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OBJECT

This study describes and analyzes the safety of a large amount of plutonium transportation
operations for the international transportation of plutonium by maritime cargo vessels for
selected routes. The analysis centers on conventional cargo vessels and their accident history
in order to provide an estimate of the probability of accident occurrences for such vessels.
This is an ultra-conservative study since the radioactive materials described in this study will,
in all likelihood, be transported in purpose-built ships that incorporate many safety features
not found in regular cargo vessels. Follow-on studies can use the information developed in
this study in order to estimate the probability of accident occurrences in purpose-built ships.
The accident probabilities developed in this study, for conventional cargo vessels, provide a
conservative bounding estimate of the probabilities for accidents involving purpose-built
ships. This study estimates the safety of transporting plutonium from Europe to Japan. This
includes estimating the probability of a severe transportation accident during marine trail sport
over three separate routes.

This study in not meant to be an all inclusive safety analysis, therefore the road or rail
transportation between the origin and the origin port and the destination port and the final
destination are not analyzed. Those segments may be evaluated using readily available and
state-of-the-art environmental analysis techniques. This study concentrates on the
development of data structures and analysis techniques that can be used to determine the
casualty rates for the marine transport of plutonium. This study relies the examination of
sources of transportation information, principally the Lloyd's Cas ualty Register that contains
marine casualty information dating from 1979 through 1995. The marine transport accidents
are partitioned into the categories of port accidents, accidents in coastal waters leading to or
from ports, and accidents in the open ocean.

ACTIVITY

The first step was the determination of the probability of occurrence of transportation
accidents in the nine accident categories included in the Lloyd's Casualty database. The
history of actual marine transportation as recorded in the Lloyd's С asualty File was examined.
The physics of actual marine transport accidents was examined to develop the severity of the
categories of accidents that have actually occurred as recorded in the Lloyd's Casualty Files.
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The probability of an accident during marine transportation can be evaluated for three zones.
The first zone is the coastal waters near a large land mass. The second zone is the approach
waters to the origin port or the destination port. Accident occurrences in both of these zones
are more likely because of the relative congestion of vessel traffic in coastal and port waters.
The third zone is the open ocean (termed global commons) which is removed from the
relative congestion of coastal and port waters and is not near populated regions of land
masses.

Sailing speeds in ports are much less than sailing speeds at open sea for at least two reasons.
First, harbor operational rules limit ship speeds in port channels, typically to speeds less than
15 knots. Second, when sailing near docks, to prevent collisions, ships normally sail at
minimum speeds (3 to 5 knots). Since collision damage decreases with decreasing collision
speeds, accidents in ports, even if congested with vessel traffic, are not likely to lead to large
releases of radioactive materials.

Because keel structures are massive and very sturdy, groundings rarely lead to significant
damage to cargo, although monetary losses due to the sinking of cargo or the vessel can be
substantial. Therefore, since immersion to depths of harbor channels is unlikely to damage a
transportation package or pose a significant retrieval problem, groundings were not analyzed
in.

The basic analysis of marine transportation of radioactive materials described in this report
deals with conventional cargo vessels and uses the accident phenomenology in Ref. 1 for all
classes of radioactive materials. Purpose-built cargo ships have been constructed for such
transport. Special features such as separate watertight compartments, double hulls, and
sophisticated fire control systems have been incorporated into the purpose built ships but
credit for such features has not been taken in this analysis.

For the purpose of this study, three routes are analyzed. These routes have the same origin and
destinations but different global pathways. Route 1 traverses the Atlantic around the southern
tip of Africa through the Indian Ocean to Japan. Route 2 traverses the Atlantic Ocean around
the southern tip of South America, through the Pacific Ocean to Tokai port in Japan. Route 3
traverses the Atlantic Ocean, passes through the Panama Canal, and then traverses the Pacific
Ocean to Tokai port.

The Marsden grid is a rectilinear division of global positions. Each "cell" in the Marsden is a
rectangular section of the globe that is 10 degree latitude by 10 degree longitude. For
purposes of identification, the Marsden grid cells are numbered. Global locations of ship
casualties listed in the Lloyds database are referenced to the Marsden grid.

