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This paper summarizes the evolution of the engineered barrier design for the proposed Yucca Mountain
disposal system. Initially, the underground facility used a fairly standard panel and drift layout excavated
mostly by drilling and blasting. By 1993, the layout of the underground facility was changed to
accommodate construction by a tunnel boring machine. Placement of the repository in unsaturated
zone permitted an extended period without backfilling; placement of the waste package in an open drift
permitted use of much larger, and thus hotter packages. Hence in 1994, the underground facility design
switched from floor emplacement of waste in small, single walled stainless steel or nickel alloy
containers to in-drift emplacement of waste in large, double-walled containers. By 2000, the outer layer
was a high nickel alloy for corrosion resistance and the inner layer was stainless steel for structural
strength. Use of large packages facilitated receipt and disposal of high volumes of spent nuclear fuel. In
addition, in-drift package placement saved excavation costs. Options considered for in-drift emplace-
ment included different heat loads and use of backfill. To avoid dripping on the package during the
thermal period and the possibility of localized corrosion, titanium drip shields were added for the
disposal drifts by 2000. In addition, a handling canister, sealed at the reactor to eliminate further
handling of bare fuel assemblies, was evaluated and eventually adopted in 2006. Finally, staged
development of the underground layout was adopted to more readily adjust to changes in waste forms
and Congressional funding.
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1. Introduction

In 2008, the US Department of Energy (DOE) submitted the
Safety Analysis Report for a License Application (SAR/LA) to the US
Nuclear Regulatory Commission (NRC) in order to construct a
repository at Yucca Mountain for high-level radioactive waste
(HLW), commercial spent nuclear fuel (CSNF), and DOE-owned
SNF (DSNF). Yucca Mountain (YM), located at the boundary
between the Nellis Air Force Range and the Nevada National
Security Site (formally known as the Nevada Test Site or NTS),'
had been under consideration for a radioactive waste repository
since 1978 (Fig. 1).

While many of the scientific characterization issues related to
Yucca Mountain have been discussed in the literature over the
years, much of the technological and engineering designs are in
project reports. Hence, this paper presents the evolution of the
repository and engineered barrier design in order to provide a

* Corresponding author. Tel.: +1 505 844 1761; fax: +1 505 844 2348.
E-mail address: rprecha@sandia.gov (R.P. Rechard).
! Because the area was known as the Nevada Test Site during most of the
disposal system characterization of Yucca Mountain, this paper and companion
papers use NTS rather than the current NNSS acronym.
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historical perspective on the performance assessment (PA) under-
lying the SAR/LA described in this special issue of Reliability
Engineering and System Safety. Companion papers describe the site
selection, site characterization, and evolution of the modeling
system for the PA [1-9]. Although part of the engineering strategy
for the YM repository was recently summarized [10,11], this paper
provides further background and historical context.

Seven PA iterations provide convenient points to discuss the
status of Yucca Mountain Project (YMP) over the years. In 1982
and 1984, deterministic analyzes of volcanic eruptive doses
and undisturbed groundwater releases, collectively designated
herein as PA-EA [12,13], were conducted for the draft and final
Environmental Assessments (EA) required by the Nuclear Waste
Policy Act of 1982 (NWPA) [14]. PA-EA provides the initial marker
for the paper. The first stochastic PA, conducted in 1991 (PA-91)
[15], serves as the second marker. PA-93 and PA-95, which serve as
the third and fourth markers, respectively, provided preliminary
guidance on site characterization and repository design [16,
Fig. 1-1,17]. The Congressionally requested viability assessment
(PA-VA), completed in 1998, serves as the fifth marker [18]. The
conclusion of site characterization culminated with an analysis in
late 2000 for the site recommendation (PA-SR) and serves as the
sixth marker [19]. PA-LA, which forms the basis of the SAR/LA,
serves as the final marker.
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Fig. 1. Location and extent of various proposed layouts for Yucca Mountain repository.

2. Design of engineered system

The design of the repository has varied considerably over the life of
YMP as the understanding of the geologic barrier has increased, the
techniques for excavation have advanced, and desires for large
containers for high throughput have been expressed (Fig. 1). Initially,
the favored horizon for a repository at NTS was in the saturated zone
(SZ), but the US Geological Survey (USGS) had suggested disposal of
HLW in the UZ and alluvium in the 1970s. The USGS tentatively
suggested the Topopah Spring welded tuff unit (TSw) in the unsatu-
rated zone (UZ) in 1982 [1] (Fig. 2). That same year, Sandia National
Laboratories (SNL) described a preliminary repository design [20].
However, a full evaluation of potential tuff units was not completed
until 1983 and the report published a year later [21,22, p. 152]. Four
units were formally evaluated: 2 units in the UZ (TSw and Calico Hills
non-welded tuff or CHn) and 2 units in the SZ (Bullfrog and Tram
welded tuff units or BFw and TRw, respectively) (Fig. 2). The report
supported the selection of TSw for the repository.?

2 Areference stratigraphy for thermal-mechanical modeling, published in 1985
[23], has been used by the project up through PA-LA and will frequently be used
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Fig. 2. General stratigraphy of Yucca Mountain at SD-6 borehole [16, Figs. 6 and 7,
25, Fig. 6.3.1-8].

2.1. Engineered system in 1984 PA-EA

2.1.1. Repository design in 1984 PA-EA

In 1979, Congress decided to dispose only transuranic (TRU)
radioactive waste generated from weapon production at the Waste
Isolation Pilot Plant (WIPP) in bedded salt in southern New Mexico
[26]. Congress stated in NWPA that remaining defense related
DSNF should be disposed (presumably as defense HLW.?) with
CSNF and the small amount of commercial HLW from the West
Valley reprocessing plant closed in 1972 (Fig. Al), subject to

(footnote continued)

herein since it generally corresponds to the major hydrologic modeling units.
However, the formal stratigraphy and informal extensions developed by USGS in
1984 and revised in 1996 [24] are frequently necessary when discussing units of
the repository horizon.

3 President Ford delayed commercial reprocessing of CSNF in October 1976,
and President Carter indefinitely delayed reprocessing in 1977. An important
reason for the decisions was concern about proliferation of weapon material,
based on the detonation of the Pu weapon by India in 1974 [1]; however,
reprocessing of DSNF within the weapons complex continued until 1992 [27].
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Presidential approval [1]. Hence, for PA-EA, both CSNF and HLW
were envisioned to be disposed. Furthermore, the design antici-
pated CSNF, HLW, and some commercial TRU* waste produced
from reprocessing CSNF and fabrication of mixed-oxide (MOX) fuel
[28, Tables 1-1] (Fig. 3).

A rough concept for a repository was used for evaluating the
consequences of igneous intrusion in 1982 [16-18,29-32]
(Table 1). However, a complete conceptualization for the reposi-
tory was developed for the PA-EA with a stair-step design to
remain horizontal and in the welded tuff (TSw) of the Topopah
Spring Formation. Although the TSw unit had been selected in
1983 as noted above, the particular subunit had not; however,
the lower non-lithophysal tuff unit (Tptpln) was favored [25,
Fig. 6.3.1-8; 28] (Fig. 2). The ground support proposed was
traditional rock bolts and wire mesh. The extraction ratio was
25%. The exploration area for the repository was set >200m
below the surface and > 100 m above the water table [33]. These
distance criteria would control the vertical location for the next
25 yr. Also by 1984, SNL had reported on borehole sealing methods
[34,35] and construction methods for exploratory shafts [36].

The area required for 70,000 metric tons of heavy metal
(MTHM) for the first repository specified in NWPA (until a second
repository was constructed) was 6 km?, based on an initial areal
power loading of 12 W/m? (Table 1). The 12 W/m? areal power
loading with 3.4 W/pkg (Table 1) was sufficient to keep rock
temperatures < 100 °C on the floor a few meters to tens of meters
away from the waste packages, if one assumed a rock thermal
conductivity of 2 W/m K [12,37]. The design criteria at the time
was to limit the temperature rise at the surface to < 6 °C and keep
the tuff temperature in the repository < 200 °C and, thereby, avoid
altering zeolitic tuff in layers under the repository [28].° The latter
criterion, expressed as a drift wall temperature <200 °C,
remained a design goal throughout the life of YMP.

Both vertical and horizontal emplacements were under con-
sideration during the mid-1980s [28, Figs. 2-12 and 2-14] (Fig. 3).
Vertical emplacement was in the floor of a 6.1 m wide by 6.7 m tall
disposal drift with one container placed in a 0.7-m diameter
borehole spaced every 9 m for 10-yr old CSNF. Horizontal empla-
cement was in the pillars of a 6.1 m wide by 3.7 m tall disposal
drift with ~35 containers per borehole spaced every 14 m
(Table 1). Although pillar emplacement involved between
3.3 and 9 times less excavation, floor emplacement was the
baseline option (in the draft EA, the estimates were 2 mega
tonnes—Mt—of excavated tuff for pillar emplacement versus
18 Mt for flow emplacement; in the final EA, the estimates were
6 Mt versus 20 Mt) [39, Table 5-1].

The 1984 draft EA required by NWPA used the initial SNL
designs for floor or pillar emplacement [39, Table 5-1;40] (Fig. A1),
but the 1986 final EA used a modified design that anticipated two
stages of repository development as follows [39, Fig. 5-3]. For 4 yr
between 1993 and 1998, the repository would be constructed to
dispose of 400 MTHM/yr beginning in 1998. For an addition 3 yr
between 1998 and 2000, facility operations would be tested and
more surface and underground facilities built (e.g., second waste
handling building) such that, in 2001, the repository could dispose

4 The commercial TRU waste mentioned in 1984, an EPA waste category, would
possibly be classified as Greater Than Class C Low-Level Waste (GTCC LLW), an NRC
waste category. GTCC and TRU waste is similar to the Intermediate-Level waste
(ILW) category of the International Atomic Energy Agency (IAEA) and other
countries, to be disposed in a geologic repository.

