vibration

during transport.

A sketch of the cross-section of the inner and outer containers and the fuel assemblies 15 presented
in Figure 3.3 to indicate the trapped air within the inner container and the positioning of the inner
container relative o the crushable material in the wooden outer containers.

3.2 Conients

Each container provides protection during ransport for two GE BWR fuel assemnblies containing
uranium dioxide (UO;). The upper end of a typical GE BWR fuel assembly is shown in
Figure 3.4, The fuel assemblies are shipped without channels. Fuel assembly identification
numbers are stamped on the top of the handle for positive identification of each individual fuel
assembly. These identification numbers are also indicated on the exterior of the wooden outer
containers,

The radicactve material is low enniched uranium (less than 5% of the isotope uranium-235 in the
isotope uranium-238). The fuel is in the form of uranium oxide sintered inie cylindrical fuel
pellets. Some of the fuel pellets may have small concentrations of gadolinium oxide (Gdy03)
mixed with the uranium cxide.

The fuel ass=mblies in the shipment that was involved in the accident were 8x8 BWR fuel
assemblies. The uranium oxide fuel had an averags enrichment of 3.11 % 235U in 238U, Several
of the fuel rods had gadolinia mixed with the uranium dioxide. '55Gd and '57Gd have very large
cross section for absorption of thermal neutrons which aids in maintaining subcriticality of the fuel
assemblies during transport.
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Figure . Photograph of Upper End of a BWR-6 Fuel Assen.boy




1.3 Tie-Down Arrangement

lmdmwu containers onto trailers follows standard commercial practices and is accomplished
witl either a fork lift or hoist with a sling. The liftin points are clearly indicated on the wooden
outer containers. The containers involved in this nt were initally loaded such that the twelve
containers were centered longitudinally on the trailer in stacks two containers tall (as shown in
Figure 3.5). No gaps were between the containers in this loading configuration.

After loading, GE procedures require that the containers be covered with a tarpaulin for weather
protection. If more than one tarpaulin is used, the rear one is put in place first 5o that the front
tarpaulin overlaps 1o provide coverage of the joint. Typically, the tarpaulin is held in place by
bungee cords; however, if the truck driver considers it necessary, boards can be nailed through the
tarpaulin and into the bottom of the lower containers to prevent displacement of the tarpaulins
during transit. The tarpaulins are 20 ft x 30 ft and constructed of rubber coated heavy duty canvas.

The tarpaulin i1s wrapped around the containers much like gift wnpﬁing. Figure 3.6 shows the
tarpaulin applied to one end of the containers for the lowd involved in this accident. Two uling
were required to cover the load. For this load, wooden 2 in. x 4 in. were nailed to the of the
truck 1o prevent wind from displacing the tarpaulin. The 2 in. x 4 in. were applied at the front, the
sides, and the rear of the load. Additionally. a seveath tie-down strap was attached 1o this load at
thf naeu of the front tarpaulin (over the rear set of containers) to prevent it from flapping in the
w :

Tie-down is accomplished by at least six nylon straps typically of 4 in. to 6 in. width, with a
recorded minimum | ? strength of 13,000 [b. The straps are placed (as shown in Figure 3.5)
about 36 in. from the end of each stack of containers and at the center of each stack of comainers.
Tension is applied by lever-actuated ratchets at the side of the trailer as shown in Figure 3.7
(Figure 3.7 shows an undar.aged ratchet and nylon strap). The truck driver is responsible for
tensioning the nylo., straps to his satisfaction assuring that tension is retained throughout the
trip. tioning of the nylon straps is somewhat imprecise because the containers ar concealed
by the tarpaulins. Tensioning of the nylon straps helps 1o hold the ratchets in place and the top
brackets of the ratchets are frequently bent during normal usage.
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Figure 3§ Tie-down Locations for Transport of RA-3 Containers







Figure A7 Undamaged Tie-Down and Ratched



4. Damage Sustained by Containers

4.1 Container Locations

The only witnesses to the impact portion of the accident were the drivers of the truck. Other
witnesses are incapable of idenufying the location of the containers because they were not in @
postuon to observe all of the contwiners. The driver of the truck 1s positive that all of the containers
were on the trailer and that the tarpaviin and te-downs were intact and in place when he left the
truck. In addition, photographs and videos taken by cameramen representing WGGB-TV and the
Springfield Union-News show that all of the containers that were on the rear of the tratler were still
there even when the fire became well developed. Several of the photographs and the videos show
containers from the upper tier about to fail and containers that are in the process of falling.
Consequently, it must be concluded that all of the containers remained on the trailer during the
impact portion of the accident and that the containers fell off the trailer only during the fire portion
of the accident. Further, the phowgraﬁhs and videos clearly show that the wooden outer
containers were at least partially intact when the containers fell off the trailer and that the wood
continued to burn after the containers were on the roadway

The most likely description of the contuiner raotions during the accident s as follows

(1) During the initial impact with the automobile and all subsequent impacts on the
guardrail and outer concrete barner, all containers remained on the trailer.

(2) Al of the nylon straps and the tarpaulins melted or were disabled early in the fire so
that the containers were unrestrained during the majority of the fire.

(3) The fire progressed from the front of the trailer to the rear causing damage to the
front of each wooden outer containers before there was substantial damage to the
rear of the container. This resulted in containers falling and cotating at one end
while the other end was raised upward. Eventually the containers fell and rotated to
the point where their center-of-gravity was outside the supporting container or the
truck bed and the individual containers fell to the roadway.