The Lloyds Casualty Register was used to construct the marine transport accident
characteristics of designated routes for this analysis. The following route descriptions describe
the Marsden Grid cells along the routes. The accident occurrences within these cells are
tabulated in each of the cells. Further, each cell is designated as being a "port cell", a "coastal
cell" or a "global commons" cell. The designation of a port cell is determined by a port being
within the boundary of a designated Marsden cell. A coastal cell is one located adjacent to the
coast of a continental land mass. A global commons cell is a Marsden cell that is in the open
ocean and is not adjacent to a continental land mass. In the route descriptions that follow, the
port cells are for the ports of Cherbourg and Tokai/Hitachi. Coastal cells are the intermediate
cells in the route description although coastal cells may contain also contain ports. Global
Commons cells are the open ocean portion of the routes.
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Route 1: Cherbourg to Tokai Port (near Hitachi)

Route 1 Description: South from France, through the Atlantic around the southern tip of
Africa, through the Indian Ocean, through the Western Pacific to Japan.

Route 1 is described by 40 Marsden grid cells commencing from cell number 145, which
contains the location of port Cherbourg, France of and leading to Marsden grid cell number
130 which contains the location of the port of Tokai, Japan. The complete description of
Route 1 is as follows:

Cell 145, (the Origin Cell, Port of Cherbourg, France), Cells 146, 110, 111, 75, 39, 3, 302,
337, 338, 373, 372, 408, 443,442, 441, 440, 439, 438, 437, 436,435, 470, 469, 468, 467., 466,
465, 464, 427, 428, 391, 355, 319, 20, 56, 57, 93, 94, (Intermediate Route cells), and Cell 130
(the Destination Cell, Port of Tokai, Japan).

Route 2: Cherbourg to Tokai Port (near Hitachi)

Route 2 Description: South from France, through the Atlantic, around the southern tip of
South America, through the Pacific ocean to Tokai.

Route 2 is described by 39 Marsden grid cells commencing from cell number 145, which
contains the location of port of Cherbourg, France and leading to Marsden grid cell number
130 which contains the location of the port of Tokai, Japan. The complete description of
Route 2 is as follows:

Cell 145, (The Origin Cell, Port of Cherbourg, France), 146, 110, 111, 75, 39, 3, 302, 339,
375, 411, 412, 448, 484, 485, 486, 487, 488, 489, 454, 455, 419, 420, 384, 385, 386, 350, 351,
315, 316, 17, 18, 19, 55, 56, 57, 93, 94 (Intermediate Route cells), and Cell 130 (the
Destination Cell, Tokai Port, Japan).

Route 3: Cherbourg to Tokai Port (near Hitachi)

Route 3 Description: From Cherbourg, France through the Atlantic ocean, through the
Panama Canal, through the Pacific to Tokai Port.

Route 3 is described by 26 Marsden grid cells commencing from cell number 145, which
contains the location of port of Cherbourg, France and leading to Marsden grid cell number
130 which contains the location of the port of Tokai. The complete description of Route 3 is
as follows:

Cell 145 (the Origin Cell, Cherbourg, France), cells 146, 147, 111, 112, 113, 77, 78, 43, 44, 8,
9, 10, 11, 12, 13, 14, 50, 51, 52, 53, 54, 55, 92, 93 (Intermediate route cells), and Cell 130,
(the Destination Cell, Tokai Port, Japan).

To evaluate the shipment route casualty rate, it was necessary to estimate the casualty rate on
a per ship-mile (nautical mile) basis. This required an estimate of the average annual mileage
of a general cargo ship.

Lloyd's Register's SeaData database was used for this purpose, which maintains a record of
the movements of every registered ship. The movements of five ships (of approximately
4000 Dwt each) over a recent 12 month period were examined. It was found that the average
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number of days sailed by these vessels was 216 and the average number of ports called was
84.

Independent estimates were also obtained from master mariners both within Lloyd's Register
and shipping companies outside of Lloyd's Register. Based on the information gathered, it
was concluded that the average annual distance traveled by a general cargo vessel is on the
order of 60000 nm. About 15 % of this distance occur in coastal waters or near isles at sea, i.e.
9000 nm. The remainder of the distance sailed is in the open sea. The average sailing speed is
about 11 to 12 knots.