5In comparison, the proposed Swedish repository is designed for
12,000 metric tons (12 kt), for 6000 packages each containing 4 PWR assemblies
to limit the thermal output to 1.7 kW/pkg and temperatures < 100 °C to prevent
excessive drying of the clay buffer next to the copper package [38]. The proposed
Finish repository was initially designed for 6 kt and an expansion to 9 kt recently
approved.

3000 MTHM/yr, a rate ~50% higher than the annual rate of
generation of CSNF in the US [41, p. 5]. This rate would guide
repository designs for the next 25 yr to ensure that CSNF storage at
reactors would decrease once the repository was operating. At this
rate, operations were envisioned to continue for 28 yr. Mining of
disposal drifts would occur for the first 22 yr for vertical emplace-
ment, and the first 14 yr for horizontal emplacement. Monitoring
was envisioned to occur for an additional 22 yr to accommodate
the NRC requirement for retrieval up to 50 yr after initial waste
emplacement (Sections 60.111(b) and 63.111(e)), and decommis-
sioning was envisioned to take 3 yr.

2.1.2. Package design for 1984 PA-EA

At the same time SNL was developing preliminary layout
designs for the repository in 1982, Lawrence Livermore National
Laboratory (LLNL) was developing preliminary designs for HLW
and CSNF containers based on drafts of proposed technical criteria
in 10 CFR 60 [42]. By 1983, candidate materials for a container in
the salt, basalt, and tuff repositories included stainless steel and
high-nickel alloys [43,44]. The hole plug and liner [45, p. 5.35] was
to be carbon steel [43]. Copper alloys were also evaluated for
waste containers but were not as effective in the oxidizing,
unsaturated zone (UZ) for the tuff repository as in the anoxic,
saturated zone (SZ) proposed for the Swedish repository [46].°
However, only 10-mm thick containers of 304 stainless steel
containing CSNF were modeled in the 1984 PA-EA (i.e., no
engineered barrier was modeled that would delay release of
radionuclides, such as a corrosion resistant overpack, borehole
liner, or adsorptive backfill). PA-EA assumed either an exponential
failure rate with a mean of 10? yr or catastrophic failure after
either 300 yr or 1000 yr, based on subsystem performance objec-
tives in the NRC regulation, 10 CFR 60 [47, Section 60.113].

The containers for CSNF from either pressurized water reactors
(PWRs) or boiling water reactors (BWRs) were assumed to be
0.65 m in diameter and between 4.0 and 4.75 m long [16,30,31,48]
(Fig. 4; Table 1). About 33,000 containers were anticipated if the
CSNF was not consolidated or ~ 18,000 if CSNF was consolidated at
the repository by removing hardware surrounding the fuel rods
[28, Tables 1-1; 30].

HLW was not modeled in the 1984 undisturbed analysis in
PA-EA; however, the earlier 1982 volcanic eruptive analysis had
included HLW. The pour canisters for defense HLW were assumed
to be 0.61 m in diameter and 3 m long (the standard canister used
in the vitrification plant at the Savannah River Site); the pour
canisters for commercial HLW were assumed to be 0.32 m in
diameter and 3 m long.

2.2. Engineered system in PA-91

2.2.1. Repository design in PA-91

Alternative designs were understudy, but PA-91 basically used
the repository design developed for the 1988 Site Characterization
Plan (SCP) required by 10 CFR 60 [31,49-51]. Rather than stair step
the repository as in 1984 PA-EA, the SCP repository followed the
~6° dip of the lower non-lithophysal tuff unit (Tptpln) and
remained >200m below the surface and ~183 m above the
water table [16, 51,vol. 2 Figs. 4-30, 4-33, 4-37, 4-38] (Fig. 5a). The

51n 1978 and through the KBS-1 design, the Swedish package scheme
envisioned a 6 mm thick titanium overpack around a stainless steel handling
canister. The annulus between the canister and overpack was to be filled with lead
to diminish radiolysis of groundwater [45, p. 5.10]. By 1983, the Swedish package
scheme envisioned a 50-mm thick copper alloy overpack over a cast nodular iron
insert in the KBS-3 design [38]. The function of the iron insert was to scavenge
oxygen in the mostly anoxic environment and form iron oxide rust, which, in turn,
readily sorbed radionuclides as the SNF eventually degraded.



Table 1

Characteristics of repository designs in past PAs [16-18,29-32].

PA Repository Drift Container
Place Area (km?) Heat (W/m?) Back fill Active count Length (m) Space (m) Diameter (m) Orient (°) Count Spacing (m) CSNF* heat at t, (kW/pkg)
82 Floor 2.69" 22 Yes Room 90 1008°¢ 18.2 7.5w 89,559 135 0.6
EA? Floor 6.00 12 Yes 460 30.5 6.7 x 6.1w 35 33,000 9 34
Pillar 12 Yes 490 430 3.7 x 61w 14 34
91 Floor 5.61 14 Yes Panel 17 91-122 38 6.6 x 4.6w 35 33,000 SNF 4.6 HLW 2.3 2.0
Pillar 14 Yes 430 230 3.8 x 6.7w SNF 21.0 HLW 10.5 2.0
93¢ In-drift 4.63 14 Yes 254 7.6 55 8512f 232 8.0
Floor 4.61 14 Yes 254 7.6 35,580 5.6 2.0
In-drift 233 28 Yes 254 7.6 8512f 11.6 8.0
Floor 3.14 28 Yes 254 7.6 35,580 2.8 2.0
95% In-drift 3.80 20 Option 90 1400° 28 5.5 10,297 CSNF 9.9 HIW 1.8
VA" In-drift 3.00 21 No 105 1019°¢ 28 5.5 108 10,213 2.3-10.6 CSNF 10.7 ' Co&DSNF 2.8
SR In-drift 4.55 21 Option 51 1102°¢ 81 5.5 72 11,770 0.1 11.8
LA In-drift 4.98 18 No 99' 605°¢ 81 5.5 72 11,629 0.1 CSNF 10.5" Co-pkg 2.0

¢ Assumes ~0.98 kW/MTHM.

b Area for 47,000 MTHM repository.

¢ Total active drift length divided by active drifts.
4 Source [28].
€ Source [16, Table 4-5].

f Scaled from CSNF packages since HLW packages not explicitly modeled [16, Tables 4-5, 5-1 and 5-7].

& Source [17, Table 8.2].

" Source [31, vol. 2, Section 4.2.1.2].
f Average of 4 PWR and 2 BWR package heat loads used in thermal calculations [18, Vol. 3, Fig. 3-18].
1 PA-LA modeled 11,629 packages to fill co-disposal packages and repository, but only 10,767 needed for 70,000 MTHM.

¥ Average of 3 PWR and 2 BWR package heat loads used in thermal calculations [32, Fig. 2.3.1.5].
! The active count of drifts depends upon the scenario for receiving various types of waste in addition to the total mass considered. For the receipt scenario reported in SAR/LA (which is based on limiting waste stream
characteristics for a 70,000 MTHM repository with 10,767 packages) 91 emplacement drifts are needed [32, Table 1.3.1-3]. For the nominal PA-LA design, up to 108 emplacement drifts are planned in Fig. 12.
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Fig. 3. Two repository concepts considered at time of PA-EA: waste disposal
vertically in drift floor or waste disposal horizontally in drift pillar [28, Figs. 2-12
and 2-14].

repository consisted of an access drift around the perimeter and
three main drifts down the center of the repository to move miners
and service equipment, radioactive waste, and tuff, all bored by a
tunneling machine [51, vol. 1, Table 3-12]. Miners were to enter the
repository through a shaft, but radioactive waste entered and tuff
was removed via mildly sloping ramps bored respectively 7-m and
7.6-m to the surface. Except for limited use of a tunnel boring
machine (TBM), the general configuration of the disposal panels,
excavated by conventional drilling and blasting, was the same as
envisioned in 1984; yet, the repository area for PA-91 (5.6 km?) was
somewhat smaller than in PA-EA (6 km?) and SCP (5.75 km?).
Both vertical waste emplacement in boreholes in drift floor and
horizontal waste emplacement in the drift pillars were still under
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Fig. 4. Small, thin-walled, stainless steel package designs considered at time of PA-
EA, PA-91 (SCP design), and PA-93, which maintained flexibility for disposal in
various saturated and unsaturated geologic media [ 16, Figs. 4-1; 30; 31; 49, Figs. 3-9
and 3-10].

consideration (Table 1). The PA-91 design also envisioned com-
mingling CSNF and HLW in drifts to allow a more consistent
spacing down the drift and closer spacing of the drifts to slightly
increase the thermal power loading to 14.1 W/m?2. Interspersing
the lower heat output of HLW packages (and eventually DSNF
in PA-VA and thereafter) with the higher heat output of the CSNF
packages to maintain a more uniform thermal load within
the repository would remain a part of the thermal strategy
thereafter.

For floor emplacement, the spacing was 4.6 m for CSNF bore
holes with an occasional HLW drill hole spaced in between
(2.3 m). The boreholes were 7.6 m deep with a steel shield plug
in the 3 m length above the container. For pillar emplacement, the
CSNF borehole spacing was 21 m and long enough for 14 CSNF
packages with an occasional drill hole spaced in between (10.5 m)
for 18 HLW packages (Table 1). With this configuration, tempera-
tures were above boiling around the package for ~300 yr.
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Fig. 5. Repository concepts (a) PA-91, which considered vertical and horizontal
disposal, mostly used drill/blast construction [51, Figs. 4-30, 4-33, 4-37, and 4-38],
and (b) PA-93 with waste disposal in drifts was bored entirely by tunneling
machine [16, Fig. 4-6].

2.2.2. Package design in PA-91

PA-91 used the waste package (WP) design specified in the
1988 SCP (which was somewhat similar to PA-EA). The SCP
specified a 9.5-mm thick, 304 stainless steel container either
0.61 or 0.66 m in diameter and either 3 or 4.8 m long. The
SCP assumed that the handling facility at Yucca Mountain
would consolidate most assemblies by removing hardware such
that either 6 PWR assemblies or 18 BWR assemblies could fit
into a container along with the hardware [31,51,52]. For those
assemblies that could not be disassembled, the containers could
accommodate either 3 PWR or 6 BWR intact assemblies (Fig. 4,
Table 2).

