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ABSTRACT

This report describes a study performed by the Lawrence Livermore
National Laboratory to evaluate the level of safety provided under severe
accident conditions during the shipment of spent fuel from nuclear power
reactors. The evaluation is performed using data from real accident histories
and using representative truck and rail cask models that 1ikely meet 10 CFR 71
regulations. The responses of the representative casks are calculated for
structural and thermal loads generated by severe highway and railway accident
conditions. The cask responses are compared with those responses calculated
for the 10 CFR 71 hypothetical accident conditions. By comparing the
responses it is determined that most highway and railway accident conditions
fall within the 10 CFR 71 hypothetical accident conditions. For those
accidents that have higher responses, the probabilities and potential
radiation exposures of the accidents are compared with those identified by the
assessments made in the "Final Environmental Statement on the Transportation
of Radioactive Material by Air and other Modes," NUREG-0170. Based on this
comparison, it is concluded that the radiological risks from spent fuel under
severe highway and railway accident conditions as derived in this study are
less than risks previously estimated in the NUREG-0170 document.
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PREFACE

This report describes a study conducted to estimate the responses of
spent fuel casks to severe highway and railway accident conditions and to
assess the level of safety provided to the public during the shipment of spent
fuel. The study was performed by the Lawrence Livermore National Laboratory
for the U.S. Nuclear Regulatory Commission (NRC), Office of Nuclear Regulatory
Research.

This report is divided into two volumes: Volume I, the main report,
describes the study, the technical approach, the study results, and
conclusions; and Volume II, the Appendixes, provide supporting accident data
and engineering calculations. This report has been reviewed by the Denver
Research Institute at the University of Denver under a separate contract to
the NRC as the peer review. A companion summary report entitled "Transporting
Spent Fuel-Protection Provided Against Severe Highway and Railway Accidents"
(NUREG/BR-0111) has been prepared by the NRC for wide distribution to federal
agencies, Tocal governments, and interested citizens.

Commercial spent fuel shipments are regulated by both the Department of
Transportation (DOT) and the NRC. The NRC evaluates and certifies the design,
manufacture, operation, and maintenance of spent fuel casks, whereas the DOT
regulates the vehicles and drivers which transport the spent fuel.

Current NRC regulations require spent fuel casks to meet certain
performance standards. The performance standards include normal and
hypothetical accident conditions which a cask must be capable of withstanding
without exceeding established acceptance criteria that

(1
(2
(3

) limit the release of radioactive material from the cask,
) Timit the radiation levels external to the cask, and
) assure that the spent fuel remains subcritical.

This study evaluates the possible mechanical and thermal Tloads generated
by actual and potential truck and_rai]road transportation accidents. The
magnitudes of the Tloads from accidents are compared with the loads implied
from the hypothetical accident conditions. The frequency of the accidents
that can produce defined levels of mechanical and thermal loads are developed
from the accident data base. Using this information, it is determined that
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for certain broad classes of accidents, spent fuel casks provide essentially
complete protection against radiological hazards. For extremely severe
accidents--those which could impose Tloads on the cask greater than those
implied by the hypothetical accident conditions--the 1ikelihood and magnitude
of any radio1ogica1 hazards are conservatively estimated. The radiological
risk is then estimated and compared with risk estimates previously used by the
NRC in judging the adequacy of its regulations.

The results of this study depend primarily on the quality of the cask
response models, the radiation release models, and the probability models and
distributions used in the analysis. Models for cask responses, radioactive
releases, and distributions for the accident parameters are new developments
based on current computér codes, limited test data on radioactive releases,
and limited historical accident data. The results are derived using
representative spent fuel casks which use design principles and materials that
have been used in casks currently licensed by the NRC. The representative
casks are assumed to have Dbeen designed, manufactured, operated, and
maintained 1in accordance with national codes and standards (or equivalent)
which have adequate margins of safety embedded in them. The results of this
study are limited to spent fuel casks designed and fabricated under current
technologies and operated under current regulations. New designs using
alternative design principles and materials, or changes to regulations such as
the imposition of a 75 mph national speed limit, could affect the results and
conclusions of this study.

This study does not consider the effects which human factors can have on
the cask design, manufacture, operation, and maintenance. If further study is
conducted, human factors should be considered because they can contribute to
the overall risk in each phase of transporting spent fuel.

L. E. Fischer
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APPENDIX A
Severe Accident Data
A.1 Introduction

Under the first phase of the Nuclear Regulatory Commission Transportation
Model Study Program, Ridihalgh, Eggers and Associates (REA) reviewed hundreds
of severe highway and rai]wéy accident reports for the period from 1961 to
1981.A-1 Information on selected accidents was recorded onto a set of
specially formatted data summary sheets. In this study, the severe accident
data base was expanded to cover additional accidents in the 1980 - 1983
period. The accident data compiled by REA was reviewed to sort out the
information related to structural and thermal Jloading conditions. This
appendix describes the process used to select severe accidents and presents
sample data summary sheets for four severe accidents. Also summarized are all
of the selected severe accidents with some of their more important loading
parameters.

A.2 Data Summary Sheets

A Tliterature search reported over 100,000 truck and train accidents 1in
the period from 1961 to 1983. Approximately 335 accidents were selected for
the period 1961 to 1981,and 60 accidents were selected for the period 1981 to
1983. These accidents were judged to contain accident information that could
be useful in assessing high physical loading conditions. A1l accidents had to
involve either a truck or a train to be included in the selection process.

In general, the ‘informationi contained in the accident reports was more
related to public: safety:issues:and thevloss of 1ife and property rather than
to the physical ‘loading=:conditions that occurred during:an accident. For
example, a ‘severe--accident: typicallyreported.:could involve a truck and
several cars resulting 'in:a high-loss jof property::and 1life,: but could have
occurred vat ‘moderate velocitdes (1é3$”than.'45 mph) :and:-lodding conditions that
could have been relatively.high" to: the . cars ::(40,000-150,000 pounds),~ but
relatively low to: theitruck: .On+vthe:othérihand,~a runaway truck could hit a
bridge abutment at high speed (greater than 80 mph) which could result in high
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loads (greater than 400,000 pounds), but never be included in a detailed
national report because the loss of 1ife and property would not be high, and
the event would be so rare that it was not a public safety issue. ATl the
compiled accident data were reviewed and the more important loading parameters
that an .accident can generate on a shipping container involved in such an
accident are identified. Tables A.l1 to A.4 present the data summary sheets
for four typical severe accidents with high physical loading conditions.

The first data summary sheet, Table A.l1, provides information on a truck-
fire accident in the Caldecott Tunnel near Oakland, California, in April 1982,
The accident involved a gasoline truck-trailer, an automobile, and a bus. A
fire resulting from approximately 8,800 gallons of gasoline had a peak flame
temperature of 1900°F, Although the fire Tlasted 2 hours and 42 minutes
according to the records, the peak flame temperature was estimated to have

occurred for at least 20 minutes but not for the entire fire duration.

Table A.2 summarizes a truck-bridge accident, where in March 1981, a
truck-tractor-trailer was struck by a pickup while on an overpass bridge on
Interstate I-80 near San Francisco, California. The truck-tractor-trailer
veered into the bridge railing, broke through the railing and fell 64 feet to
the soil surface below.

Table A.3 provides information on a train fire accident, where on
September 28, 1982, 43 railroad cars derailed near Livingston, Louisiana,
Following the derailment, a fire started to burn various materials which
included plastic pellets, vinyl chloride, and petroleum products. The fire
which covered a wide area was allowed to burn for several days because of the
toxic chemicals and explosions involved. A railroad car carrying motor fuel
anti-knock compound (tetra-ethyl Tead) exploded about 19 hours after the
derailment. A second thermally induced explosion occurred on October 1, 82
hours after the derailment, involving a car carring vinyl chloride. The fire
cooled .down sufficiently on the fifth day to permit fire-fighting
operations. Six cars carring chloride materials were purposely detonated on
October 11 to dispose of the remaining unvented materials within them.
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Finally, Table A.4 summarizes a train-bridge accident, where on
January 19, 1979, a train derailed off a bridge into the Alabama River near
Hunter, Alabama. One of the rail cars was carrying a pipe which struck the
bridge and caused the derailment. Five rail cars fell into the river 75 feet
below.

A.3 Severe Accident Summary Tables

Using the severe accident data summary sheets as input, tables were
prepared summarizing each of the selected severe accidents to highlight the
information related to 1loading magnitudes. Three different tables were
prepared: Truck-Train Grade Crossing Accidents, Table A.5; Truck Accidents,
Table A.6; and Rail Accidents, Table A.7. '

Each accident is identified by its location (name of state and city) and
is 1listed by its Tlocation in alphabetical order. For each accident the
following information is provided: report source, date of accident, type of
accident, number of vehicles involved, the velocity prior to the accident, the
height of any fall involved, any object struck, and the duration of any fire
involved. In some cases, the information was not stated on the data summary
sheets and an NS is entered in the corresponding column.

A.4 Reference

A.1 P. Eggers, Severe Rai1‘ and Truck Accidents: Toward a Definition of

Bounding Environment for Transportation:Packages, U.S. Nuclear Regulatory
Commission,'Washiﬁgton; DC, NUREG/CR-3499, October 1983,

A-3




‘ Table A.1
Caldecott Tunnel Fire Data Summary Sheet

1.0 ACCIDENT IDENTIFICATION

2.0

3.0

.01
.02
.03
.04
.05
.06
.07
.08

[T S G e ]

.10
11

—

.09 -

Date of Accident: April 7, 1982

Time of Accident: 0012

Rail, Highway or Both: Highway

Location;: Caldecott Tunnel near Oakland, California
Railroad and/or Trucking Co. Involved: Armour 0il Company
Accident Report No.: NTSB/HAR-83/01, PB83-916201

Source: NTSB :

 Title: HIGHWAY ACCIDENT REPORT - Multiple Vehicle Collisions and

Fire Caldecott Tunnel near Oakland, California April 7, 1982
Location of Document: REA

Location of Additional Information: NTSB

No. of Drawings/Photos: 16

ACCIDENT EVENT DATA

2.01

2.02

.03
.04
.05
.06
.07
.08

PN NN

2.09

.10
11

nN N

2.12
2.13

Initiating Event (derail, skid, overturn, explosion, collision,
head to tail, head to head, tail to tail, head to side, fall):
Head to tail collision

Cause: Intoxicated driver operating car, inattention of truck
driver, excessive speed of bus

Number of Vehicles Involved: 1 truck and trailer, 1 car, 1 bus
Speed of Impact: Car stopped, truck 45 mph, bus 55 mph

Distance of Fall: Not applicable (N/A)

Weather Conditions: Clear

Ambient Temperature: 50°F

Distance Traveled from Impact Point: Truck about 536 ft., bus
about 2,175 ft

Description of Vehicles Involved: Cargo tank truck with full
trailer and 5,400 gallon aluminum cargo tank, Grumman Flexible 53-
passenger bus, Honda Accord

Adjacent Structures or Natural Formations: Caldecott Tunnel
Description of Cargo Involved in Accident: 8,800 gallons of
gasoline, bus had no passengers

Elevation of Vehicles at Time of Accident: Highway through

tunnel '

Description of Surface Impacted: Truck to car, bus to car, bus to
truck trailer, bus to highway support pier, car to tunnel wall

SEQUENCE OF EVENTS

3.01
3.02

Description of First Event: Honda car struck curb and stopped at
left edge of roadway one-third of way through tunnel

Description of Second Event: Left front tire of tank trailer
struck right rear corner of Honda
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4.0
4.1

4.2

3.03

3.04

3.05

3.06

4.1.01

ay

B R ]

f )

oS B R

—

.02

.03
.04
.05

.06

.08
.09
.10

.11
.12

.13

4.2.01

Description of Third Event: Bus changed lanes and struck Honda
and right front of the bus struck left side of the tank trailer
Description of Fourth Event: Trailer rolled over on right side
and tank truck stops upright, gasoline spills

Description of Additional Events: Bus climbed left curb, traveled
out of tunnel and impacted highway support pier. Gasoline spilled
from trailer ignites.

Summary of Sequence of Events: [I/A

POST ACCIDENT EVENT DATA
POST ACCIDENT EVENT DATA

Truck or Rail Car No. 1: Truck completely destroyed by fire, only
remaining parts of cargo tank shell material included a 70 in by
96 in bottom sheet section from the rear compartment of the tank
truck and a 40 in by 21 ft section from the right side of the
trailer tank. Left safety cable broken, main leaf springs
deformed and separated from spring shackle.

Truck or Rail Car No. 2: Bus center front components displaced 17
ft rearward, front axle beam bent 6 inches rearward with axle and
suspension attachment devices displaced and destroyed. Forward
entrance door separated, forward front door post and hinge bar
displaced 17 feet rearward.

Truck or Rail Car No. 3: Honda destroyed by fire.

Truck or Rail Car No. 4: N/A

Additional Trucks or Rail Cars Damaged: Tractor and utility
semitrailer (beer truck), Ford pickup, Toyota pickup and Pontiac
Phoenix sedan in tunnel incurred extensive fire damage but were
not involved in collision, ’

Evidence of Crushing: N/A

Evidence of Impact: Left front tire of tank trailer struck right
rear corner of Honda, Honda 1impacted tunnel wall, left front
bumper of bus struck rear bumper of Honda, right front of bus
struck left side of tank trailer, bus impacted highway support
pier

Evidence of Falling: N/A

Evidence of Puncture: N/A

Evidence of Bending/Deformation  of Support Members: Front axle
beam of bus bent 6 inches .

Evidence of Tearing Structural Members: N/A

Evidence of Projectiles Distance Traveled, Size/Weight of
Projectile: N/A

Other Evidence of Severe Structural Damage: Tank truck and
trailer tank destroyed, Honda destroyed, bus heavily damaged

THERMAL/EXPLOSION DAMAGE DATA

Type of Fire(s) and Fuel(s) Involved and Amounts: 8,800 gallons
of gasoline
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4.3

.02
.03

NN

4,2.04

.05
.06
.07

Py
N NN

4.2.08

B

.2.09
2.10

Duration of Fire(s): 2 hours and 42 minutes

Evidence of Thermal Damage ({e.g., melting, sagging or
weakening): A1l Tow melting point and combustible material
consumed by fire, only 2 sections of cargo tank shell material
remained, examination of copper wires, aluminum casting, plastic
parts, glass, glazed tile and concrete spalling provided a
temperature determination in tunnel

Materials which Showed Evidence of Thermal Damage: Aluminum cargo
tank

Evidence of Torch or Plume Fire: N/A

Evidence of Rocketing: N/A

Evidence of Explosions: Loud explosions were heard, lights went
out, tiles fell from wall, final explosion shook building

No. of Vehicles Affected by Fires, Explosions: 1 cargo tank truck
and tank trailer, 1 bus, 2 automobiles, 1 beer truck, 2 pickup
trucks

Approximate Area Covered by Flames: 1,900 ft of tunnel

Evidence of Burial/Duration: N/A

LEAK OR SPILL DATA

4.3.01
4.3.02
4.3.03
4.3.04

Substance(s) Leaked or Spilled: Gasoline
Hazards/Damage Generated by Leakage/Spill: Fire
Amount Leaked or Spilled: 8,800 gallons

Area Contaminated by Spill: N/A

5.0 MISCELLANEOUS OTHER DATA

Fire produced temperature reaching 1900°F and remained that high
for at least 20 minutes. Photos of damaged vehicles included in
report.,

6.0 KEYWORD SUMMARY OF REPORT



Table A.2
I-80 Bridge Accident Data Summary Sheet

1.0 ACCIDENT IDENTIFICATION

1.01 Date of Accident: March 1981

1.03 Rail, Highway or Both: Highway

1.04 Location: 1I-80, San Francisco Bay

1.05 Railroad and/or Trucking Co. Involved: Thomas M. Bonnell
Tractor/trailer
George A. Burris Pickup

1.07 Source: San Jose, California

1.08 Title: N/P Clipping

1.09 Location of Document: REA

1.10 Location of Additional Information: NTSB, BMCS, CHP

1.11 No. of Drawings/Photos: 1

2.0 ACCIDENT EVENT DATA

2.01 Initiating Event (derail, skid, overturn, explosion, collision,
head to tail, head to head, tail to tail, head to side, fall):
Collision and loss of control

2.02 Cause: Not applicable (N/A)

2.04 Speed of Impact: 55 mph

2.05 Distance of Fall: 64 feet

2.09 Description of Vehicles Involved: Commercial

NN NN
e * o »
—
—

Tractor/trailer, pickup truck

Adjacent Structures of Natural Formations: East Bay overpass
Description of Cargo Involved in Accident: N/A

Elevation of Vehicles at Time of Accident: On bridge roadway
Description of Surface Impacted: Tractor/trailer to pickup,
tractor/trailer to concrete barrier, tractor/trailer to gravel and
earth

3.0 SEQUENCE OF EVENTS

3.01 Description of First EVenff-‘Pickup truck veered in front of the
tractor/trailer : '

3.02 Description of Second Event: Tractor/trailer. then struck the
pickup and then itself. Tractor/trailer veered. off ithe overpass,
vaulted a concrete barrier and railing, and fell 64 feet.

4.0 POST ACCIDENT EVENT DATA:** o
4.1 POST ACCIDENT EVENT DATA

4.1.01 Truck or Rail Car No. 1: Tractor/trailer was demolished

4.1.02 Truck or Rail Car No. 2::i Pickup truck.was damaged

4.1.05 Additional Trucks ‘or Rail Cars Damaged: 73 feet of rail and 12
feet of concrete barrier was torn out of bridge
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4.2

4.3

5.0
6.0

.06
.07

— pb

.08
.09
.10
11
.12

oS O S N ES
- . . . . L] .
— =

S

.1.13

Evidence of Crushing: N/A »

Evidence of -Impact: Tractor/trailer collided first with pickup
truck then with bridge barrier and finally with earth

Evidence of Falling: 64 feet from bridge to earth

Evidence of Puncture: N/A

Evidence of Bending/Deformation of Support Members: N/A

Evidence of Tearing Structural Members: N/A .

Evidence of Projectiles Distance Traveled, Size/Weight of
Projectile: None

Other Evidence of Severe Structural Damage: N/A

THERMAL/EXPLOSION DAMAGE DATA

E =
NN N N
o o e
QOO O
~NOYON—

Type of Fire(s) and Fuel(s) Involved and Amounts: None
Evidence of Torch or Plume Fire: None

Evidence of Rocketing: None

Evidence of Explosions: None

LEAK OR SPILL DATA

4,3.01

Substance(s) leaked or spilled: N/A

MISCELLANEQUS OTHER DATA

KEYWORD SUMMARY OF REPORT

SN D
o
~N

.08
.09

A1
.12

DO OO
—
o

(=)

.13
6.16

Vehicle Class (R = rail, T = truck, C = rail & truck): T

Speed of Impact: 55 mph

Falling Distance: 64 feet

Impacting Object (Il = locomotive, 12 = coupler, I3 = sill, I4 =
axle, 15 = bar stock, 16 = plate stock, 17 = I-beam, I9 = rail,
110 = forging/casting, I11 = tractor, I12 = trailer, I13 = no
evidence of impacted object, 114 = caboose, I15 = other): I11 I12
Object Impacted (01 = Tocomotive, 02 = nox car, 03 = tank car, 04
= coal car, 05 = tractor, 06 = trailer, 07 = cargo, 08 = cask, 09
= structural concrete, 010 = building, 011 = bridge, 012 =
automobile, 013 = no evidence of impacted object, 014 = caboose,
015 = other): 011 015 o

Fire Duration: O minutes

Torch Duration: 0O minutes

Rocketing Distance: -0 feet

Weight of Rocketed Object: 0 pounds

Burial Event (Bl = evidence of burial larger than 24 hours, B2 =
evidence of burial shorter than 24 hours, B3 = no evidence of
burial): B3

Ambient Temperature: O0CF

Number of Fatalities: O

Vehicle Type Involved in Accident (V1 = unit train, V2 = passenger
train, V3 = mixed train cargo, V4 = tractor trailer, V5 = tandem
trailer, V6 = unit truck, V7 = other): V4
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6.18 Cargo Type Involved in Accident (Z1 = flammable, Z2 = explosive,
L3 = toxic, Z4 = ordnance, Z5 = radioactive, 16 = other): 176
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Table A.3
Livingston Train Fire Data Summary Sheet

1.0 ACCIDENT INFORMATION

2.0

.01
.02
.03
.04
.05

b b et b i

.06
.07
.08

(S G -y

1.09
.10
1.11

[

Date of Accident: September 28, 1982

Time of Accident: 0512 ,

Rail, Highway or Both: Rail

Location: Livingston, Lousiana

Railroad and/or Trucking Co. Involved: IT1linois Central Gulf
Railroad

Accident Report No.: NTSB/RAR-83/05, PB83-916305

Source: NTSB ‘

Title: RAILROAD ACCIDENT REPORT - Derailment of Illinois Central
Gulf Railroad Freight Train Extra 9629 East (GS-2-28) and Release
of Hazardous Materials at Livingston, Louisiana, September 28,
1982

Location of Document: REA

Location of Additional Information: NTSB

No. of Drawings/Photos: 11

ACCIDENT EVENT DATA

2.01

RN NNN
L] . . .