The casualty frequency was estimated by dividing the number of casualties over a specified
period of time (the six-year period from 1990 through 1995) by the corresponding number of
ship-years. Since the size of a typical cargo vessel that could transport radioactive materials is
on the order of 4000 dead wt. tons (Dwt). It was decided that it was appropriate to use the
casualty data for general cargo ships of 500 Dwt and above. Hence, data for worldwide
serious casualties of these vessels was used. The corresponding worldwide fleet for these
vessels was found to be 14 820 vessels.

The average casualty rate per ship mile was estimated by dividing the number of casualties by
the cumulative nautical miles of the corresponding ships, both evaluated over the period of
1990 through 1995. The coastal mileage was used in the calculation of the grounding accident
rate, while the total mileage was used for all other types of casualties.

Port calling statistics (number of vessel visits) during 1997 were obtained from Lloyd's
Maritime Information Services (LMIS) for the Cherbourg and Tokai ports. Because Tokai is a
small private port, the nearby port, Hitachi, was used as a reference port. Cherbourg had 62
calls, Tokai had only 3 and Hitachi had 138 calls.

The casualty data for 1990 through 1995 did not reveal any casualties in the vicinity of
Cherbourg, Hitachi or Tokai. As a result, the period of search was extended to 1980 for these
port areas, i.e. Marsden Grids 145 and 130. The extended data sample recorded three serious
casualties (one fire and two Hull/Machinery failures) in the vicinity of the Cherbourg port and
none near Hitachi or Tokai. Inquiry to the Hitachi port authority through the Lloyd's Register
local offices yielded two minor contact accidents in a recent period of six months. One was
where a vessel contacted a buoy and the other was where a vessel struck a berth, both
occurred while departing. Neither of these two accidents caused any material damage to the
vessels concerned, and hence they would not merit inclusion in the estimation of a serious
casualty rate.

Hence, the most that could be said about serious casualties would be the occurrence of three
serious casualties involving general cargo vessels in a period of 18 years in the vicinity of
these three ports (Cherbourg, Tokai, and Hitachi). From the total port callings, this would
suggest a casualty rate of 8.2 x 10"4 per visit, or 4.1 x 10"4 per movement, in the port area.

Collision, fire and explosion casualties

Of particular interest in this study is the occurrence of collisions and fire and explosion
casualties since these casualties categories are the ones most likely to provide major threats to
the containment boundary of a radioactive material package. The terminology Fire and
Explosion is a casualty category in the Lloyd's Casualty File and since explosives cannot be
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carried in cargo holds with Type В accident resistant packages we use the term Fire and
Explosion, in this study, to mean the occurrence of a fire.

This study examines the potential for the occurrence of a serious casualty in the approaches to
ports or in the port that is near populated regions. Serious casualties involving collisions may
occur in approaches to ports because the vessel velocity may be larger than the vessel velocity
when the vessel is steering into a berth.

Route analysis and route weighting factors

If the average casualty rates were applied to the distance of each transportation route it would
follow that the longest route would have the highest casualty likelihood. This is not always
true. It certainly does not allow the comparison of two different routes of equal distance.

To generate a more realistic estimate of the casualty rate per movement on each route, the
geographical conditions associated with each Marsden grid cell along the length of the route
were examined. Those being the portion of shallow waters or proximity of the Marsden grid
cell to coastlines or isles, the traffic density in the cell and, weather conditions, e.g. periods of
storm conditions

The magnitude of each weighting parameter was measured in qualitative bands, e.g. Low,
Medium and High. The influence of a parameter of a given band on the casualty rate of a
particular type was then assessed by allocating a numerical value, named the weighting factor
for the parameter. This factor represented a multiplier to the average casualty rate. A value
greater than one indicates a casualty rate higher than the average, and a value smaller than one
represents a casualty rate lower than the average. If a given casualty type is influenced by
more than one parameter, then the product of all relevant weighting factors would apply.

Where there is no weighting factor assigned, it means that the coiTesponding parameter does
not materially influence the casualty rate, or the influence cannot be quantified with
meaningful degrees of confidence.

