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Figure 2,47ý Waste Package Emplacement Route-Key Locatlons
The waste paackge transportation train would follow a predeteni:ind moe selected according to the destination of

.,package'
w
the waste picage In..#tienderground drifts. The 'emplacement locdton . each waste

would be

determined besed on, termal management procedures and operatioa. ConSiderations, such as emplacement
sequencing.
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Figure 2381 Locomotives and Waste Package Transporter ApproatChng the North Portal

Two eect

ge transporter* od be use to move th trasoer

lcmive.one on each end o the waste pa

e Handling. Build"
contnngth waste package. This train would travel from thie WasM

at the surface tthe

emplacementdfrit enftance. Travel doiwnthe gently sloping north ramp would be made safe by using dual,operators

and locomotives. and a: transporter equiplWo with redundant and independert brake systems. Automatic brake
controls would monitor the speed of travel to minimize dependency on operators.

• If an emplacement dft M.will be reached from
the west .main, the train will get there by
going.around the north enid.
0, The return trip to the surti e will follow the
same route: in the reverse sequence. Th
transporter's open deck must face the :Waste
Handling Building to accept another waste
package. Therefore, the transporter must be
properly oriented before docking at the-Waste
Handling Buildi-g.
A typical route from thieWaste Handling Buildin g
to an emplacement drift would change as constrc
tion of the. repository and emplacement activitics.

progre~ss The open deck. of the transporter mu.,it

face: the emplacement. drift docking area for
transfer of the waste package, and it,must fact the
Waste: Handling Building to accept another. waste

package. Therefore, routing takes into Iacount the
orientation of the waste package transporter. The.
proper orientation of the transporter is Achie'ved by.
making a. circularoroute all the way. around 'the
repository: perimeter mains. or by switching the

dirertion. of the train at tbh• surface turnouts or at
locations where the north• ramp and the rnorth ramp
extension meet the: east main;
The waste package' handling sequence, is simple
and would not-chanigo.thr ohout the waste
emplacement period. Waste package transportatio'n'
for emplacement is always by raiL The. sequence
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are also fully opened from the surface
control center.

can be summarized as follows (CRWMS M&O

0
2000ao, Section 6; CRWMS M&O 200 y, Section

6):
1.

The waste package, loaded on an
emplacement pallet, is placed on the deck
of the transporter waiting at the receiving
dock of the Waste Handling Building.

2.

A semirigid chain mechanism pulls the
pallet and waste package into the shielded
enclosure of the transporter via the bed
plate, which is supported on rollers.

3.

The shielded enclosure doors are closed to
protect the operators, and a primary loco
motive pulls the loaded transporter away
from the Waste Handling Building
docking area.

4.

During a stop at a track turnout outside
the Waste Handling Building, a secondary
locomotive joins the train by coupling
itself to the transporter. Both locomotives
are driven by operators.

5.

Both locomotives, one in front and one
behind, move the loaded transporter into
the subsurface facilities.

6.

The train stops at the main drift, near the
predetermined emplacement drift turnout.

7.

The locomotive at the rear of the trans
porter is decoupled from the transporter.
The locomotive operators leave the loco
motives and move to a designated
location to protect themselves from radia
tion while the emplacement drift doors are

10. The locomotive docks the transporter (see
Figures 2-49 and 2-50), pushing the open
deck section of the transporter completely
inside the emplacement drift.
11. The semirigid chain mechanism pushes
the pallet and waste package from inside
the shielded transporter enclosure to the
open deck area of the transporter via the
bed plate, which is supported on rollers.
12. The waste package emplacement gantry,
also riding on rails and remotely operated,
moves from inside the emplacement drift
completely over the waste package and
pallet, straddling the transporter's open
deck. The gantry lifts the waste package
by its pallet and moves back into the drift
to the waste package emplacement
location.
13. The locomotive moves the transporter
away from the emplacement drift docking
area and stops. The transporter doors and
the drift doors are completely closed.
14. The locomotive moves the transporter
from the turnout to the main drift and
stops to allow the second locomotive to
couple to the train.
15. The operators board the locomotives, the
controls are turned back to manual opera
tion, and the train proceeds to the surface
for another cycle.

open.
8.

The locomotive controls are turned over
to remote control operators in a control
center at the surface, and the locomotive
in front of the transporter moves the trans
porter into the turnout and stops before
reaching the emplacement drift docking
area.

9.

The transporter doors are fully opened,
and the emplacement drift isolation doors

16. Before docking at the Waste Handling
Building, the train stops, the locomotive
in front of the transporter is decoupled
and moved away to a standby location,
and the locomotive behind the transporter
moves the transporter to the building
dock.
Some of the steps in this sequence are illustrated in
Figures 2-48, 2-49, and 2-50.
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Figure2-49. Locomotive OPerations at Emplacement Drift Turnout

This figure has been designed -with !see-through drift rock~ walls. so the nmaneuveng, of the locomotives. arid
taSporter at.th emplacementddr~ifttrouts can be better appreatd O"IoooieI dculdfo h
transpor* at the main drit theoperators leave the locomotives and take shelter while te drift doors open, and the

other l•omive is then remotely operated for the, travel into the turnout area and delivery:of the waste package.
This figure'shows one omoti on standby while the other locomotive moveIthe transporter into the turmout.

2,3.4.4.2

Waste Packages and Pallets

Section .3. provides' specific infbrmation about
waste package types and sizes, their characteristics,
-and the. waste forms they contain.t
Figure 2-51 provide• anisometric: view of an
emplacement pallet., There would be two sizes of
pallets: one that holds most of the waste packages,
ad a second, shorter version used far the
S-DJLW/DOE SNF waste package .(CRWMS
M&O 2000ap. Section. 6.2). The enplaciment
pallets would- be fabricated from Alloy 22 p1lates

welded together .to

form the wasto package:

supports. Two supports would. be connected by
square stainless steel ubing:ts form the completed
•wo•uld have a
emplacement paliet. The supports
V-goove top surface to accept all~o
waste package
diameters. Emplacement pallet su-faces: that
contact, the waste package would be Alloy 22, the
sameI: material used for the package's .outer shell
The pallet would be. shorter than th• waste pack,
ages,. so the. waste package, is supported on the:

outer package shell, between the tunmniozi collar.
sleeves. (see. Figure 2-52). The waste package
Would not be mechan Iically attached to the paltert it
would ,res. on the V-groove surfaces of the pallet,
The ends of the Waste package, extend past the ends
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Ftgure 2-60. Docked Transporter with Pallet -and Waste Package on Transporter's Open Deck ,:and

Emplacement Gantry Approaching the Docking Area for Pickup
.As the transporter Is-dockedinto the emplacemnt drft entrance, the waste pakage resting on the pallet would be

rolled out of the transporter •shelded endosure via a bed plate mounted on ,rollers.The emplacement gantry. wafting
the
pick up the pallet
to stradde
waste
thethen
be moed
wouldoed
drift, The:
emplacement
inside
waste
of tMeand
for emplacement
the drift and
moved Into
be,package
would
gantryover,
.combination,
pcge
was$te the
package end pallet.

of the emplacement pallet, which would allow the
Waste packages to be placed -end to end, within
incm (44in.) of each other, without interference
from the pallets.
The emplacement pallet would be moved -as one
unit with the iwaste package ftrom the Waste
Iemplacement drift, and
Handling Building to the
would support the waste package in the drift
permanently. While .loaded with a waste package,
the pallet would be lifted by lifting points -at .the
Support, directly underlthe upper. stainless steel
tubes, as Figure 2452: illustrates. The pallet design
.meets the design re'quirements for structural

strength (CRWMS M&O 2000ap, Section ,6.2)
,during. lifting -under the weight of the heaviest
waste package, as documented in DesIgn:AnalysIs
JbriheEx-ContalnerComponents (CRWMS ýM&O
20004p, Section 6.4). Dimensions:and dimensional
clearances for the pallet/waste package combina
fion.are provided in Section 2.3.45.
The Emplacement Drift System DescriptionDocu
ment (CRWMS -M&O2000ab, Section: 1.2.1.20)
requires that the waste packages be retrievable for
,a period of up to 300 years. Therefore, the
emplacement pallet must remain in a condition that
can be lifted even atithe end of this period.;Neces-
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Figure 2451... Emplacement Pallet Isomeotri ViQew

This figure Oilustiates the configuration of the pallet. There would be two sizes one for long packages and another for

shrt pkaes Sour:

WM M&W 2000ap, Setion '.21

Figure 2.52. Emplacement Pallet Loaded

vith WastOPackager

The emplacement gantry lifing .arms engage the pallet.at the supporl points illustrated in the figure, on bot sides of
the pallet The gantry duing the lifting or empladement operations does not contact the waste package, The shorter

length of the pallet wt respect to the length of the waste package, allows the gantry to emplace one waste package
dose to another wio•ut interference by the pailets. Source,: CRvWMS M&o 2000ap Section &2.
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sary calculations have been done to support this
design requirement (CRWMS M&O 2000ap,
Section 6.4). Seismic activity could also affect the
ability of the pallet to maintain the normal waste
package position. Seismic calculations would be
incorporated in support of license application
(CRWMS M&O 2000ap, Section 6.2).
2.3.4.4.3

Locomotives and Waste Package
Transporter

2.3.4.4.3.1 Rail System
The locomotives and waste package transporter use
a track gauge of 1.44 m (56.7 in.). An American
Institute of Steel Construction standard crane rail
of 66.9 kg/m (135 lb/yd) would be used in the
north ramp, in all the main drifts and turnouts, and
for the rail line leading to the Waste Handling
Building (CRWMS M&O 2000ao, Sections 6 and
7). The rail system is designed to support the trans
portation of waste packages over the life of the
system, including retrieval, for the design loads
imposed on the rail by the locomotives and trans
porter. The bounding weight used in the
calculations for a loaded transporter is 400 metric
tons (CRWMS M&O 2000ao, Section 6.4.3.4).
This bounding weight includes component weights
listed below, in addition to an adequate design
margin:

"* The

heaviest loaded waste . package:
85 metric tons (includes 12.5-metric ton
design margin)

ramp and other main drifts will not have curvatures
with less than a 305-m (1,000-ft) radius (CRWMS
M&O 2000ao, Section 4.2.3.4). This limitation is
not driven by the rail alignment but by the allow
able curvature of the muck conveyor system used
during excavation to avoid transfer stations.
The steepest railroad grade for the entire waste
emplacement and transportation system is found in
the north ramp. The grade is only 2.15 percent,
which is well within the operational range of the
proposed locomotives (CRWMS M&O 2000y,
Sections 4 and 5). Rail grades in the south ramp are
steeper but are not intended for waste package
transportation. The south ramp would be used to
support repository development activities, such as
transportation of construction materials.
2.3.4.43.2 Locomotives
The two waste package transport locomotives
would be 50-ton, 4-axle, 8-wheel units, as Figures
2-48 through 2-50 illustrate. The locomotives use
electrical power (650-volt nominal direct current)
supplied through an overhead catenary wire and a
pantograph (a wide contactor supported by a
hinged, diamond-shaped structure mounted on the
roof). The rails act as the ground, completing the
electrical circuit. The overhead catenary wires
would be installed in all drifts and turnouts where
the locomotives would operate. Each locomotive
has dual direct-current electric motors rated at
170 hp each (CRWMS M&O 1998e, Section 7.3).
Other functions performed by the waste transport
locomotives include:

"* The pallet: 3 metric tons
"* The bed plate that rolls in and out of the

" Transporting waste packages to the surface in
support of retrieval operations, if necessary

shielded enclosure: 9 metric tons

"* Transporter shielding and fixed equipment:
164 metric tons

"* The transporter flat deck car: 136 metric tons.
The trucks and wheels for the locomotives and
transporter are designed to negotiate the 20-m
(65.6-ft) curve radius that is the design basis of the
track system. The curvature of the emplacement
drift turnouts imposes this limitation. The north
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* Transporting waste packages between drifts,
as needed, to support repository operations
and maintenance activities

"* Transporting the emplacement gantry carrier
from the surface to the emplacement drift
turnouts and from drift to drift
* Transporting the Inspection gantry carrier
from the surface to the emplacement drift
turnouts and from drift to drift
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• . Transporting the drip -shields and their
tthe surface to'the
emplacement gantry from

emplacement drifts&

The maximum operating speed for:the locomotives
Ind transpoiter hiasbeen defined ias S- km/hr
(5mph) (CRWMS, M&O 2`00,w, Section

12212.Standard underground industry: practice

For redundancy and added safety, two locomotives
would be:used any time the trainsporter is mobi
lized (except during.: docking operation. at the
Waste Handling Building and at the :emplacement
drift urmouts where only. one locomotive is used).:
One locomotive would be in front of and the other
behind the transporter. This train configuration
provides assurance against .the possibility of a
runaway transporter or adverse situations: created
by operator error, Section 213.4.4.4 discusses safety
analyses of the locomotives" and waste package
transport operations.
The locomotives and transporter would operate
within the space clearances in the north ramp.
north ..ramp extension, and main difts. The main
drifts would be excavte4 t0o the same diameter as
the ramps, 7.62 m (25 A). Figure 2,-53 is a perspec
tive view of the locomotives W trans porter in
transit along one:of the main drifts. This: figure
illustrates'the size of the equipmtent: relative to the
main drift diameter.

defines, 16 km/ (l10,mph) as theý maxinmum stan
dard operatingspeed for locomotive travel within a
mine envirorment (CRWMS M&O 2000y, Secion
6.6). Therefore: the selected train operating: speed
for the repository is;well within safety Iimits estab
lished by. the industry.
2.3.4.433 Waste Package Transporeir
The waste package transporter consists of a flat
r(72.4 f1) in:lenggthwith a waste
railcar 22 m
package shielding stncture at oneiend and an open
deck at. the other en.&Ancillary equipment
installed on the transporter. includes mechanisms
'for opening and closing the shielded, door;.: abed
plate supported on rollers; a-semirigid chairn' mech
anism:"and trck for. rolling the bed plateJin and
out of the shielded :enclOse. Figure 2-54, illus-ý
trates the.transporterand its components.
This waste package transporter designwith aninte
grated transfer deck eliminmates the complexities of
aligning several separate components at the-waste

VrawqNo bIca

ezee...AiwJ1s2sJ..5*

Figure2-3 Waste Package Transportation Equipment-TravelingAlongoMaInv Drift.
This figure illustrates the. size of the waste package transportaion equitpment relatve to the s'8 of thie main drift It.
.
also illustrates lhe catenarymcable and pantograph system for contiuous power suppty to the lb:omotIves
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'Figure •4,4. Waste Package Transporter and Its Components

The waste package transpoter would be .equipped Vwth a radiaitn shield enclosure andself-contained mechanical

systems foropening the enclosure doors end for rolling the bed plate in and out of the enclosure. The o pen deck
apoton of the transporter extends Into the emplacement drift when doked :at the drift entrance, This alos the
.emplacement gar to straddle Ihetransporter end be positioned right over the loaded pallet for its pick up. The
.mpiacement drift rail gauge would be wide enough to: acoommodate the transporter. between rails.

package transfer. locations. The integrated :trans,
porter -lesign, with the shielded enclosure located

toward oneend of the flat: deck car, allows the open
deck area. to extend adequately beyond the
shielding. structure, -which pamits the waste:
package.And pallet to be moved together out.of the
enclosure and positioned for access *by the
emplacement -gantry.. The waste package trans-.
porter would be docked between the rails of the

emplacement gantry in the emplacement drift,
enabling the emplacement gantry to straddle- the
transfer deck to pick UpIthe :waste package and
pallet.

A bed plate sized to contain and restrain the pallet
has four j:ow-jrofile, heavy-duty. rollers affixed to
its underside to aid movement of the waste package
out of the shielded: enclosure. After the:. emplace
ment gantry engages the pallet and raises -the
loaded-pallet high .enoughto clear the bed plate, the
bed: platewvoul d be rtracted back into the shielded
enclosure.. This transporter design eliminates the
-need-for precise alignment of tracks between the
transporter And the :emplacement drift,: and it
diminishe's the possibilities ..for waste package
'nmishndlingd
and dropping incidents (CRWMS

M&O. 2000aO, Section 6.4).: .The gantry'liftling
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provides sufficient shielding for nonaccessible
areas (i.e., the deck floor below the shielded enclo
sure) during normal operations. In addition to the
A 516 steel, the shielded enclosure has a borated
polyethylene layer for neutron shielding (CRWMS
M&O 2000ao, Section 6.7).

screw limits the maximum height the waste
package can be lifted to less than I m above the
deck of the transporter (CRWMS M&O 2000z,
Section 6.3). This maximum lifting height limit is

much less than the 2-m (6.6-fl) vertical lift limit
specified for protection of the waste package
(CRWMS M&O 2000ac, Section 1.2.2.1.3). To

Waste Transfer and Transport
Safety Analyses

eliminate the risk of dropping a waste package in
the docking area, the transporter remains in the
area until the loaded gantry moves back into the
emplacement drift.

2.3.4.4.4

Design calculations for the transporter (CRWMS
M&O 2000ao, Section 6.4) were done for various
static and dynamic loading conditions, which
resulted in the selection of industry standard
320 BHN (Brinnel hardness number) wheels and
rails. The wheels have a diameter of 762 mm
(30 in.). The 320 BHN wheels can be used by
equipping the transporter with dual 3-axle trucks
for the rear and dual 2-axle trucks for the front.

The analysis addressed scenarios for a runaway
train and derailment, tipover determinations, effec
tiveness of impact limiters, and mitigation of
uncontrolled descents. During the development of
the analysis, several safety features were identified
and evaluated, resulting in the system components

The bed plate consists of a thick steel plate that
distributes the waste package and pallet load
through rollers (attached to the bottom of the bed
plate) to the transporter. The design uses reliable,
low-profile unitary rollers. The roller assembly
runs on an inverted channel installed on the deck of
the transporter. The channel safely and reliably
guides the bed plate rollers to a position centered
with the emplacement gantry for pickup. The bed
plate would be attached to the ends of two gear
driven semirigid chains that run in floor-mounted
guides on each side of and parallel to the bed plate
as it rests on the transporter. The chain guides
extend from inside the shielded enclosure along the
transfer deck. The semirigid chain attached to the
bed plate pushes the bed plate out of and draws it
back into, the shielded transporter enclosure. The
bed plate incorporates restraints and spacers to

The primary brake system for the transporter
consists of an automatic, fail-safe tread-brake

0
A safety analysis (CRWMS M&O 2 00 y) was
performed for the waste package transport system.

described in the discussions that follow.
23.4A.4.1 Transporter Safety Features

immobilize the waste package, pallet, and bed plate

inside the transporter for safe transit to the
emplacement

drift

(CRWMS

M&O

2000ao,

Section 6.4).
The shielded enclosure is designed to meet the
radiation dose rate limit of 100 mrem/hr on the
transporter surface (CRWMS M&O 2000ao,
Section 6.7.3), which is accomplished with a very
thick A 516 steel enclosure wall. The steel wall

system activated by a decrease in air pressure. The
application of a brake shoe against the tread of a
rail wheel is called tread braking. Although most

commercial railcar brake systems are activated by
a decrease in air pressure, the actual tread brake
application is performed with compressed air. A
pneumatic control valve responds to signals sent by
the locomotive operator, these signals are in the
form of changes in air pressure within the main air
line, or trainline. The trainline is the physical air
connection from the locomotive to each railcar air
brake system. Compressed air is supplied by the air
compressor on the locomotive and stored in air
reservoirs on each railcar. When the air pressure in
the trainline is reduced, the control valve on each
railcar mechanically senses the pressure drop and
delivers compressed air from the railcar reservoir
to the brake cylinder(s). The amount of air sent to
the brakes is proportional to the drop in brake pipe
pressure.
Although commercial railcar brake systems are
fail-safe and proven in the railroad industry, a
simpler brake system is envisioned for the trans

porter. This brake system uses a spring-acting/air
release brake cylinder to provide the stopping
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force. Powerful compression springs within the
cylinder apply the required brake shoe force
against the wheel, rather than using air pressure
from the reservoir. With this system, compressed
air is used to collapse the springs, thereby releasing
the brake shoe from the transporter wheels. As air
pressure decreases in the trainline, brake shoe force
is proportionally applied by the springs. This brake
system eliminates the need for the waste package
transporter to have a compressed air reservoir and
control valve, resulting in a simpler fail-safe brake
system (CRWMS M&O 2000y, Section 6.1).

an independent caliper mounted to operate on the
same disk as the redundant disk brake system.

The secondary, or redundant, brake system for the
transporter is a hydraulically applied disk brake
system. This brake system comprises a disk and a
caliper mounted on each axle of the transporter
trucks. The calipers are hydraulically applied and
spring released, which is not a fail-safe configura
tion. Pressure is applied to the brake calipers
through a hydraulic connection to the locomotive
hydraulic system.

2.3.4.4.4.3 Summary of Results of Safety
Evaluations

2.3.4.4.4.2 Locomotive Safety Systems
The locomotive braking system consists of four
brake systems: tread, disk, parking, and dynamic
brakes. The tread and disk brakes can each stop the
train independently. The parking brakes hold the
train in position once stopped. The dynamic
braking systems regulate the train speed as it
descends the north ramp but would not be used for
a complete stop.
The locomotive tread brakes are automatic, fail
safe air brakes, similar to the transporter tread
brakes. Like the transporter brakes, the stopping
force of the locomotive tread brakes is provided by
powerful compression springs. Air pressure is used
to collapse the springs, thereby releasing the brake
shoes from the locomotive wheels.
The disk brakes are the backup, redundant brake
system installed within the transmissions of the
locomotive. The disk brake calipers are hydrauli
cally applied and spring released, which is not a
fail-safe configuration.
The locomotive parking brake is a spring-applied,
manual-release disk brake. The brake consists of

Dynamic braking uses the locomotive direct
current drive motors to typically control train
speeds on steep grades. The locomotive wheels are
allowed to transfer mechanical power opposite the
moving direction by back-driving the transmis
sions and drive motors. Extended-range dynamic
braking may be included on the locomotive,
allowing it to be used at speeds as low as 4.8 km/hr

(3 mph).

From the maximum operating speed of 8 km/hr
(5 mph), the transporter and the two locomotives
will take 13.5 m (44.3 ft) to stop at a 13 percent
brake ratio. This is a ratio, expressed as a
percentage, of the total net brake shoe force
applied at the wheel tread to the rated gross weight
of the railcar. From the same maximum operating
speed of 8 km/hr (5 mph), a full emergency brake
application (60 percent brake ratio) will stop the
transporter and the two locomotives in 1.58 m
(5.18 ft) (CRWMS M&O 2000y, Section 6.3.3).
The analysis also showed that the impact force
resulting from a collision at a maximum transporter
operating speed of 8 km/hr (5 mph) is less severe
than the impact from a 2-m (6.6-fl) design basis
waste package drop.
Calculations of a hypothetical runaway scenario
down the north ramp, with the runaway train (loco
motives and transporter) reaching a maximum
velocity of 31.9 m/s (71.4 mph), concluded that the
equivalent stopping distances are 2,518 m
(8,260 ft) at a 13 percent brake ratio, and 321 m
(1,054 ft) with the emergency brake application (60
percent brake ratio) (CRWMS M&O 2000y,
Section 6.3.3).
Calculations of various runaway scenarios show
that the runaway velocity is above the tipover
speed. Therefore, it is possible for the loaded waste
package transporter to partially tip over during the
defined runaway scenario (CRWMS M&O 2000y,
Section 6.4.3). Impact limiters are devices attached
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to the waste package transporter that would help
absorb impact energy in the event of a collision. In
a worst-case runaway condition, the transporter
would most likely tip over on the north ramp curve.
Because of the size of the transporter relative to the
drift diameter, the transporter would not tip over
completely; the transporter would impact the wall
above the deck level. Therefore, impact limiters
installed at the transporter deck level and on the
ends would provide negligible impact protection
for the tipover condition (CRWMS M&O 2000y,
Section 6.5). The analysis suggests that additional
impact protection could be provided by incorpo
rating an energy-absorbing layer on the inside of
the radiological shield of the transporter (CRWMS
M&O 2000y, Section 6.5), although it would
increase the overall size of the shielding. Such an
energy-absorbing layer, which would present
design and operational complexities, will be evalu
ated further.
An analysis for derailment showed that a wheel
climb derailment was only possible with severely
worn rails under full runaway conditions (CRWMS
M&O 2000y, Section 7). This condition would be
prevented by inspection and replacement of the
rails before they become severely worn. However,
other types of derailment, such as those that could
result from rail failure, would still be possible.
Periodic inspection and maintenance would help
prevent rail failure occurrences. Following derail
ment, the transporter would hit the wall at the north
ramp curve on a course almost parallel to the wall.
For this lateral impact, the impact protection from
an impact limiter installed on the front of the trans
porter deck would be negligible because the impact
limiter would not make contact with the drift wall.
The top of the transporter would make contact with
the drift wall instead (CRWMS M&O 2000y,
Section 6.5).
To limit the potential for a runaway condition,
additional controls (i.e., magnetic track brakes and
car retarders) are being evaluated to mitigate an
uncontrolled descent. In addition, automatic
controls are being evaluated. The magnetic track
brakes can provide railcar deceleration rates on the
order of 2A6 to 3.58 m/s 2 (8.1 to 11.7 ft/s2). Car
retarders, when used, are incorporated into the rail
system. The major types of retarders used are the

wheel clamp and the hydraulic piston-type
retarders. The former produces friction by
clamping to both sides of each rail wheel, while the
latter are passive energy absorption systems similar
in function to a shock absorber.
For the safety classification of structures, systems,
and components, an event sequence impact is
considered in the design if its estimated frequency
of occurrence is I x 10"6/yr or greater. The safety
analysis concluded that the occurrence of a
runaway transporter event could be reduced to a
frequency less than 1 x 10-6/yr. Therefore, a
runaway event could be screened out as a beyond
Category I or Category 2 event sequence. The
event frequency is reduced to less than 1 x 10"6/yr
by enhancing the design features of the brake
control and communications system.
A primary reason for enhancing the onboard
systems is to reduce the reliance on human opera
tors to respond properly to a runaway event. These
design features include an electronic interlock that
prevents the operator from starting the train down
the north ramp without having dynamic brakes
engaged; an alarm to alert the operators when the
speed of descent is too high; and an automatic
application of tread brakes to maintain speed
within the normal operating range (CRWMS M&O
2000y, Section 7.1). These design features imply
greater reliance on the brake control and communi
cations system, thus creating the need for
redundancy and diversity among brake systems.
Additionally, a reliability analysis was performed
on a conceptual rail-mounted speed retarder
system. Such a system is based on proven tech
nology and appears to be promising as a different
means of controlling the train's speed of descent
that is redundant with the onboard brake systems
(CRWMS M&O 2000y, Sections 6.7 and 6.8.3).
2.3.4.5

Waste Package Emplacement

As described in the previous section, waste
package emplacement is a remotely controlled
operation directed from a control center at the
surface facilities. The environment inside the
emplacement drifts, due to high temperatures and
radiation, makes it unsafe for a person to enter the
drift when waste packages are present. If equip-
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ment recovery or drift maintenance becomes
necessary, human entry would be possible only
after all the waste packages have been temporarily
relocated to a different drift and after increased
ventilation has lowered the ambient temperature of
the drift to below 50*C (I 22*F).

Table 2-16. Summary Description of Waste Package
Transporter Components

Emplacement of waste packages for the 70,000
MTHM base case has been estimated to take a total
of 24 years (YMP 2000a, Table 3-2). The period of
time for emplacement of the 97,000-MTHM full
inventory case has not been estimated, and there
are different emplacement options. The ultimate
emplacement duration will depend on what
strategy is adopted for codisposal of DOE spent
nuclear fuel and high-level radioactive waste. The.
maximum emplacement rate is expected to be
605 waste packages per year (CRWMS M&O
2000ac, Section 2.2.2.4); therefore, the capability
is available to emplace 97,000 MTHM of full
inventory waste in less than 30 years.