[ )

(o]

Initiating Event (derail, skid, overturn, explosion, collision,
head to tail, head to head, tail to tail, head to side, fall):
Derail

Cause: Disengagement of air hose coupling, excessive buff force,
placement of empty cars in train profile

Number of Vehicles Involved: 1 train

Speed of Impact: 40 mph

Distance of Fall: Not applicable (N/A)

Weather Conditions: Clear

Ambient Temperature: 57°F

Distance Traveled from Impact Point: N/A

Description of Vehicles Involved: Extra 9629 East consisting of 3
locomotive units, 84 loaded cars, 16 empty cars and a caboose, 29
cars were tank cars loaded with hazardous materials and 5 tank
cars with flammable petroleum products

Adjacent Structures or Natural Formations: Small community with
buildings and pine groves surrounding tracks

Description of Cargo Involved in Accident: Plastic pellets,
petroleum products, vinyl chloride, chemical products, styrene
monomer, motor fuel anti-knpck compound, toluene diisocyanate,
phosphoric acid, hydrofluosilicic acid, sodium hydroxide,
perchloroethylene, ethylene g®col

Elevation of Vehicles at Time of Accident: Railroad bed 47 foot
above sea level

Description of Surface Impacted: Gondola car to gondola car, tank
car to railroad bed
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3.0 SEQUENCE OF EVENTS

4.0
4.1

3.01

3.02
3.03
3.04
3.05

3.06

Description of First Event: Train arrives Livingston and bottoms
out at 2 crossings. Train went into emergency braking, automatic
brake put into emergency position and throttle placed in ?
position

Description of Second Event: 43 cars derail breaching 2 cars
loaded with vinyl chloride

Description of Third Event: Leaking vinyl chloride gas ignites
creating fireball exceeding 100 ft south and 150 ft north.
Description of Fourth Event: Explosion occurs and numerous fires
break out

Description of Additional Events: Evacuation of area begun,
hazardous materials unit notified and begin work. Next day tank
car containing anti-knock compound explodes and rockets.
September 30 fires intensify and vinyl chloride begins venting.
October 1 vinyl chloride car explodes and rockets. October 4
styrene monomer re-ignites. October 5 styrene burns off and
burning o0il cars extinguished. October 10 and 11 vinyl chloride
cars detonated. October 12 residents allowed to return. October
16 last derailed cars removed from accident site.

Summary of Sequence of Events: N/A

POST ACCIDENT EVENT DATA

POST ACCIDENT EVENT DATA

4,1
4.1.

S
. .

oS
. .

.01

02

.03
.04

.05

.06

.07

.08
.09

.10

Truck or Rail Car No. 1: 19th and 20th cars detached from their
trucks. 20th car had a vertical crease the full height

Truck or Rail Car No. 2: 3 tank cars 1loaded with petroleum
products separated from their trucks and heavily damaged. 1 of
these was breached.

Truck or Rail Car No. 3: Next 15 cars separated from their trucks
and were damaged beyond economical repair

Truck or Rail Car No. 4: Next 18 cars were tank cars loaded with
chemical. products and were heavily damaged. 16 were punctured or
breached.

Additional Trucks or Ra11 Cars Damaged 5 cars had minor damage,
13 more cars separated from trucks, 15 tank cars had bottom outlet
extensions sheared off

Evidence of Crushing: N/A ;

Evidence of Impact:  Vertical crease full height of gondola car,
tank cars overturned, several cars destroyed by impact

Evidence of Falling: N/A .

Evidence of Puncture: 20 tank . cars punctured or breached, shell
punctures in car conta1n1ng perchloroethylene

Evidence of Bending/Deformations of Support Members: 36 cars
destroyed by crushing impacts during derailment or by post-
accident fires




4,1.11

4.1.12

4.2

4.3

4,1.13

Evidence of Tearing Structural Members: 33 tank cars separated
from trucks and many breached

Evidence of Projectiles Distance Traveled, Size/Weight of
Projectile: . Shell of tank car carrying ant1 knock compound
propelled about 80 ft north and its tank head about 25 ft south
and most of its tub portion rocketed 425 ft north. Large section
of steel outer insulating jacket found about 80 ft away. Other
parts found 1,500 ft south _

Other Ev1dence of Severe Structural Damage: 36 cars destroyed
either by crushing impacts during the derailment or by post-
accident fires, explosions, and demolition. Empty gondola car had
vertical separation of bolster center plates.

THERMAL/EXPLOSION DAMAGE DATA

4.2.01

4.2.02
2.03

.04
.05

NN

4.2.06
4.2.07
.08

2
.2.09
2.10

R S Y

Type of Fire(s) and Fuel(s) Involved and Amounts: = Vinyl chloride
163,043 gallons, styrene monomer 28,145 gallons, motor fuel anti-
knock compound - (tetra-Ethyl 1ead) 5,666 gallons, toluene
diisocyanate 2,259 gallons. Fires also fed by plastic pe11ets
Duration of Fire(s): 8 days

Evidence of Thermal Damage (e.g., melting, “~sagging or
weakening): 2 thermally induced explosions

Materials which Showed Evidence of Thermal Damage: N/A

Evidence of Torch or Plume Fire: Vinyl chloride gas vented and
burned from domes _

Evidence of Rocketing: Thermally-induced explosions of 2 tank
cars that had not been punctured caused them to rocket violently.
Evidence of Explosions: First explosion blew in brick front of
dwelling 250 ft north. 2 other thermally induced explosions.

No. of Vehicles Affected by Fires, Explosions: 13 train cars
Approximate Area Covered by Flames: 1,000 ft radius of derailment
Evidence of Burial/Duration: N/A

LEAK OR SPILL DATA

4,3.01

4.3.02
4.3.03
4.3.04

Substance(s) Leaked or Spilled: Phosphoric acid 148,552 gallons,
hydrofluosilicic acid 19,780 gallons, sodium hydroxide 15,363
gallons, perch1oroethy1ene 14,028 gallons, ethylene glycol 20,840
gallons, plastic pellets

Hazards/Damage Generated by Leakage/Sp111 Acrid smoke and toxic
gases as well as danger of fire and explosions

Amount Leaked or Spilled: More than 200,000 gallons of toxic
chemical products

Area Contaminated by Spill: Severa] acres containing more: than
- 60,000 cubic yards of soil to be expected

5.0 MISCELLANEOUS OTHER DATA

Photos of accident and information on chemical compounds included
in report. 9999 in fields 6.8 and 6.9 indicates time frame longer
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than 6 days. See 4,2.02. 3,000 people within 5-mile radius
evacuated as Tong as 2 weeks

6.0 KEYWORD SUMMARY OF REPORT

(o) e We  We )l

DOy O

YOYOY OY DY

.01
.02
.03
.04

.05

.06

.07

.08
.09
.10

11
.12

.19

Vehicle Class (R = rail, T = truck, C = rail & truck): R

Speed of Impact: 40 mph

Falling Distance: 0 feet

Crushing Events (Cl = Tocomotive, C2 = box car, C3 = coal car, C4
= flat car, C5 = tank car, C6 = tractor, C7 = trailer, C8 = unit
truck, C9 = heavy cargo, C10 = tank truck, Cl1 = bridge, Cl2 =
heavy support structure, Cl3 = no evidence of crushing, Cl4 =
caboose, C15 = other): C5 .

Impacting Object (I1 = locomotive, 12 = coupler, I3 = sill, I4 =
axle, 15 = bar stock, 16 = plate stock, I7 = I-beam, I9 = rail,
110 = forging/casting, Ill = tractor, Il2 = trailer, Il13 = no
evidence of impacted object, I14 = caboose, I15 = other): 12 I15

Object Impacted (01 = locomotive, 02 = box car, 03 = tank car, 04
= coal car, 05 = tractor, 06 = trailer, 07 = cargo, 08 = cask, 09
= structural concrete, 010 = building, 011 = bridge, 012 =
automobile, 013 = no evidence of impacted object, 014 = caboose,
015 = other): 03 02

Explosion Event (significant damage to: El = train or truck
vehicles, E2 = surrounding structural members, E3 = cratering of
ground, E4 = cargo, E5 = none): El E2 E4

Fire Duration (note: if 9,999 - see section 4.2.02): 9,999
minutes ’

Torch Duration (note: if 9,999 - see section 4.2.02): 9,999
minutes

Rocketing Distance: 425 feet

Weight of Rocketed Object: 10,000 pounds

Burial Event (Bl = evidence of burial larger than 24 hours, B2 =
evidence of burial shorter than 24 hours, B3 = no evidence of
burial): B3

Ambient Temperature: 57°F

Vehicle Damage, (thousands. of do11ars) 1 500 -

Other Property Damage (thousands of do11ars) 13,064

Number of Fatalities: 0

Vehicle Type Involved in Accident (V1 = unit tra1n V2 = passenger
train, V3 = mixed train cargo, V4 = tractor tra11er V5,= tandem
trailer, V6 = unit truck, V7 = other): V3 =~ -

Cargo Type Involved in Acc1dent (Z1 = flammable, Z2. :explos1ve
.13 = tox1c, ZQ = ord1nance, 25 n rad1oact1ve,‘Z6 other) 1 712
2316 .

CAS Reg1§£ry Numbers ﬁor Cargo Inv " None

”‘edi; fin AEcident
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Table A.4
Alabama River Derailment Data Summary Sheet

1.0 ACCIDENT IDENTIFICATION

.01
.02
.03
.04

Pt e et e b

.06
.07
.08
.09
.10
.11

[ L o Jy =y

.05

Date of Accident: January 19, 1979

Time of Accident: 0740

Rail, Highway or Both: R

Location: Hunter, Alabama

Railroad and/or Trucking Co. Involved: I11inois Central Gulf
Freight Train No. AM 118

Accident Report No.: ATL 78 F RO18
Source: NTSB

Title: Accident File

Location of Document: REA

Location of Additional Information: NTSB
No. c¢f Drawings/Photos: 2

2.0 ACCIDENT EVENT DATA

2.01

.02
.03
.04
.05
.06
.07
.09

NN N

2.10
2.11

2.12
2.13

Initiating Event (derail, skid, overturn, explosion, collision,
head to tail, head to head, tail to tail, head to side, fall):
Collision with bridge

Cause: Improper lading

Number of Vehicles Involved: 72

Speed of Impact: 8 mph

Distance of Fall: 75 feet

Weather Conditions: Cloudy, dawn

Ambient Temperature: 45°F

Description of Vehicles Involved: 3 locomotive units, 1 caboose,
2 blkd flat cars, 1 tank car, 46 Toads, 19 empties

Adjacent Structures or Natural Formations: RR bridge over the
Alabama River

Description of Cargo Involved in Accident: Two 54 in. 0.D.C.I.
pipe cars, 1 tank car with fuel oil

Elevation of Vehicles at Time of Accident: RR bed on bridge deck

Description of Surface Impacted: Pipe to bridge, car to bridge,
cars to river

3.0 SEQUENCE OF EVENTS

3.01
3.02
3.03

Description of First Event: Eight 54 in. pipes were strapped
together in 2 groups of 4 each. The 2 groups laid in tandem
Description of Second Event: The pipes were then chained and
blocked with wood sprags nailed to the car deck.

Description of Third Event: Sprags were not predrilled and later
split loosening the load which was already unstable because of the
"4-together" configuration. (Note: 3 pipes fastened in this
fashion would have been stable).
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4.0
4.1

4.2

4.3

6.0

3.04
3.06

Description of Fourth Event: One of the loose pipe snagged the
bridge superstructure bringing down one span

Summary of Sequence of Events: 5 Tloaded cars dropped into the
Alabama River

POST ACCIDENT EVENT DATA

POST ACCIDENT EVENT DATA

EsY PR = W
— =

= R R =
3 . * .
——

'

.1,

.01
.02
.06
.07

1.08

13

Truck or Rail Car No. 1: 5 cars in river were damaged
Truck or Rail Car No. 2: Bridge was seriously damaged
Evidence of Crushing: None

‘Evidence of Impact: One of the 54 inch pipes impacted against a

bridge truss _

Evidence of Falling: 5 cars fell into the river as the bridge
collapsed

Evidence of Puncture: Not applicable (N/A)

Evidence of Bending/Deformation of Support Members: N/A

Evidence of Tearing Structural Members: N/A

Evidence of Projectiles Distance Traveled, Size/Weight of
Projectile: None

Other Evidence of Severe Structural Damage: See above

THERMAL/EXPLOSION DAMAGE DATA

SO S SO SO
- - L] L) L)
NN NN

s o o e »
Ll = ==« N o]
ONOY O

Type of Fire(s) and Fuel(s) Involved and Amounts: None
Evidence of Torch or Plume Fire: None

Evidence of Rocketing: None

Evidence of Explosions: None

Evidence of Burial/Duration: Cars were in the river and mud

LEAK OR SPILL DATA

4,3.01 Substance(s) Leaked or Spilled: The tank car filled with fuel oil

was reported not to be leaking

KEYWORD SUMMARY OF REPORT

6.01

. 6.02
6.03
4

6.0

6.05

Vehicle Class (R = rail, T = truck, C = rail & truck): R

Speed of Impact: 8 mph

Falling Distance: 75 feet :
Crushing Events (Cl1 = locomotive, C2 = box, C3 = coal car, C4 =
flat car, C5 = tank car, C6 = tractor, C7 = trailer, C8 = unit
truck, C9 = heavy cargo, Cl10 = tank truck, Cll = bridge, C12 =
heavy support structure, Cl13 = no evidence of crushing, Cl4 =
caboose, C15 = other): Cl13

Impacting Object (I1 = locomotive, I2 = coupler, I3 = sill, I4 =
axle, I5 = bar stock, I6 = plate stock, I7 = I-beam, I9 = rail,
[10 = forging/casting, Ill = tractor, I12 = trailer, I13 = no
evidence of impacted object, I14 = caboose, I15 = other): 1I10

A-15




Y OY OYOH
e o o

AR OO

.06

Object Impacted (01 = locomotive, 02 = box car, 03 = tank car, 04
= coal car, 05 = tractor, 06 = trailer, 07 = cargo, 08 = cask, 09
= structural concrete, 010 = building, 011 = bridge, 012 =
automobile, 013 = no evidence of impacted object, 014 = caboose,
015 = other): 011

Fire Duration: O minutes

Torch Duration: 0 minutes

Rocketing Distance: 0 feet

Weight of Rocketed Object: 0 pounds

Burial Event (Bl = evidence of burial larger than 24 hours, B2 =
evidence of burial shorter than 24 hours, B3 = no evidence of
burial): Bl

Ambient Temperature: 459F

Vehicle Damage (thousands of dollars): 76

Other Property Damage (thousands of dollars): 2,000

Number of Fatalities: O

Vehicle Type Involved in Accident (V1 = unit train, V2 = passenger
train, V3 = mixed train cargo, V4 = tractor trailer, V5 = tandem
trailer, V6 = unit truck, V7 = other): V3

Cargo Type Involved in Accident (Z1 = flammable, Z2 = explosive,
L3 = toxic, Z4 = ordnance, 15 = radioactive, Z6 = other): 11 Z6
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Table A.5 Legend
Rail-Highway Grade-Crossing Accidents

Report Source

FRA . Federal Railroac Administration
NATL, year, report“# . Department of Transportation, Federal Railroad Administration, Atlanta Office
NCHI, year, repéré:#A‘;ﬂ.Department of Transportation, Federal Railroad Administration, Chicago Office
N/HAB o National Transportation Safety Board, Highway Accident Brief
NOAK, year, report # Department of Transportation, Federal Railroad Administration, Oakland Office
N/RHR... . :)ﬂ.Nation§1 Transportation Safety Board, Railroad Highway Report
NS . | ~ Not Stated
NTSB ' - National Transportation Safety Board

oo Ly X

Accident Description
HtoS.Col. .. .. - . Head to Side Collision
vhel. .. Vehicle
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Table A.5

Rail-Highway Grade-Crossing Accidents

Location Report Datg of Acci@en@ ﬁg' egg' Fﬁl] s}ﬁe Object_St(uck
Source Accident Description Vhel (mph) (ft.) (dur) Description

Alabama

Huntsville NTSB 82-1 9/15/81 HtoS Col. 2 30 NS Y(60M) Cargo Tank
California

Tracy NTSB 76-1 3/9/75 HtoS Col. 2 50 NS N Gondola Car
Florida

Plant City N/RHR-78-2 10/2/77 Train-Truck 8 70 NS Y(17M) Pickup Truck
Georgia

Aragon N/RHR-75-1 10/23/74 Train-Bus 2 6 0 Y(NS) Bus
I1linois

Beckemeyer N/RHR-76-3 2/7/76 Train-Truck NS 0 N Pickup Truck

ETwood N/RHR-76-2 11/19/75 Truck-Train 82 0 N Train

Loda N/RHR-71-1 1/24/70 Train-Truck 79 0 Y(NS) Tanker Truck

Continued on next page
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Table A.5

Rxil-Highway Grade-Crossing Accidents

Location Report Datg of Acciqen§ 2?' egﬁ' Fz;l i}ae Object.St(uck
Source Accident Description Vhel (mph) (ft.) (dur) Description
Iowa
Des Moines N/RHR-77-2 7/1/76 Train-Car 2 30 0 N Auto
Louisiana
Goldonna ‘N/RHR-78-1 11/28/77 Train-Truck 2 56 Y(NS)  Truck/Trailer
Kenner Modern Bulk 11/25/80 Train-Truck 3 17 Y(NS)  Truck/Trailer
Trans
Kenner NTSB. 81-1 11/25/80 HtoS Col. 3 25 NS Y(122M) Cargo Tank
Missouri
Gera NCHI79FRO19 1/11/79 Train-Truck 2 35 0 Truck/Trailer
Boutte N/HAB-80-1 12/15/78 Train-Truck 2+ NS 0 Truck/Trailer
Nebraska
Edgar NTSB 76-201 8/31/76 Train-Truck NS N Truck/Trailer
North Platte NS NS Train-Truck NS Y(NS}  Truck/Trailer
Stratton N/RHR-77-1 8/8/76 Train-Bus 57 N Bus
Nevada
Ocala NOAK79FR023 12/18/78 Train-Truck 2 45 0 Y(NS)  Truck/Trailer

Continued on next page
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Table A.5

Rail-Highway Grade-Crossing Accidents

i dan No. Acc. Fall Fire .
Location Soomee Recsdont nﬁﬁﬁl?ﬁ??on of ~ vel. ht. /N Ogiﬁﬁﬁiﬁi?ﬁﬁk
Vhcl (mph) (ft.) (dur)

New York

Congers N/RHR-73-1 3/24/72 Train-Bus 25 0 N Bus

Mineola NTSB 82-2 3/14/82 HtoS Col. 65 NS Y(20M) Van
North Carolina

Sellers NATL78FRO11 NS Train-Truck 2 79 0 NS Truck/Trailer
Oklahoma

Collinsville NTSB 72-1 4/5/71 HtoS Col. 2 71 NS N Truck

Marland N/RHR-77-3 12/15/76 Train-Truck 12 90 0 Y(NS) Tanker Truck
Oregon

Lafayette NS 9/8/76 Train-Bus 2 50+ 0 N Bus
Pennsylvania

Southampton NTSB 82-3 1/2/82 Train-Truck 3 20 NS Y(135) Trailer

Yardley N/RHR-76-4 6/5/75 Train-Truck 3 63 0 N Truck/Trailer

Continued on next page
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Table A.5

Rail-Highway Grade~Crossing Accidents

Acc. Fall

. No Fire .