Weighting factor rationale

The rationale for the assigned weighting factors is as follows:

Collisions

The main influencing parameters are traffic levels and weather conditions. The busiest areas
from a traffic viewpoint are known to be the English Channel and the Panama Canal. Previous
studies performed by Lloyd's Register found that the collision likelihood in the English
Channel is several times that of a typical coastal area. It was therefore judged that weighting
factor of 5 would be appropriate for areas of HH traffic density such as the English and the
Panama Canal. At the other extreme, i.e. in the open sea areas, the traffic is several orders of
magnitude lower. An earlier study by Lloyd's, showed that the traffic density in the English
Channel ranges from 100 times to 1000 times or more in the traffic 200 nautical miles off
Great Britain in the Atlantic Ocean. It was judged reasonable to assume that the traffic density
in the HH band was 500 times that in the LL band, which represents deep seas. Since the
collision rate for a vessel is approximately proportional to the number of encounters with
other vessels, or traffic density, it is considered that the same ratio of 500:1 could be applied
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to the collision weight factor, hence 0.01 for the LL band. The intermediate values were based
on similar logic of assessment.

Regarding weather influence, it was considered that most collisions occurred in bad weather
such as storm and poor visibility conditions. However, the influence of weather was not
considered to be as significant as the traffic density. It was judged that the likelihood of
collision in areas having prolonged period of bad weather (more than 6 months), is probably
three times that of the average, while that in areas having calm waters (sheltered) is about half
of the average. It follows that for the low storm region (less than 3 months a year, or 0.125
proportion of a year) the weighting factor is 0.8 (3 x 0.125 + 0.875 x 0.5), and for medium (3
to 6 months a year) and high (greater than 6 months a year) the weighting factors are 1.4 and
2 respectively.

Grounding/Stranding

The main influencing parameter is the proximity of the vessel to coastlines or isles. The
grounding likelihood is sensitive to the distance of the shipping lane to the coastlines of isles.
Theoretical modeling (Ref. 2) suggested that most accidents arose from ships that originally
sailed on shipping lanes within 20 nautical miles of coastlines or isles, but for various reasons
deviated from their intended course and ran aground. For practical reasons, it may be assumed
that the contribution from shipping outside 50 nautical miles is negligible. Hence, with
reference to the base rate (using coastal mileage), the weighting factor can be simply equated
to the proportion of waters in a cell within 50 nautical miles of coastlines or isles. The
weighting factors allocated for groundings/strandings, represent the middle value of such
proportions within the bands. The maximum value is one.

Contact

Contact accidents could also occur in the open seas, such as striking floating containers, ice
floes or other objects. The likelihood was considered to be at least an order of magnitude
lower than the average. To be conservative, a factor of 0.1 was used.

Fire and explosion

Although these accidents are influenced by parameters such as sea states, it was not
considered practicable to quantify the effects without extensive analysis outside the scope of
the present study. Therefore, the average casualty rate was used without any adjustment.

Hull machinery failure, foundered, missing

These accidents are mainly influenced by weather conditions such as sea-states. It was
considered for simplicity that the same weather weighting factors used for collisions could be
applied to these casualties.

The probability of severe marine transport accidents (Ref. 2)

The probability of severe marine transport accidents for Routes 1, 2 and 3 was evaluated by
applying the weighting factors, if applicable, to the basic casualty rate information. A
complete listing of the distance traversed in each Marsden grid cell on the route and the
applicable weighting factors for each grid cell on each of the route is listed in Ref. 2. This
information is compiled for each casualty category and each Marsden grid cell on the entire
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shipment route. The adjustments provided by the weighting factors represent adjustments of
the values of the basic accident rates. The final results were summed for all of the grid cells
on the routes to determine the casualty rate for each casualty category for each route. The
results of this calculation are summarized.

SUMMARY OF CASUALTY RATES PER SHIP MOVEMENT ON
DESIGNATED ROUTES.