Dimensions
"*Height
" Width
" Length
"*Weight

Tables 2-15 through 2-19 summarize preliminary
engineering specifications for waste package trans
portation and emplacement system components.
Table 2-15. Summary of Waste Emplacement Track
Specifications
Item

Rail type

Structure
Undercarriage

Waste package pallet

4.3 m
2.9 m
22 m
400 metric tons maximum when
loaded
Alloy 22 welded plates for waste
package support, Stainless Steel
Type 316L stainless steel square
tube supports

Standard Steel Type A516 steel
enclosure, 171.5 mm radial walg
thickness, 196.9 mm axial wall
thickness; borated polyethylene
layer

Shielding

Table 2-17. Summary of Waste Emplacement
Locomotive Specifications,,
Item
Unit weight
Maximum speed
Undercarriage
Drive
Power
Power supply

Detail

Standard Crane Rail
SAIC
of 320 standard BHN

66.9 kghm (135 lb/yd)
Rail weight
2.95 m
Track gauge
Two W8x67
Rail support beam
One W12x65 per 1.500 mm
Transverse rail and pallet
spacing
support beam
Three W12x65
Longitudinal pallet support
beam
Two WS
Guide beam
Not specified
Stiffener bracket
metric tons
400
Design load
"Turn radius of curvature
* Emplacement drift turnouts 20 m
* North ramp and main drifts 305 m
2.15 percent
Maximum track grade
NOTE: AISC - American Institute of Steel Construction.

Detail
Flat railcar with partial overhead
enclosure
3-axle rear trucks. 2-axle front
trucks, 762-mm diameter wheels of
320 standard BHN

item

Detail
50 tons
8 kmnhr (5 mph)
4 axle. 8 wheel
Dual electric 170 hp motors
Electric 650 volt direct current
Overhead catenary wire. pantograph, and
ground rails

Table 2-18. Summary of Bounding Weights of Waste
Package Transporter Components
Component
Loaded transporter maximum weight
Transporter shielding
Flat car
Largest waste package (includes

Mass
(metric tons)
400
164
136
85

design margin)

Bed plate
Waste package pallet

0
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instruments, and communications equipment.
Fault-tolerant operation is ensured by physically
separating the redundant components, providing
backup electrical power and data communication
systems, and employing diverse technologies that
will not be susceptible to similar failures from a
single cause. Shielded and insulated cabinets
protect the heat- and radiation-sensitive instru
ments, and solid-state air conditioning units
regulate the temperature. Built-in fire detection
would automatically activate fire suppression
systems if an onboard fire is detected (CRWMS
M&O 2000;, Section 6.6.6). At this point, the
gantry would be retrieved from the drift for repairs.

Table 2-19. Design Basis Summary of Waste

Package Transporter Performance
Item
Waste emplacement period

Detail
24 years
Any time from the start
of emplacement up to
approximately

Operational period during which
retrieval could be initiated

100 years, with the
potential for retrieval to

start during an
extended operational
period of 300 years

Duration of retrieval planning and
operations
Number of waste packages
Maximum emplacement rate of
waste packages
Maximum gantry speed

Up to 34 years
11.750
605 per year
2.7 km/hr

Transporter braking
2.46 to 3.58 mis;
"*Deceleration rate
"*Stopping distance
- 8kmnhr speed at 13% braking 13.2 m
81/hrspeedat60%braklng 1.58m
8
100 mrermhr
Radiation dose limit on transporter
surface
Im
Maximum lifting height of waste
package__________
NOTE: All numbers are for the base case waste package
inventory (CRWMS M&O 2000h. Table 1).

2.3.4.5.1

Emplacement Ganitry

The gantry designed to handle the waste package
and pallet is called the bottom/side lift gantry
(CRWMS M&O 2000z). The gantry illustrated in
Figure 2-55 rides on 135 lb/yd rails with a rail
centerline to rail centerline distance of 2.95 m
(8.2 ft). The gantry has been designed so it will not
drop a waste package or become inoperable as a
result of a Category I earthquake event.

The primary source of electrical power for the
gantry is an electrified third rail (conductor bar)
system. The vehicle would have redundant power
pickup mechanisms to ensure a reliable and contin
uous connection to the source of power. The gantry
would have an emergency backup power system
(onboard rechargeable storage batteries) with
enough power to lower and release the load and
return to the drift entrance. The locomotion system
would have four independent direct-current drive
motors, with one motor at each of the wheel assem
blies. The maximum operating speed that the
gantry can travel when carrying an 88-metric ton
load waste package and pallet is limited to
2.7 km/hr (150 ft/min or 1.7 mph). The gantry
would have independent fail-safe braking systems
(a primary system and an emergency system). In
the event of a power or communication loss, or of a
vehicle control system malfunction, the braking
systems would engage and bring the gantry to a
stop (CRWMS M&O 2000z, Section 6.6.2). At this
point, the gantry would be retrieved from the drift

0

for repair.
The gantry is designed to operate in the high
temperature, high-radiation environment inside the
emplacement drifts. Its operation only involves
moving forward and backward on the rails and
moving the lifting arms up and down. This simple
operation reduces the complexity of the gantry's
mechanical, electrical, and control systems, which
makes the gantry inherently reliable. The incorpo
ration of high-quality hardware and software
components further enhances control system
reliability. These components mainly include
redundant programmable control computers,

The video system of the gantry would provide
operators at the remote control center with real
time visual information about the operating envi
ronment and vehicle performance. This system
would consist of several onboard high-resolution,
articulated, closed-circuit television cameras and a
series of high-intensity lights. Thermal and radio
logical sensing instruments would provide the
remote control center with real-time status on these
two environmental conditions in the emplacement
drift (CRWMS M&O 2000z, Section 6.6.5).
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-Perpective view
Figure 245. Bottomt8lde UftEmplaement Gan
The emplacement gan.y has four lifting arms that travel only in the vertical directions. Their vertical displacement is
pace on the drift hoor, The gantry
to pick up the loaded pallet and gently
limited to one meter. Their sole function isand
equipped with dats gathering and transmitting Instrumentation, control
end remotely operated
would be elt•
computers, high-resolution television cameras and lights, and fire detection and sWuppression systems. Source:
Modified from.CRWMS M&AO 20OOz, Figures 7 through 9.

2.3.4.5.2

Gantry.Operation

As discussed in Section 2.3.4.A the emplacement
gantry .would be inside the drift:when the loaded
transporter is docked at the drift entrance for
delivery of a waste package.
The .ail in the emplacement drifts upon which the
gantry. would travel iSnot continuous frro the east
to the west end. A ventilation access (rai),which
connects the drift to the exbaust inain below, inter
rupts the :gan:tiyrail. The raise is located
approximately .at:ihe midpoint: of ioost drifts
(Vigure :2-44). Because the gantry cannot lift a

pallet and 'waste package over a previously
emplaced waste package, emplacement in each
half ofrthe drift starts at the raise, :where the: rail

ends. Emplacement progresses from -the raise
toward the drfi :entrance until that half of tde drift
is full.
Before moving the gant r, the vertical positions -of
-the lifting arms (Figure 2-55) would be adjusted so
that their horizontal extensions can slip underneath
-the projecting parts of the pallet structure as the.
.gantry moves over tile unit. The gantry would then
raise its arms to engage tlhe Pallet structure Such
thtt the pallet aid its accompanying waste ackage
arc lifted vertically off theitransporter (or off the
drift rivert). During normal operationsý the gantry
wouldflift a waste package and pallet unit approxi
ma•tly 20 cm (V.in.) off the floor. 7he gantry
would keep the waste package and pallet :a1that
elevation when moving. After raising the loaded
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pallet to the desired elevation, the gantry would
move the waste package to its emplacement. loca
tion: in the drift. It would: lower the waste package
and pallet until the palletrests, directly on the drift
invert. The ganuyt: would then. move slowly.away
from the, emplaced waste., package until the arms
are clear. Returning, to, a normal speed, the-gan9ty
would proceed to the drift entrance to await the
arrival of another loaded transporter (CRWMS
M&O 2000z,. Section 6.1).!
The bottomlside lift gantry: is designed -to handle a
wide range of waste package sizesbwitlout having
to adjust the horizontal spacing of the arms. Lack
of a need for such adjustments:, reduces the
complexity of mechanical components, thereby
increasing their reliabilityý The lifting arms: never

contact the waste package, thus eliminating the
possi~bility of. waste. package damage, by- contact.
This gantry conceptalso allows waste packages to
be emplacW 10 tcm :(4 in.): apart", ed. toend
(CRWMS M&OA)2O06z, Sections:4.2.9 and 6,J),
The emplacement gantry. is designed to operate
within the clearances inside the 5.5-(18-fl) diam
eter emplacement. drifts. Figure. 256 shows .a
perspective view of the gantry inside the emplace
ment drift.
The emplacement gantry would not be left inside
an emplacement drift. for extended idle periods
because of the potential detrimental effects of heat
and radiation on the gantry sensors and instru
ments. An. emplacement gantry. carrieri, which is a

BottorlStdo Uft Emplacement Gantry-End View within :Emplacement Drift
Flgurt 29-5.
This figure illustrates the emplaceent gantry. transp•ting a loaded pallet side an emplacement drif. Also
or emplacement surface of the drdiL Relative size of
s tM*
Illustrated is tlie steel invert setion that cons

the gantry. wlh respect to the emplacement drift diameter can also be apprcated Inthis figure.-Sowe: .Adpted
from CRWMS.M&O 200z. Figure I..
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flatbed railcar with on-deck rail tracks that mate
the drift tracks, moves the gantry from drift to drift,
or to a staging area.
2.3.4.6

Retrieval

2.3.4.6.1

Requirements for Retrievability

Robust Infrastructure--The preclosure period
for the repository would vary, depending on deci
sions and licensing issues that would evolve with
time. Current estimates for closure include
scenarios for no retrieval action, exercise of the
retrieval option, and an extended preclosure moni
toring period.
If no retrieval is deemed necessary, closure
activities could be initiated as early as
60 years after waste emplacement begins.
This period includes 50 years for emplace
ment and monitoring, and 10 years for
decommissioning, sealing, and closure.

Retrievability at a high-level radioactive waste
repository is a requirement mandated by the
NWPA (42 U.S.C. 10101 et seq.). The NWPA, as
amended in 1987, provides the reasons for which
retrievability may be exercised. Section 122 of the
NWPA (42 U.S.C. 10142) states that any reposi
tory to be approved as a result of the NWPA shall
be designed and constructed to permit the retrieval
of any or all spent nuclear fuel placed in such a
repository. It also states that such retrieval should
take place during an appropriate period of opera
tion of the facility. Retrievability is justified under
the NWPA for reasons that include public health
and safety, environmental concerns, and recovery
of the economically valuable contents of spent
nuclear fuel.
The NRC regulation, 10 CFR Part 63 (66 FR
55732), establishes a minimum period during
which retrieval must be possible. Waste must be
retrievable on a reasonable schedule, starting
anytime up to 50 years after the start of emplace
ment. The DOE has developed a schedule that
would permit retrieval in about the same time taken
for construction of the Geologic Repository Opera
tions Area and the emplacement of wastes. The
design described in this report allows for a preem
placement construction period of 5 years and a
period of repository operations and performance
confirmation testing of 50 years, including
emplacement. It should be noted that the perfor
mance confirmation testing period started during
the site characterization and would continue until
closure of the repository. Retrieval, if needed,
would require up to 34 additional years, which
includes 10 years for planning, engineering, and
procurement and 24 years for retrieval (CRWMS
M&O 19980.
The regulatory requirements for retrievability help
define three basic criteria for the design of the
subsurface facilities.

" If the retrieval option is exercised, and
assuming that all waste packages are
retrieved, the preclosure period increases to
99 years (rounded to 100). This includes pre
emplacement construction, emplacement,
monitoring, planning, retrieval, decommis
sioning, sealing, and closure.

" The requirements documents reflect criteria
for an extended monitoring of the repository
that would extend the preclosure period to as
long as 300 years after the last waste package
is emplaced. The decision to close the reposi
tory would be made by future generations,
based on considerations that cannot be antici
pated at this time, such as the availability of
future treatment technology, the reuse of the
nuclear fuel, or the realization of a better dis
posal alternative.
Because the potential repository may remain open
for as long as 300 years, its structures must last that
long with manageable maintenance in an environ
ment with high radiation and high temperature.
This requirement applies to excavations, ground
support, permanent mechanical components, trans
portation, ventilation, and other utilities.
Selective Retrieval-Maintaining the ability to
selectively retrieve emplaced waste packages
affects the basic repository layout, mechanical
equipment, and infrastructure (to allow perfor
mance of emplacement functions in reverse order),
as well as the flexibility of access to individual
waste packages. Section 2.3.4.6.3 discusses the
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"* The conditions of the invert structure and

operation of retrieval equipment to selectively
retrieve a single waste package.
Alternate Ingress and Egress Routes- Emplace
ment drift ground control deterioration and
rockfall, progressive or sudden, could block access
and ventilation to a particular location of the repos
itory. To maintain the capability to retrieve any
spent nuclear fuel from the repository, dual or
redundant drift access is important. The design and
operating mode described in this report has the
ventilation raise coming up in the center of each
drift, so the emplacement rails are not continuous
through the drift. This does not allow full access to
all parts of the drift from either end without tempo
rary modifications. Design improvements are
being considered to maintain rail access across the
raise, such as a lower-profile raise collar or a venti
lation exhaust main above the plane of the
repository emplacement drifts, which would allow
a different raise configuration. Temporary capping
or other means to span the raise if access is needed
across it are also being considered.
23.4.6.2

Drift Conditions during Retrieval
and Impact on Retrievability

After the emplacement drifts haive been loaded
with waste packages, ventilation would continue
throughout the preclosure period. With a sustained
ventilation flow rate of 15 m3/s (530 ft 3/s), air
temperatures inside the drift would remain at or
below a peak temperature of approximately 60*C
(140*F) during the first 100 years (CRWMS M&O
2000x). An increase in the ventilation rate would
lower the drift air temperatures below 50*C
(120°F), low enough for the monitoring and
retrieval gantries to operate reliably in the drift
environment. Radiation levels would be too high
for unprotected personnel access (CRWMS M&O
2000ao, Section 6.7). In cases where human incur
sion may be necessary, some or all of the waste
packages would probably have to be removed, and
extensive preparations would have to be made for
radiation controL

railing
"* A large block rockfall
"* Conditions related to the containment
integrity of the waste packages
• Any major deterioration and collapse of the
ground support and drift walls.
The unlikely presence of a potentially breached
waste package would require case-specific infor
mation and planning before any retrieval attempt,
as would any detected adverse condition in the
emplacement drift that would force a deviation
from normal operating conditions.
2.3.4.6.3

Normal Retrieval Procedure and
Equipment

The emplacement drifts would be monitored peri
odically, with an expected inspection frequency of
10 years. A remotely operated inspection gantry
would be used during those inspections. Such
monitoring would provide data for a database on
drift conditions that would be used to plan mainte
nance activities. If it were decided that emplaced
waste would be retrieved from the repository, this
database and additional case-specific monitoring
would be available for planning of retrieval activi
ties. If drift conditions were normal, retrieval
operations would be executed using the same waste
package emplacement equipment in reverse
sequence as that used for emplacement. To main
tain air temperatures below 50°C (120*F) during

retrieval, the ventilation flow rates may have to be
.adjusted several weeks before the drift incursion.
The normal retrieval sequence of operations is
illustrated in Figure 2-57 (CRWMS M&O 2000aa).
This sequence has been simplified to show key
steps in the process. A more detailed description of
the normal retrieval sequence is:

Other potential drift conditions would affect
retrievability, including:
* The structural integrity of the support pallets
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1. The locomotive and gantry carrier travel
to the emplacement drift.
2.

The emplacement drift isolation doors are
opened and the gantry carrier engages the
emplacement drift dock.
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Gantry on Gar". Cmrnier Docked at Drift Entrance

EmplaoerwntGantry.w tt Rerievd waste Package and PalgetMoving t Drft Entrance

Retrieved Vbste Package'an Pallet Being Pulled kIto Shielded Transporter t=
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Equipment and Sequencd of Operations for Normal Retrieval

The normal retrieval process forwaste packages uses the same equipment and techniques utilized for emplacement
but in the reverse order. The emplacement fantry would be mobilized to the. drift .where the waste package to be
retrieved Islocated. The gantry would be maneuvered by remote controls over the waste package; the gantry would
pick :up the pallet with the waste package on it and deliver it to the transporter for transportation to the surface.

Source: CRWMS M&O 20o0a,*Section 6.
3.

The gantry. movesmoff the: gantry carrier
and the carrier is removed from the drift
-turnout.

4.

The drift isolation doors are closed, and
.the ganry moves to the location ,o the
first waste package.

5.

6.

The gantry picks up the pallet .and waste
package and moves back to the emplace
ment drift dock.
The transport locomotives and empty
Amov
to the
waste package transporter
emplacement
to
:the
main drift adjacent:

24129

drift. The -controls are turned over tO
remot -operation, and the -operators leave
the locomotives and move to a designated
protected area.
•7.

A secondary locomotive decouples.ahead
ofthe driktentrance, The primarylocomo
tiVe and waste package transporter move
from the main drift Into the drift turnoUt.

S. The drift isolation doors open, the .waste
-package transporter doors open. the waste
packige transporter docks, and dte bed
plate is extended onto the open deck.
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9.

The loaded gantry moves over the open
deck of the transporter, deposits the pallet
and waste package on the transporter bed
plate, and moves back into the drift.

10. The pallet and waste package are pulled
into the shielded compartment of the
transporter via the bed plate, which is sup
ported on rollers.
11. The primary locomotive moves the waste
package transporter away from the edge
of the emplacement drift, and the trans
porter doors and drift doors close.
12. The primary locomotive and waste
package transporter move from the
turnout into the main drift.
13. The secondary locomotive couples to the
rear of the waste package transporter, the
operators board the locomotives, and the
train moves to the surface. (Steps 5
through 13 are repeated for each waste
package to be retrieved from the drift.)
14. The locomotive moves the gantry carrier
from the main drift to the emplacement
drift turnout.
15. The drift doors are opened and the gantry
carrier engages the emplacement drift
dock.

would be initiated to mitigate the problem.
Retrieved waste packages that are in good condi
tion would be taken to the surface and staged in a
dedicated area within the surface facilities complex
(see the Potential Onsite Inventory Area in Figure
2-16). In the unlikely event that waste packages
were damaged, or if waste packages were
suspected of being damaged, they would be taken
to the surface facilities for detailed inspection,
repairs, or repackaging.
The locomotives, gantry, gantry carrier, and waste
package transporter used for normal retrieval are
the same as those described in Section 2.3.4.4.
Therefore, their characteristics and preliminary
engineering specifications are not repeated in this
section.
2.3.4.6.4

Off-Normal Retrieval Procedures
and Equipment

When the equipment and operating sequence
described above cannot be used, retrieval condi
tions are considered off-normal. Off-normal
retrieval conditions, most likely due to drift wall
deterioration and the resulting blockage of the
railing system, prevent the use of the waste
package gantry. Under off-normal retrieval condi
tions, several additional operations would be added
to the retrieval sequence. These additional steps
would most likely include the following:

16. The gantry is moved onto the gantry car
rier, the locomotive pulls the carrier away
from the emplacement drift dock, and the
drift isolation doors close.

0

"* Monitoring and detailed characterization of
damage

SDevelopment of a case-specific contingency
plan

17. The locomotive and the gantry carrier
move from the turnout to the main drift
and return to a standby location.
If the waste package to be retrieved were not
readily available from the drift entrance, all waste
packages in front of it would have to be tempo
rarily relocated to a standby drift or to another
emplacement drift, following a sequence of events
similar to that described above. If a condition
preventing normal retrieval is encountered, then
the sequence is interrupted, and a contingency plan
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"• Cleanup and removal of debris
"* Stabilization of the drift (including ground
support repairs or replacement)

"* Restoration of the tracks and other damaged
structures and utilities

"* Repositioning of the pallet and waste pack
age, if necessary

0
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* Establishment of radiation controls and other
administrative controls for retrieval, as
needed.
Off-normal retrieval procedures and equipment
would be used commensurate with the situation. A
series of event sequences that could affect normal
retrieval conditions were analyzed (CRWMS
M&O 2000aa, Section 6.2.2) to determine the
operational procedure and type of equipment that
could be used to retrieve waste packages. The two
event sequences analyzed and of particular rele
vance to off-normal retrieval conditions in the
emplacement drifts were (i) rockfall or ground
support collapse onto a waste package from causes
other than seismic events and (2) rockfall or
ground support collapse onto a waste package
caused by a seismic event (a beyond Category I or
Category 2 event sequence earthquake). Other
event sequences analyzed with respect to off
normal retrieval pertained to the mechanical failure
of the gantry and the derailment of the gantry at
normal speed.
The two pieces of equipment designed for removal
of the gantry, the emplacement drift gantry carrier
and the multipurpose hauler (Figure 2-58), operate
on rollers. Steel plate would have to be installed.
over the drift invert to deploy this equipment. A
multipurpose vehicle (Figure 2-59) can be operated
from the multipurpose hauler to clear debris,
emplace steel plates, and cut and remove damaged
structures. This equipment would be remotely
operated.
When a derailed or damaged gantry has to be
removed from the drift, the emplacement drift
gantry carrier can load and carry the gantry away
from the emplacement drift (Figure 2-60). The
multipurpose hauler can be used to pull and load
the pallet and waste package onto the deck of the
hauler to proceed with retrieval operations (Figure

implemented. Individual waste package removal
for inspection, testing, and maintenance reasons is
not considered retrieval; however, waste package
removal for these purposes, if needed, would
involve the same equipment and operational steps.
Alternative waste package retrieval equipment has
been identified for off-normal conditions when
normal retrieval procedures may be difficult or
impossible to execute. Additionally, support
equipment (i.e., equipment to remove obstacles,
prepare surfaces, or install temporary ground
supports) that can be used in retrieval operations
under off-normal conditions has been identified.
Various scenarios of off-normal retrieval have been
analyzed, and conceptual use of such equipment
has been demonstrated (CRWMS M&O 2000aa,
Sections 6.2 and 6.3). Proof-of-principle demon
stra-tions of waste package retrieval may be
conducted following the license application as
another step in the series of requirements for
successful construction and operation of the
repository.
2.3.4.7

The primary objective of the decommissioning of
the subsurface facilities is the removal of any
material or equipment that is not part of the perma
nent repository installation. Decommissioning will
precede closure activities, or in some cases will be
concurrent with them.
Subsurface
include:

2-58).
2.3.4.6.5

Decommissioning

Summary of Retrievability

Waste package retrieval under normal conditions
uses the same subsurface equipment and facilities
as emplacement, but in reverse order. This provides
a built-in capability for retrieval that can be readily
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decommissioning

activities

would

1. Dismantling structures and equipment for
removal of components from the under
ground facilities, decontamination if
necessary, and transport to the surface for
additional decontamination, release, or
disposal.
2.

Demolition of reinforced concrete struc
tures and steel support structures after the
equipment and fixtures have been
removed.

3.

Transporting the removed materials and
equipment to onsite or offsite disposal
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Figure 2-58 EmplacemerhtDiiftGanWtr CarierandMultipurpose Haut'er
During off-norm retrieval' whten emplacement drit .conditions do not allow implementatfon of normal retrieval
procedures, alteatWeieval equipment can: be utifized. These bonsist ofla assortment of equipmert designed
for removal: of disabled. gantries, removal of debris, construction of tempobrmy tictures: to support retrieval. and
retrieval of damaged or undamaged waste packages. HEPA - high-efitienipadiculate air. Sourcre CRVWMS M&O
2000aa. Sectiont2,

facilities, depending-on type, quantity, and
waste cractertion, in accoidance with
apreapprovedDOE- waste management:
plan. These materials and equipment will
include ventilation* system, components,
railroad track, tolling:stock, utilhies, con
crete and construction materials,
instrumenan and communication
equipment, pumps, pipelines, and any
other materials that may be considered
detrimental- to repository performance:

4.

Identilfying and removing equipment and
materialsf-or salvge., Somd equipment
and mat6ials may be targeted for salvage.
because of their value ort because their

reuse i. anticipated (eg., for .site restora
tion or ,otbet futuire:activities at the
repository surf34cefacilities). such equip
ment: and materials. will. be. protected as
needed rnd stagedat the surfce facilities.
5.

Placement ofunderground markers, mon
uments, or any other permnent •ieatures

deenied
activities.
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6.
7.

Completion of as-built surveys of the sub
surfiice facilities before Closure.

print boundaries. if left :unsealed, :these openings

General cleanup in preparation-for closure
activities.

larger openings, such as the ramps and shafts,
could allow unauthorized human intrusion. Open
ings.tonnecting 64 wast• emplacment area to the
surface could also:serve as conduits for airborne
radioactive contamination to migrate into the
atmosphere.

could enhance the mo vement of moisture from the
surface into the waste emplacement area, and: the

It is likely that some of these activities can be
performed gradually duringthe operational phase
of the repository.
23.4.8

Closure and Sealing Structures

Closure of the repository subsurface facilities.
requires closing and sealing all openings :ffrn the
surface to the underground facilities. These open,
ings-consist of the north and south access ramps:
ventilation shafts, .and exploratory boreholes
withi•n the repository footprint (the wasteemplace
ment area projected vertically to the surface):and in
an area extending .40) m (1,300 fA) from the: foot-.

Regulatory requirements Imposed on the repository
designo to provide protoction against human intru
sion, :as. well: as requir.ments to prevent or
minimize release.o:f ýcontamination; create the
necessity that .thecse opcnigs be scaled during the
closure phase boftherepository.
Tables 2-20 and 2-21 summarize. the preliminary
engineerng specifications for closure and sealing
components.
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Table 2.20. Summary of Design Basis of Closure
and Sealing Components
Iem

Table 2421. Summary of Closure and Sealing
Component Materials
Component
Ramp and-shaft plugs and

Property
L permeabilty
Low

buiheads_

SChemical stability In

Seals and backfllt
I
Boreholes,

environment

t
Favorable material charact•

e
•t ati
- Sifilaf hydraulic!
conductivty and

peOrmeabily to host
roc* mass
* Seismic acvity

loaIding
Concretstrcral
factrst
factors

K

Material

2.3.4.8.1

Concrete, qro"' crushed tut,
bentonlt,.bentonit-and.
•.mixtre
SntonftiC grout

Repository Openingsi

stress ree
rostcr

Hydraiuh pressure
- Backfill material
lateral pressure

Section 2.3.1 describes the locations of the north
and south ramps, and Section 2.3.4.3 describes the
ventilation shafs. The .speciflc. locations of the
borehol-s within the epository footprinh including
lhe'400-rn (I ,300fO). buffer zone around the perim
eter, are: not addressed in this report but are well6
docunented in the DOE's scicntifi database (BSC
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formation, which otherwise would tend to create a
moisture buildup in the less permeable Pin unit.

2001d, Attachment 9I). There are approximately
16 deep boreholes in the potential repository area,
including a 400-m (1,300-fl) buffer zone around
the potential repository perimeter.
2.3.4.8.2

The condition of the rock immediately surrounding
a potential seal location is the most important
factor in deciding the locations of closure seals in
the ramps and shafts, mainly for reasons of seal
structural integrity and stability. Closure seal loca
tions should be selected to avoid ground conditions
resulting from geologic disturbances, such as faults
and fracture zones. Therefore, developing detailed
characterizations of the rock structure at the ramps
and ventilation shaft locations is essential. The
structural geology of the north and south ramps is
well characterized, and several candidate seal loca
tions have been identified (CRWMS M&O 2000aj,
Appendices A and B). Detailed characterization of
the ventilation shafts, however, would be possible
only after their excavation. Therefore, detailed seal
design must also be performed after shaft
excavation.