. Report Date of Accident ’ Object Struck
Location Source ~ Accident Description VEZW (;3;5 (2§') {éﬂr) Description
Virginiaf

Tazewell “ ~  NTSB 76-135 NS <7 Train-Truck 2 31 0 Y(NS) Trailer
West Virgina
WOodWanbf ) FRA C-8-72 “NS ’ Train-VYhcle 2 40 NS NS Earthmover

. T
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Report Source
BMCS
CONF
DoT
DOTHS
N/HAB
N/HAR
NS
NUREG/CR
PATRAM

Accident Description

Bldg Col.

Brdg Ovtrn

HtoH Col.

HtoS Col.

HtoT Col.

M1tpl Col.

NS Trk. Fire
Ovtrn Col.
Trailer Sep.

Table A.6 Legend
Truck Accidents

Bureau of Motor Carrier Safety

Conference '

Department of Transportation

Department of Transportation

National Transportation Safety Board, Highway Accident Brief
National Transportation Safety Board, Highway Accident Report

Not Stated

Nuclear Regulatory Commission Contractor Report

Conference on Packaging and Transportation of Radiocactive Materials

Building Collision
Bridge Overturn

Head to Head Collision
Head to Side Collision
Head to Tail Collision
Multiple Collision
Not Stated Truck Fire
Overturn Collision
Trailer Separation
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Table A.6
Truck Accidents

Ccation Bt Datenf jecident o il Ry et struck
Vhel  (mph) (ft.) (dur)
Arizona
Buckeye N/HAB-80-1 11/15/78 HtoH Col. 2 NS Tractor Truck
Gila Bend BMCS 76-4 NS HtoH Col. 6 80 Y(NS)  Car, Motorcycle
Arkansas
Brisco NS 4/27/76 Overturn 1 40 30 Y(NS)  Roadbed
Camden N/HAB-80-2 4/13/78 HtoH Col. 2 NS 0 Pickup Truck
Jasper N/HAR-81-1 6/5/80 Explosion 1 63 38 Hillside
Little Rock N/HAB-80-1 1/27/78 HtoH Col. 3 NS 0 Truck/Trailer
California
Coachella N/HAR-80-6 4/23/80 HtoH Col. 2 60 NS N Bus
Coalinga N/HAB-80-1 12/15/78 HtoH Col. 12 47 N Mitpl Cars
Corona N/HAR-75-7 2/28/75 M1tpl Col. 84 50 Y(NS) Mltpl Cars,
Trucks
E1 Centro
35 MI W N/HAR-75-6 3/8/74 HtoH Col. 45 NS N Semi Trailer
Lemoore N/HAR-83-02 10/8/82 HtoH Col. 55 NS N Van
Los Angeles NS NS Explosion 0 0 Y(NS) None

Continued on next page
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Table A.6
Truck Accidents

lcatin Rort el et o e Ry Oblect stk
Vhel  (mph) (ft.) (dur)
Los Angeles NS NS - HtoH Col. 6 55 0 Y(NS)  Truck/Trailer
California (continued)
Los Angeles N/HAR-80-5 3/3/80 StoS Col. 3 45 NS Y(55M) Tank Truck
Martinez N/HAR-77-2 5/21/76 Brdg Ovtrn 1 3B 22 N Ground
Oakland (near) N/HAR-83-01 4/7/82 HtoH Col. 3 55 NS Y(162M) Car
Ontario NS 11/4/74 Collision 1 50 0 Y(NS) Tree, Sign,
Steel, Concrete
Wall
Sacramento NS NS Overturn 4 NS 0 Y(4H) Roadbed, Cars
Sacramento _
(near) N/HAR-74-5 11/11/73 Collision 1 67 NS Concrete
San Bernardino N/HAR-81-2 11/10/80 HtoH Col. 24 55 NS Semi Trailer
San Francisco San Jose News 3/81 Overpass 2 55 64 Pickup
Bay Run Off Truck, Ground
Ventura N/HAR-72-4 8/18/71 HtoH Col. 13 60 0 Y(60M) Car
Willow Creek  N/HAR-83-05 2/24/83 Skid 38 NS Bus
Winterhaven BMCS 79-2 4/4/79 Collision NS 0 Y(NS) Parked Car
Colorado
Canon City N/HAR-82-3 11/14/81 HtoS Col. 3 56 NS Y(170M) Tractor

Continued on next page
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Table A.6
Truck Accidents

No. Acc. Fall Fire

Locat on ance  Mecent  Descriprion 0f el nt.ovm o Opleet SO
Fleming NS.: , 9/29/77 HtoH Col. 2 110 0 Y(NS)  Truck/Trailer
Colorado (continued)
Golden - NSO 6/10/74 Collision 1 35 0 Y(5H) Rock Wall
Golden BMCS 8-186 NS Overturn 1 95 30 NS Roadbed,
Guardrail
Kit Carson BMCS: 8-097. NS HtoH Col. 2 120 NS Y(NS)  Truck/Trailer
Kit Carson BMCS.:8<089 NS HtoH Col, 2 110 NS Y(NS) Truck/Trailer
Silverthorne ., BMCS :8-028 NS. Collision 2 55 15 Y(NS)  Guardrail
District of:Columbia .. ;. -+ .
Washington BMCS 76-2 NS - Mitpl Col. 2 NS NS NS Car
Florida - KRNy
Gretna . N/HAR-72-3: 8/8/71 HtoH Col. 2 50 2 N Car
Homes tead BMCS:7-178 NS HtoS Col. 2 51 NS Y(NS)  Truck/Trailer
Ocala N/HAR-83-04 2/28/83 HtoT/HtoS 22 55+ NS Y(120M) Semi
Georgia -
Atlanta N/HAR-78-5 6/20/77 HtoH Col. 7 45 0 N Cars, Truck
Atlanta o

Continued on next page
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Table A.6
Truck Accidents

No. Acc. Fall Fire

cotion Mt Befest et or el v O
W I-20 N/HAR-75-4 8/21/73 Skid, HtoS 2 45 NS N Car
Georgia (continued)
Attapulgus BMCS 4-206 12/15/73 HtoH Col. 2 90 0 Y(NS)  Truck/Trailer
Dalton N/HAB-80-1 12/14/78 HtoH Col. 2 NS 0 N Truck/Trailer
Doraville N/HAB-80-2 7/21/78 Mitpl Col. 3 NS 0 N Motorcycle, Dump Truck
Hamilton H/HAR-76-5 6/6/75 HtoH Col. 7 50 0 N Bus
Leslie N/HAB-80-2 4/4/717 HtoH Col. 2 NS 0 N Car
Lithonia BMCS 80-2 1/8/80 HtoS Col. 2 35 0 N Car
Loganville N/HAB-80-1 6/20/78 HtoS Col. 2 NS 0 N Car
Ludowici N/HAB-80-1 5/2/78 HtoS Col. 3 NS 0 N Car
Richmond Hil1 N/HAB-80-1 6/19/78 HtoH Col. 3 NS 0 N Car
Savannah N/HAB-80-1 7/6/78 Jackknife 2 NS 0 N Car
Waco N/HAR-72-5 6/4/71 HtoH Col. 2 40 0 Y(+15M) Car
ITlinois-
Gibson City 5th PATRAM NS Jackknife 1 NS NS NS Roadbed
pg 804-806
Rosecrans BMCS 5~030 4/29/76 Collision 1 55 0 Y (NS) Bridge Barrier

Continued on next page




Table A.6
Truck Accidents

No. Acc. Fall Fire

L2-Y

. Report Date of Accident - Object Struck
Location ; s of vel. ht. Y/N e
Source Accident Description Vhel (mph) (ft.) (dur) Description
Indiana
Chesterton NS NS Jackknife 1 55 20 N Guardrail
Indianapolis  BMCS 75-5 6/13/75 Overturn 1 50 18 NS Roadbed
Towa v '
Winthrop N/HAB-80-1 5/2/78 Overturn 1 NS 0 N Roadbed
Kansas L ’
Kansas City BMCS 7-064 8/6/16 Cargo Loss 1 NS Y(NS)  Roadbed
R . sy { .
Leon N/HAB-80-2 5/15/78 HtoH Col. 3 NS Y(NS) Car
Mayetta BMCS 80-1 1/6/80 HtoH Col. 2 50 Y(NS)  Pickup Truck
Wichita NUREG/CR-0992 NS Overturn 1 NS NS NS Roadbed
Kentucky
Beattyville N/HAR-78-4 9/24/77 Runaway 17 36 Y(5H)  Roadbed
Carroll City DOTHS602826 8/75 HtoH Col. 3 60 Y(105M) Car/Trailer

Continued on next page
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. Report Date of Accident Object Struck
Location : A of vel. ht. Y/N ey
Source Accident Description Vhel (mph)  (ft.) (dur) Description
Louisiana
Baton Rouge NS NS Overturn 1 NS 0 Y(NS) Roadbed
Lake Charles  N/HAR-82-4 8/27/81 Skid 26 30+ NS N Semi Trailer
Ramah N/HAB-80-2 12/16/78 Mitp? Col. 4 NS 0 Y(NS) Bridge Column
Maryland
Bethesda BMCS 78-2 3/14/78 M1tpl Col. 3 70 40 N Car
Frostburg N/HAR-81-3 2/18/81 HtoS Col. 17 50+ NS N Truck
Hagerstown N/HAB-80-1 1/30/79 HtoH Col.. 2 NS 0 N Truck/Trailer
N. Carroliton N/HAR-71-9 6/19/70 Skid, HtoT 2 NS NS N Truck
Massachusetts
Belcherstown NS NS Collision 1 60 25 Utility Pole
Braintree N/HAR-74-4 10/18/73 Overturn 1 55 0 Y(NS) Roadbed
Michigan
Detroit NS 2/7177 Collision 1 a5 30 Y(NS) Bridge Barrier
Flint BMCS 5-076 8/19/76 Collision 1+ NS 20 Y(NS) Bridge Rail,

Roadbed

Continued on next page
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s Report Date of Accident Object Struck
Location ; . of vel. ht. Y/N g
\ Source Accident Description Vhel (mph) (ft.) (dur) Description
Minnesota
Floodwood BMCS 5-169 NS HtoH Col. 3 105 0 NS Truck/Trailer
Mississippi
Waynesboro N/HAR-82-2 10/12/81 HtoH Col. 3 35 NS N Car/Pole
Missouri
Fisk ' BMCS 7-064 NS Collision 1 55 45 NS Bridge, River
Keytesville NS a/7/77 Collision 1 55 30 N Bridge Barrier
Kansas City N/HAB-80-2 7/13/77 Collision 1 55 N Bridge Column
'St. Louis N/HAR-79-3 9/25/77 HtoH Col. 2 NS Car
North Carolina
Hertford NS 1/10/78 Explosion NS Y{(NS) NS
Marion N/HAR-78-6 1/25/78 HtoH Col. 70 Pickup Truck
‘Morganton NS 4/27/78 HtoH Col. 75 Truck
North Dakota
Freeman BMCS 80-3 3/12/80 HtoH Col. 4 40 0 Y(NS) Cars

Continued on next page
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Ccation ot ftent Mmoo or el mowac O S
New Jersey
| Bordentown N/HAR—75—3 10/19/73 Side Col. 4 55 50 Y(NS) Car
E1jzabethtown NS 9/27/71 Explosion 1 0 0 Y(NS) NS
Turnpike
Exit 8 N/HAR-73-4 10/17/73 Side Col. 3 65+ 0 Y(30M) Guardrail
New York
Alden N/HAB-80-1 3/15/78 Collision 4 NS 0 N Car
Brant DOTHS801925 6/21/75 Collision 1 55 35 NS Post, Roadbed
Brookliyn N/HAR-71-6 5/30/70 Explosion 1 0 Y(NS) NS
Buffalo DOTHS600979 3/19/71 HtoH Col. 2 55 NS Truck/Trailer
Buffalo DOTHS600974 3/24/71 Overturn 1 60 NS NS Roadbed
Hamburg DOTHS601762 4/10/72 Overturn 1 40 NS NS Roadbed
Locke NS NS Jackknife 21 NS Y(NS) Building
Moreau N/HAB-80-1 8/13/78 HtoH Col. 2 NS N Truck/Trailer
Ohio
Ashtabula Newscast 4/1/81 Overturn 1 NS NS NS - Roadbed
Valley View N/HAR-77-3 8/20/76 M1tpl Col. 11 50 0 Y(NS) Mltpl Cars

Continued on next page
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No. Acc. Fall Fire

R =S St o P LA M S
Oklahoma AUV
E1 Reno BMCS 6-606 NS HtoH Col. 2 50 31 N Truck/Trailer
Stroud BMCS 6-046 NS Collision 1 45 25 Y(NS) Guardrail
Oregon ;
Portland DOT-72-5 - 11/18/72 Side Col. 1 NS 0 N Concrete Wall
Pennsylvania EREA
Clarion '~ BMCS 69-5 ' Ns Collision 1 20 13 N Bridge
Fu]tonleypty N/HAB—SO-I 2/22179 Overturn 1 NS 0 N Ground
Indiana.  N/HAR-80-3 9/22/79 HtoH Col. 2 70 NS N Car
Lamar N[HAB—SO-l 2/7/79 Run Off Rd 2 NS 0 N Guardrail
Lancaster Cnty N/HAR-72-1 2/6/12 Collision 1 55 NS N Guardrail
Mt. P]eésant N/HAB-80-1 2/14/79 Trailer Sep. 2 NS 0 N Car
N. Cumberland  BMCS 3-208 NS Overturn 2 55 0 N Roadbed
Washington NS NS Collision 1 50 0  Y(3H) Guardrail
Washington NS : NS Overturn 7 50 0 N Roadbed
Warfordsburg  N/HAB-80-1 5/5/79 Overturn 1 70 0 N Roadbed

Continued on next page
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No.

Acé.

Fire

Dorart : s 4 Fall _ ;

Ccation et et jlecitmt o ob el mowa et S
Rhodé 1sland

West Greenwich N/HAB=80=1 1/26/79 Bldg Col. 1 NS 0 N Building
Tennessee

Adams BMCS 69-3 NS HtoH Col. 3 110 0 N Truck/Trailer

Carthage BMCS 70-=8 NS Collision 1 55 50 N Railing

Church Hil NS 1/14/76 HtoH Col. 3 70 NS Y(85M) Truck/Tractor

Knoxville o S S _

(east of) Knoxville News 4/29/81 NS Trk. Fire 1 NS Y(NS)  None

Koko N/HAB-80-1 10/17/78 HtoS Col. 3 NS Pickup Truck

Memphis BMCS 73-8 NS M1tpl Col. 4 100 0 Truck/Trailer

‘Nashville N/HAR-74-2 7/27/73 Bridge 1 55 65 Bridge Barrier,

Fall Off Ground

Oak Ridge CONF 090174 NS Overturn 1 55 7 NS Ditch
Texas

Cotulla N/HAR-72-6 9/5/71 Ovtrn Col. 2 60 Y(NS)  Microbus

Eagle Pass N/HAR-76-4 4/29/75 Overturn 51 55 . N Concrete Wall

Fairfield BMCS 6-012 NS Overturn 1 60 30 Y(NS) Bridge Barrier

Fischer City  BMCS 78-3 12/8/78 HtoS Col. 2 55 0 NS

Bus

Continued on next page
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Texas (continued)
Fort Worth BMCS 6-183 NS Overturn 1 55 30 N Roadbed
Fort Worth NS NS Jackknife 1 55 55 N Bridge Rail
Houston N/HAR-77-1 5/11/76 Overturn 1+ 54 15 N Freeway Roadbed
Luling: N/HAR-81-4 '11/16/80 Skid 1 55 NS N Ditch
Mesquite ‘BMCS 6-012 ‘NS HtoH Col. 2 105 N Truck/Trailer
San Antonio DOTHS800650 9/24/71 Overturn 1 60 N Roadbed
Stratford BMCS 6-026 NS HtoH Col. 2 110 NS NS Truck/Trailer
Utah R
Bountiful DOTHS801500 10/5/72 Collision 1 65 20 NS Guardrail,Rdbed
Delta' @ N/HAR-80-2 9/12/79 HtoS Col. 2 55 NS N Van/Bridge
Farmington DOTHS602309 1/23/73 Overturn 1 70 NS Roadbed
Salt Lake City DOTHS801499  10/16/72  Overturn 170 Y(3H) Roadbed
Salt ‘Lake City DOTHS820160 NS Collision 1 55 20  Y(NS) Roadbed
Scipio * N/HAR-79-1  8/26/77 HtoH Col. 2 NS 0 N Van

Continued on next page
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Table A.6

Truck Accidents

Location Report Datg of AcciQen@ ﬁ?f Cg%: Fali $}Ee Object'Stfuck
Source Accident Description Vhel (mph) (ft:) (dur) Description

Yirginia

Hanover City N/HAB-80-1 12/17/79 HtoH Col. 2 NS N Car

Lynchburg H/HAR-73-3 3/9/72 Overturn 1 25 Y(22H) Rock

Qu&ntico Columbus, OH 2/19/81 Bridge 1 55 80 N Brdg Under

News Run Off Structure

Triangle N/HAR-81-6 2/18/81 Collision 1 60 25 N Guardrail
Washington

Pasco BMCS 10-058 NS HtoH Col. 4 110 NS NS Truck/Trailer

Seattle N/HAR-76-7 12/4/75 Jackknife 35 52 0 N Support Column
Wyoming

Baggs NS 8/2/74 Side Col. 2 NS 0 Y(NS) NS

Laramie N/HAR-80-1 8/22/79 HtoH Col. 3 68 0 House, Vehicle
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Report Source
ASME
DoT
FRA
ICC
NATL, year,
NCHI, year,
NDCA, year,

NDEN, year,
NFTW, year,

N/HIM
NMKC, year,

NNYC, year,
NOAK, year,

N/RAR
NS

report

report #
report #

report #
report #

report

report

report

Table A.7 Legend
Train Accidents

American Society of Mechanical Engineers

Department of Transportation

Federal Railroad Administration
Interstate Commerce Commission
Department of Transportation, Federal
Department of Transportation, Federal
Department of Transportation, Federal
Office

Department of Transportation, Federal
Department of Transportation, Federal
0ffice

National Transportation Safety Board,
Department of Transportation, Federal
O0ffice

Department of Transportation, Federal
Office

Department of Transportation, Federal

Railroad Administration, Atlanta Office
Railroad Administration, Chicago O0ffice
Railroad Administration, Washington D.C.

Railroad Administration, Denver Office
Railroad Administration, Fort Worth

Hazardous Material Accident Report
Railroad Administration, Kansas City

Railroad Administration, New York City

Railroad Administration, Oakland Office

National Transportation Safety Board,Railroad Accident Report

Not Stated

Continued on next page
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Report Number
NSEA, year

Accident Description

Brdg Col.
Brdg Fail
Dr1 Col.