Route 1
(Via
South
Africa)

Route 2
(Via
South
America)

Route 3
(Via
Panama
Canal)

Route
Distance
(nm)

18899

17785

13802

Collision
(CN)

7.61E-
04

6.21E-
04

6.15E-
04

Contact
(CT)

1.19E-
04

1.27E-
04

1.10E-
04

Wreck/
Strand
(WS)

1.07E-
03

1.22E-
03

1.02E-
03

Fire&
Explosion
(FX)

5.38E-
04

5.07E-
04

3.93E-
04

Hull/
Machine
Failure
(HM)

3.42E-
03

3.32E-
03

2.30E-
03

Founder
(FD)

1.04E-
03

1.01E-
03

7.00E-
04

Missing
(MG)

3.16E-
05

3.07E-
05

2.12E-
05

Misc.

pot)

4.25E-
05

4.00E-
05

ЗЛОЕ
-05

Total

7.02E-
03

6.88E-
03

5.19E-
03

In the Casualty Rate Summary Table above, one can observe the total casualty rates for
Routes 1, 2, and 3. These accident rates range between 5 * 10"3 and 7 x 10"3 per ship
movement on each route and are of the same order of magnitude. These casualty rates
represent the probability of a casualty along the entire route for each of the routes, 1,2, and 3.
Since this represents accident rates for all cells on the route we can extract the casualty rate
for the port cells of Cherbourg and Tokai/Hitachi from the source; data in Ref. 2. These data
are the casualty rates for the port cells of 130 (Tokai/Hitachi) and 145 (Cherbourg) and are
presented in the following table. Further, it has been judged that the most significant casualty
input might come from the casualty categories of collision, wrecked/stranded, and fire and
explosion, the probability of a severe casualty in each of these categories have been totaled.
The total probability for port accidents on a ship movement basis for each of the routes is on
the order of 8 x 10"4 per ship movement in the initial and terminal ports. The contributing
components of this rate are on the order of 2 x Ю"4 for collisions and 2 x Ю"4 for
wrecked/stranded casualties. For fire casualties, the casualty rate is an order of magnitude
smaller for port accidents with a rate of 2 x 10"5 casualties per ship movement on the route.
Considering the size of the port cells, these port cell accident rates can also provide an
estimate of the probability of an accident as the vessel is in the approaches to a port.

It can be reasoned that the casualty category of wrecked/stranded would not cause significant
damage to a radioactive material package in a cargo hold since most of the physical damage
would occur on the ship bottom with little or no crushing of the package in the hold. If
wrecked/stranded were not included with the collisions and fire/explosion data, the total
probability of occurrence for a collision and fire in the port cells would be on the order of
2.2 x 10"4, not a significant change from the probability of 4.46 x 10Л Thus, the inclusion
of the wrecked/stranded casualty category does not significantly effect the probability of
occurrence of a serious accident in the port area.
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SUMMARY OF CASUALTY RATES FOR ACCIDENTS IN DESIGNATED PORTS

Cherbourg

Tokai/Hitach
i

Sub-total

Collision
(CN)

9.58E-05

1.02E-04

1.98E-04

Contact
(CT)

1.09E-05

8.97E-06

Wreck/
Strand
(WS)

1.24E-04

1.02E-04

2.26E-04

Cherbourg/Tokai
(Collision)(Wrecked/Stranded)
(Fire&Explosion)

Fire&
Explosion
(FX)

1.01E-05

1.25E-05

2.26E-05

4.46E-04

Hull/
Machinery
Failure
(HM)

8.04E-05

1.42E-04

Foundered
(FD)

2.45E-05

4.34E-05

Missing
(MG)

7.44E-07

1.32E-06

Misc.
(XX)

7.97E-07

9.87E-07

Total

3.47E-04

4.13E-04

7.60E-04

Evaluation of the probability of potential releases of radioactive materials in severe
marine transportation accidents

As mentioned earlier, we shall use the phenomenology of Ref. 1 to model the potential for
release of radioactive contents from casks that might be exposed to serious (severe) marine
transportation accidents. The 6 levels of severity for collision range from 1 through 6 with the
sixth level nominally being the most severe. Categories 1 through 3 accidents represent
accidents that are of minor severity of those with a severity similar to that of the cask
certification tests. Category 1 through 3 accidents have no possibility that a release of
radioactive contents will occur during the accident sequence. The objective of this section is
to calculate the probability of release of radioactive contents from a cask and we shall call this
probability PST-

The supporting information for the cask accident analysis is as follows:

PST

"Collision

Plmpact

Pcrush

"Severe Fire

"Engulfing Fire

"Convection

= Source Term Probability (Probability of release of radioactive contents from
a cask in a severe marine transport accident)

= 10"4 collisions per port call

= 1/7 = 0.143

= 0.0

= 0.1

= 10

= 10"