{(4)  As the tires, the air bag suspension, and several bearings and other load-bearing
components in the wheel assemblies and suspension burned or melted, the trailer
tilted from side-to-side and front-to-back several times. This inay have aided the
movement of the containers as they were falling from the trailer or may have
occurred after the containers had fallen from the trailer.

The containers on the trailer Lave been given identificaion numbers for reference purposes that
correspond to the container locations at the time of shipment. These identification numbers are
indicated in Figure 4.1. The most reasonable interpretation of the information that is available in
the videos of the fire and post fire cleanup permits the second portion of Figure 4.1 where the final
locations of the containers are shown schematcally and the identification numbers are also
indicated to characterize the movement of the containers as they fell off the tailer. Figure 4.2 is
part of the record of removal of the damaged containers following the fire. This figure also gives
an indication of the location of the containers at the conclusion of the fire; however, the perspective
in this photo hampers precise identification of the container locations,

4.1
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Photograph of Remeoval o¢ Damaged Containers

Figure 4.2
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First impact with center barrier
+  Left front wheel was damaged.
*  Aunachimens for front axle on left side was probably damaged.
+  Compressed air tanks or lines were pobably ruptured.
*  Steenn  was partially disablad.

Impact on outside concrete barrizar:
* Hoaod over the engine came off and fell to the garage below the roadway.
* Right front fender came off and fell to the garage below the roadway.
« Front axie including both wheels was separated from the tractor.
+  Steering was totally disabled.

. ?nc or more fluids (engine oil, power steering fluid, etc.) from the engine were
eaking.

Second imnact un center barrier:
*  Driver's door was jammed.

By the end of the impact portion of the accident the tractor had received extensive damage but was
essentially intact.

During the impact portion of this accident, the trailer appeared to suffer no damage and the
containers (including tarpaulin and tie-downs) were in place on the trailer.

4.2.2 Damage 10 Container

Eight containers appeared to suffer impact damage in varying degrees. The impact damage resulted
from the containers falling off the trailer while the trailer w‘ “on fire. Most of the impact damage

ared to have occ after the containers had experienced high teinperatures during the fire.

most severely damaged container appeared o be squeezed and twisted at a point about one
quarter of its length. Beyond this point, the lid appeared to be buckled and a guzp was opened
between the lid and the lower on of the container. The opening was about 2-in. wide and
extended over a length o1 6 fi. fuel rods of one fuel assembly were plainly visible through the

opening.

All of the eight containers that were o the roadway at the conclusion of the fire experienced a fall
from the trailer to the road way. The containers either (a) experienced a classice! side impact where
the longitudinal axis of the container was lel to the trailer bed and parallel 1o the roadway or
(b) the container came partially off the trailer before falling and impacted on an end followed by a

slap-down type of impact.

4.2.3 Damage 10 Fuel Asseablies

There appeared to be very little impact damage to the fuel assemblies. No indication of buckling of
the tuel rods or crushing of the spacers was apparent. All of the mechanical damage appears to
have resulted from the fuel assemblies deforming to accommodate the shape of the inner
containers.

4.5



Thermal Damags
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Figure 4.6 Photographs of Damaged Tie-down Ratchet




Figure 4.7 Photographs of Turn Warning Signs on Trailer



Figure 4.8 Photographs of Damaged Tractor Frame and Trailer Attachment



Figave 4.9 Photographs of Damaged Tractor Wheels



’ E‘: gasket that seal  top to the bottom of the container was consumed duning the

*  The breather plug was missing on most containers.

¢ The exterior yellow paint on the inner contner was scorched on all containers and on
many containers the primer paint was visible or scorched.

* ‘The bolts securing the lid to the bottom of the container were bent on all containers,

¢« The holis securing the lid to the bottom of the container were very ductile when the
containers were opened.

hs of damaged inner containers are presented in Figures 4.10 and 4.11. The distortion
of the lid on all containers cannot be classified as resulting from impact or thermal damage. The
missing breather plugs and the gaps resulting from the loss of the gaskets is easily seen in these

photographs.

4.3.3 Damage 1o Fuel Assemblics

The damage to the fuel assemblies can be classified as mechanical and thermal. Mechanically, the
fuel assemblies appear to have deformed to accommodate the shape of the inner containers. The
fuel assemblies appear to have contributed very litte 1o the stiffness of the inner containers untl the
deformation of the inner container caused what can be termed large deformations in the fuei
assembly. Removing those fuel rods that appeared to have been exposed 1o low to moderate
temperatures from the fuel assemblies caused the fuel rods to return 1o essentially straight rods,
When these fuel rods were in the spacers as part of the fuel assembly, the asseinbly was deformed
by over an in. away from straight. However, those fuel rods that lipured 10 have been exposed
10 higher temperaty--< retained a large portion of the deformation that was present while the fuel
rod was a part of e fuel assembly.

Four different states of thermal damage to the fuel rods were observed. These states are
characterized as follows:

+ The clad was blackened with localized deposits of tightly adhering residue f.om
melting or burning of plastic inserts between fuel rods.

«  The clad was blackened with ash like deposits ioosely adhering over large portions of
the surface of the cladding.

+ 'The clad had developed a whitish color with a roughened surface.