HtoH Col.
HtoS Col.
HtoT Col.
Int. Fire

Table A.7 Legend Continued
Train Accidents

Department of Transportation, Federal Railroad Administration, Seattle Office

Bridge Collision
Bridge Failure

Derail Collision

Head to Head Collision
Head to Side Collision
Head to Tail Collision
Internal Fire

Continued on next page
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Table A.7
Train Accidents

Location geport ‘Date of AcciQen@ 22' eg%: F;lj $;§e Object'Stfuck
ource Accident Description Vel (mph) (ft.) (dur) Description
A]abama__ - '
Florence N/RAR-79-2 9/18/78 HtoH Col. 2 T 15 12 N Train
Hunter NATL78FRO18  1/19/79 Brdg Col. 72 8 75 N Bridge
Muscle Shoals NATL79FROOL  10/8/78 HtoH Col. 2T NS 0 N Train
North Castle  N/RAR-77-9 1/16/77 Derail 22 43 21 N RR Bed, RR Car
Alaska ST
Hurricane N/RAR-76-3  7/5/75 HtoH Col. 2T 40 0 N Train
Talkeetna NSEA77FR005 12/1/76 Derail 71 NS 25 N RR Bed, RR Car
Arizona P
Benson N/RAR-75-2 5/24/73 Explosion 12 45 0 Y(8H) NS
Benton NFTW79FRO18 12/25/78 Derail 137 45 23 Y (3H) Bridge, RR Cars,
L River
Dequeen NFTW79FR020 1/13/79 Derail 105 25 20 N RR Bed, RR Car
Raso - NOAK79FRO17 12/10/78 Derail NS 40 0 N RR Bed, RR Car
Rone 12/4/78 Derail 125 15 14 RR Bed, RR Car

NFTW79FRO14

Continued on next page
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Train Accidents

No. Acc, Fall Fire

Locaton Sounce hecident  Description (0T Vel Mt YN gl
Arkansas
Gilmore NFTW79FRO19 1/8/79 Derail 97 55 0 N RR Bed, RR Car
Hartman NFTW79FR0O08 2/277177 Derail 109 40 0 Y(200M) RR Bed, RR Car
Lewisville N/RAR-78-8 3/29/78 Derail 47 35 0 Y(24H) RR Bed, RR Car
Poping-0zark  NFTW79FRO12 11/9/78 Derail 131 38 NS N RR Bed, RR Car
Passum Grape
(near) N/RAR-83-06 10/3/82 HtoS Col. 2 50 30 Y(120) Freight Car
California
Andesite NOAK79FR012 11/26/78 Derail 70 NS 0 N RR Bed, RR Car
Bradley NOAK79FR0OO1 10/4/78 Derail 56 30 0 Y(5D) RR Bed, RR Car
Hayward N/RAR-80-10 4/9/80 Derail 1 52 30 Y(60M) RR Bed, RR Car
Indio N/RAR-74-1 6/25/73 HtoH Col. 2T 60 0 Y(NS)  Train
Kelso N/RAR-81-7 11/17/80 HtoH Col. 2 118 NS N Caboose
Oroville NOAK79FRO11 11/20/78 Derail 61 30 10 N RR Bed, RR Car
Pinole NOAK79FRO13 12/1/78 Derail 73 40 0 N RR Bed, RR Car
Roseville DOT 4187 4/28/73 Explosion 289 0 0 Y(32H) NS
San Francisco N/RAR-79-5 1/17/79 Int. Fire 2 NS 0 Y(2H) NS
Santa
Margurita  NOAK79FR0OO05 10/18/78 HtoH Col. 2T 25 0 N Train

Continued on next page
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Table A.7
Train Accidents

No. Acc. Fall Fire

. Report Date of Accident Object Struck
Location : s of vel. ht. Y/N g
Source Accident Description Vhel (mph) (ft.) (dur) Description

California (continued)

Surf N/RAR-81-1 5/22/81 Derail 3 60 NS N RR Bed, RR Car

Therman N/RAR-83-1 1/7/82 Derail 61 57 0 N RR Bed, RR Car

Thousand Palms N/RAR-80-1" 7/24/79 HtoT Col. 2T 20 0 Y(NS) Train

Vidal NOAK79FR025 2/5/79 Derail 78 45 15 N RR Bed, RR Car
Colorado _

Lambert NDEN76FR137 7/9/76 Derail 38 60 5 N RR Bed, RR Car

. PR IS

Connecticut B

Darian N/RAR-70-3  8/20/69 HtoH Col. 2T 60 0 N Train

North Canaan  N/RAR-77-4  7/13/76 HtoH Col. 2T 20 0 N Train

Sound View N/RAR-72-1 10/8/70 Drl1. Col. 2T 60 0 Y(2.5H) Train
Delaware

Wilmington N/RAR-76-~7 10/17/75 HtoH Col. 37T 25 0 N Train

Continued on next page
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Train Accidents

No. Acc. Fall Fire

ocationfepert Mteof ettt o orver howh GRS
District of Columbia
Washington NDCA76FR151 7/18/76 Derail 84 36 25 Y(NS) RR Bed, RR Car,.
Highway
Washington N/RAR-82-6 1/13/82 Derail 1 10 NS N Wall
Florida
Crestview N/RAR-79-11 4/8/79 Derail 119 35 NS Y(60H) RR Bed, RR Car
Lochloosa N/RAR-81-9 5/26/81 Derail 1 76 NS N RR Bed, RR Car
Pensacola N/RAR-78-4 11/9/77 Derail 37 35 0 N RR Bed, RR Car
Westlake Wales FRA C71-72 NS Derail 123 50 NS NS RR Bed, RR Car
Youngstown N/RAR-78-8 2/26/78 Derail 145 45 0 N RR Bed, RR Car
Georgia
Covington NATL79FRO25 2/19/79 Derail 80 25 0 N RR Bed, RR Car
Pembroke NATL79FR0O21 2/1/79 Derail 134 31 5 N RR Bed, RR Car
Rupert NATL76FR219 9/11/76 Derail 108 50 0 N RR Bed, RR Car
Vinings NATL79FRO16 1/15/79 Derail 60 35 0 N RR Bed, RR Car

Continued on next page
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No. Acc. Fall Fire

T = o vcat S C T b
ITMlinois
Bartonyi]]e NCHI77FR016 NS Derail 97 52 20 NS RR Bed, RR Car
Chicagp.ﬁ_i.u N/RAR 77 10 2/4/77 HtoH Col. 2T 9.5 NS N Train
Chicago. .. N/RAR 73 5 10/30/72 HtoH Col. 37 50 N Train
- Chicago NCHI79FR004 10/29/78 HtoH Col. 2T 20 N Train
Chicago = - N/RAR—76—9~ 1/9/76 HtoH Col. 2 35 NS N Rail Car
Cresent City N/RAR 72 2 6/21/70 Derail 113 43 Y(56H) RR Bed, RR Car
Decatur . N/RAR 75 4 7/19/74 Yard Col. 595 8.5 Y(NS) RR Cars
ETburn' . NCHI77FR025 g421/77 Derail 105 53 0 N RR Bed, RR Car
Flagg ., . ...« NQHIRR761L§ 6/28/76 Derail 140 60 12 Y(NS} RR Bed, RR Car,
BN el '~~.— Bridge
Gorham® """7°  NCHI78FRO3G NS HtoH Col. 2T 50 NS Y(NS) Train
Harvey N/RAR-80-3 10/12/79 HtoH Col. 2T 58 0 N Train
Maquon, . . N/RAR -73-4 5/24/72 HtoH Col, 2T 80 0 Y(NS) Train
MorriégQ  . NCHIRR76184 8)22(76 Derail 128 35 0 N RR Bed, RR Car
Northbrook NCHI77FR012 12/20/76 Derail 103 30 20 N RR Bed, RR Car,
’ ' Bridge
Salem ~ N/RAR-73-5 6/10/71 Derail 18 90 0  Y(NS) RR Bed, RR Car
Stratford NCHI79FRO18 1/9/79 Derail 83 50 0 Y(10M) RR Bed, RR Car
Springfield N/RAR-81-5 10/30/80 Derail 1 63 NS N RR Bed, RR Car

Continued on next page
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Indiana _
North Haven N/RAR-77-6 10/19/76 HtoH Col. 2T 29 0 Y(NS) Train
Sullivan N/RAR-84-02 9/14/83 HtoH Col. 2 35 0 N Caboose
Veedersburg NCHI76FR112 6/25/76 Derail 47 44 NS N RR Bed, RR Car
Wheatfield FRA B-8-72 NS Derail 109 40 NS Y(2H) RR Bed, RR Car,
Storage Tank
Iowa
Cedar Rapids  NMKC79FRO17 12/25/78 Derail 13 NS 22 N RiVer, Ice
Central Groove NMKC79FR0O09 11/28/78 Derail 104 20 10 N RR Bed, RR Car
Cudley FRA B272BN1 NS Derail 93 60 NS Y(NS) RR Bed, RR Car
Des Moines N/RAR-76-8 9/1/75 Derail 63 25 0 Y(4D) RR Bed, RR Car
Emerson N/RAR-~-83-02 6/15/82 Derail 1 74 NS N RR Bed, RR Car
Gordons Ferry NMKC79FRO30 1/28/79 Derail 104 26 35 N Miss. Rvr, RR
Cars
Northwood NMKC77FR0O10 1/23/77 Derail 104+ 40 NS N RR Bed, RR Car
Pacific Jnctn N/RAR-83-09 4/13/83 HtoH Col. 2 47 NS N Caboose
Woodburn -NMKC79FR023 1/12/79 Derail 106 50 0 N RR Bed, RR Car

Continued on next page
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Kansas |
Atchison NMKC79FR024 1/17/79 HtoH Col. 2T 60 0 Y(100M) Train
Fort Scott NMKC79FR036 3/11/79 Derail 147 25 6 N RR Bed, RR Car
Hecla NMKC79FRO01 10/5/78 HtoS Col. 2T 32 N Train
Lawrence N/RAR-80-4 10/2/79 Derail 20 80 NS N RR Bed, RR Car
Lehigh DOT B23-70 11/19/69 Derail 36 27 0 Y(NS) RR Bed, RR Car
Malvern N/RAR-75-1 7/5/174 Derail 21 77 NS N RR Bed, RR Car
Kansas/Missouri . A
Fort Scott/ NMKC79FR020‘ 1/3/79 Derail 68 50 0 N RR Bed, RR Car
Liberal ‘
Kentucky"
Fort Knox N/RAR-83-07 3/22/83 Derail 1 28 NS N RR Bed, RR Car
Hanson NDCA79FR020 1/7/79 Derail 115 42 0 N RR Bed, RR Car
Mularaugh N/RAR-81-1 7/26/80 Derail 1 35 NS Y(5760M)RR Bed, RR Car
Stepstone NATL77FR007 11/8/76 Derail 54 38 20 N RR Bed, RR Car .

Continued on next page
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Louisiana
Livingston N/RAR-83-05 9/28/82 Derail 1 40 NS Y (8D0) RR Bed, RR Car
Meeler N/RAR-75-9 5/30/75 HtoH Col. 2T 48 N Train ’ '
Taft N/RAR-73-6 2/21/73 HtoH Col. 2T 43 Y(NS) Train
West Monroe NFTW79FR008 10/24/78 Derail 105 10 N RR Bed, RR Car
‘Maryland
Baltimore N/RAR-78-1 6/12/77 HtoH Col. 2T 30 0 Y(NS) Train
Corsey FRA C~17-72 NS Derail 55 55 NS NS RR Bed, RR Car
Germantown N/RAR-81-6 2/9/81 HtoH Col. 2 88 NS NS Train
Seabrook N/RAR-79-3 6/9/78 HtoH Col. 2 T 35 NS N Train
Massachusetts
Beverly N/RAR-82-1 8/11/81 HtoH Col. 2 19 NS N Train
Somervi11e N/HZIM-81-1 4/3/80 HtoS Col. 2 4 NS N Tank Car

Continued on next page
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Michigan
Kopje
(Wood1nad) NGHI78FR0247 NS Derail 38 34 8 NS RR Bed, RR Car
Lansing NCHI79FRO15  12/28/78 Derail 74 40 0 N RR Bed, RR Car
R N AT -
Minnesota RN
DéGraff NMKC76FRI26  7/4/76 Derail 61 NS 0  Y(3M) RR Bed, RR Car
Forbe¢ NMKC76FR059 - NS - Derail 119 30 30  Y(2H) RR Bed, RR Car
Hil1g <+ = NMKC79FRO12 © NS Derail 44 NS NS N RR Bed, RR Car
Nashau NMKC79FRO11. - 1/30/78 Derail 55 40 9 N RR Bed, RR Car
L -
Mississippi _
Goodman™ *“.%  N/RAR=77373  6/30/76 Derail 13 88 N RR Bed, RR Car
Laurel N/BA@769— - 1/725/69 Derail 144 30 Y(60H) RR Bed, RR Car
Missouri, . AT
Crystal City N/RAR-84-01  7/18/83 Derail 94 52 25 RR Bed, RR Car
Dexter - - NMKC79FR003 ~ 10/10/78 HtoH Col. 2T NS Train
Dresden NMKE79FR025 1/23/79 Derail 38 50 RR Bed, RR Car

Continued on next page
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Missouri (continued)
Kansas City NMKC79FRO15 12/16/78 Derail 155 20 24 Y(20M) RR Bridge, RR
Bed, RR Car
Randles NMKC79FR0O33 2/9/79 Drl1. Col. 2 T 25 0 N RR Bed, RR Car,
Train
Springfield NMKC79FR022 1/10/79 Derail 124 56 16 Y(NS) RR Bed, RR Car
Montana
Belt N/RAR-77-7 11/26/76 Derail 126 38 NS Y(12H) RR Bed, RR Car
Browning NSEA79FR003 10/23/78 Side Col. 2T 25 30 N Train
Butte NSEA79FRO13 12/18/78 Derail 81 26 0 NS RR Bed, RR Car
Curry FRA C-7-72 NS Derail 84 50 NS NS RR Bed, RR Car
Essex NSEA79FR001 10/3/78 Derail 35 59 0 N RR Bed, RR Car
Glacier Park  N/RAR-80-6 3/14/80 Derail 10 37 12 N RR Bed, RR Car
Greycliff NSEA79FR006 11/3/78 Derail 74 55 12 Y(NS) RR Bed, RR Car
Havre NSEA79FR008 11/14/78 Derail 81 60 18 N RR Bed, RR Car
Lohman N/RAR-79-7 3/28/79 Derail 14 74 0 N RR Bed, RR Car
Zurich NSEA79FR009 12/8/78 HtoH Col. 2T 35 0 N Train

Continued on next page
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Nebraska
Angora N/RAR-80-7 2/16/80 HtoH Col. 27T 49 0 N Train
Arlington NMKC79FRO31  1/31/79 Derail 82 40 0 N RR Bed, RR Car
Crete 'N/RAR-71-2 2/18/69 Derail 169 52 0 N RR Bed, RR Car
Glenville = NS - 5/19/76 Derail 70 68 0o N RR Bed, RR Car
Gothenburg "~ " *NMKC79FR035 3/12/79 Derail 109 60 0 N RR Bed, RR Car
Hastings N/RAR-77-1 8/2/76 Derail 119 45 0 N RR Bed, RR Car
Josselyn’ NMKC7FRO06 NS Derail 116 70 NS NS RR Bed, RR Car
Marsland \ ‘NMKC79FR026 1/25/79 Derail 110 45 40 N RR Bed, RR Car
Potter NMKC7ZFRQO4 11/13/76 Derail 190 NS 0  Y(IM) RR Bed, RR Car
Ralston N/RAR-77-8  12/16/76  Derail 12 53 40 N RR Bed, RR Car
Nevadé
Elburz NOAK76FR127  7/4/76 Derail 41 NS 10 N RR Bed, RR Car
Hoya NOAK79FRO15  12/4/78 HtoH Col. 27T 22 0  Y(2.5H) RR Cars
New Jersey
Edison N/RAR-79-10 4/20/79 HtoH Col. 2T NS D Y(5M)  Truck, Machinery
Linden N/RAR-80-12  7/9/80 Derail 2 30 NS N RR Bed, RR Car

Continued on next page
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New Mexico
Des Moines NDEN79FROO1 - 10/25/78 Derail 62 23 NS N RR Bridge, RR
. Bed, RR. Car
New York
Brooklyn N/RAR-82-2 7/3/81 HtoH Col. 2 12.7 NS N Subway Car
Dobbs Ferry N/RAR-81-4 11/7/80 HtoH Col. 2 10 NS Y(15M) Power Car
New York City N/RAR-75-8 1/2/75 HtoH Col. 2 35 NS N Rail Car
NY City Subway N/ﬁAR-79—8 12/12/78 Derail 8 NS 0 Y(NS) RR Bed, RR Car,
: Concrete Wall
NY City Subway N/RAR-79-8 1/15/79 Derail 10 NS 0 N RR Bed, RR Car
NY City Subway N/RAR-79-8 2/14/79 Derail 10 NS NS N RR Bed
NY City Subway N/RAR-79-8 3/21/79 Derail 8 NS N RR Bed
Oneonta N/RAR-74-4 2/12/74 Derail 125 32 Y(7D) RR Bed, RR Car
North Carolina
‘Laleview N/RAR—80—10 4/2/80 HtoH Col. 2T 35 Train
N/RAR-78-3  10/8/77 Side Col. 2T 50 Train, RR Bed, RR

Spencer

Car

Continued on next page
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Table A,7
Train Accidents

Accident No. Acc. Fall Fire

Location 235322 R§E$d2:t Description ng] (;S;i (2E:) ?éﬁr) Ogggﬁtiigqgﬁk
North Dakota '
Fairmont NMKC79FRO19 12/31/78 Derail 83 40 0 RR Bed, RR Car
Walcott NMKC79FR034 2/17/79 Derail 64 48 15 RR Bed, RR Car
White Earth NMKC79FRO21-  1/7/79 Derail 77 45 0 RR Bed, RR Car
Ohio
Albany - FRA :C-68=72, NS Derail 93 30 NS Y(NS) RR Bed, RR Car,
Cmnye T o Creek Bed
Circleville  Columbus, OH 2/17/8l Derail 90 NS 0 N RR Bed, RR Car
News, . " ’
Cleveland N/RAR-75-3  5/8/74 Brdg Col. 9% 33 25 N Drawbridge
Columbus ICC 4036+ < NS Berail 29 43 0 Y(2H) RR Bed, RR Car
Huntington FRA B-3-72 NS Derail ‘ . 108 38 NS Y(3H) RR Bed, RR Car
Leetonia N/RAR-76-2 6/6/75 HtoH Col. 2T 29 N Train
Leetonia NCHI79FRO05 11/1/78 HtoH Col. 5 32 N Train
Lodi NCHIRR76081: 5/30/76 Derail 72 57 15 Y (2H) RR Bed, RR Car
Pettisville - N/RAR-76-10 2/4/76 HtoH Col. 2T 70 Y(NS) Train
Pemberville = 'NCHI79FR012 =~ 12/3/78 Derail 185 35 N RR Bed, RR Car
St. Louisville Utfgé News NS Derail 83+ 25 N RR Bed, RR Car

Continued on next page




Table A.7
Train Accidents

No. Acc, Fall Fire

0§-¥

. Report Date of Accident Object Struck
Location : ey of vel. ht. Y/N gt
Source Accident Description Vhel (mph) (ft.) (dur) Description
Ohio (continued)
Wooster NCHI79FRO08 11/18/78 HtoS Col. 2T 23 C N Train, Tower
Wooster NCHI77FRO13 12/23/76 Derail 131 30 15 Y(10M) RR Bed, RR Car
Oklahoma ‘
Alva NFTW79FR028 3/21/79 Derail 83 42 5 N RR Bed, RR Car
Leonard ASME RAIL
TRANSPORT
PROCEEDINGS NS Derail 23 35 NS NS RR Bed, RR Car
Mustang N/RAR-75-6 9/1/74 HtoH Col. 2T 40 0 Y(NS) Train
Sallisaw NFTW79FRO11 11/6/78 Derail 52 37 60 N RR Bed, RR Car
Oregon
Huntington NSEA79FR012 12/18/78 Derail 97 60 20 N RR Bed, RR Car