Criteria for Selection of Seal
Locations

The geological environment and the rock structure
are central considerations in determining the
specific locations where seals would be most effec
tive. The constructibility advantages offered by one
location over another are also considerations in
determining seal locations. For example, seal
construction in large openings is preferable in the
straightaway rather than in curves or intersections
because of such issues as simplicity of design,
construction, equipment access, and materials
placement.
Two stratigraphic nomenclature systems are used
for the classification of the host rock at Yucca
Mountain: a thermomechanical nomenclature and a
lithostratigraphic nomenclature. The thermome
chanical nomenclature is based solely on the
thermal and mechanical properties of the rock. The
lithostratigraphic nomenclature is based on
primary geologic processes (e.g., the depositional
character and assemblage of the rock) and
secondary geologic processes (e.g., the degree of
welding, devitrification, and vapor-phase crystalli
zation). A thermomechanical unit typically
contains several lithostratigraphic units. The ther
momechanical units are defined by the thermal and
mechanical characteristics of the natural rock, and
they do not necessarily correspond to lithostrati
graphic formation boundaries. The Pin and the
TCw thermomechanical units (see Sections
1.3.2.2.2 and 2.3.4.1.3 for geologic unit descrip
tions) are important in defining the location of
closure seals above the emplacement block. The
TCw unit has a well-connected fracture system and
high permeability. The PTn unit has very low
permeability. These contrasting 'attributes can be
used advantageously by locating a seal in the more
permeable unit (the TCw) near its boundary with
the less permeable unit (the Pin). At this location,
the seal would help disperse sporadic infiltration
fluxes into the more permeable matrix of the TCw

Faults create instability in the rock and present
potential pathways for inflow of moisture. Major
faults along the north and south access ramps are
already documented (CRWMS M&O 2000aj,
pp. 22 and 23), and they will be avoided in
selecting closure seal locations. Similar identifica
tion and evaluation of major faults will be
performed for the ventilation shafts after their
excavation; however, the locations of the shafts
have been selected partly by avoiding documented
geologic hazards, such as faults or excessively
fractured rock zones.
Fractures (structural discontinuities in the rock)
and joint sets (groups of fractures with similar
orientation) also provide an indication of rock mass
stability. Fractures directly affect the strength of
the rock. The frequency and orientation of the frac
tures can affect the short- and long-term stability of
the excavation. Five joint sets have been identified
in the Exploratory Studies Facility, which includes
the north and south ramps (CRWMS M&O 2000aj,
Table 6). Within the repository block, the Undiffer
entiated Overburden and Pin thermomechanical
units have the lowest density of fracturing, while
the nonlithophysal portions of the other three ther
momechanical units (TCw, TSwl, and TSw2) have
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Seal Materialsand Configuration(CRWMS M&O
2000ak, pp. 11 to 13).

the highest fracture density (CRWMS M&O

2000aj, p. 24).
2.3.4.8.3

0

Concrete is recommended for ramp and shaft plugs
and bulkheads. Concrete structures can be
designed to withstand loading from seismic

Selection of Closure Seal Materials

Selection of seal materials must consider material
strength and the ability to slow moisture and
airflow through the repository block. Seals would
be composed of different materials, individually or
in combination, that will effectively discourage
human intrusion and control moisture inflow.

activity, host rock stress relief, and hydraulic pres
sure, and to retain backfill material.
2.3.4.8.4

Seal and closure system components must be
mechanically, 6hemically, geologically, and ther
mally compatible with the subsurface environment.
Materials that can meet these compatibility
requirements include concrete, grout, crushed tuff,
bentonite, and bentonite-sand mixtures.
Earthen materials have been recommended for use
as backfill in ramps and shafts to prevent preferen
tial pathways for moisture movement and
discourage human intrusion. Properties considered
desirable for backfill materials include low perme
ability, chemical stability in the thermal and
hydrologic environment in the repository, material
longevity, and availability. The selected backfill
material should have the approximate hydraulic
conductivity and permeability of the surrounding
rock mass. Earthen materials analyzed for use as
closure backfill include crushed tuff, clays (such as
bentonite), and combinations of bentonite and sand
(CRWMS M&O 2000ak). Crushed tuff would be
readily available as a by-product of tunnel excava
tion; this excavated material is often called muck.
The muck material would be screened and crushed
to enhance the characteristics useful for closure
backfill. It has been determined that a bentonite
sand mixture with 5 to 10 percent bentonite would
result in an acceptable hydraulic conductivity
range (10-4 to 10"7 cm/s) for use in closure backfill

or seal designs (CRWMS M&O 2000ak, Figure 1).
Several grout types were analyzed as sealing media
for rock fractures and for sealing between the rock
face and the structural components of the main
closure seals. These grouts included chemical,
cementitious, and bentonite-based materials. Their
advantages and disadvantages are listed in Closure

Closure and Sealing Structures

Conceptual seal designs and closure structure
designs have been developed from the recom
mended materials described in Section 2.3.4.8.3.
These concepts may be expanded into preliminary
designs during the license application phase;
however, detailed designs of the shaft seals may
not be feasible until complete geologic mapping of
the excavated shafts is finished.
Repository closure operations would include place
ment of backfill throughout the ramps, shafts, and
main drifts. Figures 2-61 and 2-62 illustrate typical
backfill placement methods for the ramps and main
drifts and for the shafts, respectively. The method
illustrated in Figure 2-61 consists of a pneumatic
conveyance system. However, more conventional
placement methods are available that use standard
underground equipment (e.g., load-haul-dump
underground haulers). Pneumatic systems provide
good placement control, but they require extensive
dust control to maintain acceptable working condi
tions. The shaft backfill placement method
illustrated in Figure 2-62 is a conventional and
industry-proven practice that produces satisfactory
results.
Deep boreholes would be sealed by injecting a
bentonite grout from the surface opening. Concrete
caps would be installed near the surface, closing all
openings, to prevent or discourage human intru
sion. These caps would be covered with backfill as
part of the surface restoration work. Figure 2-63
illustrates a typical installation for a shaft concrete
cap, as well as the water dispersion structure
placed in the TCw thermomechanical unit (see
Section 2.3A.8.3).
Seals would be placed in shafts and ramps at
several locations, depending on more detailed
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Figure 261. Conceptual Arrangement for Placement of BackfillIn Ramps and Main Drifts
Repository closure activities include backfifling Of the ramps and main drifts With gnmhular material. This figure
portraysa method by which such operation could be accomplished. Source: CRWMS MWO 2000ai, Section 6.12.

designs for control -ofmoisture infiltration into the
emplacementarea. Seals would be located in rela
tion to major faults and higbly fiactured rock zones
to improve performance by attenuating sudden
inflows of water and promoting slow percolation
back into the rock matrix. ConceptuaLi seal plug
designs have been developed for areas of high,

moderate, and low water inlow. Figure 2-64 illus
trates the seal plug design concept for a high water
inflow application. This design concept consists of
a combination of dual c ncrete plugs that "sand
wicht a bentonite-sand plug. Thle concrete plugs
would provide structural support, while the bento
nite-sand mixture fill.would expand, filling Voids
and fractures. Conceptual dsigns formoderate and
low water inflow .applications would be simpler,
consisting of single concrete plugs -sandwiched"
by backfill material. In al-l.these seal applications,
construction of the concrete plugs would be
preceded by -interface grouting of the rock forma-

tion around: the plug perimeter to enhance the

watertightness of the seals.
2.3.5

Phased Construction-Dcvelopmen t
and Emplacement Sequence

The subsurface components of the..repository
would bc built in phases to support waste emplace
ment. The current:, design :assumes-that waste

packages .would e delivered over a ppeidod of
24 years.(YMP 2000a, Table43-2), which fllows a
phased approach to completion Ofthe emplacement
drifts, This phased construction approach is
described in the discussions that follow.
The construction phases for the subsurface facili
ties. will It (1) iniiial -construction and
(2) development. Subsurface: systems operations
will varW during these construction phases as
emplacement activides begin -and continue over a
period of several decades.
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Flgure 2.82. Conceptual Arrangement-for placement of eackfli'lIn Shafts
Intake and exhaust shafts would also be backdilledwith granula material as partof t epoMoy dur act vIes.
Source: CRWMS M&O 2000ak. Section .1.2z
2.3.5.1

Initial Construction

2.3.5.1.1

Facilities

In.the initialI construction phase., activities in the
north side of the emplacement block would Include
excavation Of the north ramp extension and exca
vation of the east main, north of, the north ramp
curve (Figure 2-65). These two drifts would .be
7.62 in (25 t) in diameter, excavated with tunnel.
boring machines. After excavation of the north
e tht tunnel boringmachines
ramp extensionon onof
would continue with excavation of the .north main
and part of the west main. The otheor machine
would start excavating the exhaust main from the
north, heading south.

The first two- drifts in the emplacement block
would be excavated with: another tunnel ring
machine, 5.5 in (18 ft).in, diameter. These, two
drift: Postclosu'r Test Driftsi #1 and42 :'would' be
dedicated to performance; confirmation testing;
their construction would be identical to the
construction of emplacement diiftl• The perfOrr
mance .con.frination.:fuinction of these: postclsure:
test difts is explained in Section 2.5. After exca
vating these: first two drifts, the smaller-dimter
tunnel, boring machine would: excavate the first set
often emplacement drifts, progressing from noi th
to south.
A second'5.5-n :(iS-fl): diameter tunnel.:: boring
machino would start excavation of Observation
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Figure 2-63. Conceptual.Arrangement ofShaft Plug

LOcaUon of shaft plugs another'repository closure feature, would depend on tharacteristics of th#*geologic strata.
These seals would be located in fractured rock strata with a higher permeability than .he underlying strata, to
-prornote dispersion-of surface water inflows Inlo thewrock formation.. Source: CRVWMS M&O 2000al Section 6.1.1.

Drifts #1 and #2, in sequence. These two drifts are

also be excavated during this periodby the second

also part of the performance confirmation facili
ties; the functions of these drifts are explained in
Section 2.5. After completing these two drifts, this
tunnel boring machine would be relocated ahead of
the other 5.5-nm (I-.fl) diameter, tunnel boring
.machine. Then it would excavate cross-drift for
Intake Shaft.41 and'another standard emplacement
drift connecting the southernmost extension of the
west main to the east main.

5.5-m (18-A1) diameter tunnel boring machine,
starting from the ECRB Cross-Drift; The intake
,and exhaust sliafts are 8 m- (26 ft) in' diameter,
excavated from the surface down by dAill-and-.blast
techniques (BSC 2001d, Sections 5.2.7.2,6.3.2.3,
and 6.3.2.5).

Other subsurface facilities excavated during this
phase: would Include Intake Shaft #1, Exhaust
Shaft. #1, and, two 7.62-m (25-ft): diameter access
drifts connecting.the exhaust shaft to the exhaust
main. Observation Dirift #3 '(Figure 2-65) would

2.3.

'U Ventilation andControls

During theinhial construction period, air would be
taken in from the surface through the -north ramp
and: exhausted*out to the surface :through the south
ramp. This section defines the.global ventilation
system for this-phase Of construction. Within the
global system, local ventilation: systems support
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Figure 24W4

Dual Concretl Seal Plug Design Concept:

Dual concrete.sealplugs are:one ofthe proposed cdosure and sealing features for the repository ramps.. Source:

CR

IS M&O 2000ak, Section5.

Development and: Emplacement

each excavation. deadheading. These local systems
provide. ventilation from. the main drift through to
the: working face, where a mechanical excavator
extends the length of a drift that is a dead-end
heading. Ventilation at the excavation headings is
achieved in three ways:- () intake through a duct,
exhaust. through a drift (2) intake through a drift,

2.3.5.2

exhaust: through a duct and (3) intake through a
duct, exhaust through another duct, Figure 2166
illustrates the global and :local ventilation: design
concepts as: they apply to the.: initial construction
phase. For local ventilation. the figure-only illus
trates the concept described :in item: I above, Local
dust scrubbers remove dust from exhausted air
before the air is returned to. the rmain: drift and
exhausted from thed underground to the :surfdce.
each shaft excavation wouId be.ventilated by local
systems that(woulditake fresh air. inafrom the
surface (CRWMS M&O 200ft SIction 6.3;l).

the subsurface would begin, TUis event marks the

Phase I

2.3.5.2.1

Facilities Construction

As the.first emplacement drifts. from the initial
construction phase become available for waste
emplacement, transportation of waste, packages to
beginning of Phase f of deelopment and emplace
merit. During Phase 1, concurrent with wate
emplacement in the first drift, construction of new.
emplacement drifts. would progress inwa southerly:
direction, Figure '2-67 illustiates the subsurface
iAcilities constructed, during: Phase I ofdevelop-:
ment :and emplacement.
During Phase. I, eight emplacement drift would be:
excavated Excavation of the exhaust main and the.
west main-would continue in Asoutherly direction..
After completing theexcavation of the west main,
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Examples of Global and Local Ventilation

Dust scrubbers would beused at excavation headings to control airborne particulates before air is returned to: the
main airways. TBM a tunnel boring 6chine. Source: Modified from CRWMS M&O 2000x, Section 6.3.

the 7.62-mr (25-fA) diameter tunnel boring machine
would continue excavating to open the south main
to its intersection point with the existing east main.
During this phase, excaation of the exhaust main
by the: other .7.62-rn (25-ft tunnel boring machine
would.continue to the south main• Other excava
tions during: this phase; include Exhaust Shaft. #2
and the access drifts connecting it to the exhaust
main; Intake Shaft #2 and the cross-drift
connecting it to the east and west mainst and the
development intake shaft.
2.3.5.2.2

of the tenth drift turnouts,: and on ti. north ramp.
curve would isolate the initial panel (the: first,ten
drifts): from the new. development area that st
with construction:: of ::the thirteenth drift. The:
emplacement area air intake would be drawn
through the north ramp and exhausted through
Exhaust Shaft. #1. On the development side, air
would be blown in through Intake Shaft #1 and
exhausted through theosouth ramp.
2.3.5.3

Development and Emplacement
Phase lI

2.3.4.3.1

Facilides Constraction

Ventilation and Controls

The first ten drifts have: a separate ventilation
locks in
system to support Iwaste emplacement ,Air
the exhaust main, in the east awd West mains north

Figure 2-68 illustrates.Phase I development and
emplacement work.; Facilities constructed during
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Figure 2.88. Repositoy Subiudface Layout-bevelopmeiet and Emptacement for Phase 11
The second Onae Of dev~elopment and emplacernent includes.the construction of .17 emplacemerit drifts while waste:
emplacement operation -go:oft In fthpeviousi built.18 drifts.
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#1 and #2 and the north ramp and exhausted
through Exhaust Shafts #1 and #2. On the develop
ment side, fresh air Would be blown in through
Intake Shaft #3 and the intake development shaft
and exhausted through Exhaust Shaft #3 and the
south ramp.

this phase consist of Standby Drift #2, Cross-Block
Drift #2, and 17 emplacement drifts. Emplacement
operations would continue in the emplacement
drifts completed during Phase 1.
2.3.5.3.2

Ventilation and Controls

Air locks used to separate the emplacement area
from the development area would be relocated
southward along the exhaust main and the east and
west mains. During Phase II, intake air for the
emplacement area would be drawn in through the
north ramp and Intake Shaft #1 and exhausted
through Exhaust Shaft #1. Fresh air for the devel
opment side would be blown in through the intake
development shaft and Intake Shaft #2 and
exhausted through Exhaust Shaft #2 and the south
ramp.
2.3.5.4

2.3.5.5

Development and Emplacement
Phase IV

2.3.5.5.1

Facilities Construction

The final development and emplacement phase for
the 70,000-MTHM repository design, Phase IV,
consists of construction of the last three emplace
ment drifts and one cross-block drift (Cross-Block
Drift #4). Emplacement operations during this
phase would continue in emplacement drifts exca
vated during Phase IIl. Figure 2-70 illustrates the
construction activities during Phase IV.

Development and Emplacement
Phase III

2.3.5.5.2
2.3.5.4.1

Ventilation and Controls

Facilities Construction

Figure 2-69 illustrates Phase III of development
and emplacement work. Development activities
during this phase consist of the following
excavations:
* Fourteen emplacement drifts
• Intake Shaft #3 and the cross-drift connecting
it to the east and west mains
Exhaust Shaft #3 and access drifts connecting
it to the exhaust main

The development side ventilation system would be
separated from the emplacement side by relocating
air locks along the exhaust main and the east and
west mains to points immediately north of the
construction activity. The air for the emplacement
area during this phase would be drawn through
Intake Shafts #1, #2, and #3 and the north ramp.
Emplacement air would be exhausted through
Exhaust Shafts #1, #2, and #3. Air for the develop
ment side would be blown in through the intake
development shaft and exhausted through the south
main.
2.4

ENGINEERED BARRIERS

Cross-Block Drift #3.
In Phase I1l, emplacement activities would
continue in emplacement drifts completed during
Phase II.
S2.3.5.4.2

Ventilation and Controls

The ventilation air locks would be relocated along
the exhaust main and the cast and west mains to
isolate the development ventilation system from
the emplacement area. Intake air for the emplace
ment area would be drawn through Intake Shafts

The engineered barriers include those components
within the emplacement drift that contribute to
waste containment and isolation. The design and
operating mode described in this report includes
the following components as engineered barriers:
(I) waste package, (2) emplacement drift invert,
and (3) drip shield.
Previous designs (DOE 1998, Volume 2; CRWMS
M&O 1999c; CRWMS M&O 1999d) included
other engineered barriers that were subsequently
eliminated. These include emplacement drift back-
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The invert structures would support repository
preclosure operations for up to 300 years with
limited maintenance in the emplacement drift envi
ronment. Additionally, the invert design will be
coordinated with the pallet design to fulfill the
requirement for maintaining the waste packages in
a horizontal emplacement position for 10,000 years
after closure (CRWMS M&O 2000aq, Section
4.2.1.7).

fill material, placed either as a homogeneous fill or
as a layered system with flow capillary barrier
capabilities; chemical retardation and sorption
materials in the invert; and precast concrete
emplacement drift lining (a ground support system
with limited barrier attributes). Discussion of the
design evolution and reasons for the elimination of
these other engineered barriers are provided in
Section 2.1.2 and documented in design assess
ments (CRWMS M&O 1999c; CRWMS M&O
1999d; Wilkins and Heath 1999; Dyer 2000). The
emplacement drift backfill has been retained as an
engineered barrier option (Dyer 2000).
The description of engineered barriers provided in
this section is summarized from a large set of
design descriptions and analyses, including:

"* Invert Configuration and Drip Shield
Interface (CRWMS M&O 2000aq)
"• Design Analysis for the Ex-Container
Components (CRWMS M&O 2000ap)
"* Drip Shield Emplacement Gantry Concept
(CRWMS M&O 2000ar).
2.4.1

Drift Invert

The term "invert" in this design includes the struc
tures and materials that form a platform that
supports the pallet and waste package, the drift rail
system, and the drip shield. The invert is composed
of two parts: the steel invert structure and the
ballast (fill), which is composed of granular
material.
2.4.1.1

Steel Invert Structure

The design of the steel invert structure must
consider construction loads, waste package
emplacement and retrieval loads, drip shield loads,
and thermal and seismic loads. In case the backfill
design option is used in the future, the invert
design also considered any backfill loads and
related backfill emplacement loads. The invert
configuration has to accommodate the other struc
tures inside the emplacement drifts, namely the
ground support structures, waste package pallet,
waste package emplacement gantry, inspection
gantry, drip shield emplacement gantry, and back
fill emplacement equipment (if backfill is used).

Steel materials were selected for the inverts to
avoid uncertainties associated with the use of
cementitious. materials in the emplacement drifts
(CRWMS M&O 2000aq, Section 6.2). There is
some concern with the use of steel products in the
emplacement drifts because of potential impacts on
radionuclide transport after waste packages have
degraded. The concern is rooted in the fact that
ferric-based iron colloids can transport radionu
clide materials. Although the concern is applicable
only after the waste packages have failed, it may
affect the peak dose rate at the time beyond 10,000
years, which is the design life for the waste pack
ages. The ferric-based iron colloids will mainly
affect solubility-limited radionuclides, such as
plutonium and americium, which have a high
affinity with iron-oxyhydroxide colloids (CRWMS
M&O 2000as, Section 3.1.2). This potential impact
has been considered in TSPA evaluations. Figure
2-71 illustrates the proposed steel invert structure
in place in the drift. It shows the relationship of the
steel invert structure with the invert ballast, drift
wall, ground support structure, pallet and waste
package, and drip shield. Figure 2-72 provides a
perspective view of a section of an emplacement
drift, illustrating the location of the invert compo
nents with respect to the ground support steel sets.
The steel drift invert is not part of the ground
control system. The transverse support beams for
the invert would be installed between the structural
steel ground control components, as shown in
Figure 2-72. To maintain the structural indepen
dence of the invert, the ground control components
would not contact the steel invert components.
The transverse support beams, which are part of
the structural steel invert frame, would rest on the
drift wall in such a way that they transfer the loads
directly to the rock. Installation of the steel invert
structure would include shimming, aligning, and
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Source: 'CRWVMS M&O 2000aq, Figure 5.

anchoring the attached base plates to :the drift rock
wall. The pallet, loaded. with a Waste package,
would rest directly on .the structural steel Invert
frame. The steel 'invert frame would :also Support
the drip shield and any backfilllmaterial, If used,.
placed directly above the frame and directly above:
the drip shield, along with:the backfill emplace
ment equipment,-the inspection. gantry, and the drip
shield emplacement ganty.1The drip shield-would
transmit the" weight of backfill placed directly
above it to. the emplacement drift invert structure.

The emplacement drift rail, as shown in Figures
2-7t and 2-72, is mounted on the -steel invert.
Therefore, the invert structure -would:also support
the transportation loads from the waste package
gantry.,and :the remote :inspection gantry-(CRWMS
M&O 2000aq. Section 6.4).: The inspectiongantry
is described in.Sction 25,
The rinvert structure. has three longitudinal support
beams that provide continuous support for the
emplacement pallets(Figure 2-72). Te spacing of
the gan•:y rail centerlines accomodates'the drip
shield gantry, used for shield emplacement opera-
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tions.: Aflter all the assembly details are specified,
he: invert design will be checked against dynamic
seismic loads to:.ens.ur structural integrity and to

ensure that the Ioided pallet •and. drip shield do:not
move significantly;. from -their original locations
because of seismic events .(CRWMS M&O
2000aq, Section 6.4). Movement of the loaded
palletaand drip, shield can be mitigated, if neces
sary, by the installation of guide beams. made of
structuralste.e as shown in Figures 2-71 and 24-72.
The emplacement drift invert can be periodically.
monitored and repaired orreplaced as necessary to
ensuore that the. intended emplacement position of
each waste package is maittained for a preclosure
period of up to 300 years (CRWMS M&O 2000aq*
Section,6.4).

Selection of the invert struCture: materials was
based on structuraý stngth properties, compati
bility.wi*h the emplacement drift enviromnent, and
expected :ongevity. Thew., requirements. are
contained in. the Emplacent'l Drift: System
Description Documeni (CRWMS:.•M&O 2000ab,
Section 1.2t.). The structural: members of the
emplacement drift invert would: be made of ASTM
A 572/A:572M steeL A crane rail of AS•M A 759
carbon stce :would be used for the gantry raiL
Compatibility of the carbon steel invert materials
with: the materials forming the drip shield base is
being evaluated-to determine the poltential. elffect$
of corrosion, The, shield plates for the drip shields
would be1made with• Titanium Grade 7, and the
drip shield structural members would be made with
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resulting from consolidation would be small

Titanium Grade 24 (CRWMS M&O 2000ap,
Section 4.1). A structural angle of Alloy 22 would
be used as a base (at the bottom of the side plates of
the drip shield) to separate the titanium materials
from the carbon steel invert materials (CRWMS
M&O 2000aq, Section 6.5).
2.4.1.2

enough that the ballast would prevent the backfill
material, if used, from migrating under the bottom
of the drip shield during placement.
2.4.2

Invert Ballast

The repository subsurface layout is configured so
moisture entering the emplacement drifts during
preclosure and postclosure periods can drain
directly into the surrounding host rock without
draining along the drift. A design criterion requires
that the invert ballast material be crushed tuff
(CRWMS M&O 2000aq, Section 4.3.3). Crushed
tuff would be produced by crushing the material
removed from Yucca Mountain in the process of
excavating the emplacement drifts. Because of the
inherent resistance of crushed tuff and carbon steel
to the thermal loads expected, these materials will
not be affected by the temperatures expected in the
emplacement drifts (CRWMS M&O 2000aq,
Section 6.5). The principal function for the invert
ballast material as an engineered barrier is to
provide a layer of material below the waste pack
ages in which the transport of radionuclides from
the emplacement drifts into the host rock is domi
nated by diffusive transport, which is slower than
the kind of flow expected to occur in rock frac
tures. Radionuclides would only be released into
the emplacement drifts after deterioration of the
waste packages results in the release of radionu
clides to the environment. It is expected that
crushed tuff ballast materials will provide such a
barrier (CRWMS M&O 2000aq, Section 6.4).
Materials and their properties are being tested and
investigated; the results of those investigations will
be incorporated into future design enhancements.
Ballast material would be placed in and around the
steel members of the invert structure to an eleva
tion just below the top of the longitudinal and
transverse support beams (Figures 2-71 and 2-72).
This level of fill will ensure that the pallets and
drip shields do not rest on the ballast material, but
are fully supported by the steel invert beams. The
ballast material would be sufficiently compacted to
consolidate it to the point where settlement of the
ballast over time would not be significant. The gap

Ground Support

The primary purpose of ground support systems is
to maintain the stability and geometry of the
emplacement drifts during preclosure. However,
some ground support systems (see Section 2.3.4.1
for a description) offer secondary benefits as engi
neered barriers.
The VA design (DOE 1998, Volume 2) used a
precast concrete liner as the ground support for the
emplacement drifts. This type of ground support
system would offer some additional value as an
engineered barrier by serving as a barrier to flow
into the drift. The precast concrete liner would not
prevent water from entering the drift, but would
serve as a diversion barrier by forcing water to
follow the path of least resistance. This engineered
barrier function, however, would last only while
the concrete liner remained intact, and concrete
may raise the alkalinity in the drift, adversely
impacting the containment of radioactive mate
rials. Consequently, the concrete liner in the
emplacement drift was eliminated from the design
described in this report.
The concrete liner design for the ground support
system for the emplacement drifts was replaced
with steel sets with welded-wire fabric and rock
bolts. Like the concrete liner, these types of struc
tures support waste isolation by preventing rockfall
during preclosure. This report and its supporting
documents currently support the use of steel sets,
in addition to rock bolts and steel wire fabric, to
enhance the reliability of the no-maintenance or
low-maintenance design concept for the emplace
inent drifts. However, concerns aboutintroduction
of man-made materials into the emplacement drifts
may cause future changes in the design. Deteriora
tion of steel products over time results in iron
oxide by-products that may potentially impact the
longevity of waste package materials and the trans
port of radionuclides away from the drift. This
concern, if proven valid and significant, may result
in a requirement for minimization of steel products

2-151

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. I
in the emplacement drifts, which may shift the
emphasis to a ground support design that relies
mainly on rock bolts and steel wire fabric or other
attractive design options.
2.4.3

Support Assembly for the Waste
Package

pallet assembly (Figure 2-51). These pallet tubes
would be fabricated from Stainless Steel Type

316L for corrosion survivability (CRWMS M&O
2000ap, Section 4.1). The Alloy.22 supports have a
V-shaped top surface to accept all waste package
diameters (CRWMS M&O 2000ap, Section 6.2.1).

In accordance with project design criteria, the
invert and the emplacement pallet must maintain
the waste package in its nominal emplacement
position for 300 years. This requirement satisfies
waste package retrieval needs, if that option is
exercised. Another design criterion for the invert
and the emplacement pallet is that they shall main
tain the nominal horizontal emplacement position
of the waste package for 10,000 years after closure
(CRWMS M&O 2000ap, Section 4.2). This crite
rion supports waste isolation by keeping the waste
package under the drip shield, where it is less
vulnerable to rockfall or degradation from water
induced corrosion.
The design of the emplacement pallet fulfills these
requirements by using construction materials that
will last 10,000 years, and by providing structur
ally sound and stable invert and pallet designs.
Horizontal movement of the waste package over
10,000 years may be caused by support beam
corrosion, ballast settlement, and seismic activity
(CRWMS M&O 2000ap, Section 6.2.2). Support
beam corrosion and ballast settlement will be eval
uated during later design phases, as will the
seismic response of the emplacement pallet loaded
with a waste package.
2.4.3.1

steel tubes to form the completed emplacement

Pallet Design

The pallet design supports line-loading of waste
packages by allowing placement of waste packages
end to end within 10 cm (4 in.) of each other. The
pallet is shorter than the waste package (Figure
2-52), so it does not interfere with the close place
ment requirement.
The emplacement pallets would be fabricated from
Alloy 22 plates welded together to form the waste
package supports. Alloy 22 is highly resistant to
corrosion. Two supports, one at each end of the
pallet, would be connected by four square stainless

All surfaces of the emplacement pallet that contact
a waste package outer barrier would be Alloy 22,
the same material as the outer barrier (CRWMS
M&O 2000ap, Section 6.2.2).
Calculations determined the dimensions required
of emplacement pallet components to keep stresses
within the allowable limits while under static
loading. These calculations were performed for an
emplacement pallet loaded with the heaviest waste
package and resting on the invert (CRWMS M&O
2000ap, Section 6.5). Stress corrosion cracking is
not considered an issue for the emplacement pallet
because the waste package loads acting on the
supporting surfaces are compressive loads. Thus,
the emplacement pallet plates would not be suscep
tible to stress corrosion cracking. Corrosion during
the first 300 years would be negligible.
In summary, the prevention of stress corrosion
cracking, in conjunction with the corrosion resis
tance of Alloy 22 and Stainless Steel Type 316L,
will contribute to long-term pallet integrity. This,
in turn, will ensure that the pallet will maintain the
waste package in its normal emplacement position
for a preclosure period of up to 300 years
(CRWMS M&O 2000ap, Section 6.5). The same
factors will contribute to the ability of the pallet to
maintain the waste package in its nominal hori
zontal position for 10,000 years after closure.
2.4.3.2

Pallet Interface with Invert

As explained in Section 2.4.1.1, the steel invert has
transverse support beams that rest on the rock wall.
Attached to these transverse support beams are
three longitudinal support beams that provide
continuous support for the emplacement pallets
(Figures 2-71 and 2-72). The transverse support
beams and longitudinal support beams thus transfer
the waste package load to the rock at the points
where the transverse beams rest on the rock wall.
The steel invert materials would be fabricated in
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panels consisting of longitudinal and transverse
support beams with attached base plates. Adjacent
panels would be attached by bolting or welding.
2A.4.4

The drip shields must also withstand the static
loads from backfill (if used) and rock from the
design basis rockfall without exceeding 20 percent
of the yield strength of the drip shield materials.
This requirement is needed to prevent stress corro
sion cracking (CRWMS M&O 2000ap, Section
4.2.3).