¢ The clad expanded such that adjacent fuel rods were touching and the clad approached
a square cross section with longitudinal cracks.

[t was not uncommon to find two or three different states of damage on the same fuel rod. Where
the clad had expanded, the expansion occurred over a 6 in. length in one case, and in another case.
the expansion occurred over a length of about twenty in. The remainder of the fuel rods with the
expansions appeared to fall into the second category of damage with a transition zone that could be
characterized as the third tym of damage. Typically, the fue! rods that ballooned were at the
portion of the fuel assembly that was at the bottom of the inner container. Based upon the fact that
most containers appear to have been inverted when they fell from the trailer, the ballooning
appeared 10 have occurred in the fuel rods that were at the top of the fuel assembly.

4-14
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Figure 4.10




Figure 4.11  Photograph of Damaged Inner Lontainer




5. Evaluation of Accident: FEffect on Containers

The damage (o the containers can be roughly correlated with the location of the container during the
accident. Consequently. the identification of the location of the containers that was discussed in
Section 4.1 was very important 1o the analyses presented here. The containers have been grouped
into three categories that represent the upectrum of damage 10 the containers. These categonies are:

1. A single container which was severely deformed with the lid separated from the lower
of the container resulting in a gap about 6 ft long and several in. wide (one
uel assernbly was clearly visible through the gap).

2. Four containers which remained on the trailer during the impacts and entire fire
resulting in the steel inner container being heated to the point where it could deform o
the oot';.umion of its environment (principally the front of the trailer)

3. Seven containers which fell off the trailer at various times during the fire and endured
vanous thermal environments.

The hypothesis that is central 10 the relation between container location and damage is that all
containers remained on the traler during the impact portions of the accident,

§.1 Mechanical Analyses

The consequences of the accident on the containers can be divided into mechanical and thermal
because the truck impacted four times and endured a fire that lasted about three hours. The
mechanical analyses of the tie-downs, kinematics of the truck and containers, and impact loading
on the containers are evaluated in *he following sections.

5.1.1 Tic-down Analysis

The driver of the truck believed that the containers remained on the trailer throughout the impact

portions of the accident because the tarpaulins and tie-downs appeared intact and undamaged when

the tractor-trailer came 10 rest. Video tape records of the fire on the rear of tie trailer appear to

suppc.. this observation. Based un these observations, it i:gmsiblc 1o develop an estimate of the

upper bou' 1 of the transverse inertial loads that were applied to the containers while the truck was
it 'rom the various impacts with the guardrails and barriers,

The tie-dow: - described in Section 3.3 are nylon straps ‘astened to the two sides of the trailer and
passing over (1ic containers. It is impossible to obtain samples of the nylon straps used on the
truck involved in the accident because they melted and/or were burned during the fire. However,
the data presented in Figure 5.1 (Grayson, 1984) is representative of the type of nylon that was
used for straps of this type. Contacts with vendors of nylon stnﬁs for truck tie-downs have
confirmed key elements in this figure so it can be used to represent the tensile properties of nylon
straps for this analysis. GE requires that McGill Carriers have records of pril tests v each nylon
o8P that shows tha the hreaking strength is greater than 13,000 Ib. When new, nylon straps

ically have a breaving strength near 20,000 Ib which provides an adequate margin to assure that
the efrects of age, wind damage, ultraviolet damage and other effects will not reduce the breaking
strength below the required value.
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5.1.1.1 Pre-tension

In addition 10 the vanability of the material properties, the imitial tension in the nylon strap at the
time of the accident 1s unknown due to the lack of repeatability in the application of the pre-tension
and the lack of knowledge about the vanation in the initial te1sion during the tnip. The initial
tension was applied when the ambient temperature was above 50 °F (during the day). At the time
of the accident, the temperature was 20 *F. This change in temperature of the strap could have
loosened or tightened the nylon strap. However, the following analysis will assume that some pre-
tension remained.

An estimate of the pre-tension can be developed based upon the geometry of the rawchet (see

ﬁdgeurt 3.7). A steel bar is inserted into the hole in the end of the shaft that protrudes from the far

side (in Figure 3.7) of the ratchet. Typically. the steel bar is 24-t0-30 in. long and. when this load

;vqs secured, the diameter of the roll »f w.yion strap remaining on the ratchet was between 2 and
in.

The geometry of the pre-tensioning is shown in the sketch 1o the night

In this sketch:

T is the tension in the nylon strap in [b.

F is the force exerted by tie truck driver as
tension is applied in Ib.

L is the length of the bar in in.

ris the radius of the roll of nylon strap on the
rathet in in.

To estimate an upper bound on the force applied to the end of the bar, the bar is treated as a beam
with a point load applied at one end while the other end is fixed (i =, a cantilever beam) as shown
in the fc >wing sketch:

The maximum momeat and maxi. um displacement

3
oceur at the end of the beam and are FL. and -3?; 3

respectively. 11is the moment of inerual about the
centroid of the beam. The stress at the outside of

the beam is given by g = -NEP- where ¢ 1s the dis-

tance from the center of the beam te the outer fiber
of the beam. For a solid cylindrical bar, the moment of inertia is .} R4 and the distance from the

centioid to the outer fiber is R. Therefore, the maximum stress in the bar is:
4FL

0= ——

R’

Assuming that the truck driver would stop applying force when the swress reached or slightly
exceeded the yield streagth (0 = 0y) and the bar was visibly bending, gives the following

5-3



expression as an estimaie of the force that would be applied to the end of the bar:

a‘.nR"
5 e ———
4L

Introducing numerical values and assuming the yield strength of the steel 10 be 33,000 psi gives
bounds to the force applied 10 the end of the bar that range from about 5 Ib, if the bar diameter is
0.4 in_and the length is 36 in., 10 162 Ib, if the bar diameter 1s | in. and the length is 20 in. These
values are within the strengih capability of a normai adult.