= 10

,-2

-1

PST4 - Pcollision x РноЫ x (Plmpact + Pcrush)

PST5 — Pcoffision x

Pcollision x

^ i m p a c t ^ ^ Crush;

(Plmpact + Pcrush) x Psevere Fire

(Plmpact + Pcrush) x Psevere Fire

Crush/ x "Severe Fire x "Engulfing Fire

'Crush) x Psevere Fire x PEngulfing Fire x Pconvection
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Probability of collision in ports (P
Ref. 1, Section 3.4.3.1

Ref. 1 examined ship casualty data for the years 1978 through 1993 and port call data for the
years 1992 through 1993 to determine the probability that a severe ship collision, (Pcoiiision)
would occur in the port or while traversing port waters. In addition, the data search also
attempted to determine the probability that the collision would lead to a severe fire (Psevere
Fire)- For collisions in US ports, the number of collisions per port call ranged from 10~3, 10~4,
and 10~5 collisions per port call for high, medium and low traffic ports. Because it was
unlikely that spent fuel would be shipped into high traffic ports, it was judged that 10"4

collisions per port call were used in the consequence calculations in Ref. 1. An examination of
the collisions per port call for representative ports in Japan was conducted by Sandia National
Laboratories (SNL) and Lloyd's Register (under contract to SNL-see Ref. 2). The number of
collisions per movement as evaluated on routes 1, 2, and 3 were on the same order of
magnitude 10~4per ship movement of the routes.

Probability that a RAM Hold is struck (PHoid)
Ref. 1, Section 3.4.3.2

If radioactive material packages are shipped singly as is assumed in this study, then
the probability that the hold that contains the spent fuel cask is the hold that is struck, equals,
I/NHOW, where NHOW is the number of holds in the ship transporting spent fuel casks. A typical
break bulk cargo vessel used in Ref. 1 had seven holds. Therefore for a typical cargo vessel,
with seven hold, PHoid = 1/7 = 0.143.

Probability of internal rod impact inside transport casks
Ref. 1, Section 3.4.4.3.

Fuel rods may experience impact forces if, during a strong acceleration event, they are driven
against the interior of the transport cask, the internal basket or come into hard rod-to-rod
contact. Section 3.4.4.3 of Ref. 1 analyzes this probability of occurrence which is designated
as Pimpac- The analysis conducted in Ref. 1 disclosed low average accelerations, generally on
the order of 1 per cent relative to the accelerations expected in US Nuclear Regulatory
Commission regulatory accident conditions. Consequently, the impact of fuel rods internal to
transport casks are not expected to do any damage to the fuel as this result of collisions in port
or on the high seas. Therefore, it was concluded the Pimpact=0.0.

Probability of crush forces being applied to a transport cask
Ref. 1, Section 3.4.4.4.

Pcmsh is discussed in detail in Ref. 1 and represents the conditional probability that crushing of
a large spent fuel cask will occur. Pcmsh consists of two components, Ps0ud and Pcontact- Psoiid
represents the probability that the cargo will go solid in character and apply crush forces to
the cask. Pcontact represents the probability that the bow of the striking vessel will overrun the
location of cask. See section 3.4.4.4 for other details dealing with Pcmsh- Four cargo cases
were examined, no cargo, light cargo, medium cargo and heavy cargo. A conservative value of
Pcmsh of 0.4 was determined in the analysis of Ref. 1. hi keeping with the rationale in Ref. 1
for packages being subjected to crush it was estimated that the probability of crush might vary
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from about 0.1 to 0.4 depending on stiffness of the cask. The final total probability is not
extremely sensitive to the exact magnitude of Pcrusn and a value of 0.1 was used for

Probability Of Severe fire (Psevere Fire)
Ref. 1, Section 3.4.3.3

The fifteen years of Lloyd's casualty data examined in Ref. 1 contained 1073 ship collisions
in ports located anywhere in the world. Eleven of these collisions led to fires, five caused
extensive fire damage, and one involved buckling of structures due to thermal loads.
Therefore the Lloyd's data suggests that the chance that a ship collision leads to a severe fire
is about 5/1073 = 4.5 x Ю"3. Additional referenced studies in (Ref. 1) indicated an average
fire probability on the order of 7.0 x Ю"3 which was rounded to the nearest order of
magnitude suggesting that PsevereFire= 10"2. Similar frequences for the occurrence of fires were
found in Ref. 2.