Drip Shield

Design requirements for the emplacement drift
system (CRWMS M&O 2000ab) state that drip
shields be installed over the waste packages before
closure. After closure, and after the heat produced
by the waste packages has dissipated, moisture
may enter the emplacement drifts in liquid form or
as water vapor. The function of the drip shields is
to divert the liquid moisture that drips from the
drift walls, as well as the water vapor that
condenses on the drip shield surface, around the
waste packages and to the drift floor, prolonging
the longevity and structural integrity of the waste
packages, The drip shields are designed to link
together, forming a single, continuous barrier for
the entire length of the emplacement drift. Table
2-22 summarizes the preliminary engineering spec
ifications for the drip shield design.
Table 2-22. Drip Shield Design Detail
Item
Detail
Material
"*15-mm water diversion surfaces Titanium Grade 7
"*Structural members
Titanium Grade 24
"*Stands (feet)
Aloy 22
Dimensions
"*Height
2,585 mm (overlap end)
2.521 mm (butt end)
"•Width
2.512 mm (overlap end)
2,505 mm (butt end)
"*Length
6,105 mm
- Weight
3.087 metric tons
Source: CRWMS M&O 2000at. Attachment II.

The design requirements for drip shields include
corrosion resistance as well as structural strength.
Corrosion resistance is required so the drip shields
can perform their moisture diversion function with
high reliability for 10,000 years. Structural strength
is required so the drip shield can protect the waste
package against damage by rockfalls resulting
from degradation of the drift walls, withstanding
damage from rocks weighing up to 6 metric tons
(CRWMS M&O 2000ab, Sections 1.2.1.14 and
1.2.1.15).

2.4.4.1

Drip Shield Design

Figure 2-73 illustrates the drip shield design. The
drip shield would be fabricated from Titanium
Grade 7 plates for the water diversion surfaces,
Titanium Grade 24 for the structural members, and
Alloy 22 for the feet. The Alloy 22 feet would be
mechanically attached to the titanium drip shield
side plates, since the two materials cannot be
welded together. The Alloy 22 feet prevent direct
contact between the titanium and the carbon steel
members in the invert, which could result in
hydrogen embrittlement of the titanium (CRWMS
M&O 2000ap, Section 6.1.1). All the drip shields
would be uniformly sized, so one design will
suffice for any waste package size. As Figure 2-74
illustrates, the drip shield sections interlock to
prevent separation between sections. The inter
locking is accomplished by using pins and holes
and also by using an overlapping section with
connector guides.
To provide long-term protection against corrosion,
the drip shield would be manufactured entirely of
Titanium (Grades 7 and 24) and Alloy 22. Calcula
tion results have verified that the long-term static
stresses that could lead to stress corrosion cracking
will remain below 20 percent of the yield strength
of the materials in the drip shield components
(CRWMS M&O 2000ap, Section 6.1.2.7). A
Titanium Grade 7 thickness of 15 mm (0.6 in.) has
been selected for long-term corrosion resistance.
Calculations have verified the adequacy of this
thickness and material grade. Titanium Grade 24
was selected for the structural components because
of its superior strength in comparison with Tita
nium Grade 7. The required dimensions for the
Titanium Grade 24 structural components, shown
in Figure 2-75, have been defined by structural
calculations (CRWMS M&O 2000ap, Section

6.1.2).
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The geometry of the drip shield design will divert
dripping water around the waste package and onto
the emplacement drift floor. The interlocking
mechanisms of the drip shield include water diver
sion rings to divert dripping water at the seams
between drip shield segments and around the waste
packages to the emplacement drift floor.
2.4.4.2

Drip Shield Interface with Invert

The drip shield feet would rest on the transverse
support beams of the drift invert and alongside the
longitudinal guide beams, as Figure 2-71 illus
trates. The guide beams are also shown in Figure
2-72. The primary purpose of these longitudinal
guide beams is to center the emplacement pallet;
however, they also create a separation barrier
between the pallet and the drip shield.
2.4.4.3

0

Drip Shield Emplacement

A drip shield emplacement gantry would emplace
the drip shields (CRWMS M&O 2000ar, Section
6.1). The emplacement gantry is designed specifi
cally to emplace drip shields over emplaced waste
packages in the 5.5-m (18-ft) diameter emplace
ment drifts. The drip shield emplacement gantry
design is based on the waste package emplacement
gantry design, with similar structural and mechan
ical components. In addition to the drip shield
emplacement gantry, other equipment used in drip
shield emplacement operations includes:

"• A flatbed gantry carrier railcar
"• A flatbed railcar for transportation of the drip
shields

"* A locomotive to move the railcars.
The drip shield emplacement operation is similar to
the waste package emplacement operation
described in Section 2.3.4.5. The locomotive and
the gantry carrier would transport the drip shield
emplacement gantry to the emplacement drift
turnout After following the same sequence of
events for switching to remote control operation of
the locomotive and opening the drift isolation
doors, the gantry carrier would dock at the
emplacement drift. The remote control operators
would then drive the drip shield emplacement
gantry into the drift and put the gantry on standby

inside the drift until a drip shield is delivered to the
emplacement drift entrance. After a drip shield
carrier car docks at the emplacement drift, the drip
*shield emplacement gantry would move over a drip
shield by straddling the railcar. The gantry would
engage the drip shield using a set of four lift pins
that engage lifting plates on the shield. The gantry
would lift the drip shield off the railcar, then carry
the shield through the emplacement drift and over
the waste packages to emplace the shield (CRWMS
M&O 2000at, Section 6.1). Figure 2-76 shows the
drip shield emplacement gantry. An insert on this
figure shows the lift plate and lift pin interface.
The weight of each drip shield unit has been esti
mated at about 3 metric tons (CRWMS M&O
2000ar, Section 5.4), but an upper-limit bounding
value of 4 metric tons was used in the design. The
lifting mechanism on the gantry uses ball-screw
jacks, a common form of screw jack used for
lifting heavy loads, to raise the drip shields. This
mechanism has longer duty cycles and higher effi
ciencies than typical machine screw mechanisms.
The gantry frame is a steel structure designed to
support its own weight, the weight of the drip
shield, and any seismic loads. The gantry would be
self-propelled, using four two-wheeled trucks, with
one truck placed at each corner of the gantry frame.
A direct-current, variable-speed electric motor
would drive one wheel in each truck through a gear
reducer and chain drive. An integral brake within
the direct-current electric motor would provide
braking. Integral brake motors would work in a

fail-safe configuration: if the electric motor loses
power, a spring mechanism would automatically
apply the brakes. All motors (including the
ball-screw jack motors) and any other operating
components of the gantry would be electrically
operated and controlled (CRWMS M&O 2000ar,
Sections 6.2.1 and 6.2.3).
The frame for the drip shield emplacement gantry
would be made of ASTM A 36 steel and fabricated
following American Welding Society standards.
The selection of ASTM A 36 steel, or possibly
other high-strength steels, will be reevaluated
during final design of the gantry. The gantry frame
and lifting mechanism dimensions would be sized
to provide sufficient clearance for the drip shield
over the rail transporter and emplacement drift
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Figure 2-75. Drip Shield Structural Components
Support beams, bulkheads, and support plates give the drip shield the strength and structural rigidity required to
withstand backfill, ifused, and rockfal. All measurements are in millimeters. Do not scale from drawing. OD = outside
diameter, ID= inside diameter. Source: Modified from CRWMS M&O 2000at, Attachment II.
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structural invert. These dimensions also take into
account the vertical travel distance required for
lifting pin disengagement (CRWMS M&O 2000ar.
Section 6.2.3,1&igure 3).
The drip shield emplacement:gantry.: is designed to
operate -.in the harsh environment inside the
emplacement drifts,,taking into account the modcr
1l22eF), a relative
ately high temperature of(0SC

humidity ranging from 10o• 100. percent, and high
radiation levels, Operators at a remote-control
.console located at the surface would: remotely
.control the drip shield .emplaceent. gantry
(CRWMS M&O 2000ar, Section.6.2.5).

The primary source of electrical power for.the drip
shield empla-cement:gantry would be an electrified
third rail (conductor bar) system. This is the same
electrical supply system that would be- used by tle.
waste package emplacement gantry. Like the waste
package emplacement gantry, the drip shield
emplacement gantry would be supplied with redun
dant power pickup' nechanis ms to ensure a reliable
and continuous source Ofpower. The .gat' .would
also'carry an emergency backup power system tilat
would provide a limited supply of electrical power.
This backup system would provide enough power
for the gantry to lower and release a drip shield and
move to the emplacement drift entrance (CRWMS
M&O 2000ar, Section 6.2.5.1).
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Instrumentation and controls on the gantry would
consist of. high-resolution, articulaed,. closed
circuit-television cameras and a:series of high,
intensity, lights..IThe: gantry. would ..be equipped
with thermal and radiological sensing:instruments..
Onbor cabinets. and all temperature-sensitive
components would. be cooled with air-conditioning
The gantry
units mounted- on each enclosure.
would also: be equipped, with: a. iMe protection
system that would' respond. automatically if 4n.:
onboard. fre is detected. The. fire detection portion
of. the system. would: immediately notify remote
operators, through'the gantry control compute of
the location: and nature of the fire (CRWMS M&O
2000ao, Section 6.2.5.6).
Figure 2-77 illustrates a, typical section of an
emplacement drift with a series of emplaced: waste
packages of 'different. sizes and with the drip

shields in place. A portion of the drip shields has
been cut out in the illustration: for. clarity in
waste.. packagts and
showing placement of. theMO
interlocking of the drip shields.
No significant rockfiAl is anticipated!, duringj the.
preclosure perid. It is .ienvisione'd:that special
equipment or'attachments to the waste package or
drip shield -emplacement gantries will be used to
"sweep" the. mating surface of the cmplaced drip
shield on whichiithe adjicent drip shield will- be
coupled. I)ebris on the invert surface that could
interfere with. emplAcement of the. drip shields
would be removed or.'plowed aside.: These opera,
tions would :oc•ur before or during drip shield
emplacement. The design.of such: equipment will
be developed as nhede:and as the detailed subsur
face equipment designs evolve.

:Iplcal Section of Emplacement Drift with Wasto Packages an4Drip Shields in Plice
Figure
The
final2.77.
configurations of waste package emplacement and ddp seld empacemern! are Illustrated Inthis figure. A
of waste packages are shown
Illustrate the waste packages.. The different ts
to better
is providedonly.
cutaway view purposes
One siz drip shield accommodates a izes of waste Packages.
for illustraton
•r
fr
-. [
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2.5

confirmation program can be grouped into the
following types:

PERFORMANCE CONFIRMATION
FACILITIES DESIGN

This section discusses the elements of repository
subsurface design that support the Performance
Confirmation Plan (CRWMS M&O 2000ag).
Section 4.6 summarizes the objectives and scope of
the plan. Section 5.4 outlines additional testing and
evaluation performed during the preclosure years
that will support the performance confirmation
program. The description of performance confir
mation facilities provided in this section is based
primarily on Performance Confirmation Plan
(CRWMS M&O 2000ag).
2.5.1

Facilities Functions and Types

The roles of the subsurface systems in support of
performance confirmation are:
subsurface facilities
required for performance confirmation
program implementation

"Constructing the

" Supporting the installation of monitoring
equipment, instrumentation, data acquisition
systems, and data communication networks

"• Providing operations support and system
maintenance

"* Providing transportation, ventilation, and
utilities

"* Supporting planning and construction of
future facilities, as needed

"* Operating and supporting specialized
emplacement drift access equipment, such as
the remote inspection gantry.

S
0
S
S
S

Postclosure test drifts
Observation drifts
Alcoves
Niches
Boreholes.

A single type or a combination of these types of
facilities can constitute a performance confirma
tion arrangement, depending on the requirements
for access to the monitored geologic media and on
the objectives of the monitoring. For example,
monitoring the rock environment between
emplacement drifts would require a combination of
an observation drift, alcoves, and boreholes. The
observation drift would provide the main access
facility for personnel and equipment and would
serve as a ventilation airway to maintain ambient
temperatures suitable for personnel and instru
ments. Alcoves extend away from the observation
drifts, like fingers, to provide advantageous posi
tioning of monitoring equipment. Alcoves also
provide space for installation equipment (e.g.,
drilling rigs) and monitoring equipment away from
the observation drift transportation corridor. The
alcoves are designed such that they provide stra
tegic platforms from which instrumentation
boreholes can be drilled. Boreholes drilled at
different angles and to different lengths can
provide monitoring access to the rock media at
many locations around the emplacement drifts. The
boreholes used in performance confirmation will
be small-diameter, precision-drilled holes that
allow remote access to monitoring locations within
the rock. They offer a less intrusive way to reach
areas around the emplacement drifts. Niches are
small, excavated areas along the walls of the main
drifts or observation drifts that would be used for
setting up specialized instruments or monitoring
equipment, such as seismometers or data commu
nications equipment.

The subsurface systems provide facilities to
support monitoring of the natural and engineered
barriers, emplacement drift and main drift environ

ments, rock temperature and moisture regimes,
water inflow into emplacement drifts, waste
package integrity, and seismic activity. The subsur
face facilities supporting the performance

2.5.2

Proposed Performance Confirmation
Facilities

Figure 2-78 illustrates the proposed locations of the
performance confirmation facilities. This figure is
a layout of the potential repository that shows how
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A SeiMi Alcove
01. Seepage Alcove..

Conceptual Layout

Figure 248. SubsurfaciPerformanceConfirmation.Facilities Layoutý
This -plan view shows: the major subsurrace faicilities that support performanc confrmation activitie4 and how those
facilities relate to the rest of. the subsurface facilities layout. Source: Modifid from CRMs M&O. 2000ag-. Figure
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the prposed performance confirmation facilities
have been completely integrated into the :overall
repository design for-the: bst use of aceess, trans
portation, and ventilation networks.
2SI.2.1

Postclosure Simulation Test Area

The'Postclosure Simulation Test Area consists of a
single testdrift;,located at the edge of the emplace
ment horizon, with similar physical characteristics
to :a representative emplacement drift.This test
drift would be separated intoStet sections, which
would allow for the simulation o*rseveral different
test cases.- ithin a particular test section, 'heaters

or actual waste packages would be emplaced for a.

period lotng enough to allow for heating and.drying
effects on, the-adjacent rok mass. After a
"prescribed time, :he postclosurcconfiguration
would be :constructed in the section". with:heater
equipped surrgle or actual waste pakages, and
Sdrip shields, Usingexpcted postclosure configura
tions. Instruments would bc.placed in the drift from
adjacent alcoves associated w'th an observation
drift (Figure 24-9) located below the emplacement
1Jevye.i The alcoves:would be located below the
postclosure test drift to minimize .any potential
impact on the moisture flow :around the:test drift
opening (i.e., the near-field
dgeohydrology).

tfnstrnustuSoreho s(TyIasl)

Te
Section
=

7

JO

$ec8in

100 m

:Ikt

Tet"

./j

3•-
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Figure 2-79. Conceptual Configuration for Postclosure Simulation Test Sections
The Initial .oneor two drifts In the :northern section of.Jhe;repoty:oobl::k would be dedicated to performance
-confnimaboi activities:. -seing As postclosure test.drifts. Both real ind dummy, waste ipackages would be used in
these aclities to €ollec performance data: nd .natural barrier. response during the emplacement Sd monitoring
phases of prec osre to spport postdosure performace asse
nts. For t arttyi oiy a potlion of the Postciosure
Simulation Test Area is illu*ated, and only a feW boreholes are ihvwn. S:oure!. Modified from CRWMS M&O
.2000ag, figure. -3.
"
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and data processing center at the repository surface
facilities.

Alcoves at this location would also permit moni
toring of the rock mass response below the drift,
where greater temperature and response may be
expected (CRWMS M&O 2000ag, Section 5.3.2).
Figure 2-79 provides a conceptual layout of the
Postclosure Simulation Test arrangement, showing
the relative locations of the test drift, observation
drift, and alcoves. Also shown is a typical pattern
of boreholes drilled into the rock from the alcoves
and reaching areas in the rock around the test drift.
2.5.2.2

Observation Drifts

Figure 2-78 illustrates the proposed observation
drifts. All are aligned parallel to the emplacement
drifts and located along the centerline of the rock
pillars but at different elevations than the emplace
ment drifts. Observation Drift #1, located below
the emplacement drift horizon, is associated with
the Postclosure Simulation Test area discussed in
Section 2.5.2.1. Observation Drift #2 would be
located above the emplacement drift horizon,
within the first panel of emplacement drifts. Obser
vation Drift #3, also located above the
emplacement drift horizon, would be at about the
midpoint in the repository block. Observation
Drift #4, located above the emplacement horizon,
would monitor the southern extension of the repos
itory block. The existing ECRB Cross-Drift is also
being proposed as an observation drift from which
several emplacement drifts in the central area of
the repository can be monitored.
These observation drifts and associated alcoves
would be used to monitor the thermal-mechanical
hydrologic coupled processes in the rock. Moni
toring these processes, along with the changes
caused by the heat from emplaced waste and the
eventual reduction in heat from spent nuclear fuel
decay, is important in demonstrating repository
performance (CRWMS M&O 2000ag, Section
5A.1.2). Sensors to measure process parameters
(see Section 4.6) would be installed and grouted
into the boreholes. Data acquisition and communi
cation equipment attached to the sensors would be
located at the alcoves. The data communication
lines would be linked to a central communications
network, using fiber-optic cables leading from the
alcoves to the performance confirmation control

Observation Drift #1 would be located approxi
mately 10 to 15 m (35 to 50 ft) below the
emplacement drifts, while Observation Drifts #2,
#3, and #4 would be located approximately 15 to
30 m (50 to 100 ft) above the emplacement drifts
(CRWMS M&O 2000ag, Figure 5.5). These drifts
will be thermally affected by the heat of the
emplacement horizon; however, the separation will
be enough to make the observation drifts accessible
to personnel without additional ventilation. Rock
temperatures around the observation drifts have
been estimated to peak at about 46 0C (I 150F)
during the preclosure period for the design and
operating mode presented in this report. Therefore,
the observation drifts will be exposed to rock
temperatures within the design conditions for
human access during the preclosure period without
the aid of additional ventilation. Airflow can be
maintained and regulated, as needed, to maintain
the drift temperatures at a more comfortable level
for human access. The pattern for ventilation of the
observation drifts would be similar to the pattern
for ventilation of the emplacement drifts: fresh air
would be supplied at both ends of the observation
drifts from the east and west mains and exhausted
through a raise connected to the service side of the
exhaust main. Figure 2-80 illustrates a typical
layout for the ventilation system in an observation
drift. The observation drifts would be at a different
elevation plane than the east and west mains; there
fore, ventilation raises at the ends of the
observation drifts would connect the drifts to the
main drift airways. Ventilation regulators would
control the airflow to the observation drifts, as
needed (CRWMS M&O 2000x, Figure 1).
Observation drifts may be equipped with rail for
transportation of drilling and other heavy equip
ment into the drifts.
2.5.2.3

Other Performance Confirmation
Facilities

The ventilation cross-drifts excavated parallel to
and between emplacement drifts, at the same
elevation plane, provide advantageous locations
from which to drill boreholes into the rock pillars.
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Main

c..ArPJ1S.Fg.oI a1
Exhaut Main-DlftAirflow.Concept
Figure 2-80.' Observation
As illustrated in this figure, vedtical raises are usedlto connect the observation drifts to the ventilation air supply from
the east and West mains; another raise exhausts the. air to the service aide (unhealed air) of the exhaust main.
PC pertormance confirmation. Source: CRWMS M&O2000x, Figure 3.

These cross-drifts could therefore be used for addi
tional monitoring installations,.as neeed.

Figure.2-78 also shows: the proposed locations of:

The ECRB Cross-Drift ,(Figure 2-78), located
approximately 15 to 30 m.(49 to .98 f) above-the
emplacemeht drifts. also offers at potentially suit
able platform for performance confirmation
facilities. With the use of alcoves and •intrumenta
tion boreholes, Anine emplacement drifts could be
monitored from this position.

be monitored around theperineteri of the emplace
meat block. In situ monitoring of seepage would
require short alcoe hermetically sealed :from the

six seepage alcoves, where percolation: from the

rock strata above the emplacement. horizon would

Figure 2-.78 also shows the location orthe existing
Drift ..Scale Test near the north ramp curve. After
the test is completed, this facility will' probably
continue to serve performance confirmation func
tions during the pieClosure period. The figure.also
shows the proposed location for the Seal .-Test Area,
where constructibility and performance testing of
the ramp ,:and .:shaft:.:seals would be performed in
support of the performance confirmation prbgram.
Several performance'confirmation: facilities would
eiher
be located along.the main drifts, inialcoves
or niches. Figure 2-78 shows .proposed. locations
for two seismic alcoves to -be equipped-: ith seis
mometers at opposite ends of the repository block.,
Seismic facilities would monitorlthe subsurface
response at -the repository horizon level to :seismic
events. This subsurface seismic monitoring would
require short alcoves, or niches, to .house and
protect a data acquisition system installed adjacent
to a borehole containing a seismic probe :(CRWMS
M&O2000ag, Section 543.1.3A).

ventilation system with bulkheads. Inspection or
Smaintenance of instrunentation inside the sealed
.alcoves would require access.through thebulkhead
seal (CR WMS M&O 2000ag, Section 5A. 1.3.2).
:2.5.3

2.5.3.1

Subsurface Performance Conirrmation
Suppot :Facilitles
Data Acquisition Support Facilities

The subsurface data collection: system would
conisist of groups Of instruments reporting to a
.single -local data acquisition system. The data
acquisition system would collect data ftrm the
integrated instruments ait set Intervals, using
input/output boards. The data zacquisition system
would store the data locally.
These local data acquisition systems would collect
and transmit data from the various .repository
monitoringareas.to0 a-surface-based :data:control
and storage facility.: Based on current technology,
data acquisition systems would :transmit data
through controller boards, over fiber-optic trunk
lines Installed in access ways and along observa
tion drifts, and Ito the surface data control facility
.(CRWMS M&O 2000ag. Section 5.4. [A).
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2.$.2

Mobile Vehicle Controi Systems

In addition to the stationary control system, mobile
performance confirmatio systems, such as. the
remote insp"ction gantir: (Figure 2-81), would
collect data. Such equipment jwould also be
controlled from the surface facilitiesduring moni
toring incursirons. ,into6 thbe emplacCment:drifts.. A
mobile vehicle operations control: system and an
associated communications: tiasmission system
would be required to collect data from both mobile

and stationary instruments and to provide real-time
data to-control these moving observation: platforms
accurately and. safely. Microwave or radio wave
transmissions from the gantry would be collected
by in-drift wircs and transmitted through a subsur
face. network: to an operator control station. at the
surface. 1The operator.control station would control
and monitor a.variety of systems throughout the
repository, in.: addition :to the mobile: equipment
(CRWMS M&O 2000ag, Section 5.4.1.5).

0

Figure .2-41. RomI tv Inspectlon

.on-DrIft PerformanceConfrmation Activities
Useda frGantry

A remotely operated Inspection gantry would be'used to Inspect and collect information in the emplacement: drifts
during predcosure.ights cameras, sensors, on-board computers, and robotic arms would be designed to make this.
gantry an eftcient and safe inspection tool. Source: CRVM S. M&O 2000ag, F4gure 5-1.
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3. DESCRIPTION OF THE WASTE FORM AND PACKAGING
would be accepted at the potential repository have
been allocated as follows (DOE 2002, Chapter 2):

Section 1 14(aXl)(B) of the Nuclear Waste Policy
Act of 1982 (NWPA), as amended (42 U.S.C.
10134(aXi)(B)), requires "a description of the
waste form or packaging proposed for use at such
repository, and an explanation of the relationship
between such waste form or packaging and the
geologic medium of the site." This section
describes the waste forms to be disposed, along
with their packaging; Section 4 explains their rela
tionship with the geologic medium of the site. An
explanation of the important parameters considered
in the design of the waste package is included in
this section, as is a summary of the expected
performance of the waste package design. This
section:

* 63,000 MTHM of commercial spent nuclear
fuel
* 7,000 MTHM of DOE high-level radioactive
waste, commercial high-level radioactive
waste, and DOE spent nuclear fuel.
The waste forms received at a potential repository
will be in solid form. Materials that could ignite or
react chemically at a level that would compromise
containment or isolation will not be accepted by
the potential repository. Neither the waste forms
nor the waste packages will contain free liquids
that could compromise waste containment. Mate
rials that are regulated as hazardous waste under
the Resource Conservation and Recovery Act of
1976 (42 U.S.C. 6901 et seq.) will not be disposed
in the potential repository (DOE 1999c, Section
4.2.3).

"* Presents an overview of the waste forms and
the waste package designs

"* Describes the waste package, its design
bases, and its functions

" Discusses in detail the waste forms, the
parameters considered in designing the waste
package (and its variations), and the evalua
tions performed on the designs

Waste Package Overview-The design of a waste
package is based on the characteristics of the waste
forms that it would hold. Because commercial and
DOE high-level radioactive waste forms have
similar characteristics, both may be placed into a
waste package of the same design. This has
allowed the DOE to design waste packages capable
of accommodating all the types of spent nuclear
Sfuel radioactive waste currently
and high-level
generated or anticipated in the United States,
whether commercial or governmental.

" Describes the material selection and fabrica
tion of the waste package

" Presents the results of design evaluations of
the waste package.
Waste Form Overview-Waste forms to be
received and packaged for disposal include spent
nuclear fuel from commercial power reactors,
spent nuclear fuel owned by the U.S. Department
of Energy (DOE) (including naval fuel), and canis
ters of solidified high-level radioactive waste from
prior commercial and defense fuel reprocessing
operations, some of which would contain cans of
immobilized plutonium.

The waste package has been designed, in conjunc
tion with the natural and other engineered barriers,
to ensure compliance with applicable U.S. Nuclear
Regulatory Commission (NRC) regulations, to
contribute to safe operations during the preclosure
phase, to make efficient use of the potential reposi
tory area, and to preserve the option of retrieving
the waste. To perform its containment and isolation
functions, the waste package described in this
report has been designed to take advantage of a
location in the unsaturated zone.