Table 2
Changes in waste container design for floor and pillar emplacement [16; 30; 31].

PA Type Count Length (m) Dia. (m) Thick (m) Mat.
As-is Apart

84° CSNF 33,000 18,000 4.0/4.8 0.65 10 304 SS
CHLW 3.0 0.32
DHLW 3.0 0.61

91° CSNF 33,333 18,000 3.0/4.8 0.66 9.5 304 SS
HLW overpack 33 0.66

93 3-PWR/ 35,580° 4.8 0.71 9.5 A 825
4-BWR
HLW overpack 3.2 0.66

2 Source [30], which conflicts somewhat with [28, Table 1-1].

b Source [31, Figs. 3-9 and 3-10].

¢ Scaled from 32,022 CSNF packages for 62,996 MTHM since HLW packages not
modeled [16, Fig. 4-1, Tables 5-1 and 5-7].

Although an HLW canister was not modeled in PA-91, SCP
specified a stainless steel overpack 0.66 m in diameter (same
diameter as CSNF) and 3.2 m long to encase the pour canister to
make handling more consistent between HLW and CSNF and to
ensure known behavior of the waste container (since pour canister
behavior might be uncertain due to the thermal shock of pouring
glass into the canister).

Although not considered in PA-91, YMP was evaluating longer-
lived containers. As noted earlier for PA-EA, LLNL had examined
high-nickel alloys [43]. Furthermore, Weinberg, former director of
Oak Ridge National Laboratory (ORNL), proposed in hearings on
Nuclear Waste Policy Amendments Act of 1987 (NWPAA) that US
adopt the Swedish approach of developing long-lived disposal
containers ( < 300,000 yr) [53]. Also, NRC had recently issued a
staff position in response to a DOE request for clarification stating
that the 300-1000 yr package performance objective in 10 CFR 60,
Section 60.113 was a range on the minimum performance objec-
tive (not a 300 yr minimum lifetime and 1000 yr maximum credit
allowance or a range on the maximum credit allowance that might
also be reasonably inferred) [1,54]. Hence in 1991, YMP sponsored
a workshop to explore package designs that lasted longer than
1000 yr. Ideas adopted and included for PA-93 were (a) multi-
barrier materials to reduce uncertainty; (b) a multipurpose canis-
ter (MPC) for storage, transportation, and disposal to reduce
handling; and (c) package simplification to ease fabrication [55].

2.3. Engineered system in PA-93

2.3.1. Repository design in PA-93

In November 1989, a study of alternatives to constructing the
ESF was started in response to comments by the NRC on the SCP.
Later critiques by Nuclear Waste Technical Review Board (NWTRB)
formed by NWPAA, in its first report in 1990 also provided an
impetus [56-58].7 In September 1991, YMP completed the report.
Expert panels ranked 34 alternatives that considered (1) means of
access (shaft and/or ramp), (2) location of access (northeast and/or
southeast), (3) number of access points to the repository, (4) loca-
tion of main test area (northeast and/or southeast), and (4) excava-
tion method (drill and blast and/or mechanical boring).. The top
three options for number and means of access to the repository
were (a) inclined ramp to TSw and lower CHn, (b) inclined ramp to
TSw and internal shaft to CHn; or (c) one inclined ramp, one shaft
to TSw and CHn, and one internal shaft to CHn [58]. Shortly

7 The NWTRB reports to Congress and DOE provide an extensive list, and, when
read in order, provide a chronology of issues raised about disposal of radioactive
waste at Yucca Mountain after 1990 (www.nwtrb.gov).
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afterwards the first option was chosen and a south ramp was
added. The incline of the ramps was reduced (1.6% for the south
ramp and a maximum 2.5% for the north ramp) to facilitate using a
TBM and allow locomotive and rail transport during operations. By
1993, the construction technique was changed from drill-and-blast
to a TBM for the entire repository to reduce costs and minimize
disturbance, based on the ESF alternative study and further
NWTRB recommendations. Consequently, the concept of modular
panels was abandoned and long disposal drifts, spaced 25 m apart,
which branched out from the main access drifts, were planned
(Fig. 5b).

Two additional changes to the repository design were proposed
to reduce costs and facilitate the desired waste disposal through-
put of 3000 MTHM/yr. The first proposed change was to place
radioactive waste in large disposal packages directly in the drifts.®
With in-drift emplacement, the size of the disposal drifts could be
reduced to 5.5-m in diameter (rather than 6.7 m high and 4.9 m
wide in the SCP design) since drifts did not have to accommodate
equipment to drill into the drift floor or pillars and rotate the
packages (however, for PA-93, all drifts were 7.6 m in diameter for
modeling convenience).

The second proposed design change, championed by LLNL
[59,60], was to double the heat load (i.e., 28 W/m? rather than
14 W/m? as proposed in the SCP) to dry out the region around the
repository for several thousand years rather than just several
hundred years, based on modeling and heater tests conducted in
G-tunnel at NTS between 1981 and 1983 [2,17,59-61]. Although
the spacing between drifts was 254 m for both heat loads
(consistent with a ~30% extraction ratio), the spacing between
disposal containers was decreased for the higher heat loading.
Doubling the heat loading halved the repository size such that
disposal drifts fit west of main drift and the Ghost Dance Fault (i.e.,
4.6 km? for 14 W/m? and 2.3 km? for 28 W/m?) [16, Section 4.6]
(Fig. 5a, Table 1), which, thereby, responded to another NWTRB
suggestion to avoid straddling the Ghost Dance Fault even though
inactive.” The drifts were assumed to be backfilled with tuff gravel
75 yr after waste emplacement.

2.3.2. Package design in PA-93

For PA-93, two package designs were under consideration that
corresponded to the two emplacement schemes. The first WP
design, used for vertical floor emplacement, was similar to the
container proposed in SCP except constructed of high-nickel Alloy
825 (21% Cr, 3% Mo, 2% Cu, 1% Ti, 42% Ni), a highly corrosion
resistant material (CRM). By 1993, YMP had decided not to
consolidate PWR and BWR assemblies'® and so the package was
envisioned to hold 4 PWR fuel assemblies, 10 BWR fuel assemblies,
a hybrid combination of 3 PWR and 4 BWR assemblies, or a HLW
stainless steel pour canister (Fig. 4, Table 2). The 4 PWR/10 BWR
package was about the maximum size that could be used in
boreholes, whether in the UZ or SZ, and still maintain tuff

8 DOE also proposed to take ownership of CSNF and store them at the nuclear
reactor in the MPC as an approach to meet the contract obligation to accept waste
by January 1998 [1, Table 3].

9 Although the major temperature perturbation of the host rock only occurred
in the first 1000 yr, NWTRB and USGS viewed the perturbation as a drawback by
potentially causing changes in, for example, permeability by precipitation of salts,
which might increase uncertainty in repository behavior [62-64, p. 228]. Hence,
much experimental work, such as the drift scale test (DST) as reported in a
companion paper [2], was conducted to evaluate the concern of coupled effects
Also, performance assessments were run with several heal loads to examine the
influence of temperature, as described in another companion paper [4].

19 In a PNNL analysis of risks associated with various operations necessary for
managing radioactive waste (i.e., storage, transportation, and disposal), consolida-
tion noticeably increased exposure to workers using the techniques of the time
[65; 66].

temperatures below 200 °C, while assuming a short storage time
at the surface (25 yr storage for PA-93 [6]).

The second WP design, used for in-drift horizontal emplace-
ment, was much larger (1.75 m in diameter and 4.9 m long) for 21
PWR or between 40 and 44 BWR assemblies. The large size was
possible because of the use of the UZ at Yucca Mountain with no
backfill (at least for an extended period). An open drift in the UZ
was more efficient in transmitting heat away from the package
through thermal radiation and convection (either natural or
forced); hence, a package could be larger and internal WP
temperatures would not exceed 375 °C (the limit on CSNF cladding
at the time'!), and temperatures at the drift wall would not exceed
200 °C (the limit to avoid chemical changes is tuff, especially
zeolitic tuff). In turn, a large package reduced the number of items
handled and, thereby, facilitated a high disposal rate.'?

The in-drift package was a multi-barrier design constructed of
an inner layer of 9.5-mm thick Alloy 825 as a CRM, and an outer
layer of 100-mm thick A516 mild steel for structural strength and
as a corrosion allowance material (CAM). As proposed, the in-drift
waste package held either 21 PWR assemblies, 40 BWR assemblies,
or several HLW stainless steel pour canisters |16, Fig. 4-2] (Fig. 6,
Table 3). The amount of expensive Alloy 825 was reduced some-
what by in-drift disposal.

2.3.3. PA-SNL-95 and PA-SNL-97

Separate from PA-93 (and PA-95), DOE funded PAs to explicitly
examine the influence of direct disposal of DSNF and various
processing options for defense HLW calcine stored at the Idaho
National Laboratory (INL) reservation in 1993, 1995 (PA-SNL-95),
and 1997 (PA-SNL-97) at Yucca Mountain (Fig. A1) [27; 72, Table
4-12; 73]. Because the DSNF is often cooler than CSNF (since the
DSNF was experimental or used to produce Pu and, thus, not
always left in the reactor to highly burn up the 23°U), two
repository concepts were considered: (1) DSNF disposal in a
separate cooler portion of the repository, which added disposal
schedule flexibility without requiring storage buffer capacity, and
(2) commingling DSNF with CSNF, which maintained more uni-
form temperatures throughout the repository, but required linking
DSNF, CSNF and HLW delivery schedules unless sufficient storage
buffer capacity existed at the repository or at a monitored
retrievable storage facility (MRS) [72,73].