Baluncing the moments on the ratchet gives the following expression for the pre-tension in the
nylon strap:
FL
Tz o
r

After introducing the expression for the upper bound on the force, this expression becomes:

1
.. OR
T

A plot of the pre-tension as a function of the rad us of the bar, R. and the radius of the roll of nylon
strap on the ratchet, r, is presented in Figure 5.2. The maximum value of pre-tension is
independent of the properiies of the nylon strap and is less than 3.500 Ib for all realistic values of
the size of the bar and the amount o1 nylon strap that remains on the ratchet. Conscquently, all
additional analyses that utilize the pre-tension of the nylon strap will treat 3,500 Ib as the upper
bound of the pre-tension.

5.1.1.2 Frictonless Contact Between Strap and Tarpaulin

The fricdonal resistance tn motion between the nylon strap and the rubberized surface of the

wiin is difficult to predict. Rather than attempting to estimate the friction coefficient for these
surfaces, the following analysis will be performed assuming no frictional resistance to motion cf
the tarpaulin under the nylon strap. This approach will underestimate the maximun ansverse and
longitudinal accelerations that are possible without breaking the nylon strap  also, the friction
coefficient should be small so assuining a value of zero is simultaneously « bound and a realistic
vaiue.

The sketch to the left represents a cross section
of the trailer prior to rensport (the containers are
‘ centered on the trailer) which focuses upon the
geometry of the nylon strap. This sketch is not

d to scale to emphasize the regions where the
nylon straps are attached to the trailer. The
nylon tie-down is shown in bold in this sketch.

AL

s

_J The length of the nylon strap (not including
material siill rolled up on the ratchet) can be
calculated from the following equauon:

b~ € b 2 2
g L=a+c+2-Jb +a*

sS4
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Proceeding as in thie previous evaluation of the maximum transverse acceleration gives:
N =W +TcosO +TcosBg and Fe= uN, and

a, T .. ,
-Ec- =H W [sinBy + sinBR + W (cosBy + cosbr)] .

The maximum possibie acceleration that corresponds to various displacements of the containers is
plotted in Figure 5.5 for several diferent values of the pre-tension of the nylon straps. During the
impac: portion of the ac<'dent, the trailer was swingirg toward both sides, and it is possibie that
the containers slid to one side of the trailer and then, at a later ti-ae, slid to the other side.
Comet‘::nly. the fact that the conta ners appear to exiend about 4 in. (displacement of about 8 in.)
off the left side of the trailer will be iznored, and it will be assumed that thr maximum displacement
of the containers was slightly less than the displacement that would have caused the center of
gravity of any of the containers 10 b2 outside the trailer. This results in the conclusion that the
transverse wcceleration was no larger than about 1.5 g. This is a small peak transverse acceleration
which implies that the trailer did not swing far enough 10 eith  side to strike the concrete barrier at
the outside of the roadway or the guardrail dividing e north: and south bound lanes.

A similar approach can be empioyed to determine the maximum longitudinal deceleration that ¢an
be tolerated by the containers without exceeding statuc friction so the containers will experience
only smail displacements. The expression for the maximum longitudinal acceleration is:

a p L :
ke i1+ g (sinB - sinBg) | .

The expression for the maximum longitudinal deceleration does not change 1if the containers are
displaced such thai a portion of the containers is off the trailer.

The maximum longitudinal accelerations are plotted in Figure 5.6 as a function of the displacement
of the containers and the pre-tension in the nylon straps. The maximum longitudinal deceleration
must have been less than one g based on the observation that the containers did not slide forward
by a large amount during the impact portions of the accident. The final recting positions of the
containars after the conclusion of the fire appear 10 be 6 to 12 in. forward of the inital position on
the trailer. However, this amount of motion is sufficiently small that it cannot represent gross
sliding of the payload. The most likely explanation of the final position of the containers being
forward of their initial position 1s motion during the fall off the trailer which could have included a
sliding component which would have moved the containers forward.

It should be noted that this analysis indicates that if any container is to slide forwara during the
deceleration, it will be the center container in the top row  This coniainer does not receive any of
the downward forces due to the tie downs and it does not have another container resting on its top
s0 it has the least frictional forces restricting its motion. The only frictional forces acting on the
center container in the top row are the forces that arise from the (lamping forces F,y and Fyg
which tend to hold the containers together in a single unit. If the center container in the top row
were to move by about 6 ft, it would impact on the expanded metal barrier at the rear of the tractor
However, this barrier was free of any impact damage 30 it must be concluded that if there was a''y
forward motion of the containers, it was not sufficient to allow the containers to reach this barry t.
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In this diagram:

i 9.7 - .
il b 27 e

The forces acting on the tractor and trailer can
be determined by examining the tractor and
tratler separately. The frictionai forces acting
at the interface between the ures and roadway
represent the retarding force that is causing the
truck to decelerate. The free body diagram of
the trailer and payload including the forces
acung at the kingpin is shown at left.