Continued on next page
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Table A.7
Train Accidents

No. Acc. Fall Fire

oo SR Qg Eemt. o el T OWE ohlect s
Pennsylvania
Big Run NNYC79FRO31  2/13/79 Derail 74 34 0 N RR Bed, RR Car
Bristol N/RAR-82-5  3/29/82 HtoH Col. 2T 22 0 N Train
Bryant ”NNYC79FR021 NS Derail 98 30 5 N RR Bed, RR Car
Culmerville NNYC79FR003 10/10/78 Derail 145 35 0 N RR Bed, RR Car
Herndon N/RAR-73-3 3/12/72 HtoH Col. 2T 60 0 Y(NS) Train
Munch _ N/RAR-79-6  1/31/79 HtoH Col. 2T 30 0 N Train
North Wales N/RAR-§0-11 7/17/80 HtoH Col. 2 39 NS N Electric Car
Philadelphia N/RAR-80-5  10/16/79  2HTOT CL. 3T 28 0 N Trains
Royersford N/RAR-80-2 10/1/79 HtoH Col. 2 T 45 0 N Train
Weatherby VNNYC78FA015 NS ‘ Derail 145 NS 30 NS RR Bed, RR Car
South Carolina ,
Denmark NATL79FRO13 1/7/79 Derail 103 40 0 N RR Bed, RR Car
- Florence N/RAR-78-6 2/24/78 Derail 20 20 0 Y(NS) RR Bed, RR Car

Continued on next page




_ Table A.7
Train Accidents

No. Acc. Fall Fire

Locat ion Source hcidont  Description A S A “Deccription”
Tennessee
Brownsville NATL77FR0O20 2/17/777 Derail 101 49 20 Y(4H) RR Bed, RR Car
Fosterville FRA C-5-72 NS Derail 123 47 NS NS RR Bed, RR Car
N Johnsonville N/RAR-82-4 12/28/81 HtoH Col. 2 25 45 N Caboose
Pulaski R/RAR-76-6 10/1/75 Derail 14 65 40 N RR Bed, RR Car
Roddy NATL79FRO12 12/24/78 Derail 231 44 6 N RR Bed, RR Car
Waverly N/RAR-79-1 2/22/78 Derail 120 35 0 Y(6H) RR Bed, RR Car
! Texaé
™ Britton NFTW79FRO16 12/10/78 Derail 98 25 7 N RR Bed, RR Car
Cotulla N/RAR-74-3 12/1/73 HtoH Col. 2T 40 0 Y(1.5H) Train
Dallas San Jose News 2/21/81 Derail 60 NS 50 Y(4H) RR Bed, RR Car,
Bridge
Garland NFTW77FRO07 3/20/77 Derail 44 NS 0 Y(NS) RR Bed, RR Car
Houston N/RAR-75-7 9/21/74 Yard Col. 503 20 0 Y(9H) RR Cars
Houston N/RAR-72-6 10/19/71 Derail 88 45 45 Y(5H) RR Bed, RR Car
Marquez NFTW79FR0O05 10/13/78 Derail 94 30 0 N RR Bed, RR Car,
Timber Brd?
Paxton N/HIM-80-1  9/8/79 Derail 56 30 15 Y(NS) RR Bed, RR Car

Continued on next page
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Table A.7
Train Accidents

No. Acc., Fall Fire

Location Source Acc sdont oéﬁﬁl?ﬁﬁgon o (;Sgi g {éﬁr) Ogiiﬁﬁigi?gﬁk
Texas (continued)
Temple N/RAR-83-08 3/17/83 HtoH Col. 8 35 NS N Freight Car
Tyler NFTW7OFROO7  10/22/78 Derail 79 45 12 N RR Bed, RR Car
o .
Utah TR O »
Lakeside:  + NDEN76FR11l  6/25/76 Derail 52 NS 10 N RR Bed, RR Car,
P Lake
Virginiau:n Ceel
Arlington N/RAR-73-2  4/27/72 HtoH Col. 2T 60 0 N Train
Colonial Hghts N/RAR-83-04  5/5/82 Derail 1 64 40 Y (8D) RR Bed, RR Car
Crewe N/RAR-82=3.  11/28/81 HtoS Col. 3 27 NS N RR Car
Elma ' N/RAR-79-4"  12/3/78 Derail 12 79 NS Y(NS) RR Bed, RR Car
Franconia N/RAR-71-1 1/27/70 Derail 1 65 NS N Embankment
Jarratt N/RAR-76-TT  5/5/76 Derail 58 72 0 N RR Bed, RR Car
Rockfish N/RARZ3-10  4/3/83 Derail 1 48 NS N Lands1ide

¢

Continued on next page
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Table A.7

Train Accidents

: No. Acc. Fall Fire .
I T S~ A W =it
Washington
Deer Park NSEA79FR002 10/4/78 Derail 41 23 0 N RR Bed, RR Car
Ephrata
(Naylor) NSEA79FR021 2/28/79 Derail 65 50 NS RR Bed, RR Car
Kalama NSEA76FR028 9/7/76 Derail NS 52 35 RR Bed, RR Car,
River
Kapowsin NSEA79FR023 3/6/79 Brdg Fail 45 10 15 River, Bridge
Tacoma NSEA79FR025 3/22/79 Derail 122 23 0 RR Bed, RR Car,
RR Bridge
Tukailla NS 10/8/77 HtoH Col. 2 T 50 NS Y(NS) Train
Wenatchee N/RAR-76-1 8/6/74 Explosion 201 10 0 Y(NS) NS
West Virginia
Orleans Road N/RAR-80-9 2/12/80 HtoH Col. 2T 38 Train
South Ruffner NDCA79FR028 2/4/79 Side Col. 2T 78 Train
Welch 9/6/80 HtoS Col. 2 38 NS NS Freight Car

N/RAR-81-2

Continued on next page
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Train Accidents

No. Acc. Fall Fire

GG-Y

Locat fon Source pecident  Description \0F Vel Mt YN Opdeer
Wisconsin
Columbus NCHI79FR009 11/24/78 Derail 70 50 NS N RR Bed, RR Car
Cylon FRA C-15-72 NS Derail 95 45 NS NS RR Bed, RR Car
Franksville NCHI79FR028 3/15/79 Derail 81 40 RR Bed, RR Car
Milawukee NCHI79FRO17 1/7/79 Derail 55 38 RR Bed, RR Car
Sturtevant NCHI79FR024 2/12/79 Derail 84 40 NS RR Bed, RR Car
Wyoming
Dale Junction NDEN79FR00Q7 1/22/79 Derail 121 40 40 Y(56H) RR Bed, RR Car
Granite N/RAR-79-12 7/31/79 Derail 85 75 0 N RR Bed, RR Car
Hermosa N/RAR-81-3 10/16/80 HtoH Col. 2 40 NS N faboose
Leroy NDEN79FR002  11/3/78 Derail 92 60 N RR Bed, RR Car
Ramsey N/RAR-79-9 3/29/79 HtoH Col. 2T 48 N Train
Red Desert NDEN77FRO01 NS Derail 66+ NS NS NS RR Bed, RR Car
Sheridan N/RAR-72-4 3/28/71 Yard COL. 14 15 0 N RR Cars
Wamsutter NDEN77FR007 2/23/77 Derail NS-T 67-54 0-0 N RR Bed, RR Car,
Side Col. Train
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APPENDIX B
Truck Accident Data

B.1 Introduction

This appendix summarizes both the highway accident data which form the
basis for the distribution of accident scenarios and the estimates of the
probability distributions used in the probabilistic analysis of future truck
accidents involving the transport of spent nuclear fuel. The primary sources
of data are the Bureau of Motor Carrier Safety (BMCS), American Petroleum
Institute (API), California Highway Patrol (CHP), and the California
Department of Transportation (CALTRANS) reports on highway accidents. In
addition, a Sandia report on severe accidents was the source of fire duration
distributions and estimates of the probability of a fire.

Section B.2 discusses the data used to estimate the truck accident
rate. Section B.3 discusses the distributions of truck velocities. Section
B.4 covers the distribution of train velocities used to analyze rail-highway
grade crossing accidents. Section B.5 discusses the distribution of objects
struck, and, finally, Sections B.6 and B.7 cover the fire accident data.

B.2 Truck Accident Rate

Information concerning truck accidents involving motor carriers of
property that operate in interstate commerce is available in reports published
by the BMCS of the U.S. Department of Transportation (DOT).B'I'B'13
accidents are defined by the BMCS as occurrences involving a motor vehicle

Truck

operated by a motor carrier subject to the Federal Motor Carrier Safety
Regulations (49 CFR 390-397) resulting in (1) the death of one or more human
beings; (2) bodily injhry to one or more persons who, as a result, receives
medical treatment away from the scene of the accident; and/or (3) total damage
to all property aggregéting dollar damage at or above the dollar damage
threshold 1imit based on actual cost or reliable estimates.

Prior to 1973, the BMCS tabulated only those truck accidents with damage
of $250 or greater involving for-hire carriers, i.e., trucking firms that haul
freight owned by another party. Since 1973, the BMCS has also tabulated
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accidents involving private, i.e., firms using their own, or leased, vehicles
as part of their commercial operation to transport their own goods, as well as
accidents of for-hire carriers. However, since 1973, the total vehicle miles
have not been included in the BMCS reports. The accident rate for the period
1960-1972, 2.48x1076 accidents/vehicle-mile, is an estimate; however, (1) it
is based on the experience some years ago, and (2) it is not clear what is
defined as a truck. This definition is important because pickup trucks and
vans, i.e., non tractor/semitrailer trucks, tend to have an accident rate
closer to that of automobiles. Therefore, it was decided not to base the
accident rate for this study on the BMCS data.

Another source of truck accident data is the database maintained by the
API consisting of information supplied by petroleum industry companies.
Accident data is available for the API for the period 1968 through 1981 for

B.14-B.18 Although a precise definition of an accident is not

large trucks.
included in the reports, an accident rate based on the API data was used in
this study. The API accident rate data was judged to be more reliable because
shipments involving hazardous materials are usually more tightly controlled
than shipments involving non-hazardous materials. In addition, the API data
was judged to be most applicable to spent fuel shipment because trucks that
transport gasoline type products are of similar size and weight to trucks that
transport spent fuel. The API data is expected to be conservative because the
average trip length of a gasoline truck is less than 28 miles and involves all
types of roads. This will result in a higher accident rate than an accident

rate based on cross-country trips that involve primarily interstates.

To allow for the imposition of the national speed Timit in 1973, only the
data from 1973 through 1981 was used to estimate a truck accident rate. Table
B.1 summarizes the API accident data for the years 1973 to 1981. The
estimated accident rate, 5.94Ex1070 accidents/truck-mile, is higher than the
rate based on the BMCS data.




Table B.1 /
Petroleum Industry Accident Data Summary, 1973-19813.

No. of No. of No. of Truck Accident Rate/

Year Compy. Trucks Accidents Miles x 1000 Truck-Mile
1973 73 20,046 3,804 508,783 7.48 1076
1974 73 20,147 3,151 469,804 6.71 1076
1975 69 29,071 4,089 779,260 5.25 1076
1976 70 22,748 3,528 585,609 6.02 107
1977 69 21,508 2,784 519,446 5.36 107°
1978 68 19,113 2,562 404,748 6.33 1076
1979 63 21,414 2,889 467,939 6.17 1076
1980 62 . 21,970 2,391 455,324 5.25 1076
1981 81 21,158 2,485 465,571 5.25 1076
Total 197,175 27,643 4,656,484 5.94 1076
Avg/year 21,908 3,071 517,387

a/ American Petroleum Institute,B-14-B.18
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B.3 Distributions of Velocity for Truck Accidents

The velocity of the truck at the time of an accident is an important
parameter in determining 1impact forces on cargos involved in highway
accidents. This parameter, in combination with the angle of impact, is an
estimate of the impact velocity of the cask at the time of the accident. The
impact velocity, in combination with the cask orientation and the object
struck or subsequent interaction of the truck with its environment after the
accident begins, determines the forces and damage experienced by the cask.
Thus, the distribution of truck velocities at the time of an accident is one
of the necessary inputs into the probabilistic analysis of accidents involving
spent fuel casks.

Considerable effort went into attempting to accumulate a database of
accident data from past events which reasonably reflects what might be
experienced by trucks transporting spent fuel casks in the future. To this
end, annual reports on motor vehicle accidents, as accumutated by the CHP
formed the basis for developing an appropriate collection of accident
statistics.B-19-B.29 Although data from several classifications of accidents
have been reported, e.g., all injury accidents, injury truck accidents, and
all fatal accidents, we chose to estimate the desired distribution of
velocities on fatal and injury accidents involving truck/semitrailers.

The distribution of velocities covering the years 1958-1967 is given in
Table B.2. An important question with regard to the use of the data in Table
B.2 as a basis for estimating velocities for future truck accidents is whether
the traffic conditions in the 1958-1967 time period is comparable to traffic
conditions which can be expected to be experienced in the future. Prior to
1959 California highway speed limits were 55 mph for automobiles and 45 mph
for trucks (defined as trucks with three or more axles and any truck or truck
tractor pulling one or more trailers) and cars with trailers. In 1959 the
motor vehicle code was changed to 1imit cars to 65 mph; however, trucks and
cars with trailers were still Timited to 45 mph except on highways with four
or more lanes (at least two lanes in each direction), where the speed limit
was 50 mph. In 1963, the motor véhic]e code was changed to limit cars on
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Table B.2
Distribution of Velocities for Truck/Semitrailers Involved in
Fatal and Injury Accidents in California, 1958-19672/

Number of Fractional Cumulative
Velocity Accidents Percent Percent
(mph) (%) (%)
0 1,774 6.41 6.41
1-10 4,143 14.96 21,37
11-20 4,122 14.89 36.25
21-30 4,248 15,34 51.59
31-40 4,733 17.09 68.69
41-50 7,264 26.23 : 94,92
51-60 1,173 4,24 99.15
61-70 171 0.62 99.77
>70 63 0.23 100.00
Total 27,691 100.00

a/ California Highway Patrol,B-19-B.29
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freeways to 70 mph while trucks and cars with trailers were restricted to 50
mph on all highways.

The speed limits were again changed in 1967 to allow trucks and cars with
trailers to travel up to 55 mph over all highways. These regulations remained
in effect until superseded by the national speed Timit in 1973. Because the
speed limits during the 1958-1967 time period were lower than the present 55
mph limit for all vehicles, the velocities in Table B.2 may be biased towards
lower velocities. However, by choosing fatal and injury accidents, rather
than all accidents (including non injury accidents), this bias has been
somewhat compensated for because injury and fatal accidents generally involve
higher velocities.

B.30 was used to estimate the effects of

Accident data from North Carolina
braking on impact velocity. Tables B.3 and B.4 summarize the distribution of
velocities for accidents involving all types of vehicles resulting in
fatalities, injuries, or property damage for the years 1979-1981. In Table
B.3, the velocities are based on estimates of the original vehicle velocity
while in Table B.4 the velocities are estimates of the velocity at impact. As
discussed in Section 5.0, a comparison of these two distributions was used as
a basis for adjusting the distribution of truck velocities for the effects of

braking during the evolution of an accident prior to vehicle impact.

B.4 ®Distribution of Train Speeds at Rail-Highway Grade-Crossing Accidents

The U.S. DOT Federal Railroad Administration (FRA) defines rail-highway
grade-crossing accidents as any impact between railroad on-track equipment and
an automobile, bus, truck, motorcycle, bicycle, férm vehicle, or pedestrian at
a highway-rail qgrade crossing in which the amount of damage done to railroad
equipment is at least a specified damage threshold 1limit. If the impact
causes damage to railroad equipment less than the dollar damage threshold
Timit, it is classified as an incident. Prior to 1975, the damage threshold
1imit was $750 and only rail-highway grade-crossing accidents were tabulated
by the FRA.B-3% 1n 1975, the threshold was increased to $1750 to account for
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Distribution of Estimated Original Vehicle Velocities , for ATl

Table B.3

Types of Accidents, North Carolina, 1979—198L2/

' Year Fra. Cum.

Velocity 1979 1980 1981 Total Avg. Pct. Pct.

(mph) (%) (%)
0 512 214 188 914 305 0.14 0.14
1-5 22,191 19,976 19,205 61,372 20,457 9.25 9.39
6-10 20,335 18,655 17,865 56,855 18,952 8.57 17.96
11-15 13,846 12,697 12,051 38,594 12,865 5.82 23.77
16-20 20,417 18,965 18,042 57,424 19,141 8.65 32.43
21-25 17,336 16,388 16,100 49,824 16,608 7.51 39.94
26-30 23,336 21,472 21,582 66,390 22,130 10.01 49,94
31-35 33,147 33,147 34,030 100,324 33,441 15.12 65.06
36-40 17,245 16,317 16,075 49,637 16,546 7.48 72.54
41-45 22,028 21,049 21,156 64,233 21,411 9.68 82.22
46-50 16,144 14,889 14,315 45,348 15,116 6.83 89.06
51-55 15,336 14,301 14,784 44,421 14,807 6.69 95.75
56-60 3,559 3,492 3,261 10,312 3,437 1.55 97.31
61-65 2,071 1,907 1,991 5,969 1,990 0.90 98.21
66-70 1,621 1,604 1,476 4,701 1,567 0.71 98.92
71-75 751 685 719 2,155 718 0.32 99,24
76-80 603 584 539 1,726 575 0.26 99.50
81-85 134 127 143 404 135 0.06 99.56
>85 1243 855 807 2,905 968 0.44 100.00
Not Statedg/ 45,590 43,290 42,526 131,406 43,802 N/A N/A

a4 University of North Carolina Highway Safety Research Center,B-30

b/ Excluded from percentage calculations.
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Table B.4
Distribution of Estimated Vehicle Impact Velocities for All
Types of Accidents, North Carolina, 1979-19813/

Year ] Fra. Cum.

Velocity 1979 1980 1981 Total Avg. Pct. Pct.

(mph) (%) (%)
0 818 413 412 1643 548 0.26 0.26
1-5 30,831 29,125 29,181 89,137 29,712 14.08 14.34
6-10 29,236 28,273 28,026 85,535 28,512 13.51 27.85
11-15 20,279 19,905 19,811 59,995 19,998 9.48 37.33
16-20 26,955 26,958 26,423 80,336 26,779 12.69 50.02
21-25 18,904 18,386 18,619 55,909 18,636 8.83 58.85
26-30 23,914 23,301 23,023 70,238 23,413 11.09 69.94
31-35 19,368 19,123 18,706 57,197 19,066 9.03 78.98
36-40 15,991 15,091 14,589 45,671 15,224 7.21 86.19
41-45 11,589 10,866 10,554 33,009 11,003 5.21 91.41
46-50 9,754 9,249 8,726 27,729 9,243 4,38 95.79
51-55 4,936 4,945 4,730 14,611 4,870 2.31 98.10
56-60 2,056 2,028 1,861 5,945 1,982 0.94 99,03
61-65 818 678 691 2,187 729 0.35 99.38
66-70 697 687 673 2,057 686 0.32 99,71
71-75 250 241 239 730 243 0.12 99.82
76-80 262 251 205 718 239 0.11 99.93
81-85 58 55 52 165 55 0.03 99.96
>85 94 87 73 254 85 0.04 100.00
Not Stated?’ 60,635 50,952 50,261 161,848 53,949 N/A N/A

a/ University of North Carolina Highway Safety Research Center.

B.30

b/ Excluded from percentage calculations.
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the effects of inflation. Also, at this time, the FRA started to include
rail-highway grade-crossing incidents in their grade crossing accident
data.B-31-B.3%8  This resulted in a substantial increase in the reported number
of impacts between trains and ‘other mobile objects in the grade-crossing
accident data after 1975. Because of the difference in types of events
recorded, only the rail-highway grade-crossing accident data after 1974 was
used.