2.4. Engineered system in PA-95

In 1992, Congress ratified the Strategic Arms Reduction Treaty
(START 1), which reduced strategic offensive arms by 30% [74].
Because of reduced demand for fissile material (>>°U and 23°Pu)
and because environmental regulations required extensive updat-
ing of facilities, DOE halted reprocessing of DSNF. Along with this
decision and in response to the Presidential decision in 1985 to
dispose DSNF with CSNF, DOE proposed direct disposal of DSNF in
Yucca Mountain in addition to already existing defense HLW [75].
In 1995, DOE allocated 10% of the mass of the 70,000 MTHM
repository to DSNF and HLW, with ~1/3rd (2333 MTHM) for DSNF
and ~2/3rd (4667 MTHM) for HLW [76]. The 2333 MTHM DSNF

' For PA-VA through PA-LA, a temperature limit on CSNF of 350 °C would be
used by YMP [32, Table 1.3.1-2;67]. In comparison, NRC eventually adopted a 400 °C
temperature limit on cladding for transportation or while in dry storage at reactor
sites [68]. HLW in borosilicate glass had a limit of 400 °C and, thus, did not control
the repository design.

12 Handling efficiency was an issue at the time because the US, with twice as
many reactors as France or the then Soviet Union, and three times as many as the
UK or Japan, would be handling many more assemblies and disposal containers
than other countries [45, Table 1.3.1].
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Fig. 6. In-drift waste package considered for PA-93 and thereafter. Use of a large container, which was permitted by the high heat dissipation that occurred in open drifts in
the unsaturated zone, allowed YMP to directly link loading operations at nuclear reactor to disposal operations at Yucca Mountain, without using centralized storage
[16, Fig. 4-2]. Inner handling canister considered for PA-95 (multipurpose canister or MPC) and for PA-LA (transportation, aging, and storage or TAD).

allocation included up to 65 MTHM of naval SNF. However, DSNF
was not included in PA-95, but rather in separate analysis [27,72].

2.4.1. Repository design in PA-95

In 1994, DOE formally adopted the use of in-drift emplacement to
help make a 3000 MTHM|/yr receipt rate feasible'®> and a moderately
high thermal loading strategy to save tunneling costs for ~200 km of
drifts (160 drifts up to 1200 m long); however, this decision
increased modeling complexity in the PA that took a number of
years to fully resolve [4-6]. The general repository layout in PA-95
remained similar to PA-93 in that options such as disposal in parallel,
perpendicular, or angled alcoves or cross drifts had been rejected
[17, Section 3.6.2, Fig. 3.4-2; 18] (Fig. 7). The PA-95 design envisioned
closely spacing the drifts 28 m apart such that decay heat would dry
out the UZ for ~1000 yr. The moderately hot and more compact
repository again fit west of the Ghost Dance Fault (~20 W/m? areal
power density of initial heat for CSNF or 0.021 MTHM CSNF/m? areal
mass loading assuming ~0.98 kW/MTHM for the PA-95 waste)'
(Table 1) [17,Section 3.3;79-81]. Although DOE had decided other-
wise in 1994 [79,80], the influence of a tuff gravel backfill in the drifts
placed after 100 yr and a cool repository (6 W/m?) was also eval-
uated in PA-95 [17, Section 3.3, pp. 4-8]. The invert of the drift was
concrete [17, Fig. ES.4-3].

13 From a system standpoint, the benefit of an MRS facility is to decouple
reactor operation/storage requirements from repository operational requirements.
As described in several reports (e.g.,[77,78]), an MRS coupled with a YM repository
would have helped ensure waste management system flexibility in that disruptions
to reactor operations could be minimized by setting precise schedules on timing
and removal of CSNF (e.g., 3000-MTHM/yr rate) in transport and storage containers
of various sizes while allowing schedule flexibility on acceptance rates and timing
of the emplacement of CSNF in standard-sized disposal containers when starting
operations and managing thermal loads through the life of a repository (e.g.,
implementing a cooler repository design [63]). However, Congress revoked siting
the MRS in Tennessee in NWPAA. Congress also limited the role of the MRS by
linking development of an MRS to the repository construction schedule and limited
its storage capacity to entice states and the nuclear industry to more readily accept
the storage facility concept, as suggested by the Tennessee Clinch River Task Force
and adopted by DOE (Appendix A).

4 In 1995, YMP switched to an areal CSNF mass loading concept for designing
the package and drift spacing in the repository because the heat output per
package after ~200 yr would be similar for packages containing a similar CSNF
mass loading whereas a design concept based on initial areal power density would
have a more variable heat output after ~200 yr [17, Section 3.3]. However, herein
we report the areal power density to provide comparison to past designs.

In September of 1994, YMP began excavating the 8-km long,
7.6-m-diameter ESF tunnel, with its custom-built $13-million TBM
[64, p. 266]. Because the ESF was to be the main access to the
repository, if authorized, it was constructed to the high standards
required of a repository. Progress was initially slow but improved
by September 1995 after YMP found enough money to modify the
TBM and add a conveyer to remove excavated rock [80,82-85]. To
avoid influencing future seepage experiments, little water was
used to suppress silica dust in the tunnel; however, silica dust
levels eventually exceeded health limits and in September 1996
DOE had to stop excavation while it implemented a dust suppres-
sion program [85].

2.4.2. Package design in PA-95

In PA-95, YMP envisioned using a 25-mm thick, 304 stainless
steel handling canister. Stainless steel was chosen since the canister
would usually be loaded and sealed at the nuclear reactor, and it
would be necessary to avoid contaminating the reactor storage pool
with degradation products from less corrosion resistant materials
(Fig. 6). The multipurpose canister (MPC) would be overpacked for
transportation (transportation cask), for storage (dry storage cask),
and for disposal (waste container). Use of an MPC eliminated the
need to directly handle CSNF assemblies or HLW canisters anywhere
other than at the nuclear reactor [86], a concept encouraged by the
NWTRB [57,87]."° For PA-95, CSNF packages were represented by a
large MPC with 21-PWR or 40-BWR assemblies. HLW packages were
represented by an MPC with 4-HLW pour canisters. A smaller MPC
was also envisioned to handle 12 PWR or 24 BWR assemblies for
reactor sites with limited crane capacity, lack of rail access, or
criticality control, but was not included in PA-95 (Section 3.6.2) [72,
Appendix F; 86]. The 6468 MPCs with CSNF were projected to weigh
~60t when loaded [17, pp. 3-5, Tables 3.5-1 and 8.2-1]. The 3829
MPCs with HLW were projected to weigh ~35.5t [16; 17, pp. 3-5,
Tables 3.5-1 and 8.2-1; 18; 25; 69-71] (Table 3). Along with container
design and experiments of container corrosion, LLNL was responsible
for experimental analysis of degradation rates for HLW and CSNF
[88:89] (Fig. A1).

15 If the MPC is large (as is possible for disposal in the UZ), then loading an MPC
at the nuclear reactor would not unduly disrupt operations. On the other hand, if
the MPC must be small to keep heat loads low for disposal in the SZ and other
media such as crystalline rock, then loading an MPC might be better handled
elsewhere to avoid extensively disrupting reactor operations.
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Table 3

Changes in representative waste container dimensions for drift emplacement used in past PAs [16-18,25,69-71].

PA Type Count Length (m) Dia (m) Thick (mm) Lid (mm) Material

93 21-PWR or 40-BWR 8512 ¢
Outer corrosion allowance 49 1.8 100 100 516 Steel
Inner corrosion resistance 9.5 9.5 825 Alloy

95° 21-PWR or 40-BWR 6468
Outer corrosion allowance 5.7 1.8 100 100 516 Steel
Inner corrosion resistance 20 20 825 Alloy
MPC for handling 17 25 25 304 Stainless
HLW (4 canisters) 3829
Outer corrosion allowance 3.7 17 100 100 516 Steel
Inner corrosion resistance 50 50 825 Alloy
HLW canister 3.0 0.61 304 Stainless
Total 10,297

VA* PWR/BWR blend 7667 53 17
HLW/DSNF (HLW only: 1243) 1663 5.4 20
DSNF (1303) 883 5.4 2.0
Outer corrosion allowance 100 100 516 Steel
Inner corrosion resistance 20 25 22 Alloy
Total 10,213

SR? 21-PWR(plates), 21-PWR(rods), 12 PWR 4770 5.2 16
44-BWR, 24 BWR 3090 5.2 17
Outer corrosion resistance 20 25 22 Alloy
2" Quter lid 10 22 Alloy
Inner structural strength 50 100 316 Stainless
5-HLW, 1-DSNF (short: 31%) 1100 3.6 21
5-HLW, 1-DSNF (long: 45%) 1630 5.2 21
5-HLW (long) 700 52 21
2-HLW, 2-MCO 160
Naval short 210
Naval long 110 5.85 1.88
Outer corrosion resistance 25 25 22 Alloy
Inner structural strength 50 100 316 Stainless
DSNF canister (long) 4.57 0.46 9.4 316 Stainless
MCO (multi-canister overpack) 423 0.64 304 Stainless
Total 11,770

LA 21-PWR,® 12-PWR," 44 BWR 7796 5.85 1.88
CSNF TAD handling canister 1.7 25 Top 51 plug 381 end 89 316 Stainless
Naval short 323
Naval long 94 5.85 1.88
Outer corrosion resistance 25 25 22 Alloy
Inner structural strength 51 51 316 Stainless
5-HLW, 1-DSNF (short) 1257 3.68 2.03
5-HLW, 1-DSNF (long) 1940
2-HLW, 2-MCO 219 5.29 2.03
Outer corrosion resistance 25 25 22 Alloy
Inner structural strength 51 Top 227 end 51 316 Stainless

Total 11,629%

@ Scaled 7640 CSNF pkg for 62,826 MTHM (2791 pkg with 5 HLW/pkg for 7000 MTHM not modeled) [16, Tables 5-1 and 5-7].

b Source [17, Table 8.2-1] yet, estimate for 1995 was 6323 CSNF and 3259 HLW [17, Table 3.5-1].

¢ Table lists estimate for volcanic eruptive scenario [69, Table 10-9]; another estimate was 2957 DSNF/HLW without HLW [70, Table A6-11]; for PA-VA undisturbed
scenario, CSNF, HLW, and DSNF were modeled separately as shown in parentheses [18, vol. 3, Section 3.2.2.1].