Section 114(d) of the NWPA (42 U.S.C. 10134(d))
limits the first repository's capacity to no more
than 70,000 MTHM "...until such time as a second
repository is in operation." The types of waste that
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All the waste package designs consist of twdo
concentric cylinders, in which the waste forms
would. be placed. The inner cylinder would: be

composed Of Stainless Steel -Iype. 316NCX Th
cylinder would, e made of a corrosion
outer
resistant
nickel-based

alloy (Alloy 22). The waste
packtage designs: for DOE: spent nuclear fuel and
high-level radioactive waste are larger in diameter
and thicker. than those foricommercial spent
nuclear f.uel. The outer. layer of corrosion-resistant
material protects the. underly ing layer of structural
material from *corrosion,and the structural material
supports the thinner material of the outer layer.

lesSteel Type 316NC. and their thickness will
vary, depending on the waste package design. In
addition to the inner and outer lids, an Alloy 22 lid

on the. closure end of the waste packago. (flat
closure iid)':Would poide additional protection
against stress corrosion -,cracking in. the closure
weld area.

placed over the
I
A titanium drip shield wouldbe
waste package before the cpository isiclosed.-This
drip shield would protect the waste package against
rockfal! and dripping waten. Figure3,1 -illustrates.
the waste package and drip shield materials.
Before the double-walled waste package is sealed,
helium :would be added as a fill gas. The: helium
will prevent oxidation of the waste form and help

Each waste package design has: outer and inner
lids. The outer (closure) lids would: be made of
Alloy 22. The inner lids. would be made, of Stain-

.Spent Nuclear.Fuel

"DripShield.

0/

Corrosion-Resistant
15 mm Titanium Grade.?

Waste Paa•gebuter lrloer

Corrosion-Res~stan Alloy 22.

Waste Packae
C SEmplacment Pallet

Structural Reinforcement
St:ainl Steel Ty 316N0.

Aal oy22 and Stainless
Drift nSteel
Type 316L
Figure 34. Cross-ectlonal illustratlontof an Alloy: 22 and Stainless Steel Emplacod Dual-Metal Waste
Package
The figure ilus*Vtel a Waste package supported on an emplacement pallet and covered by a titanium drip shield,
showing multiple: engineered barriers that: provide defense in depth:. The-r,use of engineered barriers of different
materials protects against common mode failures
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unique permanent: identifying label (CRWMS
M&O 2000au, Section.1,2j..14).

transfer heat from the waste form tothe wall of the
inner shell of.the wastez package. Transferring Iheat
away from the waste form -is an important means of
controlling waste form temperatures; This helps
integrity"of the metal cladding on. the
preserve
fuel rods,:thethus:
extending the life of an existing
barrier to water infiltration.
All waste package designs will use a remote
lifting-and-handling mechanism. The collar
sleeve-and-trunnion joint apparatus illustrated in
Figure 3-2. will allow the necessary handling of the
waste package before it: is placed on an
:emplacement pallet and transferred to the desig
nated drift. Each waste package .would also have a

Although!:they share: the features described previ
ously, the waste .package designs have.different
internal components to.accommodate the different
waste forms.. For: example, the waste package for
uncanistered commercial spent nuclear fuel has an
internal basket assembly to support fuel assem
bli'es. In other waste packages.(eig.. the high-level
radioactive waste -and DOE spent :nuclear fuel
waste packages), the internal basket has a different
design, or, as is the case with naval spent nuclear
fuel, the basket is contained inside the canister.
Internal components are discussed'in more detail in
the respective waste package design sections.

L
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5Ieeve
Colr Tnunnion

I norUd
Outeriurrier
Flit Lid
Inner Cy.nder (Stbaio
eeve$2
•tee
Rin
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4"Mareeve
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Nurn (Alloy 2 ) ..........
Struuurai Absorber Plate&
(vorated Sutab*%$s
Such"I
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owde
-Carbon &ter)

INla

Oukrearvier

N
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tTo Sc
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(Dlay 22)

L
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Figure 3-2. 21-,PWR Absorber Plate Wast Pckage Design.
Components for the 21-PWR .commercial spent nuclear fue awrebly with. an
•guides
are illustrated. internal strength iprWovided by carbon.:steel ituctural

plate(to prevent critlcality)
obsorer
and fuel basket tubes. Aluminum

thermal shunts assist In removing heat. and plates made: f.a8 stainles.steel end.boron alloy assist n6preventing
criticality by absorbing neutrons.Temporay :trunnion o•llam- would e istalted onthe waste package to facilitate
handling operations. The inner cylinder support rng holds the Inner cylinder totheouter barrier. All waste paiage
designs have the same concept for lids, Vunnnlons. and a multilayer configuration, although Internal components vary
among designs.
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3.1

GENERAL DESIGN BASIS FOR THE

WASTE PACKA~g.:
The engineered. barrier system would be.an inipor
tant Clement'of a potential repository. The primary
Component. o the system. would. be: the -waste
.package. As9 defined in 10 CFR 63.2 (66 FR
55732), a waste package includes: the waste.. form
and any containersshielding, packing, and other
absorbent materials immediately surrounding it,
The invert material does not immedialely surround
the waste package, so it is not considered part of
the waste package. Figure 3-3. illustrates the: waste
package within the emplacement drift of the engi
neered barrier system.

Stveel

~~

Gatry
Craneal

The waste package has been designed to use mate
rials that peiftmo.wellunder the anticipated condi
tions at Yucca. Mountain. The design analyses
performed bon the. waste package includ e valua
tioons of structural integrity, thermal performance,
Criticality safety, and shielding propeies, In addi
tion, data from the material and waste form testing
programs: have been used to model both the waste
package and the cladding on the: spent nuclear fuel
as padof the total system performance.assessment
(TSPA) discussed in Section 4.
The waste packages emplaced 'in repository drifts
will be affected: by the atmosphere that surrounds
them, the water that could. come in -contact with

Pressurized Water:
Reactor Waste
Pcke

Schematd Illustration of thv: Emplacement Drift with Cutaway VMews of Different Waste
Packages
Ground support for emplacement drift walls is Illustrated in the figure, whtich also sho" three designs for dual-metal
waste packages (representing vauiouswaste: forms), a protective drip shield, and emplacement pallets suppo(tlng
Flgure 3..

the waste package above the drift flooi:
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"• Prevent adverse reactions involving the waste

them, and the movement of the host rock in which
they are emplaced. How the decay heat produced
by waste forms is managed impacts the atmosphere
surrounding the waste package. In the higher
temperature operating mode described in this
report, fuel blending would be used to manage the
amount of thermal output from the waste packages
(i.e., how much heat they emit) to ensure that
temperatures in most of the rock between the
emplacement drifts stays below the boiling point of
water.
3.1.1

form•

"• Maintain structural integrity during loading,
onsite transportation,
retrieval

emplacement,

and

Resist corrosion in the emplacement drift
environment
Provide physical and chemical stability for
the waste form

Waste Package Functions

* Promote heat transfer between the waste
form and the outside environment

Waste containment begins when the waste form is
sealed in the waste package. Once sealed, the waste
package ensures a dry and stable physical and
chemical environment for as long as it remains
intact. Engineers have designed the waste package
to work with the natural environment the material
for the outer barrier of the waste package was
selected because of its resistance to corrosion in an
environment such as the one expected at Yucca
Mountain (CRWMS M&O 2000av).

* Facilitate decontamination of the waste pack
age's outer surface.
The following sections discuss the general perfor
mance specifications that apply during repository
operations (preclosure phase) and after closure of
the repository (postclosure phase).
3.1.2

The waste package performs a number of other
functions. System Description Documents define
each function as the basis for a waste package
performance specification (CRWMS M&O
2000au, Section 1.1; CRWMS M&O 2000aw,
Section 1.1; CRWMS M&O 2000ax, Section 1.1).
The waste package, in conjunction with other
systems, has been designed to:

Preclosure Design Performance
Specifications

The performance specifications for the function
ality of the waste package during the repository's
preclosure phase are consistent with 10 CFR
63.112(b) (66 FR 55732). This regulation provides
for the DOE's analysis of the ability of the waste
package's structures, systems, and components to
perform their intended safety functions during an
accident or event sequences. For the waste
package, design basis events are determined by
identifying the functions of the waste package and
evaluating the effects on its performance of given
events that could occur during normal handling of
the waste package or during a credible accident
scenario (i.e., events that have at least I chance in
10,000 of occurring before permanent closure of
the geologic repository) (CRWMS M&O 2000ay,
Section 4.2.1).

"* Restrict the transport of radionuclides
"* Provide criticality protection during waste
package loading and emplacement

"* Manage the decay heat for the potential
repository

"* Provide identification (i.e., each waste
package will be uniquely labeled and its con
tents identified)

These event sequences and their effects on perfor

mance were defined by reviewing the Preliminary
MGDS HazardsAnalysis (CRWMS M&O 1996a),
studying NRC standard review plans for similar
facilities (e.g., the StandardReview Planfor Dry

"* Enhance the safety of personnel, equipment,
and the environment
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Cask &orage Systems [NRC 1997]), and consid
ering current surface and subsurface design infor
mation. This review process led to the classifica
tion of two types of event sequences that might
affect waste packages during the preclosure period:
internal (normal operations, mechanical or other
failures, and operator error) and external (natural
phenomena and man-made events not initiated by
repository operations). The results constituted a
bounding list of preclosure event sequences that
could affect the waste packages. Using this list,
engineers performed structural, thermal, and criti
cality analyses of the impacts such events could
have on waste package performance (CRWMS
M&O 2000ay). The event sequences were devel
oped early in the design process and were based on
conceptual designs for commercial spent nuclear
fuel. The fuel design has evolved, but the event
sequences evaluated still represent plausible acci
dent scenarios that can be used to evaluate the
adequacy of the waste package designs.

3.1.4

An analysis was undertaken to determine the
number of designs needed to handle the different
waste forms that would constitute the anticipated
waste stream in the most economical manner
(CRWMS M&O 1997b). The objective of the eval
uation was to determine:

"* The number of different waste package
designs needed

"• The capacity of each waste package design
(i.e., the amount of waste it would hold)

"* The limits on spent nuclear fuel properties
(e.g., age, thermal characteristics) that might
apply to each waste package design.
The complete system of waste package designs is
intended to allow reliable disposal of those waste
forms that a repository would accept while still
enhancing overall efficiencies.

Table 3-1 summarizes the complete list of event
sequences (CRWMS M&O 2000au, Section 1.2.2),
which constitute the performance specifications for
the waste package and support the waste package
function specifications. In accordance with NRC
*guidance, designers considered many other types
of events. However, because some events are either
very low probability or their consequences are not
significant, they were not included in the safety
analysis. Section 3.5 presents the results of repre
sentative design evaluations for select waste pack
ages.
3.1.3

Design Descriptions

To determine the most efficient set of waste
package designs for commercial spent nuclear fuel,
the DOE designed waste packages of various
assembly-holding capacities and incorporated into
the design methods for removing decay heat and
preventing criticality. This resulted in the selection
of a set of five waste package designs as the most
efficient means of accommodating the anticipated
waste stream of commercial spent nuclear fuel. A
similar process led to three designs for' DOE non
naval spent nuclear fuel and DOE and commercial
high-level radioactive waste. Two other designs are
specific to naval spent nuclear fuel, which will
arrive presealed in canisters (CRWMS M&O
2000az, Sections 4.2 and 4.3). Some DOE non
naval spent nuclear fuel will be loaded into waste
packages with high-level radioactive waste; this
DOE spent nuclear fuel and high-level radioactive
waste will also arrive in presealed canisters. Table
3-2 lists the waste package designs and a descrip
tion of each. Table 3-3 provides a breakdown of the
percentage of waste packages by waste package
design and the percentage of MTHM by waste
package design. Figures 3-4 and 3-5 illustrate the
waste forms and associated waste package designs.

Postclosure Performance Specification

10 CFR 63.113(b) (66 FR 55732) requires the
entire repository system to meet specific dose
limits for 10,000 years. The waste package is one
of many barriers relied upon to meet this limit. The
DOE's objective is to design a waste package that
works in concert with the natural environment to
meet performance standards while reducing the
uncertainty associated with the current under
standing of natural processes at the site.

3-6
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Table 3-1. Bounding Event Sequences for Waste Packages
Analysis Type

.4

Event Group

4

I

Event

4

Failing Objects
Side Impact on
Waste Package

Rockfall from the drift
onto the waste
package

Falling ObjectsEnd of Waste
Package Impact
Waste Package
Vrtical Drops and
Waste Package End
Collisions
Waste Package
Horizontal Drops and
Waste Package Side
Collisions

Handling equipment
drop onto the waste
package
Waste package
vertical drop from the
disposal container cell
crane
Emplacement drift
ganty drops waste
package

Puncture Hazards

Structural

-I

Waste package falls
onto a sharp object
while being
transported In a

Performance Specification
Withstand 13-metric ton (14-ton) rock falling 3 m (10 ft). Drop
height based on a 6.5-m (18-It) drift and a distance of 2.4 m
(a It) between the top of the drift and the top of the waste
package (CRWMS M&O 1999h, p. 40)8
Withstand 2.3-metric ton (2.5-ton) object falling 2 m (6.6 fIt).
Drop height based on the distance between the handling
equipment and the top of the waste package
Withstand 2-m (6.6-fl) drop. Drop height based on the
maximum crane hook height; the bottom of the waste package
cannot be lfted higher than 2 m (6.6 ft) above the floor

Withstand 2.4-in (8-fl) drop

Withstand 2-m (6.6-fl) horizontal drop onto a steel support or
2A-m (6-fl) horizontal drop onto a concrete pier, whichever is
worse

horizontal position

Tipover

Tipover due to vertical Withstand tipover from a vertical position onto a flat surface

Seismic Activity

Earthquake

Transporter
Runaway
Fuel Rod
Rupture/Internal
Pressurization

Thermal and

Thermal Stresses
and Peak Waste
Temperature

drop or seismic event

Maintain structural Integrity and prevent Utpover during a
design basis earthquake
Withstand Impact of a valve stem weighing 0.5 kg (1.1 Ib), with
a 1-cm (0.39-in.) diameter, Inside a valve with 5 cm (2 In.) of
packing and under a system pressure of 2.1 MPa (305 psi).
which has become a missile with a velocity of 5.7 Wes (19 rs)

The missile Identifed
was a valve stem
being ejected at the
surface facility
Failure to maintain the
transporter at or below Withstand maximum Impact from a transporter runaway.
the maximum speed, derailment, and Impact at a speed of 63 km/hr (39 ml/hr)
limit
100% fuel rod rupture Withstand Internal pressure of IMPa (146 psi)
and fission gas release

Fire In disposal

Survive a fire, defined as exposure of whole waste package for
not less than 30 minutes to a heat flux not less than that of a
thermal radiation environment of 8000C (about 1,1500F) with
an emissivity coefficient of at least 0.9. Surface absorptivlty
must be at least 0.8. Ifsignificant, convective heat transfer
must be considered on the basis of still air at 800"C (about

Criticality scenario
Inside a waste
package

The effective multiplication factor (kJ,) is less than or equal to
0.95 under assumed accident conditions, considering
allowance for the bias in the method of calculation and the
uncertainty In the experiments used to validate the method of

1,500"F).

Criticality

Criticality Safety

calculation

NOTE:

'This rock size requirement was lowered to 6 metric tons (BSC 2001m) since completion of the rock fall analysis in
support of a potential site recommendation (CRWMS M&O 2000au, Section 2.5.2.1).

0
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Table 3-2. Waste Package Design
Waste Package Design
21-PWR Absorber Plate
od
21-PWR Control ReI

Description
Capacity:. 21 commercial pressurized water reactor assemblies and an absorber plate for preventing
criticality.
water reactor assemblies with higher reactivty. requiring
Capacity:. 21 commercial pressurized
additional criticality control that is provided by the placement of control rods Inall assemblies.
Capacity:. 12 commercial pressurized water reactor assemblies and an absorber plate for preventing
criticality; longer than the fuel assemblies placed inthe 21-PWR packages. Because of its smaller
capacity, itmay also be used for fuel with higher reactivity or thermal output.
Capacity:. 44 commercial boiling water reactor assemblies and an absorber plate for preventing

12-PWR Long
44-BWR

criticality.

24 commercial boiling water reactor assemblies with higher reactivity, requiring a thicker
Capacity:.
absorber plate to prevent criticality than that used Inthe 44-BWR design.

24-BWR

Capacity:. 5 short high-level radioactive waste canisters and I short DOE SNF canister. When high
level radioactive waste includes immobilized plutonium cans, no DOE spent nuclear fuel is placed in
5-DHLW/DOE SNF Short
the center.
Capacity:. 5 long high-level radioactive waste canisters and I long DOE SNF canister.0
5-DHLW/DOE SNF Long
Capacity:. 2 DOE multicanister overpacks and 2 long high-level radioactive waste canisters.
2-MCO/2-DHLW Long
Capacity: I short naval SNF canister.
Naval SNF Short
Capacity. 1 long naval SNF canister.
Naval SNF Long
NOTE: *'DOEnon-naval spent nuclear fuel

Table 3-3.

Percentage of
Waste
Packages by
Waste
Waste Package
Package
Design
Design
38%
21-PWR Absorber Plate
1%
21-PR Control Rod
2%
12-PWR Long
25%
44-BWR
24-BWR

5-DHLWIDOE SNF
Shorts
5-DHLW/DOE SNF

Long'

2-MCOf2-OHLW Long
Naval SNF Short
Naval SNF Long
NOTE:

3.2

Breakdown of Waste Packages for
70,000 MTHM
Approximate Approximate
Percentage of
MTHM by
Waste
Package
Design
55%
1%
2%
32%

1%

<1%

14%

3%

15%

4%

1%
2%
1%

<1%
01%
<1%

COMMERCIAL SPENT NUCLEAR
FUEL

Commercial nuclear fuel rods are arranged in
assemblies that range in length from about 2 to 5 m
(6.6 to 16 ft). These assemblies are arranged in a
square, cross-sectional pattern and customized to
meet the size and performance requirements of the
reactor they will fuel. The fuel rods are sealed
metal tubes, about 6.5 to 12.7 mm (0.26 to 0.50 in.)
in diameter, that contain ceramic-like fuel pellets.
The fissionable material in the fuel rods is uranium
dioxide. Fissionable material has the ability to
sustain a controlled nuclear chain reaction and, in
so doing, release energy in a controlled manner.
Spent nuclear fuel contains uranium-235 and
uranium-238, short-lived fission products such as
strontium-90 and cesium-137, and long-lived
transuranic isotopes (i.e., isotopes with atomic
numbers greater than 92) such as plutonium-239
and americium-243.

ODOE non-naval spent nuclear fuel

In most nuclear fuel assemblies, the tubes
containing the fuel pellets are made of Zircaloy, a
zirconium-based material. The generic name for
the metal that the tubes are composed of is
"cladding." Zirconium-based cladding is used for
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1Nv1a
W"aIt P•dw".

Fpgum 3-4. Waste Form Inventory
.Tihe.gure depicS th types and quantities of waste forms to be disposed In 8 fIrst repository and their representative
imits Inventory In the
Is In operation, the Nudear."ste Policy Act
ýlckage.designs. Until a second repositoryee
waste
pltium ronm weaponsprogramns Into mixed-oxide fuel for
tionlng
. Dis
irst rpositoy to 70.000
:bumup In riactors and disposal In repoitory aids.In the fight against nudear pioliferation.

98.5 percent :of Pressurized water reactor fuel
assemblies -and 99.8 percent of, boiling water
reactor fuel assemblies. The cladding on the
remainder is made of stainless steel. !Future fuel
designs are notc xpeted to¢hange from mostly
zirconiumbiased cladding (CRWMS M&O 1999a,
Section 31.1). Figure 3-6 illustrates a topeial
commercial nuclear fuel assembly for a pressurized
water reactor.
Approximately:292,000 cOmmercial spent nuclear.
fuel assemblieswill be generated by 2040: 167,000
from boiling water reactors nJd 125,000 from pres-

surized water reactors (CRWMS M&O .1999a,
Section 3."1 Tables 3 and 4); About.220,000 of
these assemblies would be emplaced in the poten

tial repository. Upto 33 metric tons of U.S. surplus
weapons-usable plutonium will be fibricated into
uranium-ptutonium :fuel (called mixed-oxide fuel)
and irradiated in commercial reactors. Use of
mixed-oxide fuel will be limited to only a few

specific commercial reactors end would involve, at
most, no more than 1,800 assemblies (CRWMS
M&O 1999a. Appendix B). Mixed-oxide rspent
nuclear fuctwould become part of the commercial
waste stream :accepted for disposal at a repository.
3.
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.21~PW
(AIbsorlbo4 PlbtW
and

12-PVVR Long

24-SWR

441-BW

2.-MCOM2OHt.W Lono

Control Rod)

5-DHLVWDOE

Navau1 SNF Short

5-DHLWIDOE

Navzd SliP Lo~ng
Q0Q2=VC.ATP..ZIS30LiIC&t

faste Package Design* with Waste Forms
Figure 3-5
'Basket is excluded from illustration fI& ariy
The waste package designs are depicted close to scale, along with the waste form configrationi contained in each
design; The 21-PWVR'waste package Is representative of both the 21-PWR .Absorber Plate and. 1-PVWRCo~nWrlRod
designs.
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Instrument Tube Figure 34;.

T

Cross-ectlonaI Illustration of a Typical Pressurized Water Reactor Fuel Assembly

'The figure shows the sper grids, which provide structural strength and maintaIn the cross-sectional configuration of
the assemhbl;cladfel rods, which contain fingertip-sized, ceramic-like fuel pelletsthat become highly radioactive in
a: reactor; and guide and instrument tubes. The array .deplcted contains 208 fuel rods, which would weigh about
Ms). and would be 4.3 m (14 11)long.
.W50.4g (1,200

Each mixed-oxide fuel assembly irradiated -and
disposed would replace an energy-equivalent
enriched uranium assembly. Preliminary evalua
tions indicate tfhat mixed-oXide fuel can be accom
modated within the suite ofwaste pflage designs
(CRWMS M&O 2000ba, p. vii).
In addition* to :standard commercial fUel assem
blies, a small portion (less;,than 2 percent) of the
canisters
spent nuclear fuel will .arrive in
containing individual fuel.rtds, Utifties repackage
fuel rods lthat 'have damaged cladding in these
canisters to co'nfin radioactive materials during
handling and shipment.. To, ensure that waste
package designs have the flexibility to accomnio
date .Canisteredlfuel, the canisters would have sizes
within the range of dimensions thai qualify as stan
dard fuel. Thus, it will be possible.to handle and.
dispose canistered fuel in the same way as uncanis3-I1

tered spent nuclear fuel assemblies (CRWMS
M&O 1999a, Section 3.2).
Most commercial spent nuclear fuel assemblies
would arrive at the potential repository undamaged
and suitable for immediate'disposal, Some of the

fuel rods !in these.assemblies are expected to have
minor :defects :inheir_ cladding (iLe.,small cracks or
pinholes due to manufacturing defects or corro
sion). The iniial conditon of the cladding is
considered in the TSPA analysis (see Section
4.2,6).

Based -on prior -experience, testing, and the design
-ofthe. system and equipment, .transport will not
impact the integrity of spent nuclear fuel. Assenm
blies, canisterd or not, wouldWb placed intact into
waste packages, The entire assembly,- which may
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include nonfuel hardware components (such as
control rods), would be packaged for disposal.
3.2.1

Commercial Spent Nuclear Fuel:
Assigning the Right Waste Package

The characteristics of spent nuclear fuel assemblies
(i.e., size, thermal output, and reactivity) will be
used to select the appropriate waste package
design. The size of assemblies is used to determine
the size and configuration of the fuel within the
waste package, and to perform structural analyses
to evaluate the integrity of the waste package
during normal handling and event sequences. The
thermal output and reactivity of the fuel is used to
determine which waste package can accommodate
each given fuel assembly.
3.2.1.1

Physical Characteristics of
Commercial Spent Nuclear Fuel

The physical characteristics of commercial spent
nuclear fuel include length, cross section, weight,

and cladding. Table 3-4 summarizes boiling water
reactor assembly dimensions and weights by
related groups; Table 3-5 provides similar informa
tion for pressurized water reactor assemblies
(CRWMS M&O 1999a, Section B.1.1). The infor
mation provided in Tables 3-4 and 3-5 represents
the full inventory of approximately 292,000 assem
blies. Operating and shut down reactors are shown
in Figure 1-2 of Section 1.
Based on physical dimensions, approximately
95 percent of the fuel assemblies can be emplaced
using two waste package designs (the 21-PWR
Absorber Plate and the 44-BWR). The 12-PWR
Long is designed to accommodate assemblies from
Combustion Engineering and the South Texas
Project, which are longer than the others. Because
the 12-PWR Long holds fewer assemblies, it can
also be used to manage thermal load and criticality
concerns about fuel with higher thermal output and
reactivity.

Table 3.4. Design Basis Dimensions of Assemblies for Boiling Water Reactors
Percent of
Total BWR
Total BWR
Weight
Width
Length
Assemblies Assemblies
kg (Ib)
mm (In.)
mm (in.)
Assembly Group
207 to 268
165.1 to 183.1
2,071.6 to 2.154.0
524
(456 to 591)
(6.5 to 7.2)
(81.8 to 84.8)
Big Rock Point
125 to 218
101.6 to 160.0
2,413.0 to 3,591.5
Humbolt Bay, Dresden 1. and
(276 to 481)
(4.0to 6.3)
(95.0 to 141.4)
LaCrosseO
184,800
99
252 to 329
132.1 to 154.9
4,343.4 to 4,521.2
General Electric BWR (8x8
148
(558 to 725)
(5.2 to 6.1)
(171.0 to 178.0)
and 9x9)
mactors.
NOTES: OSee Figure 1-2 In Section I for a map of currently operating and shut down
BWR - boiling water reactor.

S

Table 3-&. Design Basis Dimensions of Assemblies for Pressurized Water Reactors

Assembly Group
Haddam Neck, Indian Point 1, San
Onof* 1, and Yankee Rowe'
Westinghouse. Babcock &Wilcox,
and Others
Combustion Engineering 16x16
and South Texas Project

Length
mm (in.)
2,837.1 to 3,561.1
(111.7 to 140.2)
3,708.4 to 4,406.9
(148.0 to 173.5)
4,490.7 to5,110.5
(176.8 to 201.2)

Width
mm (in.)
160.0 to 218.4
(6.2 to 8.6)
198.1 to 218.4
(7.8 to 8.6)
203.2 to 215.9
(8.0 to 8.5)

Weight
kg (Ib)
198 to 731
(437 to 1,812)
497 to 773
(1,100 to 1,700)
649 to 882
(1,430 to 1,940)

NOTES: OSee Figure 1-2 In Section I for a map of currently operating and shut down reactors.
PWR a pressurized water reactor.

3-12

Percent of
Total PWR
Assemblies
2

Total
PWR
Assemblies
2,460

8
14

18,900

0
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32.1.2

Thermal Output

Commercial spent nuclear fuel arriving at the
repository is expected to have a wide range of
thermal outputs. The waste package has been
designed to ensure that this anticipated range can
be accommodated in a way that supports the range
of thermal operating modes being considered for
the potential repository (see Section 2).
The key factors used to determine the thermal
output of spent nuclear fuel are its age (i.e., number
of years out of the reactor), burnup (measured in
gigawatt-days per metric ton of uranium), and
initial enrichment of fissile material (i.e.,
uranium-235 or plutonium). To cover anticipated
thermal outputs, waste package designers consid
ered the average characteristics provided in Table
3-6. Maximum characteristics were also evaluated
to ensure that these fuel assemblies could be placed
in the waste package.
Determining which waste package design can
accommodate a particular spent nuclear fuel
assembly thermally will require calculating the
assembly's thermal output at the time it is
emplaced in the repository. The appropriate waste
package is chosen to ensure that the maximum
thermal output limit is not violated. In the higher
temperature operating mode, this limit has been set
at 11.8 kW.
Of the five commercial waste package designs, the
21-PWR Absorber Plate is the most limiting in
thermal output. The characteristics of spent nuclear
fuel assemblies loaded into this waste package type
will be carefully chosen to ensure that the thermal
output limit is not violated.

The thermal output of the waste package can be
reduced, if necessary, to accommodate either a
range of thermal operating modes or potential
changes in the characteristics of the waste stream.
Reduction can be achieved by using one or more of
the following waste package loading strategies:
(1) fuel blending (i.e., combining low heat output
fuel and high heat output fuel within a single waste
package); (2) de-rating (i.e., loading fewer assem
blies than the waste package is designed to hold);
or (3) increasing the use of the 12-PWR Long
waste package (i.e., placing high heat output fuel in
smaller waste packages). For more information on
variables that can be modified to accommodate a
range of operating modes, see Section 2.1.
3.2.1.3

Criticality Control

Waste package designs will be evaluated to ensure
that subcritical limits can be met, as well as the
thermal limits described in the previous section. As
Section 3.5.2 describes in detail, loading curves
will be developed from commercial spent nuclear
fuel parameters to determine the method of loading
waste packages. This will ensure that the reactivity
of the fuel being loaded Is below the level at which
criticality could occur.
3.2.2

Commercial Spent Nuclear Fuel Waste
Package Designs

All the waste package designs for commercial
spent nuclear fuel have similar components that
perform multiple functions. Figure 3-2 illustrates a
representative waste package design. The general
features of waste package design were described in
Section 3.1; the internal components of commer
cial spent nuclear fuel waste package design are
described in this section, along with their func
tions.