Probability that a severe fire engulfs a RAM cask (PEnguifmg Fire)
Ref. 1, Section 3.4.3.4

PEnguifing Fire is the probability that a severe fire starts on or spreads to a deck where a
radioactive material cask is stowed, and then completely engulfs the cask. Studies referenced
in Ref. 1 indicate that for fires which occur on typical break-bulk frieghters while the ship is
in port 3.7 per cent of such fires involve one deck in a single hold and 2.3 per cent of the fires
involve all of the decks in single hold and 3.0 per cent of the fires involve the entire vessel.
Typical break-bulk freighters examined in Ref. 1 have 21 decks in 7 cargo holds. Each cargo
hold may have 2, 3, or 4 decks. In Ref. 1, the probability of occurrence of fire spreading to
other decks in holds with two, three or four decks was determined and weighted to determine
the probability of occurrence of a engulfing fire to be on the order of 10" . This value is
considered to be reasonable, although a conservative estimate, that a severe fire will occur and
spread to the deck of a break-bulk freighter and fully engulf the cask.

Probability of convective flow through the failed cask (Pconvection)
Ref. 1, Section 3.4.4.6

The source term probability that enough convective airflow occurs through the transport to
cause the element Ruthenium to be oxidized to RUO4. hi a review of ship fire data and the
temperatures required to oxidize Ru to RUO4 (See Section 3.4.4.6 of Ref. 1) disclosed an
estimated value Of 0.1 for Pconvection-

The probabilities of occurrence of marine transport accidents that could potentially cause a
release of radioactive contents were evaluated using the input information given above. The
probability of a serious cargo vessel accident on each of the three transport routes, per ship
movement on the routes, is presented earlier. The greatest likelihood of a serious transport
accident occurrence is when the vessel is in approaches to port waters or in port waters. The
probability of occurrence of a serious port accident was extracted from Ref. 2 for the ports of
Cherbourg and Tokai/Hitachi. Further, it was judged that collisions, wrecks/strandings, and
fires/explosions were the casualty categories that would provide the most serious damage to a
transport cask. The probability of occurrence of a serious accident in port waters (per ship
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movement on a route) is on the order of 4 x Ю"4. This value was used to determine the
probability of a serious accident occurrence (an accident occurrence which involves
collisions, wrecks/strandings and fires/explosions). The probability of occurrence of such a
severe accident is conservatively estimated as being on the order of 1 x Ю"4 per ship
movement through port waters. Thus, this value is used to calculate the probability of
occurrence of a serious ship accident in port waters. The phenomenology of the work in Ref.
1 was incorporated into the probability calculations that extended the work of Ref. 2 to
estimate the probability that a severe collision in a port could provide a release of radioactive
material, the health effects of which can be determined using state-of-the art risk assessment
analysis codes.

Concluding remarks

This analysis has produced an engineering estimates that characterizes probability of cargo
vessel transportation accidents on three designated routes between Japan and Europe. These
route estimates have been further examined to produce an estimate of a severe cargo vessel
accident. These accident probabilities have been used in conjunction with the phenomenology
of cask response for severe spent fuel transportation accidents to estimate the probability of a
release of radioactive contents due to a severe accident. The probability of cargo vessel
transportation accidents in ports or approach waters to ports is displayed. Category 4
accidents were estimated to be on the order of 1.4 x Ю"6 per vessel movement on the route.
A category 5 accident probability of occurrence was estimated to be on the order of
1.2 x 10"9. A category 6 accident was estimated to be on the order of 1.3 x Ю"10. The
probability of a severe cargo vessel transportation accident in a port that might release
radioactive material ranged between 10~9 to 10"10 per ship movement. These probability
estimates can be used in risk assessment studies to estimate the health effects of such accident
occurrences.

The probability of a serious cargo vessel accident was developed for cargo vessels similar in
size to purpose-built vessels that have been developed for performing the international marine
transportation of radioactive materials. None of the features of a purpose-built vessel have
been invoked in this study. Therefore, the estimated probability of occurrence of a serious
cargo vessel accident, as presented in this analysis, is much larger (more probable) than the
probability of occurrence of such an accident with a purpose-built cargo vessel.
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