4 Primary container dimensions listed for PA-SR; two other variants for 170 12-PWR and 90 24-BWR [71].

€ Primary container listed for PA-LA; one other container variant for 173 12-PWR [25, Table 6.3.7-1].

T Prior to PA-LA, internal CSNF basket composed of carbon steel; for PA-LA, 316 stainless steel used.

£ 11,629 modeled in PA-LA to fill repository and fill co-disposal packages, but only 10,767 packages needed for 70,000 MTHM.

2.5. Engineered system in PA-VA

2.5.1. Repository design in PA-VA

Construction of the ESF mostly in the middle non-lithophysal
tuff (Tptpmn or TSw) was completed in 1997. In 1998, construction
of the Enhanced Characterization of Repository Block (ECRB) cross
drift, encouraged by NWTRB [57], was started and completed 15-
27 m above the elevation of the future disposal drifts. As required
by Congress [1], a more complete design was provided for PA-VA
and an effort made for the PA analysis to be more consistent with
the current repository design. By the time of VA, the aggressive

schedule in NWPA provided an impetus to design large surface
and underground facilities to achieve high waste disposal through-
put from the start of operations, rather than the modest 8-yr
staged development proposed in the 1986 EA [90].

For the PA-VA, the repository block was defined as that
volume of tuff 100 m above the current water table, 200 m below
the surface, 120 m west of Ghost Dance fault, and 60 m standoff
distance from other major faults. The repository was extended
farther north of the North Ramp than in PA-95. The repository
was roughly horizontal and primarily in the lower lithophysal
unit (Tptpll) with a small fraction in the middle non-lithophysal
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Fig. 7. PA-95 repository layout with in-drift disposal [17, Fig. 3.4-2].

unit (Tptpmn) and lower non-lithophysal unit (Tptpln) (the
favored unit for the repository in PA-EA and SCP) (Fig. 8). A
moderate temperature repository concept was used (i.e., 21 W/m?
when considering only CSNF or 18.7 W/m? when also considering
the 7000 MTHM of HLW). The heat loading for PA-VA was similar to
the 20 W/m? used in PA-95 and halfway between the 14 and
28 W/m? considered for PA-93 [18, vol. 2, Section 7.1.1]. The drift
spacing was 28 m (an extraction ratio < 20%) to maintain the drift
wall temperature < 200 °C (Fig. 8).

Spacing between hot CSNF packages was large and varied
between 10.6 and 8.9 m. A cool co-disposal or DSNF package
might be placed between two CSNF packages and in this case
spacing between packages was reduced to 2.3 m |6, Fig. 8; 18, vol.
3, Fig. 3-18]. To accommodate 10,213 packages for 70,000 MTHM,
107 km of disposal drift length was anticipated, which translated
into ~105 drifts [18, vol. 2, Section 4.2.1] (Table 1). The area of
the repository was ~3 km?2. Backfill to create a capillary barrier
(either backfill only or backfill plus a drip shield) was studied as
an option but its use was not recommended. Backfill caused
operational difficulties in filling the long drift. Also, any sand in
the backfill would insulate the waste containers and promote
internal temperatures above 350 °C for the large horizontal
containers that could prematurely damage CSNF cladding during
the first 1000 yr after emplacement.'®

Congress also required a more complete description of the
repository operations for PA-VA. Steps taken to maintain opera-
tional safety and ease retrievability of packages prior to closure
included pre-cast concrete lining and invert for the 5.5 m diameter
disposal drifts for PA-VA (Fig. 9), but more expensive steel
supports and invert (as in the SCP design) were mentioned as an
option if changes in pH caused by degradation of the concrete
proved to be of sufficient concern.

16 Cladding was not designated as a barrier important to isolation in PA-LA;
none the less, YMP wanted to maintain its integrity, if possible. Also, in evaluating
the insulating properties of rockfall for PA-LA, YMP found that a very coarse gravel
might not unduly insulate the package because of convection in large gravel pores

[41, p. 96; 91].
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Fig. 8. PA-VA repository layout [18, vol. 3 Figs. 4-21 and 4-22].

2.5.2. Package design in PA-VA

Along with the repository design, a more complete design and
description of the proposed manufacturing process for the waste
container was provided for PA-VA. Congress had stopped devel-
opment of the 25-mm thick stainless steel MPC handling canister
[84,92] (Fig. A1), but its absence in PA-VA did not require a major
modeling change since the MPC had not been considered as a
barrier in PA-95.'7 The evaluation of corrosion resistance of nickel
alloys was begun in 1996 with the completion of a corrosion
facility at LLNL [93], and an important change in container design
in regards to PA-VA modeling was replacing the inner 20-mm
Alloy 825 layer with another high nickel Alloy 22 to increase life
(22% Cr, 13% Mo, 3% W major alloys with 58% Ni and 3% Fe)
(Table 3).

As alluded to in the previous section, DSNF was included in
PA-VA and envisioned to be mostly co-disposed with HLW in 1663
containers with the remaining DSNF disposed in 883 containers
[18, vol. 3, Section 3.2.2.1; 69, Table 10-9] (Table 3). Co-disposal
of usually one DSNF canister with 5 HLW canisters offered the
advantage of greatly reducing the need for criticality control
inside the package since the fissile mass was limited (Fig. 10)

7 However, the Navy chose to proceed with a similar multipurpose canister for
the management of propulsion SNF in storage, transportation, and direct disposal.
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Fig. 9. Concrete ground support and invert used in PA-VA was switched back to
steel in PA-SR and included titanium drip shield to limit influence of dripping water
chemistry during thermal period.

|70, Table A6-10]. However, sufficient HLW and DSNF canisters of
the correct length had to be available when packaged for disposal
at the repository [18, vol. 3, Section 3.2.2.1; 69, Table 10-9], which
when combined with the concept of commingling the cool DSNF/
HLW packages with hot CSNF packages further linked all three
waste types (i.e., the concept required linking CSNF, DSNF, and
HLW delivery schedules, including proper canister lengths, suffi-
cient storage area at the repository, or an MRS, as previously
mentioned). Discrepancies existed between anticipated needs and
availability of a sufficient number of HLW canisters [70, Table A6-
11], and more operational details were provided for PA-LA, based
on schedule models.

Similar to other aspects of the PA-VA, a Waste Package
Degradation Expert Elicitation (WPDEE) panel of six experts (four
from outside DOE) was assembled to evaluate corrosion rates that
had been used for container materials in the PA-95 [18, vol. 3,
Section 3.4.1.1; 94, Section 5.3]. The corrosion models used for wet
and humid corrosion of carbon steel were found adequate. Six-
month, short-term electrochemical polarization tests from the
LLNL corrosion facility and some literature data were available to
set the corrosion rate of the Alloy 22 layer [94, Table 5-7]. The
experts thought that generalized corrosion of the underlying Alloy
22 CRM layer would be very slow and that localized corrosion
would only occur in wet environments around drips with low pH
and high CI” content [94, Section 5.3].

2.6. Engineered system in PA-SR

2.6.1. Repository design in PA-SR

Along with PA-VA, YMP conducted several sensitivity studies,
by modifying parameter values, to determine the influence of
several design options, including backfill, ceramic coating on the
waste container, increased steel and Alloy 22 thicknesses, and drip
shields. The sensitivity analysis showed a significant increase in
container lifetime when localized corrosion was prevented by
eliminating drips during the thermal period using a drip shield

[94, Section 5.12.5.2]. The sensitivity studies and other design
options for the repository were again considered in a License
Application Design Study (LADS), which was conducted in the
winter of 1999 [95].

Based on LADS, titanium drip shields (each 2.5 m wide, 2.5 m high,
4.8 m long) were added as a second engineered barrier component to
protect the packages when they were transitioning from hot to cool
and were more susceptible to localized corrosion.'® Because of
concerns of pooling water above the repository during the first
10% yr, YMP set a repository design criterion to keep the center of
pillars between drifts below boiling ( < 96 °C) to allow water drainage
(“shedding”) between the drifts. Hence, the spacing between drifts
was increased to 81 m based on LADS, which required that the
repository extend farther north than in PA-VA (Fig. 1). However, the
spacing between containers was reduced to 0.1 m to promote more
uniform heating of the repository drift regardless of the individual
differences in radioactive decay heat between containers [6, Fig. 10].
Consistent with the design criterion and 81 m drift spacing, the
maximum initial heat load of the packages was set at 11.8 kW/pkg
(roughly 2.2 kW/m for a 5.2 m pkg and 0.1 m spacing in Table 3)
possibly through blending of waste at the site (Table 1).

Underground support had been included earlier in the design
for operational safety, but it was now useful to maintain drift
support prior to placing the drip shields, which might be near the
end of repository operations 30 or more years after emplacement
of the first waste. The underground support was changed from
pre-cast concrete liners to steel welded wire fabric with grouted
rock bolts, based on LADS, because of the concern that the
concrete might adversely increase the pH of seeping water and,
thereby, increase degradation of the container and waste and
mobilization of radionuclides (Fig. 9). Finally, the disposal drifts
were reoriented to better align with the stress state of the tuff.

For the reference design in PA-SR, the disposal area was
~4.6km? and consisted of a total disposal drift length of
~60 km. The average number of packages per drift was 215. For
the fairly horizontal repository, 8% of the repository was in the
middle non-lithophysal (Tptpmn), 80% was in the lower lithophy-
sal (Tptpll), and 12% was in the lower non-lithophysal (Tptpln)
[19, Figs. 2-7] (Fig. 11).

2.6.2. Package design in PA-SR

PA-93, PA-SNL-94, and PA-SNL-97 [73, Table 11-2] had shown
the limited value of the carbon steel corrosion allowance layer of
the container in the hot, humid environment of the repository
after closure. This finding was also confirmed by LADS [95]. Hence
with encouragement from NWTRB, the PA-SR design switched the
layers: the 20-mm thick Alloy 22 was now the outer layer and
steel was the inner layer. For PA-SR, 6-month, 12-month, and 24-
month corrosion data from the LLNL corrosion facility were
available to determine corrosions rates of Alloy 22 [93, Fig. 3-72].