Table 3-6. Fuel Assembly Characteristics at Arrival
AverageAssembly Average Assembly
Age
Bumup
Assembly Type
(years)
(GWdIMTHM)
Boiling water reactor
22.7
33.6
Pressurized water reactor
23.1
41.2
NOTES: GWd a gigawatt day. Source: CRWMS M&O 2000bb, Table 5.
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Average
Assembly Initial
mU Enrichment
(wt%)
3.03
3.75

Weight of
Heavy Metal
(MTHM)
0.200
0.475
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Internal Basket Design

Baskets are composed of interlocking plates, fuel
tubes, thermal shunts, and structural guides. These
elements will displace any water that might be
present inside a breached waste package, helping
to prevent criticality. All four elements and their
functions are described below.

internal structure created by the interlocking plates
while holding the fuel assemblies in place. The fuel
tubes provide structural strength for the internal
basket during event sequences they also help
conduct heat away from the cladding. The fuel
tubes for each waste package design are made of
SA 516 Grade 70 carbon steel that is 5 mm (0.2 in.)
thick (CRWMS M&O 2000au, Section 2.4.1.2).

Interlocking Plates-The interlocking plates set
the pattern for how the fuel assemblies will be
arranged inside the waste package. The basket for
each design is customized to meet requirements for
the size, type, and number of fuel assemblies it can
hold, as well as the specific waste form being pack
aged. The material composition and thickness of
the interlocking plates are tailored to provide
enough structural strength to maintain fuel geom
etry during normal handling and design basis
events, and to prevent criticality. However, this
extra durability is not considered in the structural
analyses (CRWMS M&O 2000au). The inter
locking plates are made of either Neutronit A 978
(a stainless steel and boron alloy) or SA 516
Grade 70 carbon steel and range between 5 and
10 mm (0.2 and 0.4 in.) in thickness.

Thermal Shunts--All the waste package designs
for commercial spent nuclear fuel except the
24-BWR require thermal shunts. These shunts,
which are made of 5-mm (0.2-in.) thick SB 209
6061 T4 (an aluminum alloy), are placed alongside
the interlocking plates (CRWMS M&O 2000au,
Section 2.4.1.3). The shunts are added to help
transfer heat from the waste form to the walls of
the waste package. Adding thermal shunts is a
simple and effective method to improve heat
conduction between the center of the waste
package and the outer edge of the internal basket,
providing a reliable means of keeping the tempera
ture of the cladding within design limits. Limiting
cladding temperatures helps protect the waste form
by minimizing damage to the fuel cladding
(CRWMS M&O 2000au, Section 2.4.1.3).

The neutron absorber materials that prevent criti
cality can be placed directly into the plates using
Neutronit A 978 or can take the form of separate
control rods. Plates that include neutron absorber
material will vary in thickness because of the
number of plates in the design. For example, the
44-BWR waste package has more plates than the
21 -PWR waste package; therefore, the plates in the
44-BWR can be thinner, but the entire waste
package will still have about the same mass of
neutron absorber material as the 21 -PWR.

Structural Guides--The structural guides for each
waste package are made of 10-mm (0.4-in.) thick
SA 516 Grade 70 carbon steel and are placed inside
the inner layer of the waste package to hold the
basket structure in place. They help maintain fuel
geometry, which can prevent criticality during
event sequences. The structural guides also help
conduct heat from the waste form to the walls of
the waste package, where it is radiated to the
surrounding drift walls (CRWMS M&O 2000au,
Section 2.4.1.4).

The corrosion rate for Neutronit A 978 plates is
slow, and the plates tend to corrode by pitting.
Because of this, the plates remain in place between
the fuel assemblies even as they corrode. To avoid
processes that could accelerate stress corrosion
cracking, there will be no bends or structural welds
on the Neutronit A 978 plates.

3.2.2.2

3.2.2.1

Fuel Tubes--The fuel tubes are long, square
containers that line the insides of the cavities
created by the interlocking plates. They support the
3-14

Control Rods

Control rods similar to those used in reactors will
be placed in waste packages that need additional
long-term criticality control, such as those
containing highly reactive fuel assemblies from
pressurized water reactors. Control rods are made
of boron 'carbide and have Zircaloy cladding.
Because this is the same material used in most fuel
rod cladding, it will have similar corrosion proper
ties and longevity.
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3.2.3

Preliminary Engineering Specifications
for the Commercial Spent Nuclear Fuel
Waste Package Designs

3.3

The preliminary engineering specifications for the
waste package design include the waste form char
acteristics, the physical dimensions of the waste
package, and material specifications. Tables 3-7
and 3-8 provide preliminary engineering specifica
tions for the waste package designs for commercial
spent nuclear fuel based on the physical dimen
sions, thermal output, and reactivity of the fuel.
Table 3-9 shows the material specifications of the
waste package components. These engineering
specifications were developed to meet the perfor
mance specifications given in Table 3-1.

U.S. DEPARTMENT OF ENERGY
SPENT NUCLEAR FUEL, HIGH
LEVEL RADIOACTIVE WASTE, AND
IMMOBILIZED PLUTONIUM

Ten types of canisters of DOE spent nuclear fuel
and high-level radioactive waste may be received
at the potential repository (CRWMS M&O 2000az,
Sections 4.2 and 4.3):
1. Naval spent nuclear fuel canisters, short
2.

Naval spent nuclear fuel canisters, long

3.

DOE spent nuclear fuel canisters, short

4.

DOE spent nuclear fuel canisters, long

Table 3-7. Physical Dimensions of Commercial Waste Package Designs
Outer Diameter
Outer Length
Mass of Empty WP Mass of Loaded WP
No.
Waste Package Design
mm (in.)
mm (In.)
kg (ib)
kg (Ib)
1 21-PWR Absorber Plate
1,644 (64.7)
5,165(203.3)
26,000 (57,300)
42,300(93,300)
2 21~PWR Control Rod
1,644 (64.7)
5.165(203.3)
26,000 (57,300)
42,300(93,300)
3
12~PWR Long
1.330(52.4)
5.651 (222.5)
19,500 (43,000)
30,100(66,400)
4 144-BWR
1.674(65.9)
5,165 (203.3)
28,000 (61,700)
42,500 (93,700)
5 24-BWR
1,318(51.9)
5.105 (201)
19,400(42,800)
27,300 (60,200)
NOTES: Control rods do not add any mass to the package because they displace the mass of nonfuel components (e.g., existing
control rods, In-core detectors) included Inthe fuel assembly mass. WP = waste package. Source: CRWMS M&O 2000au;
BSC 2001n.

Table 3-8. Commercial Spent Nuclear Fuel Characteristics by Waste Package Design
Average Waste
Package Heat
Generation Rate
Based on
Assembly Heat at
Repository Arrival
(kW)

Number of
Assemblies

Assembly
Average
Bumup
(GWd/MTHM)

Assembly
Average initial
2"U Enrichment
(wt)

Average
MTHM per
Assembly

Average
Assembly
Age
(years)

11.53

90,262

41.5

3.74

0.430

23.00

21R
Control
RodII

3.11

1,992

19.6

3.57

0.368

36.14

12-PWR Long
44-BWR
24-BWR
NOTES: Based on 63,000

9.55
1,955
7.38
124,532
0.52
2,013
MTHM. GWd a gigawatt day. Source:

0.540
0.177
0.167

18.04
22A1
40.32

Waste Package
Design
21-PWR
Absorber Plate

46.3
4.01
34.1
3.04
8.1
2.63
CRWMS M&O 2000bb, Table 10.
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Table 3-9. Waste Package Design Component Materials
Materlal

Component
Dual-layer design:
Inner structural shell
Outer corrosion-resistant barrier
WP fill gas
Fuel tubes for commercial SNF WP basket design
Neutron absorber interlocking plates for commercial SNF WP
Interlocking plates for 21-PWR Control Rod design
Structural guides for commercial SNF WP basket design
Canister guide for 5-DHLWIDOE SNF designs
Thermal shunts for commercial SNF WP basket design
NOTES: SNF = spent nuclear fuel; WP = waste package.

Stainless Steel Type 316NG
Alloy 22 (S9 575 N06022)
Helium
Carbon steel (SA 516 Grade 70)
Neutronit A 978 (borated 318 stainless steel)
Carbon steel (SA 516 Grade 70)
Carbon steel (SA 516 Grade 70)
Carbon steel (SA 516 Grade 70)
Aluminum plate (SB 209 6061 T4)

5.

Larger-diameter DOE spent nuclear fuel
canisters, short

high-level radioactive waste, the following section
describes both waste forms, as well as the appro
priate waste package designs.

6.

Larger-diameter DOE spent nuclear fuel
canisters, long

3.3.1

7.

Solidified high-level radioactive waste
canisters, short

8.

Solidified high-level radioactive waste

canisters, long
9.

Solidified high-level radioactive waste

canisters containing immobilized pluto
nium cans, short
10. Multicanister overpacks containing spent
nuclear fuel from the Hanford N Reactor.
The number of canisters of solidified high-level
radioactive waste will greatly exceed the number
of canisters of DOE spent nuclear fuel. Therefore,
the DOE has developed an efficient arrangement
for packing them together (CRWMS M&O
2000az, Section 4.2). This mixing of DOE spent
nuclear fuel and high-level radioactive waste is
called "codisposal." Codisposal also helps main
tain criticality control for DOE spent nuclear fuel
that contains highly enriched uranium. Naval spent
nuclear fuel canisters, which are larger in diameter,
will not be placed in codisposal waste packages;
they will be placed one canister per waste package.
Because the waste package designs being consid
ered will contain both DOE spent nuclear fuel and

0

U.S. Department of Energy Spent
Nuclear Fuel

DOE spent nuclear fuel has a wide variety of
physical, chemical, and nuclear characteristics and
represents an inventory of approximately 2,500
MTHM; 2,333 MTHM of this is included in the'
waste allocation for disposal in the frst repository
(DOE 1999d, Section 8.1). The waste packages
designed for DOE spent nuclear fuel will accept
fuel irradiated at DOE facilities, naval spent
nuclear fuel, and certain types of material
irradiated at commercial nuclear reactors,
including debris from the Three Mile Island-2
reactor and fuel from the Fort Saint Vrain reactor.
All DOE waste canisters will be sealed before they
are transported to the potential repository.
The largest single component of the DOE spent
nuclear fuel inventory by weight is uranium metal
fuel, at approximately 2,130 MTHM (DOE 1999d,
Appendix C, Section 5.1, Table 1). Fuel from the
N Reactor at Hanford, Washington, accounts for
2,100 MTHM of this inventory. During its 20-year
life, the N Reactor produced nuclear isotopes for
defense purposes. N Reactor fuel has an initial
enrichment of less than 2 percent uranium-235. It
will be placed in multicanister overpacks that will
both store the waste onsite and transport it to the
potential repository. The multicanister overpack is
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made of Zircaloy. There are two canister designs
for naval fuel; both use similar materials and
mechanical arrangements. The DOE plans to
emplace about 65 MTHM of naval spent nuclear
fuel in the potential repository. This fuel will be
contained within about 300 sealed canisters, which
will be transferred directly from transport casks
into waste packages (DOE 1999d, Appendix C,
Section 5.1, Table 1).

a stainless steel container that is slightly wider at
the top than at the bottom (DOE 1999d, Appendix
C, Section 5.1, Table 1). Although N Reactor fuel
is the largest portion of the DOE spent nuclear fuel
inventory by weight, it will be emplaced in the
repository in only one percent of the waste pack
ages (Table 3-3).
Approximately 184 MTHM of the DOE inventory
is low-enriched uranium oxide, some of which is
standard commercial spent nuclear fuel used for
testing. Some is the fuel debris from the damaged
reactor core at Three Mile Island-2, which is
already stored in small canisters that can be placed
inside a standard DOE canister. The DOE canister
can then be inserted into a transportation cask and
transported to the potential repository (DOE
1999d, Appendix C, Section 5.1, Table 1).

33.1.1

Physical Characteristics

The canisters for DOE spent nuclear fuel will be
standardized to efficiently utilize the waste
package design (CRWMS M&O 2000aw). Table
3-10 gives the preliminary canister dimensions.
3.3.1.2

Approximately 125 MTHM of the DOE inventory
includes uranium enriched initially to more than
20 percent uranium-235, uranium enriched initially
to between 5 and 20 percent uranium-235, and
thorium- and plutonium-based fuels (DOE 1999d,
Appendix C, Section 5.1, Table 1).

Thermal Output

DOE spent nuclear fuel has a low thermal output,
with naval spent nuclear fuel being the hottest. The
maximum thermal output of a naval spent nuclear
fuel canister is 8.01 kW, which is well below the
maximum limit of 11.8 kW (CRWMS M&O
2000ax, Section 2.5.4.2).

Naval nuclear fuel is designed to operate in a high
temperature, high-pressure environment for many
years. Naval fuel is highly enriched. To ensure it
can withstand battle-shock loads, naval fuel is
surrounded by large amounts of structural material

3.3.1.3

Criticality Control

The controlling factors in disposal criticality anal
yses of DOE spent nuclear fuel are fuel matrix,

Table 3-10. US. Department of Energy Waste Forms for Disposal, According to Waste Package Design

Waste Package Design

Canister Length

Canister Diameter

mm (in.)
SNF
HLW

mm (in.)
HLW
SNF

Canister Mass

IILW

kg (Ib)
SNF

Canlsterst
Waste Package

3,000

3,000

610

457

2.500

2,270

5-DHLW/DOE SNF Short"

(118.1)

(118.1)

(24.0)

(18.0)

(5.512)

(5.004)

5 HLWI I SNF

5-DHLW/DOE SNF Longa

4,500
(1772)

4,570
(179.9)

610
(24.0)

457
(18.0)

4,200
(9,259)

2,721
(6,000)

5 HLWI I SNF

NIA

4,750

NIA

1,689.1

NWA

44,452

NIA

5,365

NIA

1,689.1

4,500

(212.0)
4.200

(177.2)

(165.3)

Naval SNF Long
2-MCOr2-DHLW Long

(98,000)

(65.5)

(187)

Naval SNF Short

1

NIA

44,452

4.200

(98,000)
8,910

1

610

(65.5)
643

(24.0)

-(25.3)

(9,259)

(19,642)

2 HLW1 2 SNF

NOTES: *DOE non-naval spent nuclear fuel
HLW length and diameter are nominal; HLW mass is maximum. DHLW -defense high-level radioactive waste;
MCO - multicanister overpack; SNF - spent nuclear fuel; NIA = not applicable; HLW a high-level radioactive waste.
Sources: DOE 1999c; Naples 1999; DOE 2000d.
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primary fissile isotope, geometry, and enrichment
(DOE 1999d, Section 5.2). The 250 types of DOE
spent nuclear fuel have been divided into groups
based on these four factors to perform criticality
analyses.
DOE non-naval spent nuclear fuel from each of the
four groups will be analyzed in the appropriate
configuration, and data important to preventing
criticality--such as fissile loading, enrichment,
initial configuration of the basket and spent nuclear
fuel, and neutron absorber loading in the canister
will be identified. From these results, waste accep
tance criteria will be developed for each group.
The canister design will also control criticality by
limiting the amount of fissile material in each
waste package. If required, neutron absorbers
would be added into a canister for further criticality
control.

mental and Engineering Laboratory. The waste will
arrive in presealed canisters. The potential reposi
tory would also receive, subject to the execution of
a disposal contract between the DOE and the state
of New York, commercial high-level radioactive
waste from the West Valley Demonstration Project
in New York.
Up to 17 metric tons of surplus plutonium that is
excess to national defense needs will be immobi
lized within ceramic discs that will have neutron
absorber material evenly distributed throughout
their matrix (65 FR 1608). The ceramic will resist
the leaching of plutonium. Section 3.2 describes
the additional 33 metric tons of surplus plutonium
that will be converted into mixed-oxide fuel.
3.3.2.1

The canisters containing high-level radioactive
waste will be standardized to accommodate the
waste package design and to reduce manufacturing
costs. Table 3-10 gives the canister dimensions.

A separate analysis will be perfbrmed for naval
spent nuclear fuel to demonstrate that criticality
would be precluded for all credible event sequence
conditions during handling at the repository
(Mowbray 1999).
3.3.2

Physical Characteristics

3.3.2.2

Thermal Output

DOE high-level radioactive waste has a low
thermal output. The total heat generation rate will
not exceed 1.5 kW per 3-m (9.8-ft) canister or
1.97 kW per 4.5-m (15-ft) canister (DOE 1999c,
Section 4.2.3.1). The maximum thermal output of
the hottest waste package, the 5-DHLW/DOE
short, is 9.16 kW-well below the maximum limit
of 11.8 kW (CRWMS M&O 2000aw, Section
2.5.4.2).

High-Level Radioactive Waste and
Immobilized Plutonium

About 22,000 canisters of high-level radioactive
waste will be generated by 2035 (DOE 1997b,
Section 1.5.4). Approximately 1.5 percent will
come from reprocessed commercial nuclear fuel;
the rest will come from treatment of materials from
the defense nuclear program. The estimated
number of high-level radioactive waste canisters to
be emplaced in the first repository is approximately
8,300, based on the total inventory limit in the
NWPA.

3.3.2.3

Criticality Control

With the exception of high-level radioactive waste
canisters containing immobilized plutonium, eval
uations have indicated that DOE high-level radio
active waste will not contain enough fissile mate
rial to pose a criticality risk.

Liquid high-level radioactive waste will undergo a
process at its current site that yields a solid leach
resistant material, typically a borosilicate glass.
While still liquid, the glass is poured into stainless
steel canisters. After the glass cools and solidifies,
the canisters are sealed. The potential repository
would accept solid high-level radioactive waste
generated from activities at DOE's Savannah
River, South Carolina,. and Hanford, Washington,
sites, as well as from the Idaho National Environ-

A principal criticality control measure for the
immobilized plutonium is the incorporation of
neutron absorbing materials (i.e., gadolinium and
hafnium) into the waste form. These materials are
an effective criticality control measure for both the
preclosure and postclosure phases. The planned
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loading strategy for immobilized plutonium is to
transfer it into a codisposal waste package
containing five high-level radioactive waste canis
ters but no DOE spent nuclear fuel canister in the
center. Detailed criticality analyses (CRWMS
M&O 2000ba) have shown that preclosure and
postclosure criticality for a waste package that
contains five plutonium-loaded canisters, but that
does not have a center DOE spent nuclear fuel
canister, is below the subcritical limit for criticality
to occur. See Section 3.5.2.4 for a brief discussion
of the criticality potential of the immobilized pluto
nium waste form.

Naval spent nuclear fuel will arrive at the potential
repository in canisters suitable for long-term
disposal. The canisters will fit one to a waste
package. Because the naval fuel will arrive in
canisters of two sizes (one short and one long), the
DOE has devised two waste package designs for it.
The larger of these two types will be the heaviest
and longest of all the waste packages. No addi
tional features would be necessary for structural
support, heat transfer, and criticality control, since
these are provided by the naval spent nuclear fuel
or the canister (CRWMS M&O 2000ax).
3.3.4

3.3.3

U.S. Department of Energy Waste
Package Designs

Three waste package design configurations have
been developed for codisposal of DOE non-naval
spent nuclear fuel and high-level radioactive waste.
In two designs that differ only in length, the typical
arrangement places a DOE spent nuclear fuel
canister in the center of a ring of five high-level
radioactive waste canisters. The exception occurs
for high-level radioactive waste canisters
containing immobilized plutonium, which will be
packaged without a DOE spent nuclear fuel
canister in the center. Structural guides will provide
support to ensure that the DOE spent nuclear fuel
canister is not damaged by an impact to the waste
package. These guides also facilitate waste
package loading. Such support is not needed for
high-level radioactive waste glass, which main
tains its own structural integrity (CRWMS M&O
2000aw).
The third waste package design will accept multi
canister overpacks, which will have a diameter
larger than those of DOE spent nuclear fuel or
high-level radioactive waste canisters. To prevent
criticality, no more than two multicanister over
packs will be put into a waste package. To improve
packaging efficiency without compromising criti
cality prevention, two long high-level radioactive
waste canisters will be codisposed with the two
multicanister overpacks. A DOE study determined
that codisposing two multicanister overpacks with
two long DOE high-level radioactive waste canis
ters would be the most efficient arrangement
(CRWMS M&O 2000aw).
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Preliminary Engineering Specifications

The preliminary engineering specifications for the
waste package include the waste form, the physical
dimensions of the waste package, and material
specifications. Tables 3-10. and 3-11 present
preliminary engineering specifications for waste
package designs for DOE spent nuclear fuel and
high-level radioactive waste, which are based on
the physical dimensions, thermal output, and criti
cality potential of the fuel. Table 3-9 shows the
material specifications of the waste package
components. These engineering specifications
were developed to meet the performance specifica
tions given in Table 3-1.
3.4

SELECTING MATERIALS AND
FABRICATING WASTE PACKAGES

The selection of materials from which reliable
waste packages could be fabricated followed a
multistep analysis and design process. It began by
analyzing the critical functions of a particular
waste package and its various components. In
selecting a material for a component, the designers
considered both the material's availability and the
critical functions the component would serve as
part of the waste package. They identified eight
major components and eight performance criteria
for selecting materials to fabricate them (CRWMS
M&O 1997c, Section 3). The eight major compo
nents are:

"* Structural shell
"* Corrosion-resistant barrier
"* Fill gas
"• Interlocking plates for commercial designs

Yucca Mountain Science and EngineeringReport
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Table 3-11. Physical Dimensions of Waste Packages Designed for U.S. Department of Energy Waste Forms

No.

Waste Package Design

I

5-DHLWIDOE SNF Short

2

5-OHLW/DOE SNF Long

3

Naval SNF Short

4

Naval SNF Long

5

2-MCO2-DHLW Long

Weight of an Empty
Waste Package

Weight of a Loaded
Waste Package

mm (in.)

kg (ib)

k9 (lb)

3,590

23.400

Outer
Diameter

Outer Length

mm (in.)

2,110

38.100

(83.0)

(141.3)

(51,600)

(84,000)

2,110
(83.0)

5,217
(205.4)

32,600
(71,900)

58,300
(124,000)

1,949

5,430

25.800

70,300

(238.8)
5.217

(58,900)
28,000
(81,700)
21,800

(155,000)
72,500
(159.000)
48.100

(205.4)

(48,100)

(105,000)

(75.7)
1,949
(76.7)
1.815

(213.8)

(71.5)

8,065

NOTES: DHLW - defense high-level radioactive waste; MCO a multicanister overpack SNF - spent nuclear fuel. Source:
CRWMS M&O 2000bc, Section 4.3.

*
*
*
*

Fuel tubes for commercial designs
Structural guides for commercial designs
Guide tube for codisposal designs
Thermal shunts for commercial designs.

Not every waste package design requires all of
these components; it varies according to the waste
form each will hold. However, all eight of these
components cover the major requirements of all ten
waste package designs.
The eight criteria that contribute to performance
are:

"• Mechanical performance (strength)
"* Chemical performance (resistance to corro
sion and microbial attack)
"* Predictability of performance (understanding
the behavior of materials)
"* Compatibility with materials of the waste
package and waste form
"* Ease of fabrication using the material
"* Previous experience (proven performance
record)

* Thermal performance (heat distribution
characteristics)
* Neutronic performance (criticality and
shielding).
Reasonableness of cost was considered as a
discriminator.

3.4.1

Material Selection

The first step in selecting the waste package
materials was identifying the functional require
ments for each component. Next, the character
istics of materials that would help meet the require
ments were selected. Candidate materials were
chosen from commonly available materials (or, in
the case of fill gas, from common gases). The
materials were then analyzed in terms of how they
would perform their intended functions. Once the
candidate materials and alternates were selected,
they were tested, the results of these tests are
summarized in Section 4.2.4.
Table 3-9 lists the component materials selected
after testing. The following sections explain the
material selection process in more detail
3.4.1.1

Waste Package Materials:
Contributing to Containment

Corrosion-Resistant Materials-Corrosion per
formance has been determined to be the most
important criterion for a long waste package life
time. Essential performance qualities therefore
include a material's resistance to general and local
ized corrosion, stress corrosion cracking, and
hydrogen-assisted cracking and embrittlement. The
effects of long-term thermal aging are also impor
tant. To address recommendations provided by the
Nuclear Waste Technical Review Board, the DOE
has initiated studies to gain a better understanding
of the processes involved in predicting the rate of
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waste package material corrosion over the 10,000
year regulatory period.
Combinations and arrangements of materials as
containment barriers were carefully considered
from several perspectives. In the process, analysts
considered such criteria as (1) material compati
bility (e.g., galvanic/crevice corrosion effects);
(2) the material's ability to contribute to defense in
depth (e.g., because it has a different failure mode
from other barriers); (3) the material's ease of
fabrication; and (4) the potential impact of thin,
corrosion-resistant materials used as containment
barriers on a repository's essential operations, such
as waste package loading, handling, and emplace
ment.
The major objectives centered on understanding
the temperature and humidity conditions that
would exist at different times for a range of thermal
operating modes in a particular unsaturated zone,
then designing the waste packages accordingly.
Since the properties of any material selected for a
corrosion barrier would inevitably be influenced by
the temperature and humidity conditions in a
repository of a particular design at a particular site,
selecting the right corrosion-resistant material
became one of the most important priorities.
After assessing potential materials available for
waste package corrosion barriers, analysts selected
nickel- and titanium-based alloys as the most
promising candidate materials for corrosion resis
tance in an oxidizing environment such as Yucca
Mountain. Using a corrosion-resistant material as
the outer barrier of the waste package will signifi
cantly lower the risk of waste package failure from
corrosion. Alloy 22 was selected as the preferred
material for the outer barrier because it has excel
lent resistance to corrosion in the environment
expected at Yucca Mountain; it Is easier to weld
than titanium; and it has a better thermal expansion
coefficient match to Stainless Steel Type 316NG
than titanium. A structurally strong material (stain
less steel) was chosen for the inner layer of the
waste package (CRWMS M&O 2000av, Section
7.6).
Alloy 22 also offers benefits in the areas of
program and operating flexibility. It is extremely
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corrosion-resistant under conditions of high
temperature and low humidity, such as those that
would prevail for hundreds to thousands of years in
a repository designed to allow a relatively high
thermal output from the waste packages. At low
temperatures, Alloy 22 is extremely corrosion
resistant in either low or high humidity. Thus, the
selection of Alloy 22 supports the flexibility to
operate the potential repository over a range of
thermal modes (CRWMS M&O 2000av). Uncer
tainty about the waste package corrosion rate may
be reduced by avoiding the conservatively defined
window of corrosion susceptibility for Alloy 22,
which can be accomplished by keeping waste
package temperatures below 85*C (I 85F) or
maintaining the in-drift relative humidity below 50
percent (Dunn ct al. 1999, p. xvi; CRWMS M&O
2000n, Section 3.1.3.1). Table 3-12 presents the
chemical composition of Alloy 22.
Table 3-12. Chemical Composition of Alloy 22
Element

Composition (wt%)

Carbon (C)

0.015 (max)

Manganese (Mn)
Silicon (SO
Chromium (Cr)
Molybdenum (Mo)

0.50 (max)
0.08 (max)
20.0 to 22.5
12.5 to 14.5

Cobalt (Co)

2.50 (max)

2.5 to 3.5
Tungsten (VW)
0.35 (max)
Vanadium (V)
2.0 to 6.0
Iron (Fe)
0.02 (max)
Phosphorus (P)
0.02 (max)
Sulfur (S)
Balance
Nickel (NI)
Source: ASTM B 575-97, Standard SpecIficallm for Low
CarbonNickeI-Molybdenum-Chmmium, Low-Carbon
NickeI-Chmrminu-Molybdenum. Low-Carbon Nickel
Chromium-Molybdenum-Copperand Low-Carbon
NickelChromium-Molybdenum-TungstenAlloyPlate,

Sheet, andStV.