F3 is the friction force acting on the wheels of the trailer.
Fiy and Fy, are the forces acting on the kingpin connecting the tractor and trailer.
N3 is the force of the wheels of the trailer acting on the roadway.

W is the weight of the trailer.
W is the weight of the payload.

The weights and appropriate dimensions are presented in Tables 2.2 and 2.3. Equatcns that
represent eti‘uilibrium of vertical and horizontal forces and moments can be solved 1o determine the
ich are:

forces wh
Fky = 21,000 1b,
N3 = 25,500 Ib,

The forces acting on the tractor are represented
in the freebody diagram of the tractor.

In this diagram:
W is the weight of the tractor.

Fy is the frictional force acting on the front
wheels of the tractor.

F; is the frictional force acting on the rear
wheels of the tractor.

N1 is the normal force acting on the front
wheels of the tractor.

N, is the normal force acting on the rear
whaels of the tactor.

Fix = 10,600 b,
Fy = 12,900 Ib.

Solving the equations for vertical, horizontal and rotational equilibrium gives:

Ny = 21,000 Ib,
Ny = 25,500 Ib,

Fy = 10,600 Ib,
Fy = 12,900 Ib.

This analysis corresponds to rolling friction between the wheels and the roadway which implies
that static friction is acting at the point of contact between the tires and the roadway, If the wheels
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stop rotating due to the effects of the brakes, the tires will begin to slide and the coefficient of
ﬁwilfﬁ&n could be reduced by 50%. Under these conditions the acceleration and stopping distance
ill be:

a=05x1627 =813 fysec?, and

vi-vi 0°-8067°
L voskole pe %) =400 ft

This stopping distance is longer than the distance between the initial impact and the final resting
position of the truck so it must be concluded that the brakes did not lock and the tires continued to
rotate as the brakes absorbed energy. This is consisicnt with the absence of readily visible skid
marks vt the roadway.

During the final portion of the travel of the truck, the wheels and front axle of the tractor were
separated from the tractor, This reduced the weight of the tractor by about 1,200 1b and moved the
center-of-gravity toward the rear by about 6.3 in. When the front wheels no longer suppor* the
tractor, it tilts forward undi the tractor frame contacts the trailer frame near the kingpin. From this
point to the conclusion of the impact portion of the accident, the tractor and trailer behaved as &
single unit and the front of the tractor remained above the roadway. With the tractor and trailer
behaving as a single unit, the forces acting on the tires are:

Ny = 43,400 1b, Fa = 21,900 Ib,

N3 = 20,900 Ib, F3 = 10,600 Ib.
These forces represent a substantial increase in the Joad applied to the tractor rear wheels (Nj).
However, this load is not sufficient to demage the tractor rear axle which is rated to carry

40,000 1b. The load anplied to the rear tractor wheels could have overloaded the tires creating the
smoldering that was observed when the tractor and trailer came 10 rest.

5.1.2.2 Kinetc Analysis of Trailer Motion During Accident

During the initial portions of the travel after impucting with the car, the trailer will be subject to the
forces that are indicated on the following free body diagram.

In this diagram:
.. Fj is the longitudinal foice due to hrak-
* t ing.
i s o ,3 R 3 : 3 =d
Fy is the transverse force due to friction

A" e e the wheel
; wHE at the wheels.

T is the force applied at the kingpin.

8 is the angle between the force at the
kingpin and the longitudinal axis of
the trailer.

The retarding force that is applied at the kingpin is the result f frictiou of the tires of the tractor.
The force at the kingpin has been assumed to follow a patl. that is formed by three straight lines as
shown in Figure 5.7. Assuming the kingpin follows straight lines wili maximize the rotation of the
trailer at the points where the tractor impacts on the guardrail or barrier.
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The transverse forces at the wheels represent the friction forces that act on the wheels to prevent
sliding of the trailer in the transverse direction. The initial evaluation of the forces acting on the
trailer wili be based upon assumed equilibrium in the transverse direction which defines the friction
force as:

Fg=Tsin 8.

As long as the transverse force at the wheels of the trailer is less than the frictional force at the
wheels, there will be no transverse component of acceleration and the trailer wheels will follow
behind the tractor. For the purposes of this aralysis the friction coefficient for trensverse maotion
of the wheels is assumed to be 0.4 which is slightly less than the value used to represent rolling
friction. Using the normal force at the rear wheels which was determined in the previous section,
this is equivalent to limiting the friction force to slightly more than 10,000 Ib.

If the transverse friction force, Fy, exceeds 8,000 Ib, a third equation of motion must also be
included which is:

LF,=Tsin8~Fma,

where:
Ay is the ransverse acceleration of the center-of-gravity.

The ~quanons of motion of the trailer are:

W
EF,z-TcosGF,Ia‘. and

4 - \F; F3
IM,, = Tsin @ (L - Lg) + Flly - L,,.,;)+(-i--)(wW -0) = (T)(w' - 0) = I a

where:
F, are the forces paralle! 10 the longitudinal axis of the trailer.
T is the force applied to the kingpin by the motion of the tractor.

8 is the angle between the force applied to the kingpin and the longitudinal axis of the
trailer.

Fj are the f.iction forces acting at the rear wheels that are paraliel to the longitudinal axis
of the trailer.

F are the friction forces acting at the rear wheels that are perpendicular to the
longitudinal axis of the trailer.