Table B.5 presents the distribution of train velocities at grade-crossing
accidents/incidents involving motor vehicles. The reliability of the train
accident/incident velocity at rail-highway grade-crossings can be considered
good because railroad locomotives are equipped with accident recorders to
record the train's velocity prior to, during, and after the accident, although
on a very crude scale. The recorded train velocity while probably no more
accurate than 5 to 10 mph, is certainly more reliable than after-the-fact
velocity estimates made by investigating officers at highway accident sites.

B.5 Highway Accident Object Frequency

Data were collected from several sources to estimate the frequency of
impact with particular objects. Two of the primary data sources were the
CALTRANS for all vehicles and the BMCS for trucks.

Table B.6 presents the truck highway accident data obtained from the BMCS
for the years 1973 through 1983.B-4-B.13  The object struck (for collision
accidents) or accident type (for noncollision accidents) are categories as
given by the BMCS. These categories are divided into nonfixed-object
collisions, fixed-object co11ision§g§(f0r collision -accidents), ran-off-road
accidents, impact-with-roadbed accidgﬁfs, or other noncollision accidents (for
noncollision accidents). FQ&@BMCS data were divided this way in order to
provide subcategories that wﬂaid‘correspond with those defined by the CALTRANS
in their reports on objects struck during highway accidents.

Table B.7 presents the primary objects struck during highway accidents,
as reported by the CALTRANS for all vehicles for 1975 through 1983,8-39-8.47
A1l object struck subcategories are as defined by the CALTRANS and the object
numbering system follows the CALTRANS convention.
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Table B.5
Distribution of Train Velocities at Rail-Highway Grade—Croifing Accident/Incidents
Involving Motor Vehicles, 1975-19822

Year ' Fra. Cum.
Velocity 1975 1976 1977 1978 1979 1980 1981 1982 Total . Pct Pct.

(mph) (%) (%)
0-9 3,887 3,793 3,923 4,098 3,788 3,224 2,715 2,125 27,553 33.79  33.79

10-19 2,221 2,428 2,339 2,431 2,303 1,950 1,724 1,364 16,765 20.56 54.35
20-29 1,919 2,098 2,152 2,097 2,042 1,589 1,459 1,257 14,611 17.92 72.27
30-39 1,365 1,511 1,600 1,582 1,457 1,277 1,061 935 10,788 13.23 85.50
40-49 960 1,026 . 1,086 1,106 985 887 825 742 7,617 9.34 94.84
50-59 391 433 419 382 351 330 279 294 2,879 3.53 98,37
60-69 109 127 119 95. 87 96 94 97 824 1.01 99,38
70-~79 61 59 68 62 51 49 55 56 461 0.56 99,94
80-89 4 6 8 2 2 2 4 1 29 0.04 99.98
>90 8 1 2 2 1 0 1 2 17 0.02 100.00

Tota1®/ 10,925 11,482 11,716 11,857 11,067 9,402 8,222 6,873 81,544 100.00

a/ U.S. Department of Transportation, Federal Railroad Administration, Office of Safety, Rail-Highway

Grade-Crossing Accident/Incidents Bulletins.B-34-8.41

b/ Excludes accidents of unknown velocities.




Table B.6

Summary of Objects Struck and Type of Accident for Accidents }nvo]ving

U.S. Private and For-Hire Motor Carriers, 1973-19832

Fra.

Type of Accident Total Awg.g/ Pct. Remarks
(%)
I. Nonfixed Object Collision
w/ Commercial Truck 42,848 3,895 12.88
w/ Automobile 143,573 13,052 43,15
w/ Pedestrian 4,493 408 1.35
w/ Bus 1,477 134 0.44
w/ Train ' 2,575 234 0.77
w/ Bicyclist 1,259 114 0.38
w/ Animal 2,111 192 0.63
w/ Motorcycle 2,680 244 0.81
w/ Other or Not Specified 16,157 1,469 4.86 Note 1
Subtotal 217,173 19,743 65.26
II. Fixed Object Collision 29,476 2,680 8.86 Note 1
Collision Accidents Subtotal 246,649 22,423 74.12
ITI. Ran Off Road 30,104 2,737 9.05 Note 1
IV. Impact with Roadbed
Jackknife 18,184 1,653 5.46
Overturn 27,792 2,527 8.35
Subtotal 45,976 4,180 713.87
V. Other Noncollision Accfdents
Separation of Units - 1,033 93.9 0.31
Fire ‘ , 3,219 293 0.97
Cargo Loss/Sp111age _,'qf 1,433 130 0.43
Cargo Shift . Lo 1,139 -104:. 0,34
Other or Not Spec1f1ed 3,213 292.  0.97
Subtotal - 1T UX 10,037 912 T397.
Noncol. Accidents Subtota1rl ruf 86,117 7,829 | 25,8é
Total Accidents - .. 332,766 30,251 100,00 - -
a/ u.s. DeBart@eTg of Transportation, Bureau of Motor Carrier
Safety.”- """ »
b/ Based on 11 year period.
Note 1: Object distribution from California TASAS accident survey, see

Table B.8.
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. Table B.7 /
Objects Struck During California Accidents, 1975-19832

Fra.
Object Struck Total  Avg.2/ Pct.
(%)
1. Side of Bridge Railing 9,473 1,053 0.82
2. End of Bridge Railing 1,689 188 0.15
3. Pier, Column, Abutment 810 90 0.07
4, Bottom of Structure (Overhead Bridge
Structure) 639 71 0.06
5. Bridge End Post in Gore (0lder Bridge
w/Protective Island) 275 30.6 0.02
10, Light or Signal Pole 8,384 932 0.72
11. Utility Pole 8,140 904 0.70
12. Pole (Type Note Stated) 454 50 0.04
13. Traffic Sign/Sign Post 9,687 1,076 0.83
14. Other Signs Not Traffic 333 37 0.03
15. Guardrail 25,354 2,817 2.18
16. Barrier 41,432 4,604 3.57
17. & 30. Wall (Concrete/Wood/Sound) 3,751 417 0.32
18. Dike or Curb 69,134 7,682 5.96
19. Traffic Island 2,590 288 0.22
20. Raised Bars (Delineation Bars, as
Traffic Islands w/o Curb) 67 7.4 0.01
21. Concrete Object (Headwall, Drop Inlet) 921 102 0.08
22, Guidepost, Culvert, Postmile Marker 9,020 1,002 0.78
- 23. Cut Slope or Embankment 22,403 2,489 1.93
24, OQver Embankment 12,758 1,418 1.10
25. In Water 45 5.0 0.004
26. Drainage Ditch 7,850 872 0.68
27. Fence 13,701 1,522 1.18
28. Trees 8,392 932 0.72
29. Plants 5,111 568 0.44
40, Natural Material on Road 1,785 198 0.15
41, Temporary Barricades, Cones 1,337 149 0.12
42, Other Object on Road 10,517 1,169 0.91
43, Other Object off Road 10,153 1,128 0.87
44, Qverturned 61,848 6,872 5.33
45. Crash Cushion 1,199 133 0.10
98. Unknown Object Struck 975 108 0.08
99. No Object Involved 9,386 1,043 0.81
00. Other Vehicle 801,256 89,028 69.02
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Table B.7 Continued

b/ Fra.

Object Struck Total Avg.— Pct.
(%)

Total Primary Object Struck 1,160,869 128,985 100.00
XX. Not Stated 180 20 N/A
YY. Not Applicable 239,655 26,628 N/A
ZZ. Invalid Code 164 18 N/A
Total Accidents 1,165,097 129,455 N/A

a/ TASAS Selective Record Retrieval.B:3978.47
b/ Based on 9 year period.

N/A Not applicable.
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The CALTRANS accident data were reordered according to the accident
categories defined in Table B.6. The result is Table B.8. Certain-objects in
Table B.8 were combined because of the similarity of these objects when
considered in structural analysis calculations. The BMCS and the CALTRANS
data on‘the object frequencies were combined to derive the probability of
occurrences of the different accident scenarios.

B.6 Truck Fire Duration Distributions

The thermal response of the cask during a truck fire depends on the
temperature of the fire, location of the fire relative to the cask and the
duration of the fire. The type and amount of combustible materials will
significantly affect the duration of a fire. Thus, the fire duration
distribution will vary for different accident scenarios. For example, a fire
involving a collision with a tanker truck can be expected to last Tlonger than
a fire involving a collision with an automobile or a collision with a
noncombustible fixed object. To assess the probabilities of a truck cask's
experiencing different thermal response levels, five fire duration
distributions were developed. These distributions were associated with
automobile collisions, truck collisions, collisions with fixed objects, other
collisions including overturns and jackknifing, and noncollision fires. The
basis for these distributions was the fire duration program developed by
Sandia.B-48 These distributions are summarized in Table 5.5.

B.7 Probability of Fire

Not all truck accidents will involve a fire; thus it 1is necessary to
estimate the probability of a fire given an accident. The likelihood of a
fire can be expected to vary between accident scenarios. Several sources
provided statistical information for several types of accidents.B-1-8.13,8.48
The probabilities of a fire given each of the different accident scenarios
used in this study and listed in Table 5.9, are bhased on the statistics

presented in the Sandia report on severe accidents.B'48
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Table B.8

Objects Struck During California Accidents

Reordered According to Type of Accident, 1975-19832/

Fra.
Type of Accident Total Avg.E/ Pct. Remarks
(%)
I. Nonfixed Object Collision
40, Natural Material on Road 1,785 198 0.15
41. Temporary Barricades, Cones 1,337 149 0.12
42. Other Object on Road 10,517 1169 0.91
98. Unknown Object Struck 975 108 0.08
00. Other vehicle - 801,256 8,9028 69.02
Subtotal 815,870 19,0652 70.28
I1. Fixed Object Collision :
1-2. Side or End of Bridge Railing 11,162 1,240 0.96 Note 1
3. Pier, Column, Abutment 810 90 0.07 Note 2
4, Bottom of Structure 639 71 0.06
5. Bridge End Post in Gore 275 30.6 0.02
10-12. Light, Signal, Utility or Other
Type Pole 16,978 1,886 1.46
13-14. Traffic Sign/Sign Post or Other
Signs 10,020 1,113 0.86
15, Guardrail : L 25,354 2,817 2.18
16, Barrier - 41,432 4,604 3.57
17830. Wall (Concrete/Wood/Sound) 3,751 417 0.32
18-20. Dike, Curb, Traffic Island or
Raised Bars 71,791 7,977 6.18
21, Concrete Object (Headwall, Drop - .
Inlet) 921 102 0.08
22. Guidepost, Culvert, Postmile Marker 9,020 1,002 0.78
45, Crash Cushion 1,199 133 0.10
Subtotal 193,352 21,484 16.66
Collision Accidents Subtotal 1,009,222 112,136 86.94
IIT1. Ran Off Road :
23. Cut Slope or Embankment 22,403 2,489 1.93 Note 3
24. Over Embankment 12,758 1,418 1.10 Note 3
25. In Water 45 5.0 0.004
26. Drainage Ditch 7,850 872 0.68
27. Fence 13,701 1,522 1.18
28. Trees 8,392 932 0.72
29. Plants 5,111 568 0.44
43, Other Object off Road 10,153 1,128 0.87
Subtotal 80,413 78,935 6.93

B-15




Table B.8 Continued

Fra.
Type of Accident Total Avg,E/ Pct. Remarks
(%)
IV, Impact with Roadbed
44, OQOverturned 61,848 6,872 5.33
V. Other Noncollision Accidents
99. No Object Involved 9,386 1,043 0.81
Noncollision Accidents Subtotal 151, 647 16,850 13.06
Total Accidents 1,160,869 128,985 100.00

AT1 LLNL calculations are based on static analysis. Static force is defined
as ultimate static force at which complete collapse of object occurs.

Note 2

Note 3

TASAS Selective Record Retrieval.B-39-B.47

Based on 9 year period.

Assume worst case that truck goes off bridge. Distributions of bridge
heights and surfaces below bridges determined from Engineering
Computer Corporation (ECC) survey in Appendix D.

Distribution of bridge column size determined from ECC survey in
Appendix D.

Distribution of soil types and surfaces determined from ECC survey in
Appendix D.
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APPENDIX C
Railroad Accident Data
C.1 Introduction

This appendix summarizes both the railroad accident data which form the
basis for the estimates of accident scenarios and the probability
distributions used in the probabilistic analysis of future train accidents
involving the transport of spent nuclear fuel. The primary sources of data
were the statistical reports:of‘rai1road accidents produced by the 0ffice of
Safety, Federal Railroad Administration (FRA) of the U. S. Department of
Transportation (DOT).C'I'C°7 A Sandia report on severe accidents was the
source of estimates of the probability of fire duration distributions.C-8
Section C.2 discusses the data used to estimate the railroad accident rate and
distribution of types of accidents. Section C.3 discusses the distributions
of train velocity at the time of an accident; Section C.4 discusses the fire

duration distribution.

C.2 Railroad Accident Rate

Federal Tlaw (49 CFR 225) requires all railroads to file monthly
accident/incident reports with the 0ffice of Safety, FRA of the U. S. DOT. A
railroad is defined, by regulation, as any system of surface transportation of
persons or property over rails. It includes line-haul freight and passenger
railroads; switching and terminal railroads; and passenger-carrying railroads
including rapid transit, commuter, scenic, street, subway, elevated cable, and

cog railways.

Train accidents are defined by the FRA Office of Safety as any event
involving on-track railroad equipment that results in damage to railroad on-
track equipment, signals, track or track structure, and roadbed at or
exceeding the dollar damage threshold. Prior to 1975, the threshold was
$750. Since 1975 this limit has been adjusted, to account for inflation, from
$1750 in 1975 to $4100 in 1982, the last year available for use in this
study. Although initially adjusted biennially (i.e., every two years), since
1977 the adjustment has been annual, The yearly threshold limits are included
in Table C.1.




Table C.1
Railroad Accident Rate, 1975-19823/

Number
' Train Miles of Accident Damage
Year - ‘ X 1000 .Accidents Rate Threshold
- 1975 755,033: 8,041 1.06E 1072 $1,750.00
1976 774,764 10,248 1.32E 1073 $1,750.00
1977 750,042 10,362 1.38E 1072 $2,300.00
1978 751,964 11,277 1.50E,10‘5 $2,600.00
1979 763,429 9,740 1.28E 107 $2,900.00
1980 717,662 8,451 1.18E 1072 $3,200.00
© 1981 676,216 5,781 - 8.55€ 1070 $3,700.00
1982 573,369 4,589 8.00E 1076 $4,100.00
Total 5,762,479 68,489 1.19€ 107°

a/ U.S. Department of Transportation, Federal Railroad

Administration, Accident/Incident Bulletins®-17C.7
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In addition to train accidents, the FRA Office of Safety compiles and
reports statistics on two related events: train incidents, and non-train
incidents. Train incidents are defined as events involving on-track railroad
equipment that result in the reportable death and/or injury or illness of one
or more persons, but do not result in damage at or beyond the damage
threshold, as defined in the previous paragraph. Non-train incidents are
defined as events which result in a reportable death injury, or illness
arising from the operat1on of a railroad but not from the movement of railroad

on-track equipment.

Damage to casks- containing spent nuclear fuel will necessarily involve
severe accidents (hence significant damage); thus, for this project, train
accidents formed the basis for estimating railroad accident rates. Because of
the effect of the damage threshold Tlevels on the reported accidents, data from
the period 1975 to 1982 were used to estimate the accident rate used in this
study. The estimated railroad accident rate, 1.19x107° accidents/train-
mile/year, is the ratio of the number of reported accidents to the total miles
for the 1975 to 1982 period.

Table C.1 presents the train mileage and number of éccidents, as well as
rate and damage threshold for each year during 1975 to 1982, Train-miles, for
this report, is defined as the sum of the Tocomotive miles, yard switching
miles, and motor train miles as tabulated for each year by the FRA. The FRA
defines a locomotive mile as the movement under its own power of a locomotive
the distance of one mile whether .coupled.or. without cars. This item covers
miles run by -Tocomotives in:mbadzeervices and. in:. train and yard switching
service. Switching. miles are' computed at thecrate of .6 miles/hour for the
time actually engaged in-‘such service. A motor:train-mile is a-movement under
its own power of a motor“trainAadestancerof“one midei- o o

Accident sever1ty var1es between acc1dents, thus the 1eve1 of’ damage that
a cask m1ght exper1ence dur1ng an acc1dent depends dn"thé type of aCC1dent
Therefore, train accidents were subdivided into four types-—co111s1ons
derailments, " rail=highway: grade=crossing ridccidents} “and.- other types of
accidents. Data relevant ‘to this distribution,; derived: from the. FRA reports,
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is given in Table C.2. Again, the distribution of accident types is based on
the accidents during the 1975-1982 period. The important statistics are the
percentages, for each type of accident, of all accidents presented in the
bottom row of the table. For example, 13.41% of the train accidents were

collisions,

Approximately 36% of the collisions involved derailment of at least one
car.C-8 These were grouped with the original derailment accidents. Derailment
accidents were further partitioned into accident scenarios based on the events
following the derailment. Accident scenarios considered inciuded the car(s)
falling over a bridge or embankment, hitting a slope or a structure, or
rolling over. Categorization of derailment accidents into scenarios was not
found in .the literature. Thus, a distribution was developed based on similar
statistics for truck accidents. This distribution is included in Fig. 2-5.
To distinguish between the severity of accident scenarios, some of the
accident scenarios were further subdivided, e.g., derailments involving a
car's hitting a structure were subdivided into hitting small and large
columns, abutments, and other accidents., Categorization of accidents into

these types of scenarios was based on the Eggers study.c'9

C.3 Impact Velocity Distribution

The forces imposed on the cask at the moment of impact during an accident
depend on the impact velocity of the cask or impacting object. Since impact
velocity is a function of velocity and angle of impact, it is necessary to
estimate the distributions of train velocities. Information on the train
velocity at the time of an accident was derived, again, from the FRA data.
Reliability of these statistics can be considered good since railroad
locomotives are equipped with recorders to record the train's velocity prior
to, during, and after the accident. The scale, although crude, is more
reliable than the velocity estimates made by investigating officers at highway
accident sites.

Distributions of train velocities based on accidents occurring on main
lines during 1979 to 1982 are summarized in Tables C.3 through C.6 for




Table C.2 /
Distribution of Types of Railroad Accidents, 1975-19822

Rail-Highway Accident
Train Train Grade-Xing Other Total Damage
Year Collisions Derailments Accidents Accidents Accidents Threshold

1975 1,002 6,328 248 463 8,041 $1,750.00
1976 1,370 7,934 352 592 10,248 $1,750.00
1977 1,362 8,073 323 604 10,362 $2,300.00
1978 1,476 8,763 286 752 11,277 $2,600.00
1979 1,425 7,482 248 585 9,740 $2,900.00
1980 1,201 6,442 246 562 8,451 $3,200.00
1981 7176 4,366 199 440 5,781 $3,700.00
1982 572 3,383 178 456 4,589 $4,100.00

Total 9,184 52,771 2,080 4,454 68,489

Fra.

Pct. (%) 13.41 77.05 3.04 6.50

a/  U.S. Department of Transportation, Federal Railroad Administration,
Accident/Incident BulletinsC-1-C.7
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Table C.3

Distribution of Train Velocities, Collisions, Main Line, 1979-19823/

Accident/Incident Bulletins

c.1-C.7

b/ Excludes accidents of unknown velocities

C-6

o Year Fra. Cum.
‘Velocity 1979 1980 1981 1982 Total Pct. Pct.
(mph) . : (%) - (%)
1-10 136 112 85 59 392 46,12 46,12
11-20. , 70 46 32 34 182 21.41 67.53
21-30 44 31 17 25 117 13.76 81.29
31-40 23 26 24 19 92 10.82 92.12
41~50 9 19 10 9 47 5.53 96.65
51-60 4 6 4 0 14 1.65 99.29
61-70 2 1 0 0 3 0.35 99.65
71-80 1 1 0 0 2 0.24 99.88
81-90 0 -0 0 0 -0 0.00 - 99.88
91 0 1 _ 0 o 1 0.12 100.00
Tota]g/ 289 243 172 146 850 100.00
a/  U.S. Department of Transportation, Federal Railroad Administration,




, Table C.4 /
Distribution of Train Velocities, Derailments, Main Line, 1979-19822

Year Fra. Cum.