Structural Materials-The major functional
requirement of the structural material for the inner
layer of the waste package is to support the corro
sion-resistant outer material. The DOE chose
Stainless Steel Type 316NG for the structural layer
(CRWMS M&O 2000av, Section 5.2). This mate
rial provides the required strength; has a better
compatibility with Alloy 22 than carbon steel; and
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provides an economical solution to functional
requirements. Table 3-13 presents the chemical
composition of Stainless Steel Type 316NG
Table 3-43. Chemical Composition of Stainless
Steel Type 316NG
Element

Composition (wt%)
0.020 (max)
0.030 (max)
0.75 (max)
0.50 (max)
0.05 (max)
0.05 (max)
2.00 (max)
0.005 (max)
0.060 to 0.10
0.10 (max)
0.002 (max)
0.02 (max)

Carbon (C)
Phosphorus (P)
Silicon (Si)
Copper (Cu)
Titanium (Ti)
Tantalum (Ta) and Niobium (Nb)
Manganese (Mn)
Sulfur (S)
Nitrogen (N)
Cobalt (Co)
Boron (B)
Bismuth (Bi) + Tin (Sn) + Arsenic (As)
+ Lead (Pb) + Antimony (Sb)+
Selenium (So)
16.00 to 18.00
Chromium (Cr)
2.00 to 3.00
Molybdenum (Mo)
11.00 to 14.00
Nickel (NQ
0.1 (max)
Vanadium (V)
0.04 (max)
Aluminum (Al)
Balance
Iron (Fe)
Sources: For all elements except carbon and nitrogen, values
presented are within the ranges and maximum
limits provided by ASTM A 276-91 a. Standard
Specificationfor Stainlessand Heat-ResistigSteel
Bars and Shapes.Values for carbon and nitrogen
are given by Danko (1987, p. 931).

3.4.1.2

Waste Package Materials: Internal
Components

The designs for commercial spent nuclear fuel and
DOE codisposal waste packages include internal
components (i.e., structural guides, interlocking
plates, fuel tubes, and thermal shunts) that must be
able to sustain the mechanical loads created by
handling, emplacement, and, if necessary, retrieval.
Thus, mechanical performance was a major selec
tion criterion. Thermal performance was also an
important selection criterion because these compo
nents provide an additional path for conducting
heat from the waste form to the walls of the waste
package. The fuel tubes contact both the waste

form and the basket plates. If the material selected
for the tubes causes the waste form to degrade,
release rates could be increased; if it causes the
plates to degrade, criticality control could be
compromised. Therefore, compatibility with other
materials was an important criterion. The waste
package design does not rely on these components
for postclosure performance, so corrosion-resis
tant materials are not needed. Two grades of carbon
steel (SA 516 Grades 55 and 70) were found to be
the best choices for these internal components,
based on the criteria; the designers chose to use
Grade 70 (CRWMS M&O 2000bd, Section 4).
Neutron Absorber Interlocking Plates--The
most important function of the neutron absorber is
to reduce the potential for criticality. The neutron
absorber material is typically an additive to a
carrier material (e.g., stainless steel alloyed with a
boron compound). The neutron absorber is used in
the interlocking plates in the internal basket.
Corrosion behavior is important in keeping the
neutron absorber material in place and effective
long after emplacement, so chemical performance
in a variety of environments was an important
selection criterion. Mechanical performance was
an evaluation factor because the interlocking plates
must be able to sustain the mechanical loads
created by handling, emplacement, and, if neces
sary, retrieval. Compatibility with other materials
was considered, since the plates must not cause the
waste form to degrade. The plates also provide an
important path for conducting heat from the waste
form to the walls of the waste package, so thermal
performance was considered. The material of
choice was Neutronit A 978. Its selection was
based on its corrosion performance compared to
the other candidate materials, as well as its avail
able boron concentration. The composition of
Neutronit is similar to SA 240 Stainless Steel Tlype
316 but with 1.6 percent boron added (CRWMS
M&O 2000be, Section 3.1.3).
Thermal Shunts--The thermal shunts provide
another important path for conducting heat from
the waste form (in this case, commercial spent
nuclear fuel) to the walls of the waste package. The
thermal conductivity of the material is very impor
tant. The thermal shunts would be in contact with
the waste form, so compatibility with spent nuclear

3-22

S

Yucca Mountain Science andEngineeringReport
DOE/RW-0539 Rev. I

fuel was an important evaluation criterion. The
thermal shunts are only needed during the early
period of repository performance, when the decay
heat from spent nuclear fuel would be relatively
high. The material selected does not need a high
degree of corrosion resistance. The thermal shunts
must have enough structural strength to withstand
handling, emplacement, and possible retrieval
operations. However, these service loads are not
very large, so mechanical performance was not
selected as an evaluation criterion. Aluminum
alloys 6061 and 6063 were selected over copper
because of concerns that, should a waste package
be breached and water enter, copper may react with
the chloride ions in the water. This could result in
accelerated degradation of the Zircaloy cladding on
the spent nuclear fuel, which would eventually
release radionuclides from the waste (CRWMS
M&O 2000be, Section 3.2.3).
3.4.1.3

Fill Gas

The fill gas can be a significant conductor of heat
from the waste form to the internal basket, so
thermal performance was deemed one of the most
important criteria in choosing a gas. The fill gas
should not degrade other components of the waste
package, so compatibility with other materials was
another important criterion. Helium is routinely
used as the fill gas for fuel rods, which indicates
that helium would have an excellent compatibility
with spent nuclear fuel. Based on a review of data
on thermal conductivity and the fact that helium is
chemically inert, it was chosen over other candi
date gases, such as nitrogen, argon, and krypton
(CRWMS M&O 2000be, Sections 3.3.1 through

3.3.3).
3.4.2

Waste Package Fabrication Process

This section describes the fabrication process for
the waste package, which is shown schematically
in Figures 3-7 and 3-8. The fabrication process was
based on both the design criteria and the physical
characteristics of the selected materials.
The waste package will be fabricated, welded, and
inspected in accordance with those portions of the
ASME Boiler and Pressure Vessel Code, Section
HI, Division 1, Subsection NB (Class 1 Compo-
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nents) (ASME 1995) that will ensure the waste
package will perform in accordance with the
design basis. Because the largest number of waste
packages will be manufactured for commercial
spent nuclear fuel, this type will serve to illustrate
the basic fabrication process for all waste package
types. The other types would be fabricated in a
similar way, though some dimensions would vary.
The commercial fuel waste package uses Neutronit
A 978 and carbon steel interlocking plates with
carbon steel tubes (CRWMS M&O 2000bf,
Section 8.1). All waste package fabrication would
take place offsite, including the welding of the
bottom lids. The top lids, although fabricated
offisite, would be welded on in the Waste Handling
Building after the waste package had been loaded.
3A.2.1

Outer Cylinder Fabrication

Forming the outer cylinder of rolled and welded
Alloy 22 plate requires two half-length cylinders
(see Table 3-7 for completed waste package
lengths) because of the limitations of most rolling
fabricators. Initially, the plate would be approxi
mately 5,080 mm (200 in.) long by 2,540 mm
(100 in.) wide. The thickness would permit
machining (for rounding) after welding. After
being received by the fabricator, the plate would be
inspected, laid out to establish the developed
length, and thermally cut to size. The plate would
then be rolled (CRWMS M&O 2000bf, Section
8.1.1).
The cylinder would then be adjusted to meet the
required diameter and the inner circumference,
taking into consideration the subsequent weld
shrinkage of the longitudinal seam. The long seam
weld preparations would be machined and
prepared for welding. The cylinder would be
braced to minimize the weld distortion and welded.
The braces would be removed, and the weld seam
would be prepared for nondestructive examination.
One end of the cylinder would be prepared for
circumferential seam welding. In parallel, a second
cylinder would be prepared the same way
(CRWMS M&O 2000bf, Section 8.1.1).
The two cylinders would then be joined and
circumferentially welded, with subsequent nonde-
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Figure 3-7.. Waste Package Fabrication Process
The waste package fabrication process starts with-a fat plate of metal (Alloy 22 for the outer cylinder, Stainless Steel
Type 3i6NG for the inner cylinder) (Panel A), The plate is rolled and welded to form a cylinder segment. (Panel B)1.
Two cylinder segments are cobned and welded to form a waste package inner or outer cylinder (Panel C). Lds are
attaichedto theinner and outerine (Panel D). The inner cylinder It inred into the outer cylinder to form the

wa te Package (Panel E).•Tha Intemal co•n

aonts, waste form. and.lid ar added to complete the waste package

(Panel F).
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Waste PAckage Final ClosumWelds
Fgure43-.
os must be performed remotely in .ahigh.Mrad1laion 'nrnent to
•l•sure welds on the top
Trhe process"for the final
produce high-integrity :welds tha• can be Inspected in the gas-welded. condition. Veld joint oniRguwrations,. process
techniques, and, pro edures have been devieloped for, and demonstrated on, Inner an•d uter cylinder fina1 closure
welds for ftull-diameterwaste package mockups. The narrow-groove, hot-wire,:semiautomaic gas tungstenvarc weld
process can be donelremotely, and .has proven to produe inge-bad layer welds with acceptable weld and
corrosion properties.

structive examination testing performed on the

circumferential Seam. The outer:cylinderwould b
inspected to verify that the insk.,W diameter is
within tolerance, The inside of the cylinder would
then be machined (CRWMS M&O 2000bf,.Section
8.1.1]).
314.2.2

.tial seam would be machined, then:the cylinder
would be assembled and circumferentially evclded.
Nondestructive :examination inspections,: would
again be performed on .the circumferential weld,
and the cylinder would then be machined
(CRWMS M&O 2000bf&Section 8.1.2).
A.2.3:

Inner Cylinder Fabrication

To form the stainless steel inner cylinder, workers
would start withtwo plates of Stainless Steel.Type
316NG large.enough to nake half the inner:
cylinder length :(see Table 3-7 for completed waste

package lengths). The fhll•cylinder length would
require two plates, tach approxiiiately4,9g0 m
(196 in.) wide by 2,540 mm (100 in.)long.Each

The outer andilat closure lids'would be fabricated
rapprximately 1900 m
-from Alloy 22 plates
mm '0 0.in.) long. The
(75 in.) wide and 3I0j8 m
plates would then be cut to the correct diameter and
the edges machbine cleaned to *rcparc for the weld
.(CRWMS M&O 10Obf, Seetion

plate would e cuto:or machined for S•mand longi
tudinal wld. preparations. The: plates would be
roll-formed t6 make two half-'cYlinders and
welded, Inspectors would use nondestructie tech
niques: to examine both the cylinders and: the:

welds. The weld prepara ions for the circumferen-

Lid Fabrication

A..3).

The inner lids would be fabricaied from aStainless
Steel Iype 316NG plate approximately 1,800 mm
(71 :in.) wide and3,600 mim (142 in) long. The
plate would be laid out for the cutting of two
circles.. The plates would then be..thermally cut to
the correct diameter, and :the edges would :.be
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3.4.2.7

machine cleaned to prepare for the weld (CRWMS
M&O 2000bf, Section 8.1.3).
3.4.2.4

Assembly of Support Ring

The objective of machining is to produce a gap
ranging from 0 to 4 mm (0 to 0.16 in.) between the
inner and outer cylinders. Over time, the stainless
steel inner cylinder will expand in response to the
heat emitted by the radioactive decay of its
contents. Even with the cylinders touching, there is
enough allowance for the inner cylinder to heat up
and expand without putting excessive stress on the
Alloy 22 outer cylinder. Static loads in the outer
barrier shell will not produce tensile stresses above
10 percent of the yield strength of the outer barrier
material (CRWMS M&O 2000au, Section
1.2.1.23).

A support ring attached to the inner diameter of the
outer cylinder is required to hold the inner cylinder
in place. This ring would be made from 20-mm
(0.8-in.) thick Alloy 22 plate. A piece would be cut
100 mm (4 in.) wide and rolled into a ring, then
weld preparations would be machined. The ring
would be fit to the inside of the outer cylinder near
the bottom end, welded, and inspected (CRWMS
M&O 2000bf, Section 8.1.4).
3.4.2.5

Assembly of Lid to Cylinder

Once the inner and outer cylinders had been
completed, the inner and outer bottom lids would
be welded in place. The structures would be set in a
vertical position and the lids assembled to each
cylinder. The welding could then be done in the flat
position. After the welding had been completed,
radiographic examination, ultrasonic examination,
and liquid penetrant examination would be
performed on the inner and outer lid seams. Radio
graphic and ultrasonic inspection would ensure that
all detectable flaws, regardless of their orientation,
were identified. Liquid penetrant inspection would
ensure that surface indications were identified
(CRWMS M&O 2000bf, Section 8.1.5).
3.4.2.6

Assembly of Commercial Spent
Nuclear Fuel Waste Package

After both the outer and inner reinforcement cylin
ders had been machined, they would be fitted
together. The outer cylinder would be heated to
about 370*C (700*F) to allow the inner cylinder to
be lowered inside. The heat would then be
removed and the cylinders allowed to cool
(CRWMS M&O 2000bf, Section 8.1.8).
3.4.2.8

Annealing of Outer Cylinder

Annealing is a process in which a material is
subjected to a controlled heating and cooling cycle
to affect material properties, for example, to relieve
residual stress. Residual stresses are a common by
product of fabrication processes, such as forming,
machining, and welding. Stress mitigation tech
niques, such as annealing, will be applied to the
outer cylinder to minimize the potential for stress
corrosion cracking. Since the closure lids will be
welded shut after the waste has been loaded,
different mitigation techniques may be employed.
The parameters for the annealing operation are still
being developed, but the DOE expects that the
cylinder assembly will be heated in a furnace and
then quenched by water (CRWMS M&O 2000bf,
Section 8.1.7).
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Basket and Internal Components

Once the inner and outer cylinders and the bottom
lids' had been assembled, the container would be
ready for the addition of the internal components.
The cylinder would be laid out to establish the
location of the internal corner guide assemblies and
the internal side guides. The corner guide assem
blies and the side guides would be put in place and
welded, using manual gas tungsten are welding.
The bottom set of plates would be installed in an
interlocking fashion, followed by three additional
sets. The tubes would be inserted and the tube tops
stitch-welded together, if required.
The waste package would then be cleaned,
wrapped, and protected for shipment to the reposi
tory surface facility and storage until it was ready
to be loaded and sealed (CRWMS M&O 2000bf,
Section 8.1.10). The final fabrication step,
performed at the repository surface facility, would
be the annealing of the closure weld area to miti
gate the stresses that may have been induced
during the welding of the outer closure lid. For
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3.5.1

more details on the process of loading the waste
package, refer to Section 2.2.4.
3.5

Thermal Evaluations Performed on the
Waste Package Design

Thermal analyses have been performed to demon
strate that waste form temperatures will not exceed
levels established to maintain waste form integrity.
The thermal specification for commercial spent
nuclear fuel ensures that the cladding temperature
will not compromise the integrity of the cladding, a
barrier to radionuclide release. A specification for
DOE high-level radioactive waste ensures that the
glass does not reach a transition temperature that
would cause significant changes in its phase
structure or composition. Such an alteration would
increase the solubility of the glass and reduce the
time required for movement of the radionuclides
embedded inside.

WASTE PACKAGE DESIGN
EVALUATIONS

The waste package must satisfy defined perfor
mance specifications to protect the public and
workers and to meet the performance objectives of
a repository. An example of a performance specifi
cation is the ability of a waste package to withstand
a tipover event without breaching. Performance
specifications are discussed in the following
sections, where they are categorized by relevant
engineering discipline (i.e., thermal, criticality,
structural, and shielding). Detailed discussions of
performance specifications are available in System
Description Documents (e.g., CRWMS M&O
2000au).

With respect to these thermal functions, two
performance specifications were selected for
evaluation: (1) Zircaloy commercial spent nuclear
fuel cladding must be maintained below 350*C
(660*F) under normal conditions (CRWMS M&O
2000au, Section 1.2.1.6), and (2) the temperature
of DOE high-level radioactive waste must be
maintained below 400*C (750°F) under normal
conditions (CRWMS M&O 2000aw, Section

Some of the performance specifications and
supporting evaluations depend on temperature. In
these cases, the evaluation is based on the higher
temperature operating mode. Further evaluations
of lower-temperature operating modes are part of
ongoing engineering studies.

1.2.1.6).

To show that waste packages can be successfully
developed for the various waste forms expected to
be received at the repository, a sensitivity analysis
was performed to determine which waste package
designs best represent the widest array of design
configurations and waste forms (CRWMS M&O
2000az). This selection was based on the number
of waste package types expected to be needed for
the repository-for instance, the two commercial
spent nuclear fuel waste package designs chosen
for analysis represent over 95 percent of the total
required-and the relationship of a waste package
type to a limiting performance specification (e.g., a
heavier waste package would be more susceptible
to a drop event). Detailed design work was
performed for four waste package types:
* 21-PWR Absorber Plate
- 44-BWR
• 5-DHLW/DOE SNF Short
- Naval SNF Long.

3.5.1.1

Spent Nuclear Fuel Cladding
Temperature

To calculate the cladding temperature for
commercial spent nuclear fuel, time-dependent
heat generation rates of the waste packages were
adjusted to ensure that the average heat generation
rate of an emplacement drift segment was the same
as that for the repository as a whole, as discussed in
Section 2.3.1. The calculation used a representative
section of a drift containing one 21-PWR Absorber
Plate, one 44-BWR, and one 5-DHLW/DOE SNF
waste package, arranged as shown in Figure 3-3.
The 21-PWR Absorber Plate serves as the design
basis waste package, with a maximum heat gener
ation rate of 11.8 kW. The second waste package,
the 44-BWR, is based on an average heat gener
ation rate of 7.0 kW. The 5-DHLW/DOE SNF
waste package serves as a balancing package in

which the heat generation rate is varied to ensure
the average in the drift segment is the same as that
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Each specific fuel assembly or material received by
the repository has an associated fuel reactivity, or
capability of contributing to a self-sustained
nuclear fissioning process (criticality). The major
properties of fuel reactivity in available commer
cial spent nuclear fuel are the initial enrichment
and the burnup of the fuel when it was discharged
from the reactor. Enrichment is the weight
percentage of a fissile isotope compared to the total
amount of uranium in the fuel assembly. Bumup is
a measure of the amount of energy produced by the
assembly while it was in operation. The higher the
initial enrichment of the fuel, the more it can
contribute to a critical system. The higher the
burnup, for domestic commercial nuclear fuel, the
less it can contribute to a critical system. A detailed
description of the physics of criticality is provided
in Section 4.3.3.2. 1.

in the repository as a whole. The time-dependent
waste package surface temperatures calculated
were used to perform a two-dimensional analysis
of the internal components of the waste package.
This calculation gives the peak cladding temper
ature for the design basis waste package (CRWMS
M&O 2000au). The peak cladding temperature for
commercial spent nuclear fuel was calculated to be
282oC (542*F), with the peak occurring 35 years
after emplacement. The waste package spacing for
the calculation was modeled asj).l m (0.3 ft), with
a 25-year ventilation period (CRWMS M&O
2000au, Section 2.5.1.6). Active ventilation for
25 years would provide heat removal, limiting the
heat-up of the waste package during preclosure.
Peak cladding temperature is not an issue for DOE
spent nuclear fuel because no credit is taken for the
fuel cladding in performance assessment. A
canister of naval spent nuclear fuel will have lower
heat generation than a waste package containing
commercial spent nuclear fuel. Thermal analysis
indicates that thermal limits associated with naval
spent nuclear fuel will not be exceeded in the
repository (CRWMS M&O 2000ax, Section
2.5.4.2).
3.5.1.2

During the preclosure period, criticality is
prevented in waste packages by ensuring, before
loading, that the reactivity for each fuel assembly
is below the level required for criticality. This is
accomplished through the use of loading curves.
Loading curves show the minimum allowed
burnup as a function of initial enrichment and
provide a simple go/no-go check, using the avail
able information, on whether a fuel assembly can
be loaded unaltered into a standard waste package
without any concern for criticality. The presence of
a moderator will be controlled as necessary to
ensure subcriticality.

High-Level Radioactive Waste
Canister Temperatures

The vitrified high-level radioactive waste form
could undergo devitrification at temperatures
above 4001C (750°F). A maximum peak value of
214.5oC (418°F) occurs in the glass under normal
0
conditions, which is well below the 400°C (750 F)
threshold (CRWMS M&O 2000aw).
3.5.2

3.5.2.1

There are two main aspects to loading curve devel
opment: the determination of the value of reactivity
considered limiting and the determination of the
burnup/enrichment pairs that correspond to this
value.

Criticality Evaluations Performed on
Waste Package Designs
Preclosure Evaluations
Commercial Spent Nuclear Fuel

This section describes the performance specifica
tions for criticality of commercial spent nuclear
fuel. Further details on preclosure criticality
analysis are available in the Preclosure Criticality
Analysis ProcessReport (CRWMS M&O 1999i).

The loading curve methodology summarized
below is described in detail in the PreclosureCriti
cality Analysis Process Report (CRWMS M&O
1999i, Section A.1). The effective neutron multi
plication factor (kIej) of a system is the measure of
criticality; when keff is greater than or equal to 1.0,
criticality occurs. If the effective neutron multipli
cation is less than 1.0, the system is considered
subcritical. When designing a system (e.g., a waste
package) to be subcritical, there must be a means
for ensuring that a kf value conservatively repre-
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sents the true k. of the system. This is accom
at which
plished by, choosing a valu•e below L.0This
value
eucar criticality is assumed to occur.
is known as the critical limit. The critical limit*is
determined by accounting for and bounding the
:bias in ;the, Oalculational method used, and the
uncertainity inhe experiments Used, to validatethe
method. of. calculation. For the calculations
performed thus farthe: critical limit for kffis 0.98.
Because ensuring suberiticality is important to the
health and safety-of'lhe repository workers; the
margin of
an administrative safety additional
calculations add preclosure
to provide
5 percent for
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conservatism. The: loading curve is therefore based
on a kf value of 0.93, referred to as the adminis
trative limit. Any criticality calculation that uses
the same tools onuwhichthe critical limit was based
and shows a k,.-less.than or equal to, 0.93 provides
-high: confidence that the system will not become
critical (CR WMS M&O 2000bg, Section 6.2.1).
Once the criticality limit is established, many
calculations arc performed to determine, for a
specific value of initial.enrichment what'burnup
results in a.Akr that equals the administrative limit
(Figure 3-9). These calculations are performed for
a point where.the waste package is fully loaded
with the same fuel assembly. Criticality calcula
tions are performed in increments over the range of
initial enrichments and burnups for each commer
cial fuel type to be received at .the repository. Tlhe
points where:the different burnup/enrichment pairs
equal the administrative limit can then be repre
sented as a single curve of inial enrichment versus
burnup,-referred to as a loading curve.
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Figure 3-4.

Administrative Umit for Calculated
*,ejmind Typical Loading Curve

in -ncrements over
.reperfoirmed
Crticality calculations
the range of initial enrichments and bumups for. each
commterdal spent nudear fuel.type to be received at

the.repository. The points where the. different bumup/
Figure 349 shows anexample of a loading curve.

enrchment pairs equal the administrative limit.Can then

Loading curves will be dcveoped :for each Waste
package type containing commercial spent nuclear.
fuel. Any fuel that has a bumuplenrichment pair
equal- to.or. above the loading curve line can be
loaded unaltered into that waste package ýtype, and
criticality will not. occur in that waste package
during preciosure.! Some assemblies that fall below
the curve will have to. be loaded into the waste.
package .with -additional neutron absorber material
so they will be-above the line. Another option is to
load the fuel'assembly into a type of waste package
that contains fewer. fuel :assemblies (e.g., the

be represented as a single curive. of initial. enrichment
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versus burnup•. This repre.sentationIs,atypical cifticality
loading:curve, Fuel that es the initial enrichment (in
lhism ae.
sthe 4 percent initial enrichment is shown) and

has the minimumm emqlired bumup .(showim in the .erea
noted as *acceptable')may be placed in the waste

padcage for:which the evaluaon Is being performed.
GWdu.gigawatt day.
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presence and amount of moderator in the waste
package. The results indicate that all applicable
limits can be met and public health protected using
the current waste package designs.

12-PWR and 24-BWR), making the waste pack
ages suberitical.
In the loading curve evaluation, margin to criti
cality is shown assuming the highly unlikely
(beyond design basis), but essential to criticality,
event of a waste package that is completely filled
with water. A loading curve evaluation has been
performed for the 21-PWR Absorber Plate model,
as documented in the 21 PWR Waste Package
Loading Curve Evaluation (CRWMS M&O
2000bg, Section 6). The 21-PWR waste package
design was chosen because more information is
available about it than about the other designs. The
21-PWR waste package is also considered to be the
design with the highest inherent reactivity
(CRWMS M&O 2000az, Table 8). The 21-PWR
loading curve evaluation is representative of calcu
lations that will be performed for the other waste
package types.

3.5.2.3

Analyses to demonstrate the viability of disposal
have been performed or are in process for seven
groups of DOE non-naval spent nuclear fuel. A
separate analysis is being performed for naval
spent nuclear fuel to demonstrate that criticality
will be prevented for all credible event sequence
conditions in the repository (Mowbray 1999).
In general, the amount of DOE spent nuclear fuel
allowed per canister is a function of the physical
size and weight limitations of the canister. The
limitation on the amount of fissile material per
canister provides criticality control. However,
(gadolinium
absorbers
neutron
insoluble
criticality
for
required
are
compounds and alloys)
spent
DOE
some
for
control within the canister
have
items
several
nuclear fuel groups. To date,
(DOE
been identified as important to criticality
1999d, Section 5.2). The performance and distri
bution of the neutron absorber material is
important in preventing criticality.

The waste package will be designed so that during
preclosure, nuclear criticality cannot be possible
unless at least two unlikely, independent, and
concurrent or sequential changes occur in the
conditions essential to nuclear criticality safety.
3.5.2.2

Postclosure Criticality Evaluation:
Commercial Spent Nuclear Fuel

The methodology that has been developed to eval
uate potential for criticality and to ensure that
significant impacts are prevented during the post
closure period is described in detail in Disposal
Criticality Analysis Methodology Topical Report
(YMP 2000c, Section 3). Section 4.3.3.2 summa
rizes this methodology and the analyses conducted
using it.
Evaluations show that there is a very small proba
bility that a potential critical configuration might
result under the repository and fuel conditions
described in this report, but that if a postclosure
criticality were to occur, the effects would not
compromise the ability of the repository to protect
public health or meet design objectives or regula
tory limits. The evaluations were performed
assuming the most reactive combinations of such
factors as the amount of fissile uranium and pluto
nium, the physical arrangement of the fuel, and the

Evaluations of Criticality Potential
of U.S. Department of Energy Spent
Nuclear Fuel

The canister shell is also important in preventing
criticality because it initially confines the fissile
elements and neutron absorber material so they
cannot be separated. The canister baskets
developed for the representative fuel types are
particularly important in cases where they provide
the distribution mechanism for neutron absorber
material.
The configurations evaluated for each fuel type
include varying degrees of degradation, resulting
in many different geometric configurations and
fissile distributions. These degraded configurations
also bound the other types of fuels in a group as
long as the limits on fissile mass, linear fissile
loading, and enrichment are not exceeded (DOE
1999d, Section 5.2). Further details on DOE spent
nuclear fuel criticality analysis are available in
completed viability evaluations (CRWMS M&O
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"* Vertical drop

2000bh; CRWMS M&O 2000bi; CRWMS M&O
1999j; CRWMS M&O 2000bj; CRWMS M&O
2000bk).
3.5.2.4

" Tipover
"* Missile impact (i.e., from an accidental air
borne projectile).