W is the weight of the trailer.

g is the gravitatonal constant.

a, is the longitudinal acceleration of the center-of-gravity.

lcg is the moment of inertia about the center-of-gravity of the trailer.

@ is the angular acceleration of the trailer.

W, is the distance from the center of the trailer to the center of the wheels.

The L's are defined in Table 2.3
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i 5.1.3 Conwiner Impact Analysis

One of the major elements in the assessment of the performance of the containers dering this
accident is the evaluation of the magnitude of the forees acting on the containers dunng any 1mpacts
that might have occurred. The previous analyses of the tie downs and tratler dynamics indicated
that the containers were subjected to impact forces in the ore-1o two-f range. However. (he
containers were subjected 1o much higher impact forces when they fell off the trailer. The video
- tapes of the fire portion of the accident give a clear indicaton that the containers that were loaded
: on the rear of the trailer fell o!f the trailer dunng the fire wnich provides a clear upper bound on the
'. container energy when it impacted on the roadway .

There are four possible combinations . © conditions that could exist when a container fuii off the
trailer, which are:

+  The wooden outer continer was intact at the point of impact sc the honeycomb wwd
Ethafoam were canable of absorbing energy.

* The wooden outer container was consumed by the fire piior to the impact so the
energy must be dissipated by crushing the inner containe”,

v The aoden oulcr container was partially consumed by the fire so the container shid
off ¢ trailer, landing on one end followed by a pivoting type of *all to a horizontal

position.
The first two possibilities will be evaluated 10 provide hounds upon the impact forces that could
have been experienced by the containers as they fell from the trw'er during the fire.

The most severe impact was for the container that was in the top layer of containers on the left side
{driver's side) of the trailer. The video tapes of the fire show this container and the one below 1t
, fell off the wailer as a unit and did not separate until the containers were a} “roximately horizontal
% and the containers had rotated 90°. During the remainder of the fall, both containers rotated an
' additional 90° such that the total rotation was 180" and both containers landed on their tops. The
top container landed several ft from the trailer while the bottom container came to rest learung
against the tire on that side of the trailer. The separation between the containers was not enough to
allow another container to reach the roadway when it fell off the trailer. The final container was

about one ft above the roadway until the wooden outer containers burned away and then
the final container slowly dropped onto the roadway.

!

|

E

| The top container fell through a distance of 85 in. (31 in. from the top of the bottom container to
i ou}e trailer bed and 54 in. from Lae trailer bed to the roadway) which resclted in an impact velocity
E V=VIgh.
i where:

! V is the impact velocity in in. per sec,

F g is the acceleration due to gravity in in/sec?.
p h is the height of the free fall in in.

J

!

}

Introducing numencal values gives:

V=v2 32,16 85 12 =256.1 in./sec.
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Solving for the crush depth gives:

WhL

L AL

The side of the lid is the member that must absorb the energy because the remainder of the
container (bottom, fuel assemblies, etc.) represent the masses that have the energy that must be
absorbed. Introducing numerical values for the carbon steel inner container impacting on its lid so
the sides of the lid compress:
W = 1,830 Ib. L=2in.
h = 8Sin, E = 30x10P psi, and

A= 2(179.5 + 18.125) 0.059 = 23,32 square in.

The resulting value for the compression, X, is 0.0298 in. At this compression the strain i< 1. 48%
and the stress is 447,000 psi. This stress is well beyond yielding for this matenal ( oy = 33000
psi) so the integrand must be revised to reflect the discontinuity in the stress-strain curve at the
yield strength as follows.

yield X
Wh=f ceAdx+I o, A dx
0 viekd

For the purposes of tuis approximation, the carbon steel will be assumed to behave as an elastic,
perfectly plastic material where the stress cannot exceed the yield strength. Under this condition,
the maximum force acting on the inner container will be:

F=0,A=33000 23.230 = 770,000 Ibor 420 ¢ .

It is also possible that the steel plates in the inner container will buckle rather than crush. The force
required to buckle a plate with edge loads is given by (Timoshenko, 1961).

B¢ f_p_+a]z

b -uhla b

where:

Oy, is the stress that causes the plate to buckle rather .an crush.

E is the modulus of elasticity.

L is Poisson's ratio.

a is the height of the plate.

b is the length of tiie plate between supports.

t is the thickness of the plate.
Introducing numerical values for the carbon steel sides of the lid gives:

a=2in, t =0.059 in.,

E = 30x106 pay, v =023, and

b = 28.50 in.

O, = 23,800 psi .
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The torce that is exerted on the container is the swress times the area which includes the side and
end plates.

F=0pA=23800 23.320 = 556,000 1b or 304 g

This analysis is very conservative because it has been assumed that all of the weight of the inner

container is acting on the side of the lid which is the component that will fail due to buckling. In

reality, the angles that brace the sides and top of the inner container will transfer a large fraction of

the impact forces directly {iom the fuel assembly to the impac surface (10p of the inner container)

without requiring the side of the lid to sapport all of the force. Consequently, impact loads much

Larg:lv than 304 g will be required 10 cause the side of the lid of the inner container to fail by
uckling.

In summary, the analyses presented here have indicate that an impact on the lid of the inner
cortainer would crush the Ethafoam and honeycomb (195 g) if these components had not been
damaged by the tire. However, if the Ethafoam and honeycomb were consumed by the fire, the
side of the lid of the inner contain~r would fail by buckling at a load in excess of 304 g.