Velocity 1979 1980 1981 1982  Total  Pct. Pct.

(mph) (%) (%)
1-10 1,736 1,278 793 587 4,394 40,42 40.42
11-20 841 634 416 359 2,250  20.70 61.12
21-30 783 616 444 340 2,183 20.08 81.20
31-40 325 333 238 195 1,091  10.04 91.24
41-50 202 191 137 129 659 6.06 97.30
51-60 64 60 54 61 239 2.20 99.50
61-70 19 6 10 6 a1 0.38 99.88
71-80 6 1 2 1 10 0.09 99.97
81-90 1 1 0 1 3 0.03  100.00
91 0 0 0 0 0 0.00  100.00

Tota1l/ 3,977 3,120 7,004 T,679 10,870 T00.00

a/ U.S. Department of Transportation, Federal Railroad Administration,
Accident/Incident BulletinsC-1-C.7

b/ Excludes accidents of unknown velocities
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Table C.5
Distribution of Train Velocities for Rail-Highway Grade—Croifing
Accidents/Incidents Involving Motor Vehicles, 1975-19822

Year Fra. Cum.

Velocity 1975 1976 1977 1978 1979 1980 1981 1982 Total Pct. Pct.
(mph) (%) (%)

0-9 3,887 3,793 3,923 4,098 3,788 3,224 ‘ 2,715 2,125 27,553 33.79 33.79

10-19 2,221 2,428 2,339 2,431 2,303 1,950 1,729 1,364 16,765 20.56 54.35
20-29 1,919 2,098 2,152 2,097 2,042 1,587 1,459 1,257 14,611 17.92 72.27

30-39 1,365 1,511 1,600 1,582 1,457 1,277 1,061 935 10,788 13.23 85.50
40-49 960 1,026 1,086 1,106 985 887 825 742 7,617 9.34 94.84
50-59 391 433 419 382 351 330 279 294 2,879 3.53 98.37
60-69 109 127 119 95 87 96 94 97 824 1.01 99.38
70-79 61 59 68 62 51 49 55 56 461 0.56 99.94
80-89 . 4 6 8 2 2 2 4 1 29 0.04 99.98

>90 8 1 2 2 1 0 1 2 17 0.02 100,00

Tota12/ 10,925 11,482 11,716 11,857 11,067 9,402 8,222 6,873 81,544 100.00

a/ U.S. Department of Transportation, Federal Railroad Administration, Office of Safety, Rail-Highway

Grade-Crossing Accident/Incidents BulletinsB-34-8.41

b/ Excludes accidents of unknown velocities




Table C.6 /
Distribution of Train Velocities, Other Accidents, Main Line, 1979-19822

Year Fra. Cum.

Velocity 1979 1980 1981 1982  Total  Pct. Pct.

(mph) (%) (%)
1-10 83 83 60 59 285  17.59 17.59
11-20 73 46 53 56 228 14.07 31.67
21-30 104 93 59 59 315 19.44 51.11
31-40 89 104 58 63 314 19.38 70.49
41-50 72 65 64 61 262 16.17 86.67
51-60 35 38 26 23 122 7.53 94,20
61-70 13 16 7 13 49 3.02 97.27
71-80 7 9 14 7 37 2.28 99.51
81-90 0 1 3 2 6 0.37 99. 88
91 0 0 0 2 2 0.12  100.00

Tota1d/ 776 755 334 335 71,620 T00.00

a/  U.S. Department of Transportation, Federal Railroad Administration,
Accident/Incident BulletinsC:1-C.7

b/ Excludes accidents of unknown velocities
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collisions, derailments, highway grade-crossing accidents, and other accidents
respectively. The percentages and cumulative percentages shown in the bottom
two rows of each table were used to estimate probability distributions for
train velocities. The estimation procedure is discussed in Appendix G.

C.4 Probabilities of Fire and Fire Duration Distributions for Train Accidents

There is very little useful data regarding the occurrence of fires and
the properties of the fire, such as duration, given a train accident. Table
C.7 presents'the results of surveys of train fires, compiled by the National
Fire Protection Association for the years 1976-78 and 1982-83,C-10,C.11
this time, for the railroads surveyed, approximately 1.24% of all railroad

Over

fires occur as a result of a collision or derailment. This is interpreted
probabilistically as the (conditional) probability, given a fire, that the
cause of the fire is either a collision or derailment. On the other hand, the
probability of interest for this study is the (conditional) probability, given
a collision (or a derailment), that a fire also occurs. To derive the latter
probability from the former, it is necessary to have some estimate of the
probability of a fire given an accident. The necessary data to estimate this
probability was not found. Therefore, the Sandia study estimate of the
probabilities of a fire's occurring, given an accident scenario was used.C-8

No information was found regarding the duration of fires resulting from
train accidents, Therefore, the simulated estimates for fire duration as
developed in the Sandia study were used.c'8




Table C.7 a/
Railroad Fires Survey Resultsd

N/A Not applicable

C-11

Year Pct.of
Category 1976 = 1977 1978 1982 1983 Total Avg. Total(%)
Class I Railroads Surveyed: 22 16 16 NA 22 76 19.0 N/A
Trackage Surveyed (miles): 129,382 116,405 94,509 NA NA 340,296 113,432 N/A
Total Class I Trackage (miles): 240,250 236,351 233,956 NA-  NA 710,557 236,852 N/A
Percentage of Total (%): 53.85 49.25 40.40 N/A N/A N/A 47.89 N/A
Number of Fires due to Operations and Transportation
Collisions and Derailments 18 24 14 19 12 87 17.4  1.24
Brake Shoe Sparks 198 157 115 188 63 721 144.2 10.30
Electrical Components 34 35 136 53 42 300 60.0 4.28
Engine Exhaust Sparks 354 23 17 120 195 709 141.8 10.12
Car and Van Heaters 34 10 12 3 17 76 15.2  1.09
Fuses 13 10 7 7 5 42 8.4 0.60
Hot Journal Boxes 20 33 19 11 11 94 18.8 1.34
Materials in Transit 19 64 22 5 8 118 23.6 1.68
I. C. Engines 23 10 14 25 8 80 16.0 1.14
Other 63 22 58 82 78 303 60.6 4.33
Subtotal 776 388 414 513 439 2,530 506.0 36.13
Number of Fires due to Maintenances and Services
Smoking 23 20 13 11 19 86 17.2  1.23
Electrical 28 26 26 22 22 124 24.8 1.77
Flammable Liquids 3 100 3 6 7 - 29 5.8 0.41
Heaters and Appliances 72 69 78 69 29 317 63.4 4,55
Burning on Right-of-Way 11 12 1 117 8 149 29.8 2.13
Spontaneous Ignition 18 27 9 20 15 89 17.8 1.27
Welding, Cutting, Brazing 74 _ b5 64 59 63 315 63.0 4.50
Other ~ 41- 43 26 29 24 163 32.6 2.33
Subtotal 4*270*=?’ 262 220 333 -187 1,272 254.4 18.16
Number of Fires due to Outside or Undetermihed Causés '
Exposure Fires 56 50 25 27 16 174 34.8 2.48
Lightning and Storms T 90w 33 6 -8 - 63 12.6 0.90
Trespassing (including Arson) 272 170 T 193 0 269 2020 1,106  221.2 15.79
Other g9 cfriig] c16 00427 13 - 1360 27,2 1.94
Undetermined Causes 346,31 318 »o 92 ..359;. 607:. 1,722 . .344.4 24.59
Subtotal 710 - 598 7359 688 846 3,201 640.2 45.71
Grand Total. 1‘756 11,248 :7°<993 1,534 1,472 7,003 1,400.6 100.00
Y R U { - 9 s s i : -
a/ National Fire Protection Associationc's'(:'9
NA Information not available at time of table preparation




References

Transportation, Washington, DC, June 1983.

R. K. Clarke,

ACcident/Incident Bulletin No. 145, Calendar Year 1976, Office
Safety, Federal Railroad Administration, U.S. Department
Transportation, Washington, DC, December 1977.

_ Accident/Incident Bulletin No. 146, Calendar Year 1977, Office
Safety, Federal Railroad Administration, U.S. Department
Transportation, Washington, DC, August 1978,

Accident/Incident Bulletin No. 147, Calendar Year 1978, Office
Safety, Federal Railroad Administration, U.S. Department
Transportation, Washington, DC, October 1979.

Accident/Incident Bulletin No. 148, Calendar Year 1979, O0Office
Safety, Federal Railroad Administration, U.S. Department
Transportation, Washington, DC, July 1980.

Accident/Incident Bulletin No. 149, Calendar Year 1980, Office
Safety, Federal Railroad Administration, u.s. Department
Transportation, Washington, DC, June 1981.

Accident/Incident Bulletin No. 150, Calendar Year 1981, Office
Safety, Federal Railroad Administration, U.S. Department
Transportation, Washington, DC, June 1982.

Accident/Incident Bulletin No. 151, Calendar Year 1982, Office
Safety, Federal Railroad Administration, U.S. Department

National Laboratory, Albuguerque, NM, SAND77-0001, 1977.

c-12

of
of

of
of

of
of

of
of

of
of

of
of

of

et al., Severities of Transportation Accidents, Sandia




€.9

c.11

P. Eggers, Severe Rail and Truck Accidents: Toward a Definition of
Brounding Environments for Transportation Packages, U.S. Nuclear
Regulatory Commission, Washington, DC, NUREG/CR-3499, 1983,

Fire Protection Handbook, 15th Edition, G. P. McKinnon, Ed., National

Fire Protection Association, Quincy, MA, 1981.

R. L. Best, National Fire Protection Association, Railroad Section,
Quincy, MA, private communication, 1985,

c-13




D-1
D-2

D-4

D-5
D-6

D.1

D.2

D.3

D.4

D.5

APPENDIX D

List of Figures

Single column bent bridge structure configuration ..............
Multi-column bent bridge structure configuration ..........ccvne
Column stiffness for four bridge types ...eeieieeeecnninnneennes
Force-displacement curves for single, square bridge columns ....
Force-displacement curves for single, rectangular bridge columns
Force-displacement curves for multi, square bridge columns .....
Force displacement curves for multi, rectangular bridge columns

List of Tables

Type of Soil Adjacent to Interstate 5 from San Diego
County/Orange County Line to Los Angeles County/Kern County Line
Type of Soil Adjacent to Interstate 80 from Davis, California

to Nevada Border ...eieiiiiieeessanessssencnncssonasscssssnsonss
Type of Surface below Bridges on Interstate 80 from Davis,
California to Nevada Border .....ceeereencoscesccnnoncccssenssns
Bridges Along Interstate 5 from San Diego County/Orange

County Line to Los Angeles County/Kern County Line

Classified by Height...veeeirieniieeereerertosesncssnscnccnnncens
Twenty-Four Representative Column Configurations for Calculating
Force-Displacement CUrvesS ...cieeeereecencossrsscsnssossocnanses




APPENDIX D
Highway Survey Data and Bridge Column Propertiesﬁl

D.1 Introduction

One important element in calculating shipping cask responses to accident
loads is object hardness. When a shipping cask strikes a soft surface such as
sand, the response of the cask is much less than when striking a hard object
such as a concrete column. This appendix presents the data and evaluation
results on two major subjects related to hard objects:

1) Statistical data on the total number of bridges, bridge heights, and
surface conditions adjacent to highways, and below bridges,

2}  The characteristics of bridge columns.

0.2 Survey

D.2.1 Surface Conditions Adjacent to Highways and below Bridges

The hardness of earth surfaces adjacent to highways can vary over a wide
range. This variability can have a significant effect on the loadings that
could be imposed on a cask or any other impacting object. The water and land
(hard rock, soft rock/hard soil, and tillable soil) distribution along
prdposed spent fuel shipment routes between the east coast and west coast was
initially estimated using agricultural soil survey data and geological highway
maps for the United States.D-3:0-%  Tne initial distributions estimated from
these sources were considered to be indicative of the types of surfaces which
could be impacted along highways in the 'various regions of the United
States. However, since highway construction and landscaping can greatly
affect the -adjacent surroundings, the' initial distributions were used to
select representative portions of Interstates™5 and 80 in California to

a/ The Engineering Computer Corporation (ECC) was the subconBrTcBOE that
performed the highway surveys and bridge column analyses,”**»"*




perform detailed highway surveys and to establish final distributions along
highways.

A 133-mile portion of Interstate 5 was selected for the study. This
portion of highway starts from the borderline between San Diego County and
Orange County and ends at the borderline between Kern County and Los Angeles
County. This portion of'highway contains 20 miles of suburban, 50 miles of
city, and 63 miles of rural area. The terrain which this portion of the
highway crosses is essentially flat for 70 miles, rolling hills for 41 miles,
and mountains for 22 miles. The types of earth adjacent to the highway were
classified into three groups: tillable soil, non-tillable soil, and hard
rock. The survey was performed by viewing the California Department of
Transportation (CALTRANS) photo log. The result of the survey is summarized
in Table D.1. Although the highway crossed the Santa Susana Mountains, no
hard rock, such as granite, was identified in the survey.

A similar highway survey of earth types adjacent to 122 miles of the
roadway along a section of Interstate 80 from Davis, California, to the Nevada
border was then performed. This section of Interstate 80 crosses the Sierra
where numerous outcroppings of granite rock occur. The result of the soil
survey 1is summarized  in Table D.2. The survey also included the types and
frequencies of surfaces that could be impacted below a bridge. These surfaces
were classified into four categories: roadbeds, railbeds, water, and earth.
The result of the survey is summarized in Table D.3.

D.2.2 Highway Bridges

The same portion of Interstate 5 was used to compile statistical data on
the number of bridges, bridge heights, and the size of columns. A two-step
procedure was used in compiling data.

Step 1: View the California Department of Transportation (CALTRANS)
~photo Tog (a motion picture of the roadway as viewed by a.motorist).
Estimate the bridge column sizes and the number of bridges.




Table D.1
Type of Soil Adjacent to Interstate 5 from San Diego
County/Orange County Line to Los Angeles
County/Kern County Line

Adjacent Soil Type
uniles)

County Tillable Nontillanle Hard Rock Total
Orange 44,27 0.12 0 44,39
Los Angeles 62.65 5.80 0 68.45
16.39 3.60 0 19.99

Total 123.31 9.52 0 132.83

D-3




Table D.2

Type of Soil Adjacent to Interstate 80‘;rom
Davis, California to Nevada Borderl

Adjacent Soil Type

(miles)

County TillabTe Nontillable Hard Rock Total
Yolo 2 0 0 2
Sacramento 18 0 0 18
Placer 60 2 3 65
Nevada 29 6 0 35
Sierra 1 1l [ 2

Total 11 9 3 122

8/ 122-mile highway through mountainous terrain from Davis, California, to

the Ca]iforniafNevada borderline.
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Table D.3

Type of Surface below Bridges on Interstate, 80 from
Davis, California to Nevada Border®/

Surface below Each Bridge
(bridge totals)

County Road River Earth Railroad Total
Yolo 1 1 0 1 3
Sacramento 7 0 0 1 8
Placer 22 5 1 1 29
Nevada 12 6 0 1 19
Sierra 0 0 0 0 0
Total 17 12 1 4 59
a/ 122-mile highway through mountainous terrain from Davis, California, to

the California-Nevada border line.
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Step 2: Review the general plans for several of the bridges to confirm
the column sizes didentified by visual inspection through the photo log
and to obtain bridge heights.

Table D.4 presents the result of the survey for the total number of
bridges tabulated according to the bridge heights. Along the 133-mile
roadway, 121 bridges were counted. Only 3 bridges exceed 50 feet in height.
The rate is approximately 0.91 bridges/mile,

While collecting data about the bridge rate, information was also
collected on all of California state and interstate highways. The total
number of bridges in California 1is 12,574 and the miles of state and
interstate highways 1is 15,183. This is very close to the detailed survey
results of Interstate Highway 5.

D.3 Bridge Column Structural Characteristics

In order to estimate the response of a cask when impacting a bridge
column, it is necessary to determine the level of hardness for that particular
column, The Tlevel of hardness 1is normally represented by the force-

displacement curve.

This subsection describes the approach used to develop the force-
displacement curves for various column designs and the results of the detailed
sensitivity study.

From the survey of Interstate 5, two typical bridge constructions are
commonly seen along interstate highways: single-column bent bridge and multi-
column bent bridge, as shown in Figs. D-1 and D-2 respectively. Most of the
bridge columns are either square or rectangular. Bridge span lengths and
" column bent widths vary from bridge to bridge. Since more than 12,000 bridges
exist on state and interstate highways in California, estimating the column
force-displacement curve for each bridge is a very complex task. In order to
control the task, 13 different sizes of column cross-sections from 1 ft x 1 ft
to 4 ft x 64 ft were selected. 1In combination with the number of bents, a
total of 24 column configurations were selected for sensitivity study in
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Table D.4
Bridges Along Interstate 5 from San Diego
County/Orange County Line to Los Angeles C9unty/Kern
County Line Classified by Height?

Bridge Height

(ft)
County 0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90
Orange 3 4 16 4
1 3 7
Los Angeles 1 3 17 6 1
7 16 2 2
_ 518 1 -1 1 1
Total 5 22 74 14 3 1 1 1

133 mites?/
121

Total Mileage
Total Bridges

a/ Each set (left/right pair, on/off ramps, etc.) counts only once.
Special truck Tanes in northern Los Angeles County are not counted.
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Figure D-1 Single column bent bridge structure configuration.
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developing force-displacement curves. Table D.5 1lists all column
configurations selected for the sensitivity study. Some of the column
dimensions, such as 32 ft x 32 ft, 16 ft x 16 ft, are not real structures.
The inclusion of these dimensions in the analytical study is to help develop a

set of continuous curves.

A1l 24 different configurations were categorized into four groups
according to the shape of columns, i.e., square or rectangular, and number of
bents, i.e., single-bent or multi-bent. These four groups formed the four
basic cases for the sensitivity study as listed below and indicated in Table
D.5.

Case A: Bridges with square co]umns‘and Sing]e—co1umn'behts.
Case B: Bridges wfth rectangular columns andbsingie—co1umn bents.
Case C: Bridges with square co}umns and multi-column bents.
Case D: Bridé;s wfth rectangular columns and multi-column bents.

D.4 Column St1ffness Sens1t1v1ty Study

The sens1t1v1ty study -assumed that a sh1pp1ng cask would strike the
bridge column 4 feet above the rough surface, or 6 feet above the bottom of
the column (bottom of pier). The study includes column heights of 20 feet and
30 feet.

For a single-bent column, the assumption is that the bottom of the column
is pinned and the top of the column is fixed. A normalized static force ofl
1,000 kips is applied at 6 feet above the bottom of the column to represent
the impact force of the shipping cask. Deformation at the point of impact is
calculated for all column sizes of both cases A and B. The stiffness of the
column is determined from the applied force and calculated deformation.