Since the inner layer was now only for structural strength, the
inner layer thickness was decreased to 50 mm. Also, the inner
layer was changed to 316NG stainless steel to eliminate NWTRB
concerns with “oxide-wedging” associated with carbon steel,
increasing degradation of the breached container. However, this
change increased the uncertainty somewhat about the presence of
sufficient iron oxide rust to readily sorb radionuclides after waste
degradation. Also, shrink fitting of outer barrier was abandoned to
avoid tensile stresses that might increase likelihood of stress
corrosion cracking [96]. In addition, an inner lid of Alloy 22,
10-mm thick, was added in addition to the outer 25 mm thick lid

8 Winograd of USGS suggested ceramic or aluminum “umbrellas” as a
secondary barrier as early as 1991 [63, Fig. 6].
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and the lid design modified to mitigate residual stresses and the
potential for stress corrosion cracking (Table 3).

2.7. Engineered system in PA-LA

At the end of 2010, radioactive waste destined for geologic
disposal was stored in 39 states at 131 sites [97]. About 65,200
MTHM of CSNF had been generated and was stored at 72 reactor
sites with 51,200 MTHM (~ 172,000 assemblies) in wet storage,
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Fig. 12. Repository concept for PA-LA [32, vol. 1 Figs. 2 and 3].

and 14,000 MTHM (~ 54,000 assemblies) in 1390 dry casks using
20 different designs [41, Table 1]. Nine reactors at these sites were
shutdown, with 5 completely dismantled. At the 9 shutdown
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reactors ~2800 MTHM was stored with 7 sites using dry storage
casks [98, Table 1].

At the end of 2010~2458 MTHM of DSNF had been generated
with (a) 2130 MTHM stored at Hanford in ~400 multi-canister
overpacks (MCOs); (b) 282 MTHM in mostly dry storage at Idaho
National Laboratory (INL), which includes 25 MTHM (of eventually
65 MTHM) of Naval SNF; (c) 29 MTHM of DSNF in wet storage at
SRS; (d) 15 MTHM of graphite blocks in vault storage at the
dismantled Fort St. Vrain reactor in Colorado, and (e) 2 MTHM
stored elsewhere. About 3175 canisters of HLW borosilicate class
had been poured with 275 canisters stored at West Valley and the
remainder stored at SRS. SRS was projected to produce another
6300 canisters, Hanford is projected to produce ~9700 canisters,
and INL is projected to produce between 3590 and 5090 canisters
[98, Figs. 10 and 11].

2.7.1. Repository design in PA-LA

For the PA-LA, the repository layout expanded farther to the
east north of the north ramp than in PA-SR [32, vol. 1, Figs. 2 and 3]
(Fig. 12). The layout also divided the repository into 4 independent
panels areas with shortened but more uniform disposal drift
lengths (average of 605 m with range of 355-808 m—Table 1),
based on an 2001 options study [99]. For the nominal design,
108 drifts with a total length of 65 km were planned. The use of
4 panel areas allowed initial disposal without construction of the

entire repository perimeter drift and ventilation system, which was
more consistent with limited annual appropriations by Congress
and somewhat akin to the early drill and blast designs with mining
continuing throughout much of the operation period [39]. Use of a
panel design also offered flexibility in changing the layout of future
panels if the waste or containers changed [11;100]. Based on a
repository area of 4.98 km?, the design modification resulted in
4.5% in the upper lithophysal unit (Tptpul), 12.5% in the middle
non-lithophysal unit (Tptpmn), 80.5% in the lower lithophysal unit
(Tptpll), and 2.5% in the lower non-lithophysal unit (Tptpln).
Although the highest percentage was still in the lower lithophysal
unit (80.5%), the portion of the repository in the other units
changed (e.g., the portion of the repository in the non-lithophysal
units was reduced from 20% in PA-SR to 15% in PA-LA).

For PA-LA, 11,629 waste packages were emplaced horizontally
end-to-end in the drifts, with a gap of <0.1 m (~ 110 packages in
an average 605 m drift) [25, Table 6.3.7-1] (Fig. 13; Table 1). The
ground-control was steel welded wire fabric as in PA-SR; however,
friction rock bolts were substituted to further reduce the possibi-
lity of the grouted rock bolts changing the pH of seeping water.

As described in the final EIS, the construction period prior to
receipt of the first waste was envisioned to be a little over 5 yr [97,
pp. 2-17], similar to the 4 yr envisioned for PA-EA. The duration of
emplacement operations was flexible and envisioned to be up to
50 yr (80% increase from the 28 yr estimated for PA-EA) to allow
for extended cooling ventilation of the repository since extended
surface storage was not planned [95]. Though not necessarily
required by NRC (§63.111(e)), the duration of the monitoring phase
was up to 50 yr after the emplacement of the final waste package,
more than double the 22-yr duration estimated for PA-EA. Decom-
missioning the repository was estimated to require 10 yr (a factor
of 3 above the 3 yr estimated for PA-EA 24 yr earlier).

2.7.2. Package design in PA-LA

For PA-LA, the manufacturing process, method of loading, and
handling attachments were refined for the waste container. The
thickness of the outer layer of Alloy 22 for CSNF packages was
increased slightly from 20 to 25 mm to match the thickness
adopted for HLW/DSNF and naval packages for PA-SR (Table 3).
The available crevice corrosion experiments were used to bound
corrosion rates of Alloy 22." A major change for PA-LA, which
influenced performance under seismic loads [6], was the decision
in 2006 to use a 25-mm thick stainless steel Transportation, Aging,
and Disposal (TAD) handling canister for CSNF (Fig. 7). The
motivation for the TAD was similar to that of the MPC proposed
for PA-95: the complex task of designing and subsequent high cost
of a surface facility for handling large numbers of bare assemblies
at the repository to achieve a throughput of 3000 MTHM/yr. Use of
a canister that was loaded and sealed at the nuclear reactor
eliminated handling assemblies whenever transporting, storing,
or disposing of CSNF. Besides a stainless steel exterior, the TAD
used stainless steel for internal support baskets. The canister had a
massive 380-mm thick lid. The TAD forced some decisions, such as
criticality control for extended storage and permanent disposal, to
be made while designing the TAD. The 21 PWR TAD nominally
held ~9.5 MTHM and the 44 BWR TAD nominally held ~7.9
MTHM. The heaviest disposal package was ~73.5t, which con-
sisted of the navel SNF handling canister of ~44.5 t with a disposal
overpack of ~29 t. The 44 BWR disposal package was 42.5 t. The
HLW/DSNF co-disposal package was 53 t [32, Section 2.3.4.5.1].

19 A series of problems with the corrosion experiments at the LLNL facility was
discovered after an initial NRC audit in January 2006 discovered uncalibrated
humidity measurements and so the test results could only be considered bounding
(Appendix A) [101].



66 R.P. Rechard, M.D. Voegele / Reliability Engineering and System Safety 122 (2014) 53-73

Staging pads for up to 21,000 MTHM were planned at the
repository to facilitate repository operations without having to
immediately place the waste underground. Blending of CSNF at the
repository was not possible when using a TAD because a nuclear
utility was allowed to ship any waste more than 5yr old and
shipping young, thermally hot CSNF might have been in the best
interest of a utility [102]. Also, much of the cool DSNF and some
types of HLW may have been ready for shipment before CSNF. The
repository operation needed the ability to receive these various
waste types yet have the ability to select the waste packages for
disposal to maintain a fairly uniform thermal load within the
repository.

3. Summary

Over 30 yr of study, from the drilling of borehole UE25a#1 that
confirmed thick tuff deposits in 1978 to the submission of the LA in
2008, scientists and engineers, with a wide range of expertise, worked
diligently to characterize attributes of the natural barrier and design
complementary engineering features such that YM disposal system
would safely isolate radioactive waste over 10*-10° yr.

Initially, a fairly generic repository layout and engineered
barrier design was considered that was applicable to various
geologic media. For PA-EA and PA-91, the repository design was
vertical floor emplacement with small waste containers. While
ramps were to be constructed using a tunnel boring machine,
most of the underground facility was to be constructed with
conventional drill and blast technology. PA-93 considered vertical
floor emplacement but also considered in-drift emplacement with
large packages (Fig. A1). Layout of the underground facility was
redesigned to facilitate construction using a tunnel boring
machine. Both vertical and in-drift configurations in PA-93 and
thereafter considered corrosion resistant material for the contain-
ers. The appeal of in-drift emplacement of large packages in PA-95
and thereafter was the ability to more easily receive 3000 MTHM/
yr of SNF and HLW since less packages were emplaced, and to save
excavation costs. A mountain site facilitated use of large packages
since gently inclined ramps could be used to move large, heavy
packages into the repository.

Use of the UZ presented YMP the option to not backfill the
repository (at least for an extended period) and allow convection
and especially radiative heat transfer in the open drifts to maintain
lower temperatures on the large package surface and still ther-
mally load the repository to fairly high values (between 28 W/m?
in PA-93 and 18 W/m? in PA-LA). However, some flow percolating
through fractures could become drips, even though a large drift
cavity provided a capillary barrier. Titanium drip shields were
added for PA-SR and PA-LA to avoid drips on the package and,
thereby, reduce the potential for localized corrosion during the
thermal period. Analyzing these new features and processes
necessitated an extensive experimental program to resolve phe-
nomena uncertainty.

PA-LA added a 25-mm thick TAD handling canister loaded and
sealed at the utility, which eliminated handling assemblies whenever
transporting, storing, or disposing of CSNF (Fig. A1). The TAD was
similar in function to the MPC proposed and evaluated for PA-95. By
using a large TAD similar in size to dry storage casks, the YM
repository in the UZ was reasonably able to directly link CSNF
shipments from nuclear reactors and still accommodate the needs
for limited disruption of pool storage operations at nuclear reactors.