5.1.4 Evaluation of Container Resting on Guardrail

The most severely damaged inner container was observed to have one end resiing on the guardrail
and the other end resting on the roadway. In addition, another container was partially resting on
the end which was on the guardrail. Marks cn the most severel: damaged container indicated that
it was in contact with a burning tire for somu period of time at the location of the maximum
deformation. The location of maximum deformation was about one third of the length of the
container from one end and can be characterized as distortion from a rectangle nto a parallelogram
with a transverse crease in one comner of the container.

The analyses that follow attempt to demonstrate that the deformation is consistent with the static
loads that were applied to this container following its fall from the trailer and no damage should be
attributed to any impact between the truck and the guardrail at the conclusion of the impact portion
of the accident. The container is treated as a beam that is initially resting on the roadway at one
end and resting on or leaning against the top of a tire about one third of the length of the container
from the guardrail. When the containers fell from the trailer, the second container probably was
resting on the edge of the damaged container but not resting on the guardrail. Probably, the second
container did not contact the guardrail until the first container deformed, giving the miss-
impression that both containers were resting on the guardrail during the enrire fire. Top and side
views of these two containers are as shown below both before and after the bottom container
defurmed.

Geard The free-body diagram for the
n-_---:--- upper aiid lower containers are:

Tire on Tracter where:

Package Fy is the reaction force where
Top View the upper container rests on
the roadway,

F3 is the reaction force where
the upper container rests on
the lower container,

Side View
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The moment at any position along the beam is determined from equilibrium of moments with the
beam truncated at any length. The expressions for the moments are:

wxl wx' : :
M= (—5—- - v—g— } cosB if x < L in the upper package.

wxlL wxl’ w.\z) B ‘ ; ;
M=(3—5—-— Flon cosB if x < L - a in the lower package,

£y
“

M= (31-;-1-'- o wL? - “% ) cost if L.~ a < x < L in the lower package.

The shear furces and moments are plotted as a function of position zlong the beam in Figure 5.8,
The maximun moment occurs 1t x = (L-a) and is:

A SRR &
Maar = | Phoss- LRI .. LI PO

The maximum shear stress and maximum moment for both containers are plotted in Figure 5.9 as a
function of the distance between the end of the upper container and the point where it is supported
on the tire.

The stress in the inner container is the product of the moment, distance between the centroid and
the moment of inertia as:

Q'm snm

When the lower container is assumed to rest on the tire at a location 50 in. from the end of the
container, the maximum moment is 58,000 in-1b, the moment of inertia of the inner container about
an axis that passes through a corner of the cross section of the container at an angle of 45° to the
sides of the container is 1488 in? and the distance from this axis to the extreme fiber 0. the
comainer is 21 in. These values give a maximum stress of 818 psi,

The container which suffered the extreme damage was located adjacent to a burning tire which had
a flame temperature near 1800 *F with flame characteristics that should have produced a high flame
emissivity. C' nsequently, after 0.5 hour exposure to the burning tires, the metal temperature in
this container should have been close to 1800 'F. The temperature dependence of the yield
streng:h and ultimate strength of carbon steel are presented in Figure 5.10 as a function of
temperature. Properties have been extracted from Appendix [ of Section 111 of the ASME Boiler
and Pressure Vessel Code and from the Mil Handbonk to provide the strength of carbon sieel up to
1200 *F. However, above 1200 °F there is very little tabulated data. The ultimate strength of
armeo iron has been reported for temperatures exceeding 1200 °F and has been used to extrapolate
the data from the MIL-HDBK to temperatures approaching 1800 'F. At temperatures between
1700 °F and 1800 °F, the yield strength ot carbon steel approaches 800 psi. Consequently, the
inner container which was resting on the tire would fail in bending when the tire was involved in
the fire and producing flame temperatures in the vicinity of 1800 °F.

wn
;

tJ

=



1500 -= o o

- 3

R s

- -

L s

1000 4 +

B =

1 3

- -

g S

‘Shear Force

%
2
2
.
an
5
=

r .

SO0 - -4

< b

‘ [

E -

E [

1000 + +

R .

b P

4 S

E =

R A A e e S S S——

0 20 40 60 80 100 120 140 160 180

Distance Along Inner Package, inches

150000

100000

- 100000

- 150000

Figure 5.8 Shear Force and Moment Distribution in Beam Model of Container

Supported by Guardrail

Momenl, inch pounds



: : s Maodsal of
Maximun neat 14 10 . am XNode! R

\L:l‘,;:z,! e




40,000

psi

' 30,000

Stress

20,000

10,000

*ASME B&PV

“MIL HDBK- E

*Extrapolation = = = =

1
E
-
b
3 ‘
N
~ b
--.
"T':'T':'VV:"l:‘V":""'%iTT:'V':'T":}
0 200 400 600 800 1,000 1,200 1400 1,600 1,800
Temperature, °F
f Steel

Figure 5.10 Temperature Dependence of Stre

5-29






Figure S.11 Motion of Container Falling off Trailer During Fire
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The first type of damage has been associated with incomplete combustion of the plastic inserts that
are plac tween the fuel rods to prevent flexing of the fuel rods duning transport. The residue
was rigidly attached to the fuel rods and required substantial shearing type forces to separate the
residue from the fuel rods. The temperature of the clad was probably about 1160 *F because the
plastic was partially combusted and partially melted

The second type of damage has been associated with complete combustion of the foam pads and
plastic inserts that are placed between the fuel rods 1o prevent flexing of the fuel rods during
transport. The residue was powdery and loosely adhenng to the fuel rods. The clad temperature
that was associated with this condition of the clad is about 1200 °F because the temperature
exceeded the igniton temperature of the plastic inserts.