Evaluation of Criticality Potential of
the Immobilized Plutonium Waste
Package

3.53.1

The criticality potential of the immobilized pluto
nium ceramic discs is effectively controlled by
neutron absorbers (i.e., gadolinium and hafnium),
which are fabricated into the waste form itself.
These materials are an effective criticality control
measure. During postclosure, about 50 percent of
the hafnium and about 1 percent of the gadolinium
is needed to maintain subcriticality under all dilu
tion situations. The DOE has exhaustively exam
ined the physical and chemical processes that
might be able to cause a separation, or removal of
the neutron absorbers from the waste package
entirely, and concluded they are insufficient to
warrant further consideration. Detailed criticality
analyses (CRWMS M&O 2000ba, p. xii) have
shown that five plutonium-loaded canisters,
without a center DOE spent nuclear fuel canister,
can be placed in the same waste package.
3.5.3

Pressurization of a commercial spent nuclear fuel
waste package could be caused by the rupture of all
the fuel rods. Evaluations have been performed
over uniform waste package temperatures, ranging
from 20* to 6000 C (68* to 1,100*F). The peak
stresses at the junction of the waste package shell
and lid were then compared to the ultimate tensile
stress of the waste package materials.
The 21-PWR Absorber Plate waste package was
evaluated because it would have the maximum
internal pressure due to fuel rod failure. Detailed
calculations show that the resulting stresses for all
components of the waste package are less than
90 percent of the ultimate tensile strength of the
materials; therefore, the waste package will not
breach as a result of pressurization, and the crite
rion is met (CRWMS M&O 2000au, Section
2.5.2.10).
3.5.3.2

. Structural Evaluations Performed on
Waste Package Designs

A performance specification for the waste package
requires that it not breach during normal operations
and event sequences. To address the term "breach"
in a quantified manner, threshold limits for failure
from the American Society of Mechanical Engi
neers code will be used. The waste package is
designed to meet American Society of Mechanical
Engineers code requirements. For event sequences,
breach is assumed to have occurred when
90 percent of the ultimate tensile strength has been
exceeded. To demonstrate the design adequacy of
the waste package with respect to these structural
functions, several performance specifications were
selected, as documented in the Waste Package
Design Sensitivity Report (CRWMS M&O 2000az,
Section 7). These include:
* Internal pressurization
* Retrieval
* Rockfall
3-31

Internal Pressurization

Retrieval

The waste package is being designed to allow
retrieval up to 300 years after emplacement. The
Naval SNF Long waste package is the heaviest
waste package for retrieval. The ability of the
waste package and pallet to be lifted together as a
single unit was calculated. The results show that
the maximum stress intensities from lifting among
the emplacement pallet Alloy 22 and Stainless
Steel Type 316L components are 96 MPa (14,000
psi) and 39 MPa (5,700 psi), respectively. These
stress intensity magnitudes are less than one-third
of the yield strength and one-fifth of the tensile
strength for each of the corresponding materials.
Atmospheric corrosion penetration rates for
Alloy 22 and Stainless Steel Type 316 are
0.0093 pm/yr and 0.025 ,pm/yr, respectively. The
calculated cumulative decrease of thickness of the
structural members of the emplacement pallet over
300 years of preclosure emplacement is 2.8 Itm for
Alloy 22 and 7.5 Itm for Stainless Steel Type 316.
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Detailed calculations demonstrate the survivability
of a Naval SNF Long waste package in a vertical
drop. The results show that the maximum stresses
among the waste package (made of Alloy 22,
except for the lower trunnion collar sleeve) and
Stainless Steel Type 316NG components are
433 MPa (63,000 psi) and 275 MPa (40,000 psi),
respectively. Since these stress intensities are less
than 90 percent of the ultimate tensile strength for
each of the corresponding materials, the perfor
mance specifications are met. The maximum stress
in the lower trunnion collar sleeve contacting the
unyielding surface is 799 MPa (116,000 psi),
which exceeds the tensile strength of Alloy 22.
However, this does not constitute failure because
the collar sleeve is designed to protect the waste
package by acting as a crush zone at the point of
impact (CRWMS M&O 2000ax, Section 2.5.2.3).

This negligible level of corrosion renders the waste
package retrieval calculation unnecessary, since the
consequential change of the results presented in
this calculation would be insignificant (CRWMS
M&O 2000ax, Section 2).
3.5.33

Rockfall

The 21-PWR Absorber Plate waste package design
was selected for this evaluation because it would
be the most vulnerable to rockfall. Its thinner walls
in the outer barrier and its greater sensitivity to
internal basket deformation cause greater vulnera
bility. It is also the most common waste package,
and hence the most likely to actually suffer a rock
fall impact. This calculation modeled a representa
tive rockfall from the roof of the drift onto the
unprotected waste package during preclosure. A
height of 3.1 m (10 ft) and a rock size of 13 metric
tons (14 tons), which were determined in the event
sequence hazards analysis, were modeled
(CRWMS M&O 2000au, Section 2.5.2.1). The
calculated results, presented in Table 3-14, indicate
the survivability of a 21-PWR Absorber Plate
waste package in a rockfall event (CRWMS M&O
2000au, Section 2.5.2.1). For event sequences such
as rockfall, breach has occurred analytically when
90 percent of the ultimate tensile strength has been
exceeded.

3.5.3.5

A waste package might tip over because of a
vertical drop or a seismic event. The 21-PWR
Absorber Plate waste package was selected for the
preclosure tipover evaluation because of its thinner
walls in the outer barrier (made of Alloy 22) and its
greater sensitivity to internal basket deformation. It
is also the most common waste package. The
tipover analysis was simulated in a detailed calcu
lation. Table 3-15 shows the results. The stresses
for all components that make up the waste package
are less than 90 percent of the ultimate tensile
strength of those materials (CRWMS M&O
2000au, Section 2.5.2.6).

Table 3-14. Summary of Results for Rockfall
Calculation
Shell

Calculated
Maximum Stress

Ultimate
Tensile

Percent of

Composltlon

Intensity
MPa (psi)

Stress
MPa (psi)

Ultimate
Stress

Alloy 22

563 (81,500)

690 (100,000)

82

Stainless
Steel

291 (42,200)

517 (75,000)

s0

3.5.3.4

Tlpover

0

Table 3-1& Summary of Results of Tipover
Calculation for 21-PWR Absorber Plate
Waste Package

Vertical Drop

The vertical drop evaluation was performed using
the Naval SNF Long waste package because it is
the heaviest design and has the highest internal
load; therefore, it will have the highest stresses in
the lids during a vertical drop. This calculation
modeled a waste package being dropped from a
distance of 2 m (6.6 ft).
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Waste Package
Component
Outer Shell and Lids
Inner Shell and Uds

3.53.6

Calculated
Maximum
Stress
MPa (psi)
553 (80,000)
327 (47.000)

Ultimate
Tensile
Stress
MPa (psi)
690(100,000)
517 (75,000)

Missile Impact

A potential internal missile event sequence could
take the form of a valve stem being ejected from
equipment operating at high pressures. The valve

0
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was estimated to have a mass of 0.5 kg (1.1 ib), a
diameter of 1.0 cm (0.39 in.), and a velocity of
5.7 m/s (19 fits). The missile impact evaluation
was performed for the 21-PWR, 44-BWR,
5-DHLW/DOE SNF, and Naval SNF waste
package designs.
The calculated minimum velocity is significantly
less that would be required to compromise the
integrity of the waste package (CRWMS M&O
2000au, Section 2.5.2.8).
3S.4

0

Shielding Evaluations Performed on
the Waste Package Design

Shielding analyses evaluate the effects of ionizing
radiation on personnel, equipment, and materials.
The primary sources for waste package radiation
are gamma rays and neutrons emitted from spent
nuclear fuel and high-level radioactive waste.
Loading, handling, and transporting of waste pack
ages would be carried out remotely to keep
personnel exposure as low as is reasonably achiev
able (e.g., having the human operators behind radi
ation shield walls, using remote manipulators,
viewing operations with video cameras). Shielding
analyses were performed for waste package
designs to assess the effects of radiation on mate
rial and equipment. These analyses provide infor
mation used by both the subsurface and surface
design programs to determine shielding require
ments in the surface facility, on the waste package
transporter, and in the subsurface facility.
Because they were designed to contain the waste
forms for thousands of years, the waste packages
must reduce radiation levels at their surfaces so
that radiolytically enhanced corrosion under
aqueous conditions is negligible. The shielding
analyses determined radiation exposure rates on
the surface of the waste package and evaluated
whether radiolytically induced corrosion would be
a contributing factor to the overall degradation of
the waste package.
Shielding analyses were also performed on equip
ment to determine radiation exposure during the
welding of the waste package closure lids. Various
pieces of monitoring and control equipment, such
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as the welding heads and camera, would be close to
radiation sources. The results of the shielding anal
yses will be used to quantify the shielding neces
sary for a piece of equipment to function properly
at a given location for a required period of time.
In emergency situations, which could occur during
the transport of waste packages from the surface
facilities to the emplacement drifts or during the
emplacement of waste packages in the drifts,
personnel may have to enter areas near waste pack
ages. Shielding analyses provide an evaluation of
the radiation environment surrounding the waste
packages so that worker safety can be ensured.
3.5.4.1

Source Term

Engineering calculations were performed to
generate source terms, which are used to evaluate
an upper limit for the surface dose rate of waste
package. The source terms calculated for both
pressurized water reactor and boiling water reactor
spent nuclear fuel have the following characteris
tics: 5.5 percent (by weight) initial uranium-235,
75.0 GWd/MTU, and a 5-year decay time for the
active fuel region; and 0.711 percent (by weight)
initial uranium-235, 75.0 GWd/MTU bumup, and
a 5-year decay time for the hardware regions of the
assembly. The rationale for these assumptions is
discussed in PWR Source Term Generation and
Evaluation (CRWMS M&O 1999k) and BWR
Source Term GenerationandEvaluation (CRWMS
M&O 19991).
3.5.4.2

Results

The calculated maximum dose rate at the external
surface of a 21-PWR Absorber Plate waste
package is 1,130 rem/hr (+/-60 rem/hr) (CRWMS
M&O 2000b1). The calculated maximum dose rate
at the external surface of a 44-BWR waste package
is 1,409 rem/hr (+/-32 rem/hr) (CRWMS M&O
2000b1, Section 6.2.3). Radiolytically enhanced
corrosion is expected to be insignificant because
the gamma dose on the surface of the waste
package will not affect the corrosion properties of
the waste package (see Sections 4.2.3.1.4 and
4.2.4.3.3).
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4. DISCUSSION OF DATA RELATING TO THE POSTCLOSURE SAFETY OF THE SITE
cussion is organized around the hydrologic
and geologic processes that would operate in
the repository system over time. For each
component of the system, the text describes
the data and information that form the basis
of the DOE's understanding, and how the
physical processes have been captured, or
"abstracted," in the performance assessment.
The processes affecting system components
described in Section 4.2 include, for exam
ple, flow in the unsaturated zone, coupled
thermal-hydrologic-geochemical processes
near the repository, degradation of drip
shields and waste packages, flow into and out
of the waste packages, dissolution of the
waste form, and transport of radionuclides
away from the repository.

Section 114(a)(IXC) of the Nuclear Waste Policy

Act of 1982 (NWPA), as amended (42 U.S.C.
10134(aXl)(C)), requires "a discussion of data,

obtained in site characterization activities, relating
to the safety of such site." This report presents a
summary of the results of site investigations,
design studies, and analyses of the performance of
a potential repository at Yucca Mountain that
began in 1978. Since 1986, the U.S. Department of
Energy (DOE) has performed these studies as part
of a formal program of site characterization that
addresses regulations of the U.S. Nuclear Regula
tory Commission (NRC). The program is also
reviewed by the Nuclear Waste Technical Review
Board, the State of Nevada, affected units of local
government, and others. This section presents a
summary of the data collected during site charac
terization as they relate to analyses of the
postclosure safety of the site. The discussion is
divided into six major parts:

Section 4.3 describes features, events, and
processes (FEPs) that, if they occurred at
Yucca Mountain, could affect repository per
formance. The discussion explains how
scenarios (i.e., combinations of FEPs used to
represent possible future conditions) have
been defined that represent possible future
conditions and behavior in the potential
repository. These scenarios are the basis for
the numerical analyses captured in the total
system performance assessment (TSPA) and
include all of the conditions and processes
expected to operate at the repository, as well
as disruptive events that could affect perfor
mance. Specific potentially disruptive events
relevant to Yucca Mountain are described in
detail.

Section 4.1 presents an overview of the post
closure safety assessment approach used by
the DOE to evaluate whether Yucca Moun
tain can safely isolate nuclear waste. It
describes the methods the DOE has used to
qualitatively and quantitatively assess the
safety of the system. The information pre
sented in this section provides a context for
understanding how the data collected are
related to safety. The discussion includes
explicit recognition of the inherent uncer
tainty in analyses of future performance, and
the potential consequences of alternative con
ceptual models or unexpected events.
Methods to accommodate or mitigate uncer
tainty are summarized. The regulatory
requirements for the performance assessment
are also explained.

Section 4.4 explains the methods used to
quantitatively assess the performance of the
potential Yucca Mountain repository and pre
sents the quantitative results of the TSPA for

a nominal scenario (i.e., for the 70,000
MTHM base-case layout and higher-temper
ature mode of operations) and disruptive
scenario (i.e., igneous activity), as well as a

Section 4.2 describes the data collected
during site characterization and explains the
DOE's conceptual understanding of the pos
sible future behavior of the potential
repository system, based on the data col
lected. The description is focused on
processes important to safety (i.e., those that
could affect a radionuclide release). The dis-

human intrusion scenario. The purpose of the
TSPA analysis is to determine whether a
Yucca Mountain repository could adequately
protect public health and safety where the
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4.1

safely standard is defined by regulations that
specify limits on allowable radiation doses to
the public over the next 10,000 years. The
effectiveness of the potential repository
system is assessed by probabilistically ana
lyzing performance (i.e., calculating dose
rates, expressed as mrem per year) for a wide
variety of possible future behaviors. Sensitiv
ity analyses for the various scenarios of
environmental conditions are presented to
provide insight to the processes and model
parameters that most influence TSPA results.

THE POSTCLOSURE SAFETY
ASSESSMENT METHOD

Assessing how a repository will perform over the
next 10,000 years and beyond is a challenge for
both the DOE and regulators. The limitations to the
analyses and the uncertainties inherent in future
system behavior cannot be completely eliminated
by further testing or modeling. For this reason, the
DOE has adopted an approach that relies on
multiple lines of evidence to evaluate whether or
not a repository at Yucca Mountain could
adequately isolate and contain waste during the
compliance period. This approach is documented
in the Repository Safety Strategy: Plan to Prepare
the Safety Case to Support Yucca Mountain Site
Recommendation and Licensing Considerations
(CRWMS M&O 2001a, Volume 2). The postclo
sure safety case depends on combining sound
science and engineering practice with informed
judgment and planning. The postclosure safety
case is described here because it provides a context
for understanding how data and analyses presented
throughout the rest of this section are related to
safety.

"Section 4.5 describes and explains qualita
tively and quantitatively the performance
capability of the natural and engineered barri
ers at Yucca Mountain.

" Section 4.6 describes the proposed program
of performance monitoring, testing, and site
stewardship that would be conducted at the
potential repository. This program has been
designed to provide additional confidence
that a repository could be safely constructed
and operated. It would include a performance
confirmation program designed to monitor
repository performance during and after its
operation to verify that the technical basis for
the program is sound. It would also include
measures to maintain the ability to retrieve
any or all of the waste at any time prior to
closure.

The first element of the postclosure safety case is a
thorough and quantitative evaluation of the
possible future performance of the repository. This
element is based on a comprehensive testing
program that has evolved to address identified
uncertainties, and an engineered barrier design
developed specifically to work in combination with
the natural barriers of the site. U.S. Environmental
Protection Agency (EPA) and NRC regulations
specify the method by which the DOE will analyze
whether a repository can safely isolate spent
nuclear fuel and high-level radioactive waste (i.e.,
a TSPA). The TSPA is described briefly in Section
4.4 but in more detail in Total System Performance
Assessment for the Site Recommendation
(CRWMS M&O 2000a) and several subsequent
documents including FY01 Supplemental Science
and Performance Analyses (BSC 2001a; BSC
2001b) and Total System Performance Assess
ment-Analyses for Disposal of Commercial and
DOE Waste Inventories at Yucca Mountain-Input
to FinalEnvironmental Impact Statement and Site
Suitability Evaluation (Williams 2001a). These
reports include analyses of all the processes

This section emphasizes the scientific and engi
neering data and analyses related to the safety of
the Yucca Mountain site. Most of the detailed
scientific and engineering data is presented in
Sections 4.2 and 4.3, which describe in detail the
subsystem processes and the possible disruptive
events that would control the performance of the
potential repository. Although many of the
concepts and descriptions presented are technically
complex, the discussion is, to the extent possible,
presented in nontechnical terms, so the information
is accessible to non-technical readers.
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* Disruptive events (i.e., seismicity and volca
nism) (CRWMS M&O 20000.

expected to operate at the repository that could
affect its ability to isolate waste. They also explic
itly consider both disruptive events and alternative
process models that could result in unanticipated
behavior (i.e., identifies what could go wrong).
These evaluations directly address uncertainty in
both the DOE's knowledge of the site and in future

The process model reports synthesize the informa
tion contained in the individual analysis model
reports and provide an integrated perspective for
understanding each of the process level models.
This hierarchical process of documentation was
used to ensure the traceability of supporting infor
mation from its source through the analysis model
reports and process model reports to its eventual
use in the TSPA. Supplemental analyses at both the
process model level, and the total system level, are
presented in FYO1 Supplemental . Science and
PerformanceAnalyses (BSC 2001a; BSC 2001b).

conditions and include numerical sensitivity anal
yses to test how the repository might perform if
current or future conditions differ from those

expected.
To capture the technical inputs used in developing
the overall TSPA system level model, a set of anal
ysis model reports have been prepared. These
reports contain the detailed technical information
regarding data, analyses, models, software, and
supporting documentation that is used in the devel
opment of the process models. The analysis model
reports provide the direct input into the TSPA anal
yses, as well as document the abstraction of the
process level models for use in the overall TSPA
system level model.

0

Because the DOE recognizes that uncertainty about
the future performance of the repository cannot be
completely eliminated, the postclosure safety case
includes several additional measures designed to
provide confidence and assurance that the reposi
tory will meet postclosure performance standards.
These measures include:

Using the analysis model reports as a basis, the
descriptions of these process level models are
documented in a suite of process model reports that
cover the following areas:

" Qualitative (and sometimes quantitative)
insights gained from the study of natural and
man-made analogues to the repository or to
processes that may affect repository perfor
mance. Analogue observations are especially
useful in the analysis of processes related to
repository performance that operate over
long time frames (thousands of years) or
large spatial distances (tens of kilometers)
that cannot easily be tested.

"* Integrated site model (CRWMS M&O 2000i)
"* Unsaturated

zone flow
(CRWMS M&O 2000c)

and

transport

Near-field environment (CRWMS
2000al)

M&O

" Selection and design of a repository system
that provides defense in depth and a margin
of safety compared to postclosure health and
safety requirements. The DOE has imple
mented this approach through the selection of
a specific location in the unsaturated zone at
Yucca Mountain and the development of a
design with multiple natural and engineered
barriers to the migration of radionuclides.
The engineered components of the site are
designed specifically to complement the
natural attributes of the potential repository
host rock. This multiple barrier repository
system provides defense in depth, so that the

Engineered barrier system degradation, flow,
and transport (CRWMS M&O 2000as)
* Waste package degradation (CRWMS M&O
2000n)
• Waste form degradation (CRWMS M&O
2000bmi)
* Saturated zone flow and transport (CRWMS
M&O 2000bn)
* Biosphere (CRWMS M&O 2000bo)
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support the postclosure safety case for the Yucca
Mountain site. The sections that follow contain
additional descriptions of each element of the
safety case.

safety of the repository does not depend on
only one or two barriers.
A commitment to a performance confirma
tion program and long-term management and
monitoring to ensure the integrity and secu
rity of the repository and to ensure that the
scientific and engineering bases for the dis
posal decision are well founded. This
commitment includes maintaining, for a
period of up to 300 years, the ability to
retrieve the spent nuclear fuel and high-level
radioactive waste before closure for any
reason, if future generations decide that
doing so would be desirable.

4.1.1

Total System Performance Assessment

Analysis of the future performance of the potential
repository is fundamental to the DOE's under
standing of the Yucca Mountain site. Therefore, the
first element of the safety case is a thorough anal
ysis of how a repository at Yucca Mountain would
behave in the future. As noted previously, the
methods used and the results of the TSPA for
Yucca Mountain are described in Sections 4.3 and
4.4.

This approach is similar to that recommended by
many national and international professional orga
nizations that have studied nuclear waste disposal.
As a panel of the National Academy of Sciences
observed, "Confidence in the disposal techniques
must come from a combination of remoteness,
engineering design, mathematical modeling,
performance assessment, natural analogues, and
the possibility of remedial action in the event of
unforeseen events" (National Research Council
1990, pp. 5 to 6).

Performance assessment is a method or tool
defined and provided by the EPA and the NRC (in
40 CFR Part 197 and 10 CFR Part 63 [66 FR
55732], respectively) for the evaluation of a Yucca
Mountain repository. The objective of the total
system performance assessment for site recom
mendation (TSPA-SR) for Yucca Mountain is to
provide a basis for evaluating whether the safety of
the general public will be protected. However, the
DOE has also used the performance assessment for
broader purposes during site characterization of
Yucca Mountain. For instance, it has been used as a
tool to evaluate the effects of uncertainty on total
system performance and to identify areas where
further work is needed. This has been accom
plished in an iterative manner. For this updated
Yucca Mountain Science and Engineering Report,
TSPA results are presented and discussed in one
comprehensive report, summarizing several addi
tional supplemental documents that describe
analyses performed to address specific technical
and/or regulatory issues. The key TSPA references
include:

The various elements of the postclosure safety case
contribute in different ways to building confidence
in analyses of the long-term performance of the
repository. Quantitative numerical models permit
scientists to test their understanding of the site and
assess the consequences of uncertainty or assump
tions in their models. Observations of natural or
man-made analogues can help scientists determine
whether the results of repository models are consis
tent with the behavior of actual systems. They can
also be used to qualitatively evaluate the reliability
and uncertainties associated with modeling. Safety
margin and defense in depth provide one way to
compensate for uncertainty in analyses. Long-term
monitoring can help scientists verify that the uncer
tainties in site and design performance have been
appropriately characterized. In total, the elements
documented in the Repository Safety Strategy:
Plan to Prepare the Sacfety Case to Support Yucca
Mountain Site Recommendation and Licensing
Considerations(CRWMS M&O 2001a, Volume 2)

Total System PerformanceAssessmentfor the
Site Recommendation (CRWMS M&O
2000a). This report describes a comprehen
sive analysis of the performance of a
repository at Yucca Mountain. It documents
the TSPA methodology and explains how
process models have been incorporated in the
TSPA-SR analysis.
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PyjO. Bupplemental-&ience- and. Per'for
mance Analyses (BSC 2001a; BSC 2001b).
This two-volume report describes additional
,analyses performed to .examine the uncer
tainty in TSPA analyses ý:of YuccaMountain.
Volume I (BSC 2001a).describes new technTi
eal information and models ofprocesses that
may be important to performance; it provides
additional quantitative atalysis: of uncertain
-ties and investigates the effectof the thermal
W mode -of the repository on the
operating
-uncertainty associated"..with process models.
Volume 2 (BSC 2001b) documents supple
mentai . total system analyses based on an
updated TSPA model (rederred to in this
report: as the supplemental' TSPA model).
based on information in Volume I.
-Total System Performance Assessment
Analyses:.jr Disposat of :Commercial and.
DOE •aste Inventoriesat Yucca Mountain
Input. tO Final Environienral Impact Stare
and Site .Suigtabillty Evaluation
meO
(Williaims 20014). Tfis .document describes
revised TSPA analyses (rferred to, in this
report as the revised supplemental :TSPA
-model) consistent with EPKs :final 40 CFR
Part 197 rle,.including distance to the acces

Figure 4-14

•sible environment, and calculation of
radionuclide concentrations in groundwater
:at approximately 19 kin (11 ml) from the
repository.
* Total System PerformanceAssessment &!1i
uivi, Analyses for FinalNuclear Regulato'y
Commission Regulations (Williams!2001b)..
This report describes additionial ISPA sensi
tivity analyses to address final 10. CFR Part
63 (66 FR 55732)-proWision, including the
possible treatment oftunlikely events .(igne
.ous intrusion) in aSsess6ng grundwer
protection andhuman intrusion, and the
effects Ofa change to 3,000-.acre-fVyr water
demand for,evaluation against heindividual
protection standaid.

S

Figure 4-1 schematically presents the information
flow within an iterative TSPA approach. Infbmia-

Perfornance
1ystem
Total
Assesment Pyramid Illustrating the
Progressive, nd Iterative Process of
Synthesiring Design:: Informntion,
Mite Data, Process Models, and Total
System Performance Assessment.
Expertise

lion gained during .studies and testing flows
Supward through the development of- oceptual and
numerical models that provide the basis for the
TSPA, Information gained through: analysis flows
downward in the form of specIfic information
needs for the next iteration of the TSPA.
The foundations 6f the :TSPA are site characteriza
tion and:e'ngineering design data. ProjeCt sciitists
and engineers use ithis-iformation -to -formulate.
conceptual models of the FEPs that could affect the
6ennered barriers
perormnceof he atiura and
at the site. An important step in the formulation of
these conceptual: models isithei idntificafion of
uncertainties in the- current: state:"olknowledge.
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process in the abstracted models. The complexity
of an abstracted model is governed by how sensi
tive total system performance is to the specific
process and by how well the model incorporates
uncertainty. The abstracted TSPA models, associ
ated uncertainties, and important assumptions are
described in Section 4.4 and in Total System
Performance Assessment for -the Site Recommen
dation (CRWMS M&O 2000a). More recent
analyses are described in FY01 Supplemental
Science and PerformanceAnalyses (BSC 2001a;
BSC 2001 b) and Total System PerformanceAssess
ment-Analyses for Disposal of Commercial and
DOE Waste Inventories at Yucca Mountain-Input
to Final EnvironmentalImpact Statement and Site
Suitability Evaluation(Williams 2001 a).

These conceptual models, the level of uncertainty
associated with each, and the essential assumptions
used in their formulation are documented in
Sections 4.2 and 4.3, as well as supporting docu
ments describing the DOE's understanding of the
Yucca Mountain repository system.
The conceptual models are next cast into process
level models. These are typically numerical
computer models that range from simple to quite
complex representations designed to capture and
simulate the fundamental physical phenomena that
influence the process being modeled. The process
models, together with important uncertainties and
assumptions, are also described in Sections 4.2 and
4.3, as well as in supporting references.

The abstracted models are combined into a total
system model, which is used both to assess the
potential future performance of the repository and
to evaluate how uncertainty in the understanding of
FEPs might affect performance. Throughout site
characterization, the DOE has used this informa
tion to identify and prioritize future work activities.
In this manner, the testing program has been
updated and the repository design modified to
continually improve the DOE's confidence in
assessments of future performance. In the past
decade, the DOE completed comprehensive anal
yses of total system performance in 1991, 1993,
1995 and 1998 (Barnard et al. 1992; Eslinger et al.
1993; Wilson, M.L. et al. 1994; CRWMS M&O
1995; DOE 1998, Volume 3). Each of these repre
sented a significant advance in the DOE's
understanding of how the potential Yucca Moun
tain repository might perform, and each resulted in
modifications to the site testing program or the
repository design to address key uncertainties. This
report and the Total Sstem Performance Assess
ment for the Site Recommendation (CRWMS
M&O 2000a) reflect the knowledge and insights
gained through this process. Additional analyses
and insight are presented in FY01 Supplemental
Science and Performance Analyses (BSC 2001 a;
BSC 2001 b) and Total System PerformanceAssess
ment-Analyses for Disposal of Commercial and
DOE Waste Inventories at Yucca Mountain-Input
to FinalEnvironmental Impact Statement and Site
SuitabilityEvaluation (Williams 2001 a).

Many process level models are needed to analyze
the various subsystems that could affect the perfor
mance of the potential repository. Some of the
individual models are so complex that it is not
possible or desirable to include them in a single
linked total system model, due to computing limits
or because simplified models of certain processes
may be equally defensible. A total system model
that depended on a single representation of a
process might overlook credible alternative
models. Therefore, the total system model is gener
ally based on simplified (abstracted) models that
enable assessment of the effects of alternative
representations of potentially important processes.
The process level models described in Sections 4.2
and 4.3 provide the foundation for the abstracted
models contained in the TSPA described in Section
4.4. These abstracted models include the important
details of the process level models, so they can be
used to simulate or bound the results of the process
level models. Scientists and engineers evaluate the
output of the detailed process level models to iden
tify key results, uncertainties, and assumptions that
must be captured by the abstracted models. For
example, it may be determined that, of the many
processes and parameters contained within a
process level model, only a few have a significant
effect on overall behavior. Analysts use test results,
comparisons with alternative process level models,
and judgment to determine how best to incorporate
the uncertainty associated with each specific
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