In contrast, a centralized storage facility would be of great
benefit to decouple operations at nuclear reactors from operations
at future repositories, because smaller packages and extended
storage may be necessary to accommodate lower thermal load
limits required for crystalline, clay/shale, and possibly salt media

in the SZ at other sites [103]. Indeed, a strategy of small packages,
which held 3 or 4 PWR assemblies and 6 or 10 BWR assemblies
that could be used in various saturated and unsaturated geologic
media, was initially adopted in the early 1980s to maintain
flexibility, prior to tightly linking operations at the nuclear reactor
with the unsaturated Yucca Mountain repository. A TAD-like
handling canister, loaded at a centralized storage facility, might
still be advantageous to avoid handling bare fuel after extended
storage but of smaller size while the US formulates a new disposal
strategy.

Eventually, the YMP embraced a staged construction approach for
the repository and surface facilities as tentatively proposed in the
1986 EA. In addition, YMP developed a design strategy for the
repository underground and surface facilities that was modular; thus,
the design was more flexible and consistent with the annual funding
available. The modular design of the surface facilities, could be
adopted to other repository sites with different assumptions of waste
receipt schedules and smaller packages.
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1963 Dec: Idaho National Lab (INL) begins oxidation of defense high-level
waste (DHLW) to form solid calcine for storage [115].

1966 West Valley, NY plant for reprocessing commercial spent nuclear
fuel (CSNF) begins operation and continues until 1972 [116, p. 98].

1968 Because of some leakage from 149 single-shell tanks built between
1944 and 1965, Hanford begins constructing 28 double-shell tanks for
DHLW. The last tank completed in 1986.

1973 Jun: Leakage from Hanford single shelled tank widely reported.

1976 Weapons effect facility 425 m below surface in Climax granite at
Nevada Test Site (NTS) is modified for underground research lab (URL) by
Lawrence Livermore National Lab (LLNL) [117].

1980 Congress authorizes cleanup of West Valley, which produces 275
HLW canisters by 2001 [118]. Apr-May: 11 CSNF canisters and 6
simulated canisters placed remotely in Climax [119]. By 1982, ~4700
people had visited Climax facility [120, p. 14].

1982 Jan: Sandia National Labs (SNL) begins seal development for shafts
and boreholes at Yucca Mountain (YM) [34]. Apr: Department of Energy
(DOE) forms Ad Hoc Working Group to evaluate exploratory studies facility
(ESF) shaft designs at YM; group selects conventional drill/blast mining
[120, p. 14]. Jun: Drilling begins at G-4, proposed location of ESF shaft
[44]. Jul: US Geological Survey (USGS) suggests ~350-m thick Topopah
Spring Fm (TSw) in unsaturated zone (UZ) [121]. Aug: Conceptual Title |
(preliminary) design of ESF completed [122]. Oct: Title | design of surface
and subsurface facilities completed [120, p. 19]. Dec: SNL reports on
preliminary design for a tuff repository [20]. LLNL reports on preliminary
design for SNF waste package [42]. Based on Nuclear Regulatory
Commission (NRC) draft of 10 CFR 60, DOE requests more robust waste
package for disposal.

1983 Jan: In Nuclear Waste Policy Act (NWPA), Congress (a) states DOE
SNF (DSNF) and DHLW will go to 70,000-MTHM commercial repository
unless President objects; (b) directs DOE to advise Congress on site for
Monitored Retrievable Storage (MRS); and (c) creates Nuclear Waste
Trust Fund (NWTF) via 0.1¢ fee on every kW-hr of nuclear energy
produced. Feb: SNL completes formal evaluation of 4 tuff layers at YM:
Tram (TRw) and Bullfrog (BFw) units in SZ and Tuffaceous Beds of Calico
Hills (CHn1) and Topopah Spring (TSw2) units in UZ, SNL recommends
Topopah Spring (TSw2); report released following year [21]. Mar: 3-yr test
of SNF at Climax completed; all 11 SNF canisters removed; one cut open
and 2 rods tested; rock temperature and displacements monitored for 6
months [120, p. 21]. Aug: Inclined access ramp for waste and tuff adopted
for repository [123]. Construction of ESF to begin in 1985 pending
completing requirements imposed by NWPA [120, p. 20]. SNL analyzes (a)
vertical shaft and inclined access ramp, and (b) vertical floor and horizontal
pillar emplacement [37]. Sep: LLNL reports on container design using
stainless steel and high-nickel alloys [43]; same design proposed for salt,
basalt, and tuff [44]. Tests started to evaluate geochemical conditions
around packages in UZ [120, p. 20]. In response to Swedish concept, DOE
asks LLNL to evaluate copper alloys for containers [46]. LLNL reports on
degradation rates of CSNF and HLW glass [124].

Repository Uses 1984 SNL reports on area for tuff repository [33]. May:

Floor/Pillar LLNL reports on geochemical tuff/water interaction

Disposal using J-13 well water [125]. Aug: SNL reports on

repository sealing concepts [35] and ESF construction
methods [36]. Also, seals in G-4 and UE-25p#1 are
cored to measure permeability, porosity, density. Sep:
LLNL reports on corrosion mechanisms for CSNF
cladding [107]. SNL designs stair-step repository to
keep horizontal and in lower non-lithophysal welded tuff
(Tptpin) [28]. Nov: LLNL and Argonne National Lab
(ANL) report on leaching tests on HLW glass in gamma
field to evaluate radiolysis influence [126]. Hanford
Engineering Development Laboratory completes plan
for corrosion tests of CSNF cladding for LLNL [127].

} 1985 President Reagan approves disposal of
DSNF/DHLW with CSNF. DOE closes Climax URL
rather than upgrade ventilation [117]. Apr: DOE

suggests 3 MRS sites in Tennessee (TN). Aug: TN sues since not
consulted as per NWPA. Sept: SNL compares vertical floor, horizontal
pillar, and horizontal in-drift emplacement [128]. SNL proposes 2 stages

Appendix A. Progression of Yucca Mountain Disposal System Design and Evaluation

over 8 yr for excavating repository; changes to 1984 design include use of
2 ramps at north end rather than one [90]; concept adopted by 1986
Environmental Assessment (EA). Study of metal dry storage casks
completed for DOE [129]. Oct: TN Clinch River Task Force supports MRS
if several stipulations adopted. Dec: Gramm-Rudman-Hollings Act (GRHA)
passed to balance Federal budget [130].

1986 NRC licenses DOE/utility demonstration of dry casks for storing
CSNF at Surry reactor in Virginia. Jan: TN Gov formally rejects MRS
because unnecessary and stigma (not safety) [131, p. 146]. May: YM final
EA assumes a 5 km? repository 390 m below the surface and 170 m above
water table with heat load of 14 W/m?. Both floor and pillar emplacement is
considered. Construction by either drill/blast and tunnel boring machine
(TBM) is considered [39]. Nov: 6" Appeals Court rules DOE does not have
to consult with TN for MRS when 1% suggested.

Repository and 1987 GRHA amendments place YMP under spending
Package Design cap even though NWTF from fee for service (not tax)
for SCP [132]. Also, Office of Management and Budget (OMB)
sets one yearly budget for DOE; thus YMP must
A compete with other DOE programs. Mar: DOE selects
/ MRS site in TN for 15,000-MTHM facility to consolidate
/ rods into small canister [133]. Apr: In hearings for
/ Nuclear Waste Policy Amendments Act (NWPAA),
former Director of Oak Ridge National Lab, Weinberg,
/ ) proposes US use Swedish approach of long-lived
¢ containers (<300,000 yr) [53]. Apr & Nov: Pacific
Northwest National Lab (PNNL) reports on radionuclide
release from bare CSNF in batch tests [134]. Sep: In 6 volumes, SNL
descrlbes repository design for Site Characterization Plan (SCP) The 5.6-
km? repository follows the ~6° down dip of Tptpin, and remains >200 m
below the surface and <183 m above water table. Both floor and pillar
placement still considered. Design commingles CSNF and HLW to keep
heat load uniform at 14 W/m?, Design consolidates CSNF so that 6 PWR
or 18 BWR rods fit into container [51]. Dec: In NWPAA, Congress (a)
forms Nuclear Waste Technical Review Board (NWTRB) to advise DOE
and Congress; (b) revokes choice of TN for MRS; (c) for MRS sited by
DOE, adopts TN Clinch River Task Force suggestion for 15,000-MTHM
MRS linked to repository schedule, which limits flexibility and role; (d) sets
up voluntary program with negotiator for alternative MRS or repository.

1988 Feb: ANL reports on degradation of HLW glass during gamma
irradiation [135]. Dec: SCP published [31; 49].

1989 Jun: Based on NWPAA, DOE re-evaluates MRS and decides
advantage is system flexibility; also, rod consolidation not desired [77].
Sep: ANL reports secondary U minerals formed in new drip tests on CSNF
[110]. Nov: MRS Review Commission, setup by NWPAA, notes no strong
preference for MRS but flexibility and cost savings if MRS decoupled from
repository schedule and if repository substantially delayed; otherwise, build
a 2000-MTHM federal emergency and a 5000-MTHM user-funded storage
facilities.

1990 Mar: 1* NWTRB report [56] (a) criticizes plan to use drilling/blasting
to excavate ESF shafts; (b) suggests replacing shaft with an inclined ramp,
which would cross several faults and tuff units; (c) suggests excavating a
2™ east-west drift across strata and faults. May: NRC states DOE may
take credit for a package lasting longer than 1000 yr (i.e., 300-1000 yr
requirement in 10 CFR 60 minimum range) [54]. Sep: In response to
NWTRB and NRC critique of draft SCP, SNL explores alternatives to
shafts in ESF alternative study; top 3 options out of 34 are (a) inclined
drifts to TSw and lower Calico Hills (CHn) tuff; (b) inclined drift to TSw and
internal shaft to CHn; or (c) 1 inclined drift,1 shaft to TSw and CHn, and 1
internal shaft to CHn [58].