The third type of ;¢ has been associated with the formation of zirconium oxide due to elevated
temperature of the clad. This implies that there was enough oxygen inside the container 1o react
with the zirconium afrer essentially complete combustion of the plastic and foam ¢ mponents that
were inside the container.

A substantiai amount of research has been presented in the literature that addresses the formation of
zirconium oxide on the surface of Zircalloy-2 and Zircalloy-4 clad fuel rods. However, this is not
appropriate for this investigation because the research focused upon the formation of the oxide film
in the presence of water where the zirconium had to compete with hydrogen for the available
oxygen. Conditons during the fire were greatly differeni because the environment contained a
substantial amount of free oxygen which was available to react with th: zirconium when the
temperature was elevated.

The fourth type of Jamage has been associated with the combination of reduction in strength of the
clad and the increase in internal pressure in the fuel rod as the temperature increases. en the
temperature reaches a specific value, the internal pressure will produce stresses that exceed the
yield strength of the clad and the clad will begin to expand. As the temperature increases, this pro-
cess will continue until the clad reaches its ultimate strength or the clad cracks, releasing the
internal pressure. Since the elevated clad temperatures persisted for one hour or less, creep of the
clad hes been discounted as a mechanism for increase of the clad diameter,

Zircalloy has a hexagonal close packed structure in the temperature range between room
temperature and 1500 *F which is referred to as the o phase of Zircalloy. As the temperature
increases from 1500 °F 1o 1800 *F the structure of Zircalloy changes and at temperatures above
1800 'F the structure is entirely body centered cubic. A considerable amount of plastic
deformation occurs in the temperature range between 1500 ‘F and 1800 ‘F. The melting
temperature of Zircalloy is 3317 'F. However, there were no fuel rods that appeared to approach
meltng.

The cladding stress as a function of temperature is presented in Figure 5.18 based upon the
assumpuon that the clad could be treated as a thin wall pressure vessel. The initial pressure inside
the fuel rod at the time of fabrication has been evaluated parametrically because this value has not
been released by GE. Also, the temperature dependence of the yield streng:! and ultimate strength
of Zircalloy-2 are presented in Figure 5.18  There is a discontinuity in tue curves of yield and
ultimate strength at 1500 °F due to the transition between the a and f phases of zirconium.

The intersection of the yield strength and clad stress curves indicates the temperature at which the
clad will begin to vie! fand expand. Similarly, the intersection of the ultimate strength curve with
the clad stress curves indicates the iemperature that will cause the clad to fail. The intersections
oceur at temperatures ranging from 1250 "F to 1600 *F.  The value of 1250 °F is considered to be
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Figure 5,18 Stress _lad at Elevated Temperatures
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6. Conclusions

An inquiry, assessment, and analysis were performed of a severe accident involving a passenger
vehicle colliding with a tractor-trailer carrying 12 containers, each containing 2 unuradiated nuclear
fuel assemblies. The accident occurred at 3:15 a.m. on Dec. 16, 1991, on 1-91 as it passed
dm&dowmmvn Springfield, Massachusetts. During the collision the truck veered to the left 1o
miss the car that was proceeding in the wron&edirecuon and hit on the center guardruil and outer
concrete barrier before coming to rest against the center puardrail

The collisions suffered by the truck appear to have allowed the containers to remain intact on the
trailer. However, eight containers fell from the trailer during the fire that started in the engine. The
fire spread to the tractor and then 1o the trailer. The containers and the unirradiated nuclear fuel
appear 10 huve had very little danage due to falling from the trailer. The wooden outer
containers appear to have been intact, at least partially, at the time of the impact of the containers on
the roadway. The containers provided substantial protection due 1o the presence of honeycomb
and foam in the outer containers. Based upon the analyses reporte here, all of the significant
mechanical damage to the containers occurred as a result of the fire that followed the collisions.

Local flame temperatures during the fire were about 1800 °F in the vicinity of the tires and abosut
1300 °F throughout the remainder of the portion of the fire that affected the containers and

nuclear fuel assemblies. Consequently, only portions of containers were expused to
lemperatures greater than 1300 °F. The fire burned for over three hours; however, the containers
and the unirradiated nuclear fuel assemblies were exposed (o the fire for about two hours. The
damage 1o the metal inner containers ranged from minimal to very severe based upon the location
of the container and the intensity of the flames during the fire. The fuel assemblies inside the
container were distorted to conform 1o the configuration of the metal inner container. In addition,
some of the clad tubes had swollen due to the increase in pressure within the fuel rod as a result of
the elevated tures during the accident. Analyses indicate that temperatures in excess of
1500 °F are req to cause this type of damage. Some cracks were observed in the clad tubes at
the location of swelling; however, no uranium dioxide fuel escaped from the clad tubes.

All of the fuel assemblies remeined in their inner containers and were maintained in a safe geometry
throughout the entire accident. A criticality accident was not possible during this accident. There
were no serious injuries or fatalities, and the health and safety of the public and the personnel
respon-‘ing to the accident were niever at risk,
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