For the multi-bent configuration, the bridge is assumed to be a four-span
bridge, whjch is most commonly seen along interstate highways. A beam-element
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: Table D.5
Twenty-Four Represent
Calculating Force-Displacement Curves

ative Column Configurations for

Class Number of Bents Shape of Column Column. Size
- ' (cross-section)

1 ft x 1 ft

2 ft x 2 ft

4 ft x 4 ft

A Single - Square 8 ft x 8 ft
16 ft x 16 ft

32 ft x 32 ft

4 ft x 1 ft

4 ft x 2 ft

B Single Rectangular 4 ft x 8 ft
4 ft x 16 ft

4 ft x 32 ft

1 ft x 1 ft

2 ft x 2 ft

: 4 ft x 4 ft

C Multi Square 8 ft x 8 ft
' 16 ft x 16 ft

32 ft x 32 ft

4 ft x 1 ft

4 ft x 2 ft

4 ft x 8 ft

D Multi Rectangular 4 ft x 16 ft
o 4 ft x.32 ft
MR 4 ft x 64 ft

LIS




model along the bridge roadway was developed to represent the bridge
superstructure. The bridge is assumed to be pinned at both ends. At each
pier location, the multiple-bent column configuration is modeled by a space
frame pinned at the bdttom of 'the frame structure. The combined bridge
superstructure and column space frames formed the total bridge design. A
normalized static force of 1,000 kips is applied 6 feet above the bottom of
the column, The deformation at the point of impact is calculated by the
Structural Analysis Program 6 (SAP6) program. The force-deformation
relationship is used to determine the stiffness of the columns for each
pier. This process is performed on all the column sizes for cases C and D.

Figure D-3 presents the results of this sensitivity study.

D.5 Force-Displacement Curve

The force-displacement curve was developed by following similar
procedures to those described in the stiffness calculation. The same four
groups (Cases A through D) were used. A1l the column sizes given in Table D.5
were included in the sensitivity study. During this exercise, column capacity
was considered in resisting axial force, shear force, and bending moment. The
angle of impact to the column was also considered. The impact was analyzed
for every 159 angle. The smallest column capacity for resisting impact at the
various impact angles is selected to represent the column capacity. In
estimating column capacity, the following assumptions were made to simplify
the problem:

1. Vertical reinforcement is 2%
2. fc' = 3,250 psi
3. Tensile stress capacity of concrete = 0.1 fc' = 325 psi

4, Ties are determined by the following formula

0.30 S, h fe’ (Ag
= t ¢ ?;- Ac

Ay - 1) (0.1)
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Case A
Case B:
Case C:

Case D:

Stiffness K/in

: Square column, single-bent, column size D' x D'
Rectangular column, single-bent, column size 4' x D'

Square column, multi-bent, column.size D' x D

Rectangular column, multi-bent, column size 4' x D'

Case A: Square column, single-bent, column size D’ X D’
Case B: Rectangular column, single-bent, column size 4" X D’
10° , Case C: Square column, multi-bent, column size D’ X D’
Case D: Rectangular column, multi-bent, column size 4’ X D’

104 L

L1 o . -
024 8 16 | 32

C'o'lumn\ size D '(ft‘)

Figure D-3 Column stiffness for four bridge types.
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or

fc' Pe
hC T_-'y—' (0.5 +1.25 ?ET-A'g') (0.2)

A, =0.12 S

sh t

where

Ash = area of transverse hoop bar, ft2
fc' = specified compressive strength of concrete, psi

he = total depth of shear head cross-section, ft

St = vertical spacing of ties, ft

Pe = maximum design axial load, 1bs

Ag = gross area of section, fté

Ac = area of concrete enclosed by tie, ft2

fy = specified yield strength of re-bar, psi

5. Height of column is 20 feet.

6. Distance from the face of concrete to the center of vertical

re-bars is 3 inches.
7. Moment magnification due to slenderness is ignored.
8. P - A effect is ignored.

From assumption:numbeh 3, an axial force capacity was calculated for each
different “columh size {cross section).  For the flexural capacity, the
Reinforced Column (RECOL) computer code was used to estimate column strength
at yield point. These axial and flexural capacities of a column are combined
with the results from the stiffness calculation as generated in the bridge
model by using the SAP6 computer code to correlate the force-displacement
relationship for each different column size.

These force-displacement relation curves used to relate the column yield
force and displacement at the Tlocation of impact are listed in
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P —— |

Figs. D-4 through D-7 for all the column sizes listed in Table D.5. The
possible dominant failure modes are identified in each curve. For example, .
for each column size, we identify whether a plastic hinge or a sudden shear
failure occurs first. The shear capacity for a column is based on the

equation
A, f.d
Vo= 2 (fe) 2 bd ¢ AL | (0.3)

where

b = width of compression face, ft

d = distance from extreme compression fiber to centroid of tension

reinforcement, ft
s = tie spacing, ft.
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Figure D-5 Force-displacement curves for single, rectangular bridge columns.

D-17




X Indicates plastic @ Indicates point at
moment yield which sudden shear
106 [~ point 7 failure occurs 32 Ft X 32 Ft
e —m—_——_—— ——e—_—e————— — -
FDashe_d line indicates
shear failure occurs first
16 Ft X 16 Ft -
——X—- e e
8 Ft X 8 Ft
S 3.3 LI
=
b4
g 4 Ft X 4 Ft
s - e e — e —— e
W -
- ~
2
>
2 Ft X 2 Ft
X
Solid line indicates
plastic hinge
occurs first
TFt X 1Ft
: 100 1 Lo - 1 L L 1 | 1 1 1 1 ! o ]
0~ 0.01 0.02 0.03

Displacement at location impact, Ft

“"Figure D-6 Force-displa’ceméht'cw'ves for multi, square bridge columns.:
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APPENDIX E
Structural Analysis
E.1 Introduction

This appendix provides the structural models developed and the analyses
performed to determine the responses of the representative truck and rail
casks to a wide range of impact loads. The family of DYNA and NIKE computer

codes were used extensively to calculate the responses of the casks.E-1,E.2

In Section E.2, the material properties used in the process for selecting
the representative casks -and evaluating the responses of the representative
casks are presented. In Section E.3, the static analyses evaluations of
different cask designs used to select the representative cask are presented.

In Section E.4, the types of mechanical loading conditions that can
affect the strain response of a cask in an accident are discussed. In
Section E.5, the quasi-static load evaluation performed for minor accidents
are presented. In Section E.6, the structural model and strain response of
the two representative casks to impacts on an unyielding surface are
discussed. In Section E.7, the response of the two representative casks to
impacts on real objects is estimated.

E.2 Materials Properties

Spent fuel casks must be designed and fabricated to national codes and
standards or equivalent requirements. Although there is no specific section
in the American Society of Mechanical Engineers (ASME) pressure vessel code
applicable to spent' fuel casks, the industry has wused the ASME code
exten§ive1y for designing and fabricating spéent fuel casks. In this study, to

the extent possible, properties. of materials were taken from the ASME code.E-3

Although it is préeferred to usé probability distributions for material
properties that are based on actual fabrication data, discrete bounding values
from the ASME code were used in this study. This approach was taken to
simplify the modeling and ana1ysi§; 1f distribution had been used, the
modeling and analysis would have been unnecessarily complex and unwarranted
for the scope of this study. Consequently, conservative material properties
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based on the ASME code were used with loading calculations to estimate seal
and weld damage to the representative casks.

Using ASME code properties, limiting plastic strain criteria were used in
estimating the response and damage to the representative casks. In this case,
the maximum strains would be associated with end-on impact caused by Tlead
slump. Large local strains would be generated at the junctions of the inner
containment shell and outer shell with the end closure. Ideally, weld joints
would not be present in these areas where high local strains could occur.
However; even if welds were present in these areas, most strains would be
highly concentrated and could cause only local cracking. Since the extent of
lead slump deformation would be limited, it would not be likely that the inner
containment would completely rupture. Furthermore, the primary membrane
strain on the inner containment cylinder would be compressive and a small
fraction of the selected strain levels. The large strains developed at the
discontinuities would be highly localized and oriented axially. On the outer
shell, the primary membrane strains would be tensile. Even if complete
separation from the end plate is postulated, the deformation of the Jead would
also 1limit the primary membrane strain to a small fraction of 30% strain.
Consequently, the outer shell would remain intact and continue to maintain the
integrity of the lead shielding. In conclusion, the postulated local strains
on the order of 30% would not result in breaching of the cask but may result
in local cracking.

Instead of eva1uating-specific closure and penetration designs, it was
assumed for comparative purposes -that closure and penetration seals fail when
the  strain level in -the inner shell exceeds 0.2% (S;). This approach was
based on a -review of current cask designs and their ability to withstand
impact. forces with 1large strains. Temperature effects on the material
properties were included in the analysis performed. Strain-rate effects were
hot 1nc1uded for most material propefties for the following reasons:

(1) There is no standard set of strain-rate properties in the ASME code
or adopted by industry.
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(2) Strain-rate effects generally improve material yield and ultimate
strength by 0-30%,vbut reduce ductility. When strain-rate effects
are included for the cask structural materials, then they should be
included for surface materials such as rock and concrete, In
general, the improvement of material strength properties is greater
for ductile type metallic materials than for ceramic type
materials. For the purpose of evaluating representative casks
impacting representative surfaces, the inclusion of strain-rate
effects 1is not warranted and their exclusion 1is reasonably
conservative.

(3) The strain effect in reducing the structural material ductility was
accounted for by using conservative static ultimate strain values

for the structural materials,

E.2.1 304 Stainless Steel

Material properties were obtained for 304 stainless steel from the ASME
code.E-3  The properties are tabulated in Table E.1. The elastic-plastic
material model used a bilinear fit representation with isotropic hardening.
No strain-rate effects were included. The material model used was Material
Type 3 in the NIKE 2-D/DYNA 2-D family of finite element codes; the 2-D
designation indicating that two-dimensional modeling was performed.E’l’E'2
These codes use an updated geometry to calculate strains. Therefore, it was
necessary to use true stress and true strain data, rather than the engineering
stress and strain data provided in the ASME code. In order to approximate a
value for ultimate true stress, based on ultimate engineering stress, data
from Conway, et al., was used.E'4 The stress/strain data of Conway, et al.,
was not for SA-240, but for another 304 stainless. This, however, provided a
means to interpolate a value of true stress for a given engineering stress
from the ASME code.

- 85,730
75,000 - 71,300 ‘u ’
734355_:—7TL§U— = “true (E.1)
, 300 785730
o, = 94,475 psi .
true
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Table E.1

304 Stainless Steel Structural Properties

Elastic modulus

Hardening modulus

Poisson's ratio

Engineering ultimate stress
True ultimate stress
Engineering ultimate strain
True ultimate strain -

Yield stress

Density

E - 27.6x100 psi
E, = 2x10° psi
v = 0.29
0, - 75x103 psi
eng 3
0, = 94.5x10~ psi
true
eu = 0.40
eng
€, = 0.34 .
true
o - 25x103 psi
o - 7.44x107% 1b-sec?/int




The ultimate engineering strain value provided by the ASME code of 40% is
equivalent to a true strain value:

€

In (1 +¢ ) (E.2)
Utrue ueng

Tn (1 +0.4)

0.34.

The ultimate strain percentage used in this study is 30% (S3) to accommodate
for the effects of strain rate on the reduction of ductility. The hardening
modulus was calculated as follows:

94,475 - 25,000 _ 5 .
n = T0.34 - .o0091 ~ 2 X 107psi.

E

E.2.2 Lead

The material properties used for lead in this study are presented in
Table E.2.E-® A bilinear fit was used to represent the elastic-plastic
material. Strain hardening was used, with isotropic hardening in all
calculations, It is considered to be unnecessarily conservative to exclude

the strain-rate effect for the 1lead. The hardening modulus is more
significant than the elastic modulus for lead because the lead shield yields
relatively easily on impact. The hardening modulus used in this study

E.6

compares well with the test results reported by Counts and Payne.
Additional benchmarking testing is required to define the lead properties and
bonding effects at the cask inner shell with high confidence.

E.2.3 Uranijum

The material properties used for wuranium are summarized in Table
E.3.E-7 A bilinear fit was used to model its elastic-plastic characteristics
for stress/strain.




Table E.2

Lead Structural Properties

Elastic modulus
Hardening modulus
Poisson's ratio
Yield stress

Density

E- 2.22x10° psi
E, = 4.5x10% psi
v = 0.43
- 500 psi
oy psi

p = 1.06x1073 1b sec?/ind
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Table E.3
Uranium Structural Properties

Elastic modulus
Hardening modulus
Poisson's ratio
Yield stress

Density

E - 26x10° psi

E, = 1x105 psi

v= 0.21

o, = 4.6x10% psi

p = 1.74x1073 Tb-secZ/in4

E-7




E.2.4 Balsa Wood

An elastic-plastic model was selected for modeling the balsa wood . E-8

The material properties used are.tabulated in Table E.4.E-8 Material Type 10,
from DYNA 2-D, was used for the wood material model.

E.3 Preliminary Cask Designs and Cask Selection

Six preliminary cask designs were developed to perform screening analyses
to assess their responses to high-loading conditions. The designs included
the use of three types of gamma shielding materials: lead, depleted uranium,
and steel. Three truck and three rail casks were developed using each type of
shielding. The pertinent materials and dimensions for the six preliminary
cask designs are provided in Figs. E-1 and E-2 for the truck and rail casks,
respectively.

Static force evaluations were performed using the NIKE 2-D finite element
computer code for the six casks. The loading conditions applied on each of
the casks are illustrated in Table E.5. In case (a), a pressure load was
applied on one end over the entire closure region of the cask in increments of
200 psi with the other end of the cask resting on an unyielding surface. In
case (b), a circular cross-section of the cask was loaded in increments of 200
psi over the top area of the cask with the bottom resting on an unyielding
surface. In case (b), the model had a unit or one inch thickness. The yield
force results of the two loading calculations for each of the six casks are
summarized in Table E.5. The Tead cask yielded at significantly lower loading
“conditions in all cases. Based on these results, the lead shielded cask was
selected for developing a representative cask design for impact analysis.

E.4 Mechanical Loading Conditions Caused by Accidents

Mechanical loading conditions on a cask caused by an accident can result
in damage to the inner shell of the cask. Mechanical loading conditions
include impact, puncture (including missiles), and crush. Two representative
cask designs were developed as shown in Fig. E-3: one for truck shipments and
one for rail shipments of speht fuel. The representative truck cask

E-8




Baisa Wood

Table E.4
Structural Properties

Elastic modulus
Poisson's ratio
Yield stress
Sheer modulus

Density

= 5.9x10° psi

= 0.0

= 1.7x103 psi

= 2.95x10° psi

= 1.35x1075 1b-sec?/in?
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A ' |
V7'0 }
Dim Thickness Material
{in.)
Truck Cask 1
— C A 0.5 304SS
. B 1.25 304SS
/-Sh|eld C 5.25 Lead
—~—Cask Ve E 13.75 304SS
centerline
-1 la—D
Truck Cask 2
193 A 05 304SS
A= B 1.25 304sS
C 4.25 Depleted
uranium
E 12.75 304SS
- B
Truck Cask 3
D 12.25 Steel
E 19.00 Steel
A
"7D v

Figure E-1 Preliminary truck casks with three types of shielding, used
for static load analysis.
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1\7 0 A
y Dim Thickness Material
{in.)
Rail Cask 1
A 0.5 304SS
—] <D B 15 304SS
/—Shield C 5.25 Lead
~——Cask #i E 26.0 304SS
centerline
> e C » Rail Cask 2
A 0.5 304SS
193 B 1.5 304SS
A b Cc 4.0 Depleted
uranium
E 24.8 304SS
N ) Rail Cask 3
D 12.25 Steel
E 30.75 Steel
A
y/0 Y
E >

Figure E-2 Preliminary rail casks with three types of shielding, used for
static load analysis.
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Table E.5

Summary of Static Loading Calculations for Six Preliminary Cask Designs

Loading
Configuration

Case (a),
endwise

Lyvyy

Case (b),
sidewise

Cask Yield
Type Force (1bs

ENDWISE LOADING

Truck
Lead 3,300,000
Depleted uranium 8,000,000
Steel 11,000,000
Rail :
Lead 8,000,000
Depleted uranium 17,000,000
Steel 40,000,000
SIDEWISE LOADING
Truck
Lead 1,600,000
Depleted uranium 11,000,000
Steel 26,000,000
Rail '
Lead 260,000
Depleted uranium 3,700,000
Steel 11,500,000
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- F ==
A A
Wood ? 40
1\7‘.0 1 A
vy’ [T
Lead
-=—— Cask
centerline
— l— D
193 273
B> |=
- |«
A
- E —»] |
! 40
Wood p J'
Dim .Tr‘ut_:k 'Ra'ilb_ .
" - “inches: ' inches
A~ 15 - 530 0 :
B 0.5 1.5 All material is 304SS
C: 125 25 - except that noted otherwise
D 7.0 8.0
"E ~ 13.75  38.0
F .

38.25 ' 58.0

Figure E-3 Representative cask models used for truck and rail cask analysis.
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(Fig. E-3) design uses the same dimensions as the preliminary lead truck cask
design (Fig. E-1). The truck cask design allows transport of a single PWR
fuel assembly. The representative rail cask design (Fig. E-3) dimensions
differ from the preliminary lead rail cask design (Fig. E-2). The capacity of
the rail cask is 21 PWR fuel assemblies which reflects the greater capacities
of anticipated cask designs. Each design uses helijum in the cask cavity.

Typically, as discussed in Sections E.6 and E.7, the dynamic force caused
by impact on a hard surface can be in the range of 1-10 million pounds on the
representative truck cask depending on the impact velocity (velocity component
perpendicular to the surface impacted), the cask orientation, and the hardness
of the surface. The strain at the inner wall of the cask can exceed 30% (S3)
at impact velocities greater than 75 mph. The dynamic forces generated by
impacts on a hard surface are even higher for the rail cask compared to the
truck cask because of the larger size and weight of the rail cask.

The possibility of puncture of the cask by a high energy-density object
was evaluated. It was concluded that a high velocity I-beam would have the
highest energy density of probable missiles generated in an accident and that
the I-beam represented the bounding case for the puncture of a cask wal1.E-9
Assuming that the I-beam is the bounding case, the representative truck cask
was analyzed with DYNA 3-D (the 3-D designation indicating that three-
dimensional modeling was performed) for impact by a high energy I-beam.

The representative truck cask and I-beam were modeled using two planes of
symmetry. The truck cask model included the inner and outer steel walls and
the lead shielding but did not have end closures or impact limiters. The back
side of the cask was supported by an unyielding surface. The 40 foot WF-21/96
I-beam was modeled as 1/4 of the length unit with an equivalent weight.

The 1impact velocity was 60 mph, resulting in an impact force of
40,000 pounds by the I-beam. The deformations due to the impact are shown in
Fig. E-4, The impact caused the cask wall to flatten locally and the I-beam
to yield significantly at the point of impact. A maximum plastic strain of 5%
developed in the outer wall of the cask as shown in Fig. E-5. The maximum
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Figure E-4 Deformations of truck cask during 60 mph impact by a 2l-inch
I-beam.. , ,
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TIME = 6.00102E-03
CONTOURS OF EFF. PLASTIC STRAIN

MIN= O. IN ELEMENT 1200
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Figure E-5 Distribution of plastic strain in outer shell due to I-beam

impact.
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stress and shear in the outer wall were 34,950 psi and 19,500 psi,
respectively. The I-beam did not penetrate the cask wall.

In comparison with the I-beam impact, the train sill impact discussed in
Section 7.4 on the truck cask is more severe. The impact force exceeded 9
million pounds and the strain was 20% for a 60 mph impact. Therefore, it was
concluded that the impact by a train sill is a more severe accident that may
cause high local strains and stress to the cask walls. Due to the larger size
and weight of the rail cask, it was also concluded that the impact of a train
sill on the rail cask is more severe than the impact by an I-beam.

The possibility of crush of the representative casks by a heavy object
was evaluated. Static force evaluations of the representative casks shown in
Fig. E-3 were performed using the NIKE 2-D finite element computer code. As
discussed in Section E.3, the loading conditions applied on each of the
representative casks are the same as those used for the preliminary cask
designs in Table E.5. The force deflection characteristics for each of the
representative casks are shown in Figs. E-6 through E-9. The force where
general yielding of the cask body occurs was selected for comparing their
loading capabilities with the bounding crush loads from NUREG/CR-3498.E-9

In Table E.6, typical crush loads that could occur in real accidents are
compared with the crush loading capabilities of the representative casks. The
bounding crush load is a 200-ton Tocomotive that would rest o