1991 May: In 34 report [57], NWTRB (a) praises ESF Alternative Study;
(b) recommends DOE evaluate other alternatives including different power
loads; (c) again requests DOE minimize waste handling during storage,
transportation, and dnsposal Jun: DOE workshop explores package
designs that last >10° yr. Ideas adopted include (a) multi-barrier materials
to reduce uncertainty; (b) multipurpose canister (MPC) to reduce handling;
and (c) simplified design to ease fabrication [55]. Dec: In response to
$30x10° cut for FY92, DOE curtails engineered barrier system (EBS)
study, postpones EBS design until FY93, and postpones boring ESF until
FY94 [55]. Lack of state permits and NRC compliant QA program also
contribute to postponement [55] (i.e., co-locating ESF with the repository
necessitates NRC compliant QA).

Fig. A1. Design of repository and engineered barrier and evaluation of waste form for YM disposal system [115-150].
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1992 Congress ratifies Strategic Arms Reduction Treaty (START I), which
reduces offensive arms by 30% [74]. In response, DOE halts reprocessing
and proposes direct disposal of DSNF. Also, 50 tonnes Pu declared
surplus [75]. PNNL completes experiments on CSNF degradation; data
used in PA-95 and thereafter [109]. May: ANL reports that HLW glass
forms colloids as it degrades [136]. Nov: MRS conceptual design
considers wet pools and dry casks and vaults [99]. Dec: In 6" report,
NWTRB urges DOE to conduct system study of storage, transportation,
and disposal and consider MPCs with high capacity and shielding [87].

1993 DOE changes construction method to TBM with mildly inclined
access drifts [16, §4.4]. Mar: LLNL suggests using a high heat load to dry
tuff around drifts to enhance repository performance [61].

In-Drift Disposal 1994 ANL reports on actinides and colloids in CSNF

and High Heat drip tests [137] Apr: SNL completes guidelines for

Load Adopted when, where, and how to seal boreholes [138]. Jun:

YMP specifies package and repository design [79]: (a)

in-drift emplacement; (b) drift designed for 100 yr

retrievability; (c) no backfill used; (d) repository

designed for both a high 22-28 W/m? and low 7-10

W/m?® heat load; (e) container lifetime >10° yr; (f)

container for high-temperature repository has inner

layer of Alloy 825 and outer layer of mild steel and for

low-temperature repository has inner layer of Alloy 825,

middle layer of mild steel, and outer layer of Monel 400;

(g) package transported by rail underground; (h) no

self-shielding; (i) burn-up credit considered in package

criticality control; and (j) period of concern for criticality

« / is 10* yr. DOE plans EIS on disposal options for surplus

weapons-grade Pu because of START [|. Options

include Pu use in mixed-oxide fuels (MOX), disposal with HLW; deep

borehole disposal; and accelerator destruction [75]. Sep: YMP uses TBM

to bore large 7.6-m diameter ESF; progress is slow [85]. To avoid

influencing experiments, little water is used to suppress silica dust. DOE

decides to use a moderately high heat-loading (21 W/mz) to save costs of

boring ~200 km of drifts, which allows repository to fit west of Ghost Dance

Fault [85]. DOE completes MPC evaluation to better integrate waste
management [86].

1995 Jan: Voluntary repository and MRS siting program expires without
success; yet, Goshute Skull Valley Indian tribe in Utah starts direct
negotiations with utility consortium. Feb: SNL analyzes direct disposal of
DSNF in separate section of repository and robustness of graphite fuel
beads [72]; ond analysis in 1998 commingles DSNF with CSNF [73]. Apr:
ESF progress improves after YMP finds enough money to add conveyer to
TBM to remove rock [84]. Boring of ESF averages ~26 m/day in Sep, Oct,
and Nov [85]. Oct: YMP budget cut from $630x10%to $315x10°. Congress
stops MPC development because of cost for transportation, added
handling costs to utilities, and perceived lack of fairness in bidding for only
one vender [92]. Dec: Boring of ESF sets a world record of 218 m in 5
days.

1996 Feb: Boring slows to 15 m/day as TBM encounters unstable rock
[84]. Sep: Container corrosion tests begin at LLNL after funds found to
complete corrosion facility [85]. YMP stops TBM to suppress dust and
require full-face masks because silica dust exceeds Occupational Safety
and Health Administration (OSHA) limits [85].

1997 Apr: Boring of 8-km ESF is completed (12 m/day average). Aug:
Waste Package Degradation expert elicitation (WPDEE) panel (6 experts
with 4 from outside DOE complex) completes evaluation of container
corrosion, including microbial enhancement (started in Mar) [94, §5.3].
Experts like steel corrosion rates used in PA-95. Experts reluctant to
define localized corrosion rates of Alloy 625, which replaced Alloy 825 in
1996 [139]. Experts suggest using a mass balance on nutrients and water
to evaluate possibility of microbial enhanced corrosion. Nov-Dec: Waste
Form expert elicitation (WFEE) panel (6 experts with 3 outside DOE
complex) complete 1%t and 2™ workshop on degradation of SNF and HLW.
Experts conclude waste degradation data adequate for PA-VA. Experts
find sufficient data on generalized corrosion but insufficient data on
localized corrosion of cladding; hence, no recommendation on role of
cladding for PA-VA [18, p. 3-93].

1998 Feb: To increase container lifetime, YMP replaces Alloy 825 with
Alloy 22. WPDEE panel holds 1-day meeting to discuss corrosion of Alloy-
22 [94, §5.3]. Mar: Based on strong NWTRB suggestion in 1% report and
thereafter [41, p.92], YMP starts boring 2.8-km long, 5-m diameter
enhanced characterization of repository block (ECRB) cross drift with
smaller TBM from Super Collider project; ECRB is 15 to 27 m above ESF
and penetrates lower lithophysal unit (Tptpll) where majority of repository

will exist [140]. Jun: YMP starts constructing Y4-scale drip shield/container
at Atlas facility in North Las Vegas [96]. Oct: ECRB completed to Solitario
Canyon fault [96]. Dec: License Application Design Selection (LADS) study
begins to select repository/package design for site recommendation (SR)
and license application (LA) [95].

Drip Shield Adopted

7
G

it Y

1999 Tests start on Y-scale drip shield and
container to evaluate condensation under drip
shield and amount of water drawn under invert
[96]. Apr: YMP completes LADS. Ti drip shield
added to protect package during transition from hot
to cool when susceptible to localized corrosion.
Alloy 22 switched to outer container layer; stainless
steel used for inner support layer. Waste blended to 11.8 kW/pkg and
packages spaced 0.1 m apart to keep temperatures similar. Drift support
changed from concrete to steel mesh and rock bolts. Drift spacing
increased to 81 m to lower pillar temperatures and allow water to pass and
thereby avoid ponding water above repository. LADS also examines ways
to reduce peak construction costs, which becomes basis of 2001 modular
study [95]. Jul: In draft EIS, various repository sizes are considered
(70,000 to 105,000 MTHM) [141].

|

2000 Aug: Nevada scientists describe conditions when Alloy 22 might
corrode to NWTRB (traces of Pb, As, Hg at high temperature) [142].

2001 May: YMP completes study to increase operation flexibility by using
modular surface buildings and subsurface construction [99].

2002 Feb: In deference to Russia and lack of budget, DOE rejects options
to dispose surplus Pu at YM, in deep boreholes, or accelerator destruction
and selects option to convert to MOX for reactor use [143].

2003 NAS suggests staged repository schedule in DOE sponsored study
[144]. Nov: NWTRB comments that YMP has not convincingly screened
out localized corrosion on drip shield or container because [145]: (1)
deliquescence could produce corrosive water high in CI" and lacking
nitrate; (2) corrosive seepage water could be present; and (3) the thermal
conditions in 1* 1000 yr are not well modeled since (a) thermal
conductivity may be too high, (b) insulation of the package by rockfall is
not modeled, and (c) the natural ventilation not modeled. Scientists report
that U may form studtite that could trap Pu and Np and prevent nuclide
migration [146].

Modular Design 2004 May: YMP presents test results to NWTRB that
Adopted for  show no localized corrosion of Alloy 22 induced by salt
Underground  deliquescence trace minerals for hot repository [147].

7 /’ / Sept: CSNF drip tests at ANL stopped; analysis of

/J/ specimens continues to 2005.
[ /

2005 May: NRC approves license for Private Fuel
Storage (PFS) at Goshute tribe reservation for 40,000
MTHM [148]. Oct: Because of high cost of handling
facility for large volume of CSNF, DOE adds Transport,
Aging, and Disposal (TAD) handling canister that is
J loaded at reactor (similar to MPC) [149]. Repository
/ moved farther north with 4 modular panels to increase
flexibility in construction. Based on 2001 YMP study, smaller modular
surface facilities added for receipt, wet handling, and sealing; concrete
pads added for buffer storage [100].

TAD Handling 2006 Jan: Acting Director Golan announces a new

Canister Adopted path: implement TAD for CSNF. Also, Alloy 22 layer

thickness increased from 20 to 25 mm for CSNF. In

audit, NRC finds that LLNL never calibrated its

2 measurements of humidity in corrosion tests; DOE

gk stops corrosion work at LLNL. Eventually, 5 yr and 9.5

yr corrosion work eliminated [41, p.24]. Sept: Bureau

of Indian Affairs (BIA), nullifies lease between Goshute tribe and PFS,

claiming storage might be permanent and federal, tribal, local police
inadequate to protect [100].

\

2007 Jun: DOE announces requirements for TAD canisters; ~7800 TADs
to be built by various vendors for CSNF disposal [150]. Although similar to
MPC, dry casks at utilities now exceed size of TAD [41, p.44].

2010 Dec: ~65,200 MTHM of CSNF has been generated; 2458 MTHM of
DSNF has been generated (includes 25 MTHM of Naval SNF); 3175 HLW
canisters poured. Waste is stored in 39 states at 131 sites [97].

2012 Jan: Blue Ribbon Commission (BRC) recommends restarting
repository sitting and implementing centralized storage to avoid high costs
of stranded storage as reactors are decommissioned [98].

Fig. Al. (continued)
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